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RESUMO GERAL

Este trabalho teve como objetivo geral compreender as relagdes de comunicagéo entre
aguas superficiais e subterraneas na regido costeira nordeste do Rio Grande do Sul (CNRS),
considerando a geologia e a hidroquimica local. Para tanto, foi mapeada e estabelecida a
descarga de agua subterrdnea (DAS) na regido entre as lagoas costeiras e a plataforma adjacente
através de 14 transectos, assim como a influéncia da geologia local sobre este processo.
Empregou-se o imageamento via radar de penetracdo (GPR), que mapeia em subsuperficie a
arquitetura deposicional, assim como foram feitas medidas do is6topo natural radénio (%22Rn),
reconhecido tracadores das aguas subterraneas, através do equipamento RAD-7. Com base nos
dados obtidos foram compreendidas interacfes e influéncias geoldgicas na DAS e o papel da
barreira arenosa nestes fluxos. Diferencas relevantes no comportamento da DAS foram
estabelecidas, apresentando-se, aproximadamente, 10 vezes maior na area progradacional
comparada a retrogradacional, sendo ainda magnificados pelos efeitos climaticos quando
comparadas duas temporadas amostrais, verdo austral 2016 e 2017. Foram estimados as
concentragdes e os fluxos de nutrientes e elementos tracos para a CNRS, correlacionando-0s
com os padrdes de empilhamento, com feigdes e descontinuidades geologicas, demonstrando a
influéncia destes nos padrdes de distribui¢do, de forma a tragar comparativos com outras areas
altamente relevantes. Além de qualificar e quantificar o papel da geologia enquanto driver na
DAS e nos fluxos associados, foram estimados efeitos nos processos de fertilizacdo das aguas
costeiras oceénicas demonstrando ser a regido CNRS altamente beneficiada pelo processo.

Palavras chave: progradacional, retrogradacional, DAS, GPR, 222Rn, nutrientes, elementos trago,
Litoral Norte.



ABSTRACT

The aim of this work was to understand the relations between surface water and
groundwater in the Northeast Coastal region of Rio Grande do Sul (CNRS), regarding local
geology and hydrochemistry. Submarine Groundwater Discharge (SGD) was established in the
barrier between the coastal lagoons and the coastal inner shelf in 14 transects, as well as the
influence of local geology on this process. The Ground-Penetration Radar (GPR) was used,
which illustrates the depositional architecture in subsurface, coupled with measurements of the
natural radon isotope (%%2Rn), recognized groundwater tracer, applying the RAD-7 equipment.
The influence of geology on DAS was clarified, being established the role of the sandy barrier
in these fluxes. Significant differences were observed in the DAS behavior, presenting 10 times
higher in the progradational area compared to the retrogradational. The weather conditions
magnified the DAS when comparing two sampling seasons, austral summer 2016 and 2017.
Concentrations and fluxes of nutrients and trace elements were estimated for the CNRS,
correlating them with the stacking patterns, geological features and discontinuities. It influences
on the nutrient and trace element pattern distribution allowing to establish comparisons with
other highly relevant areas. In addition to qualify and quantify the geology as a driver in the
DAS and associated fluxes, effects on oceanic coastal water fertilization were estimated,

pointing out the CNRS region as a region highly benefited by the process.

Keywords: progradational, retrogradational, SGD, GPR, 222Rn, nutrients, trace elements, North
Coast.
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INTRODUGCAO GERAL

A descarga de &gua subterranea (DAS, do inglés Submarine Groundwater Discharge -
SGD) foi, por muitos anos, negligenciada cientificamente pela dificuldade de avaliagéo e da
percepcado de que este processo ndo era importante (Burnett et al., 2003). Entretanto, atualmente,
este processo é reconhecido mundialmente, contextualizado nos balancos hidroldgicos e,
portanto, cada vez mais estudado. Sdo muitos os trabalhos desenvolvidos na dltima década
(Anderson and Emanuel, 2010; Bejannin et al., 2017; Bishop et al., 2015; Burnett et al., 2007;
Lee et al., 2009; McCormack et al., 2014; Russoniello et al., 2016; Sugimoto et al., 2016;
Tovar-Sanchez et al., 2014; Viso et al., 2010) e, muitos destacaram a importancia deste processo
ao longo da planicie costeira do sul do Brasil (Andrade, 2010; Attisano, 2012; Lima, 2014;
Niencheski et al., 2007; Paiva, 2014; Souza, 2015; Windom et al., 2006) que evidenciam a
relevancia deste processo para a produtividade biol6gica.

A DAS oriunda dos aquiferos costeiros exporta grandes volumes de agua doce para 0s
oceanos mundiais (Attisano et al., 2013; Charette et al., 2013; Lee et al., 2009; Windom et al.,
2007) e, atualmente, é tida como um grande transportador de matéria dissolvida entre a terrae o
mar (Weinstein et al., 2011), sendo via de ciclagem de nutrientes e elementos trago para o
oceano costeiro (Santos et al., 2009a).

Estas aguas subterrdneas contém micro, macronutrientes e contaminantes, com
importancia algumas vezes comparaveis as descargas superficiais, pelo fato de terem um
elevado tempo de residéncia junto aos sedimentos permeaveis, que desencadeiam reacdes
biogeoquimicas resultando em elevadas concentracfes, ou mesmo atuando como fonte principal
em regides mais empobrecidas nutricionalmente (Rodellas et al., 2015; Santos et al., 2009b),
garantindo suporte a producdo primaria.

Em um dos primeiros estudos do Brasil, no estado do RS, a DAS foi avaliada ao longo
de toda barreira costeira da Laguna dos Patos (BLP), por meio das concentragcdes de nutrientes
(Niencheski et al., 2007) evidenciando a significancia desse processo e seus efeitos sobre a
produtividade costeira. A partir deste trabalho, a avaliagdo da DAS passou a ser investigada em
guase toda a costa brasileira, estendendo-se para o Uruguai e Argentina (Paiva and Niencheski,
2018).

Segundo Burnett et al. (2003), essas descargas de aguas provindas do subterréneo
oscilam muito, sendo variaveis com o tempo, desiguais e difusas em vista de multiplas forgas.
Assim, quanto mais variadas as técnicas de verificacdo deste aporte, maiores as chances de
cobrir significativo percentual destas manifesta¢cdes. Existem diversas formas para deteccdo da
ocorréncia da DAS, como por exemplo o emprego de is6topos de radio — *’Ra, *Ra, “°Ra e
?28Ra (Breier and Edmonds, 2007; Kim et al., 2008; Moore, 1996a), de radénio - 22Rn (Peterson
et al., 2010; Santos et al., 2008c; Wu et al., 2004) e seepage meter (Lee, 1977; Rocha, 2014).
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Andrade (2010) aplicou algumas destas técnicas nos canais de irrigacdo na Lagoa
Mangueira e detectou importante fluxo contribuindo para aquele sistema lagunar. Na sequéncia,
Paiva (2011) realizou um estudo pioneiro nas lagoas costeiras da regido nordeste do RS,
utilizando o 22Rn como tragador geoquimico, onde foi verificada DAS em sete delas. Numa
continuidade de esforcos na regido, diferentes metodologias indicaram significativa diferenca
entre a DAS nas margens lagunares proximas das elevacfes da Serra Geral (margem oeste)
daquelas préximas da linha de costa (margem leste) (Rocha et al., 2015). Paralelamente, a
regido de encosta e de tributarios que servem a estas lagoas foi monitorada com resultados de
descarga estimados na casa de milhGes de metros clbicos ao ano, respondendo por
aproximadamente 20 % do volume de &gua destes corpos hidricos (Rocha, 2014).

Tao expressiva DAS, ainda que interna ao continente, enseja 0 questionamento de
COMO Se expressa esse processo na regiao costeira nordeste do Rio Grande do Sul (CNRS) para
sua plataforma adjacente, qual seu volume e efeito. Estudos restritos a regido de Torres, divisa
do estado, evidenciaram a riqueza daquela regido visto a influéncia do Aquifero Guarani em
contato direto com o oceano (Paiva, 2014). Entretanto, ao longo de toda barreira da CNRS,
aproximadamente 150 km, ndo existem ainda informac6es. Possivelmente a DAS se expresse
como o observado ao sul do estuario da Lagoa dos Patos, na barreira que separa as Lagoas
Mirim e Mangueira do Oceano Atlantico (Attisano, 2012), mas a CNRS possui caracteristicas
geolédgicas diferenciadas, oportunizando estudos mais amplos sobre os efeitos associados entre a
hidrogeologia e a DAS, uma vez que esta area costeira apresenta-se sob dois processos
evolutivos costeiros, barreira progradacional e retrogradacional.

Uma técnica que pode contribuir muito para avaliacbes de acamadamentos e ilustrar
0S processos subterraneos € o radar de penetracdo no solo (do inglés Ground-Penetrating Radar
- GPR), técnica geofisica ndo invasiva que detecta descontinuidades elétricas no subsolo raso
(<50 m) e que o faz mediante a geracdo, transmissdo, propagacao, reflexdo e recepgéo de pulsos
discretos de alta frequéncia. Este método vislumbra a geometria deposicional da sedimentacdo
do passado e suas relagBes ambientais, facilitando a maior compreenséo hidrogeoldgica (Neal,
2004).

A unido de técnicas de imageamento subterraneos aos métodos de rastreio da DAS
poderiam esclarecer parte dos fluxos que se desenvolvem na regido costeira e os efeitos da
geologia como uma das mais importantes forcantes, j& que se trata do meio em que a &gua
subterranea sofre 0s processos biogeoquimicos que ddo sua caracterizagdo importante e ao
mesmo tempo distinta da agua superficial. Além disso, a conjungdo dessas técnicas na CNRS
proporcionaria uma oportunidade Unica de avaliar, espacialmente, a zona de mistura entre as
dguas doce e marinha no estuario subterrneo, considerando inclusive processos de mistura
entre varios aquiferos costeiros de profundidades varidveis e, os efeitos que a maré

meteoroldgica e a intrusdo salina exercem sobre a DAS.
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Assim, o presente trabalho se faz necessario para a avaliacdo e compreensdo do
estuario subterrdneo e sua ligacdo e dependéncia com os corpos de &gua superficiais e as
consequentes contribuicdes para a plataforma continental adjacente, provocando o incremento
da producdo primaria.

O uso de técnicas bastante modernas pode definir assim, o papel das formas de
deposicéo ali estabelecidas e a DAS. A hipotese é de que a DAS é quantitativamente elevada e
qualitativamente relevante para o oceano costeiro na CNRS em vista de seus volumes e
concentragcdes. Mais do que isso, acredita-se que a DAS esteja condicionada a deposi¢do
sedimentar costeira, sendo assim facilitada pela geologia local, ao passo que em outros pontos o
efeito possa ser inverso, permitindo a penetracdo da cunha salina mais facilmente.

Desta forma, objetivou-se estabelecer a relagdo de conexao entre as dguas superficiais
e subterraneas na CNRS, através da hidroguimica e da geologia local. E para responder este
objetivo geral, esta tese estd organizada em trés artigos principais.

No primeiro artigo sdo apresentados dois perfis imageados por meio de radar de
penetracdo (GPR) que representam as duas barreiras costeiras estabelecidas na CNRS, com
arquiteturas deposicionais distintas, e sua correla¢cdo com a atividade do geotragador radonio e a
respectiva DAS estimada.

O segundo artigo expande a avaliagdo para 13 linhas perpendiculares a costa, como
evidenciado pela Figura 1, cobrindo a barreira costeira nas regibes, progradacional e
retrogradacional, a fim de testar a hipdtese de que a DAS e a geologia estdo ligadas, avaliando
inclusive o fluxo de nutrientes associados para a plataforma costeira.

O terceiro artigo € dedicado a compreender os efeitos de caracteristicas geoldgicas
especificas, estabelecidas na regido progradante e retrogradante da CNRS, sobre a DAS e o

fluxo de elementos traco para a regido costeira.
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ABSTRACT

Submarine groundwater discharge (SGD) is still a relatively new topic and when associated
with geological techniques like Ground-Penetrating Radar (GPR) it can be considered innovative. The
present work aims to better understand the influence of geology in this important process of fluid flow
from the continent to the coastal environment, with regards to radon isotope flux and hydrological
budgets in Southern Brazil. An area that presents two different stacking patterns - progradational and
retrogradational - was chosen and GPR scans were applied to these in an attempt to obtain stratigraphic
deposition details. The derived discharge rates were calculated as well as the spatial budgets for the water
fluxes from the coastal environment. The water moving across the sediment-water interface in these two
geological regions is different, despite having the same main driving forces such as rainfall, tide and wave
setup. The water flux is 13 times more expressive in progradational stacking (46.2 + 2.4 cm/day) and
radon activity is correlated with depth due to the different sedimentological layers. In the region
dominated by retrogradational stacking the discharge is lower (3.6 + 0.1 cm/day) and the average radon
activity distribution is lower which is influenced by sediment type. Also, the estimated SGD in each
region is 969.3 + 51.2 103 m3/d and 59.7 + 1.7 103 m3/d for 70 and 55 km of coastline, respectively. These
significant differences (p=0.004) in radon activities and water fluxes certainly are defined by the
geological issue being the result of depositional architecture, permeability and porosity.

KEYWORDS: SGD; GPR; sedimentary facies; progradational; retrogradational; Northern
Coast.
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INTRODUCTION

The submarine groundwater discharge (SGD) from coastal aquifers is an important process due
to the great volume of freshwater exported to the ocean around the world (Attisano et al., 2013; Charette
et al., 2013; Lee et al., 2009; Windom et al., 2007). This water contains nutrients and contaminants,
sometimes comparable to superficial discharge (Santos et al., 2009b).

Since the late 20™ century, numerous works about SGD have been published, especially in
Southern Brazil (Andrade 2010; Attisano 2012; Lima 2014; Niencheski et al. 2007; Rocha 2014; Santos
et al. 2008 a, b; Souza 2015; Windom and Niencheski 2003) which indicate a large volume of water
arriving in the coastal shelf. It is especially important to support the chemical oceanographic processes
there and around the world.

There are different ways to measure the SGD: seepage meter (Lee, 1977), nutrients (Andrade et
al., 2011; Rutkowski et al., 1999) and, geotracers such as radium (***Ra) and radon (**’Rn) (Santos et al.,
2008c). We used 22Rn for estimating total groundwater advection rates. It is an excellent natural tracer
for identifying SGD because its half-life (3.8 d) is comparable to the timescale of most coastal processes.
Also, it is two to four orders of magnitude more concentrated in groundwater than seawater, and it is
conservative (Cable et al., 1996). In contrast to surface estuaries, subterranean estuaries are usually
characterized as a non-conservative salinity mixing process.

22Rn is easy to measure, making it possible to quantify groundwater discharge to coastal
waters as shown in previous studies (Burnett et al. 2010; Burnett and Dulaiova 2006; Cable et al. 1996;
Corbett et al. 1999; Dugan et al. 2011; Hussain et al. 1999; Moore and Shaw 1998; Moore 1996a, b;
Peterson et al. 2010; Peterson et al. 2008; Santos et al. 2010). However, 22Rn activity in the coastal zone,
as well as the SGD, are governed by many elements and processes resulting in a discharge to the coastal
ocean (Corbett et al., 1999; Swarzenski et al., 2007). The existence of an unconfined aquifer, the
sampling depth, the tidal effect, the rainfall and seasons, and the types of sediments (Rocha 2014; Santos
et al. 2009) are some of the features that control the SGD. Also, sediment deposition is important
(Russoniello et al., 2013) since it is the pathway for the discharge.

The understanding of the coastal geologic system features could reveal a pattern and provide
knowledge about its relationships with sedimentary facies. In our study area, the typical depositional
stacking pattern is progradational and retrogradational, according to sea level changes and sediment
balance (Barboza et al., 2011). These stacking patterns could potentially be landward or seaward
reflectors (Barboza et al., 2011), which could be used as an alternative to facilitate the water movement,
as well as the succession of facies that are reported for this and other regions.

We hypothesized that regions with different stacking patterns and sediment deposition present
distinct 22Rn activities and SGD.

The association of two approaches, Ground-Penetrating Radar (GPR) and SGD, is interesting
since, until now, no studies have coupled them. If it is possible to demonstrate that the GPR images can
somehow indicate the coastal subterranean discharge processes, this will result in an easier and didactical
understanding of the influence of the geological structure on the SGD.

The main goal of this pioneering work is to couple GPR and geotracers to evaluate the

influence of the geological feature on the SGD in different stacking pattern regions.
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MATERIAL AND METHODS

a) Study area

The study area is located in the Northern Coast of Rio Grande do Sul state (NCR), Southern
Brazil, between latitude 29°19°S and 30°25’S and longitude 49°42°W and 50°19°W, and 150 km long, as
presented in Fig. 1. This area is a physiographic feature corresponding to the onshore portion of the
Pelotas Basin. It was formed during the Quaternary by the juxtaposition of sedimentary deposits of two
lagoon-barrier systems, designated Ill (Pleistocene) and IV (Holocene) (Villwock et al., 1986). The
Holocene barrier system corresponds to a high-frequency depositional sequence stratigraphy (Rosa et al.,
2017, 2011). It was built with a large volume of sand from the long-term northward littoral drift and sand
transfer from the adjacent shelf (Dillenburg and Barboza, 2014). This barrier is composed of permeable
sediments that form deposits known as transgressive dune sheets and foredunes, backshore/foreshore and
upper shoreface (Barboza et al., 2013; Dillenburg et al., 2017).

About 40 % of the NCR is covered by coastal lagoons where the verified SGD is 150,000 m3/d,
approximately 20 % of the volume of these bodies of water (Paiva, 2011; Rocha, 2014). Since this is a
significant value, a SGD is also foreseen for the coastal oceanic region as well. In addition, this was
reinforced by the data obtained for the restinga of the Patos Lagoon (Windom et al., 2006) and Mangueira
(Attisano, 2012), which were of the order of 8.5 10" m3/d and 6.7 10" m?/d, respectively.

The NCR coastal lagoons are separated from the ocean by a non-uniform sand barrier which
presents some differences in geological structure, sediment composition (Dillenburg et al. 2017;
Dillenburg et al. 2013; Dillenburg et al. 2011; Dillenburg et al. 2009; Rosa et al. 2017) and hydrogeology
(Profill, 2005).
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Fig. 1 Geologic map of the study area in NCR, Southern Brazil, showing GPR and drilling
profile location (adapted from CPRM, 2006). Highlighted by sampling stations in Rondinha and Jardim
do Eden beaches, representative of progradational (A) and retrogradational (B) stacking patterns and the
drill holes (FS), respectively, based on Lima (2013) and Travessas et al. (2005).

Based on the geological background, (Fig. 2) we have split the study area into two regions with
distinct stacking patterns: A) progradational (or regressive) and B) retrogradational (or transgressive)
coastal evolution (Barboza et al., 2011; Lima, 2013; Travessas et al., 2005). Our sampling strategy was
based on two transects perpendicular to the shoreline, one in each mentioned stacking pattern. The

Rondinha Transect, which extends for 3100 m and represents the progradational region, and the Jardim do
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Eden Transect, located in a region dominated by the retrogradational evolution process, which extends for
2400 m.
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Fig. 2 Stratigraphic cross section of the A) progradational barrier at Rondinha, based on Lima
(2013) and B) retrogradational barrier at Jardim do Eden, modified from Travessas et al. (2005) with drill

holes (FS) (see drilling profile location in Fig. 1). MSL - mean sea level.

Geologically, both transects are located in a Holocene Barrier area with aeolian deposits
composed of well-selected medium to fine sand (CPRM, 2006). In general, such Coastal Deposits occur
along the entire coastline of Southern Brazil and correspond to more than 17700 km2, with widths from 8
to 80 km (Machado and Freitas, 2005a). It is a flat region with very good soil infiltration (CPRM, 2015),
since sands and sandstones are generally excellent aquifers with lateral and vertical continuity forming
large groundwater reservoirs, with porosity up to 40 %.

Both sampling sites are located in a Coastal Quaternary Aquifer System region, with poor
multilayer (unconsolidated) cementation of different origins. It is presented as an unconfined, semi-
confined to confined aquifer due to sandy and sandy-silty deposits, with considerable aquifer potential
(Lisboa et al., 2004; Machado and Freitas, 2005b).

b) GPR profiles
GPR has been used since it is a useful tool in the identification of local stratification, in order

to know the vertical and horizontal variations. Although dominated by sandy sediments, the barrier is
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complex and the GPR can illustrate the compartments. We expect to associate the depositional geological
differences with distinct SGD results, because the images produced by the GPR are provided in a
continuous form, which makes it possible to identify the depositional architecture.

The GPR system used was composed of a Cobra Plug-In GPR (Radarteam Sweden AB) with a
Subecho SE-70 monostatic antenna (80 MHz — center frequency) and Subecho SE-150 monostatic
antenna (124 MHz — center frequency). This configuration allowed for the acquisition of two-way travel
time (TWTT) with a range of 550/570 ns, with depth penetrations of -25/-27 m. The method used for
GPR acquisition was reported by Barboza et al. (2014).

The data were post-processed with the Radan™, Reflex-Win® and Prism2® software packages.
A dielectric constant of 10 for wet sand was used to convert travel-time to depth, which represents a
velocity of 0.09 m/ns (Daniels et al., 1995). This constant was validated using lithological data obtained
from SPT drill holes (Dillenburg et al., 2011; Lima, 2013; Travessas et al., 2005). The GPR profiles were
topographically corrected using GNSS post-processed elevation data points collected along the profile
lines at interval times of 1 second. These data were acquired using a GNSS Trimble® ProXRT (datum:
WGS84) and analyzed in a Geographic Information System (GIS). The interpretation was based on the
seismostratigraphy method (Mitchum Jr. et al., 1977) adapted to GPR (Neal, 2004). The method was
based on termination (onlap, downlap, toplap and truncations), geometry and reflection patterns (Abreu et
al., 2010; Barboza et al., 2013, 2011, 2009; E G Barboza et al., 2014; Catuneanu et al., 2009; Mitchum Jr.
etal., 1977).

c) Submarine groundwater discharge (SGD)

1. Sampling 222Rn activity

The 222Rn activity sampling was conducted at the Rondinha and Jardim do Eden transects.
Respectively, were taken nine and 10 samples in permanent wells, three and four samples in piezometers

and three samples in the surf zone at both transect, during the Austral Summer of 2016 (Fig. 3).

——20m

Fig. 3 Sample grid strategy, between lagoon terrace and ocean, applied to Rondinha and Jardim
do Eden stations. The permanent wells were distributed over the white line. The piezometers and surf
zone samples are distributed as indicated by the white and black diamonds, respectively (satellite image
from Google™ Earth).

What we call permanent wells are the existing wells on private properties, used for household

use and irrigation and the watering of animals. Our objective in using these wells of opportunity is to
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provide a better representation of the activities of 22Rn, indicating the probable relationship that may
exist between the sedimentary facies (progradational and retrogradational) existing between the coastal
lagoons and the ocean, and the superficial aquifers of that region.

In the beach region, where the underground estuary is located, the salinity gradient and,
consequently, the mixing process between fresh and salt water, is verified by drilling several surface
piezometric wells. The mixing process is accompanied by the activity gradient of 22Rn versus the
salinity. Based on the activity data of 22Rn from the beach wells, it is possible to establish the regional
end member, which is a condition absolutely necessary for the knowledge of the geochemical processes
that take place in the saline mixture of the underground estuary. The oceanic end members are defined as
the concentration, in this case the 22Rn activity, in the freshwater and at highest salinity (Niencheski et
al., 1999).

The piezometers were drilled -1 m deep on the face of the beach where the salt mixing process
is typically located. The permanent wells, with varying depths (-6 to -35 m), were chosen to cover the
greatest vertical/horizontal variation of the station. In permanent wells, water was pumped out using the
pre-existing pump in each well. The pushpoint system was used for piezometers, which consists of a thin
empty stick that pulls the water from the ground with the aid of a peristaltic pump (Fig. 4a).

Fig. 4 Equipment for sampling groundwater in beachface a) pushpoint and peristaltic pump

and equipment for 22Rn determination b) Big Bottle and c) RAD7 monitor (Durrigde Inc.)

RAD?7 portable monitor equipment (Durridge Co., Inc) was used to measure the 22Rn activity
with the Big Bottle Method (Fig. 4b and 4c), where a 10 L-bottle was used to sample 8 L of groundwater.
Considering the short half-life of 222Rn, it was necessary to perform the measurement of the samples as
soon as possible.

Surface water from the surf zone is applied exclusively to assess the SGD in each region,
progradational and retrogradational. Groundwater was sampled (8 L) at 3 points as a transect towards the
ocean, 10-20-30 m from the shoreline. The 222Rn activity is the proxy for obtaining the mass balance and

22Rn flows determined by a mass balance approach, presented by (Corbett et al., 1997).

2. Mass Balance and fluxes
The calculation method, previously presented by a number of authors (Burnett and Dulaiova,
2003; Corbett et al., 1997; Paiva, 2014; Peterson et al., 2008; Rocha, 2014; Santos et al., 2008c), measure

a 22Rn gradient in surf zone samples. Diffusive flow from the sediment, atmospheric loss flow, mix loss
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flow and the decay from 2°Ra and 22Rn in the water column are assessed (Eq. 1). In this study, the mix

loss was calculated using a conservative element, the conductivity, as established by the Glover
calculation (2005).

Faif + Fsep + ?2°Ra. Ayzy — ***RN. Ayay — Fypm — Fhor =0 1)

where:

Fqir — diffusion flow from radium concentration in sediment that decay to 222Rn, in dpm/m2 d;
Fsep — 22Rn flow, in dpm/m2 d;

28Ra. 222 — 22Rn excess from ??°Ra father decay, in dpm/m2 d;

222Rn. A2 — 22Rn inventory in the water column, in dpm/m?2 d;

F.um — atmospheric flow or atmospheric loss, in dpm/m2 d;

Fhor — flow horizontal mixing or loss by horizontal mixing, in dpm/mz2 d.

The 22Rn flow (Fsgp) is established and applied in Eq. 2. 22Rn activity groundwater of end
member (Rnyy) is the typical and representative value determined in a subterranean environment where
the flow originates at the site of interest. In our study, the end member was obtained considering the
average of the 22Rn activity results of the piezometers sampled on the beach for each transect. It is
recommended to measure the end member for each region in order to avoid
overestimating/underestimating the SGD.

W = Fggp + Rnyy, (2)

where:
W — submarine groundwater discharge rate, in m/d;
Fsep — 22Rn flow, in dpm/m2 d;

Rn,, — 22Rn activity in groundwater or porewater, in dpm/ms;

From the SGD rate (W) it is possible to estimate the SGD volume in the studied region,
according to Eq. 3. The gradient distance corresponds to the distance where samples of the 222Rn gradient
were taken, for this study, 30 m. The lengths from the beach (L) used were70 km and 55 km for the
Rondinha transect and the Jardim do Eden transect, respectively.

Vol =W x Dgraq x L 3)

where:

Vol — discharge volume for specific area, in m3/d;
W — submarine groundwater discharge rate, in m/d;
Dgrad — gradient distance, in m;

L — length of the beach, in m.
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The results provided by the mass balance calculation, based on the box model and with
consideration for a steady state, provide water flow or SGD rate (m/d) and discharge per unit length
(m3/m d) data (Burnett and Dulaiova, 2003). Both give the dimension of daily water flow or SGD flux
(meé/d), exported by each region (progradational and retrogradational), in view of the spatial

representativeness of each region of coastal evolutionary process. This daily water flow is called SGD.

RESULTS

a. GPR profiles

The profiles obtained, shown in Fig. 5 and Fig. 6, respectively, represent the Rondinha and
Jardim do Eden transects, covering the lagoon terrace to the beach line along the coastal barrier. As for
the altimetry of the GPR sections, the data were acquired on level roads in both transects.
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Fig. 5 GPR image section of Rondinha transect, 3.1 km from northwest to southeast and -25 m
deep. The highlight for subsection in blackline areas - Al and A2 — showing cores (FS-15, FS-16 and FS-
17) and radarfacies (Rdf) characterizing a progradational region.

Fig. 5 shows that the Rondinha profile is influenced by aeolian deposition and the coastal
conformation with progradation features and reflectors dipping seawards. This barrier started to prograde
at around 7,000-8,000 years before the present during a rising sea-level condition (Dillenburg et al., 2013;
Watanabe, 2016). Also, the figure shows that two regions have detached structures, which were extracted
and presented as Fig. 5 Al and 5 A2.

Subsection Al, closer to the lagoon terrace, presents the deposition units described below,
from the lower level to the top:

- an attenuation of the signal is recorded under -18 m depth caused by a clay layer which
results in insulation;
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- in depth between -15/-18 m there are reflectors from the middle/lower shoreface unit
(radarfacies V) and above this (-15/-10 m depth) there is the shoreface upper unit (radarfacies VI), that is
the sinuous and planar shapes the difference between the two layers;

the layer from -5 to -10 m deep is characterized by planar reflectors with a low angle
being identified as the backshore/foreshore unit (radarfacies V1I);

- and close to the surficial interface (0/-5m deep) the aeolian deposition is presented
(radarfacies 1V) as foredune ridges and/or transgressive dune sheets (Barboza et al., 2013).

Subsection A2 presents a similar profile from subsection Al, added to the reflectors
characteristic of the ridge/swale (foredunes ridges — between -4/-7 m deep).
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Fig. 6 GPR image section of Jardim do Eden transect with 2.4 km from northwest to southeast
and -27 m deep. The highlight for subsection in blackline areas — B1 and B2 — showing cores (FS-06, FS-
07 and FS-08) and radarfacies (Rdf) characterizing a retrogradational region.

Fig. 6 presents a classical retrogradational barrier, the Jardim do Eden transect, dominated by
transgressive dune sheets (Dillenburg et al., 2013; Watanabe, 2016). Subparallel reflectors have been
observed due to aeolian deposition (at the top of the profile), covering the mud from a paleolagoonal
system. Also, Fig. 6 shows that two areas have detached structures (B1 and B2).

Subsection B1, closer to the terrace lagoon, presents 4 deposition units from bottom to the top,
being:

under -25 m deep there are signals (attenuated) coming from the Pleistocene substrate
(radarfacies I);

- at -20/-25 m deep, the layer formed by clay (radarfacies 11) which acts as insulation,
causing attenuation in the GPR signal;

at a depth of -15/-20 m, sigmoidal reflectors were recorded corresponding to deltas

formed during the aggradation process in lagoon margins (radarfacies 111) as mentioned by Rosa et al.
(2016);

- at -5/-10 m depth the aggradation reflectors (radarfacies I11) are presented.
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Subsection B2 presents two marked areas with oblique reflectors dipping landward over
lagoonal inter-barrier depression reflectors (between -5 and -23 m depth). The first (-10 m deep) are
muddy reflectors dipping landward which correspond to the bottom paleolagoon (radarfacies I1). The
second, above the previous, is aggradation in the lagoonal tract (-5 to -15 m, radarfacies IlI).

The continuous lines reach up to the coastline providing strong evidence of a retrogradational
stacking pattern region. These lines should be lagoonal muds outcropping (radarfacies II) along the
current backshore/foreshore due to erosion processes as already recorded in previous sedimentary studies
(Barboza et al., 2011; Dillenburg et al., 2004a; Martinho et al., 2008; Travessas et al., 2005). At the top,
aeolian deposition (radarfacies 1V) through transgressive dune sheets can be observed (0/-4 m deep).

The geological characteristics observed in these transects (sediment composition, compaction,
depositional architecture) produce different conditions among the regions that, consequently, govern
22Rn activity. Thus, our sampling strategy was developed in such a way, so that each of these geological

units was analyzed for 222Rn activity.

b. 22Rn activities

Table 1 presents 222Rn activities obtained in the permanent wells, piezometers and surf zone.
These data have a non-normal distribution (Shapiro-Wilks significance 0,090 for progradational and
0,001 for the retrogradational region) and the averages were 52.5 and 29.0 dpm/L for the Rondinha and
Jardim do Eden transects, respectively.

This shows that the progradational system has almost twice as much 22Rn activity as the
retrogradational region It should be noted, however, that in both regions there are important variations in
the 22Rn activity values. This can be explained by the fact that the permanent wells are opportunity wells,

where their depths and locations along the transects are variable.
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Table 1 222Rn activities in Rondinha and Jardim do Eden stations during Austral Summer 2016

) Depth Radon activity o Distance from the
Location Samples Salinity
(m) (dpm/L) ocean (m)
permanent well 22 136.67 + 2.38 0.05 1,160
permanent well 6 21.22 +£0.91 0.05 1,000
permanent well 12 60.92 + 1.59 0.06 820
permanent well 20 85.19 + 1.96 0.08 765
permanent well 28 120.25 + 2.37 0.06 690
permanent well 24 198.32 + 3.02 0.06 560
permanent well 24 98.75+2.14 0.04 460
Rondinha permanent well 35 4404 £1.48 0.05 440
permanent well 12 37.00 £ 1.36 0.05 240
piezometer 1 15.72 £ 0.97 5.24 15
piezometer 1 19.04 +0.89 6.50 10
piezometer 1 18.66 + 1.05 12.25 5
surf zone 0 9.4+0.8 29.82 -10
surf zone 0 3.8+05 31.55 -20
surf zone 0 1.2+£0.3 31.65 -30
permanent well 22 269.09 + 3.14 0.18 1,515
permanent well 7 101.93 +1.97 0.08 1,310
permanent well 12 79.72+1.73 0.06 1,170
permanent well 17 102.32 £ 1.99 0.07 1,105
permanent well 7 65.73 £ 1.60 0.06 880
permanent well 17 45.46 +1.39 0.12 795
permanent well 7 30.69+1.14 0.07 715
Jardim do permanent well 24 27.21+1.09 0.08 585
Eden permanent well 18 17.01£0.94 0.14 505
permanent well 6 17.03+£0.95 0.13 380
piezometer 1 13.71£0.92 6.23 65
piezometer 1 19.40 +1.00 10.16 30
piezometer 1 25.69 £1.05 20.37 20
piezometer 1 19.12 + 0.98 23.13 10
surf zone 0 13+0.2 30.86 -10
surf zone 0 0.7£0.2 31.68 -20
surf zone 0 04+0.1 36.34 -30

The 222Rn activities at the Rondinha and Jardim do Eden transects were plotted over respective

GPR sections (Fig. 7 A2 and B2). The activities measured in the permanent wells of the coastal barrier
are used to evaluate the process of mixing groundwater in the unconfined surface aquifers, which are a

function of the stacking profiles.
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Fig. 7 Subsections of GPR images from Rondinha (A2) and Jardim do Eden (B2) transects. A2
presents 222Rn activity (in dpm/L), plotted on the progradational stacking pattern units. The black arrows
indicate the dive of the reflectors seaward. B2 presents 22Rn activity (in dpm/L), plotted on the

retrogradational stacking pattern units. The black arrows indicate the dive of the reflectors landward

In the Rondinha profile, the activity range was between 16 to 198 dpm/L, and it shows to
slightly increase with depth (r2=0.65). Subsection A2 presents higher 22Rn activities for the samples
obtained at depths under -18 m due to the insulation observed at this depth. At this point it is possible to
find a different compartment composed of a Pleistocene substrate. Semi-confined and confined aquifers
presented restrictions in mixing waters since the groundwater had little or no influenced on freshwater
(from recharge) or marine water (from recirculation). The intermediary layers (-10/-18 m) present
medium 222Rn activities. These layers are composed of sandy deposits which allow for this partial mixing.
Surficial layers have presented low 22Rn activities due to the unconfined aquifer where the groundwater
has been submitted to an intense mixing and evasion process.

In the Jardim do Eden profile, the 22Rn activity range was 14 to 269 dpm/L, but without
correlation with depth (r2=0.42). The results show horizontal gradient slightly rises from ocean side to the
lagoonal terrace side of the barrier (r2=0.50). In subsection B2, the layer between 0 to -15 m of depth

presents low activity due to the insulation. 22Rn activity was higher in deeper wells because they are
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located below the bottom lagoonal unit and close to the Pleistocene, a confined compartment, allowing
for layers enriched in 22Rn,

c. SGD

The results presented in Table 2 indicate the difference in calculated SGD rate (W) and flux
between progradational and retrogradational regions (p = 0.004; p = 0.004).

Table 2 Summary of 22Rn and SGD data for Rondinha and Jardim do Eden transects during
Austral Summer 2016

22Rn activity 22Rn flow End member SGD rate SGD flux
Location Rn,, Fscp Rnpw w
(dpm/mg3) (dpm/m2 d) (dpm/mg3) (cm/d) (m3/md)
Rondinha 1,866 = 97 10,323 +521  21,341+1,109 46.15+24 13.85+0.73
Jardim do Eden 1,940 + 100 900 + 29 26,160+1,370 3.62+0.1  1.09+0.03

Considering that the salinity range of the piezometric wells did not reach zero salinity, defined
as end member, this was established as the base for the extrapolation of the 222Rn activities of the
piezometric wells and surf zone, as shown in Fig. 8.
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Fig. 8 Distribution of 22Rn activities to beach wells (piezometers) and surfing zone of the
respective sampled regions, Rondinha and Jardim do Eden. The extrapolation of the trend curves
indicates the value prospected at zero salinity (end member)

The SGD for each region has been estimated at 969.3 + 51.2 103 m3/d in the progradational
region and 59.7 + 1.7 103 m3/d for the retrogradational region. These values represent an order of
magnitude and, if this difference is applied to the northern coastal region which these transects represent,
it will be extremely significant. For instance, the Rondinha transect represents 70 km of coastline, which

extends from Torres to the Atlantida Sul Beach, while the Jardim do Eden transect is representative of the
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stacking process that occurs from Imara Beach to Quintdo, on 55 km of coastline. This gives an indication
that the coastal regions with progradational processes have a great influence on the nutrient supply for

biological production.

DISCUSSION

The evaluation of the images from the two GPR sections indicates that the stacking patterns
(progradational and retrogradational) are different with reflexes in the 22Rn activity. It is evident that no
horizontal and vertical homogeneity has been pointed out. Vertical and horizontal variations of
stratification and facies occur in this system due to the different depositional environments that have
succeeded spatially and temporally but are still closely interconnected (Lisboa et al., 2004).

The characterization of the reflectors for the progradational region is arranged towards the sea,
demonstrating a process of coastal growth. These reflectors (Fig. 7 A2 - black arrows) in agreement with
22Rn activity indicate a mixing process with marine water closer to the ocean. The vertical gradient of
22Rn activities observed in the Rondinha transect clarifies the mixing process between recharged waters
with the deeper compartments, in view of the horizontal layerings, which result in creating
compartmentalization.

Meanwhile, the reflectors in the retrogradational region (Fig. 7 B2 - black arrows) are arranged
transversally to the continent, demonstrating a process of retrogradation/erosion of the coast, fortifying
saline wedge effects and mixing more internalized when compared to the subterranean estuary of the
progradational region. The horizontal gradient of the Jardim do Eden transect (Table 1) indicates the
extent of influence of the SGD or even the salt wedge in the opposite direction. The absence of a vertical
gradient demonstrates the existence of units that act as semi or non-permeable, as seen in the
paleolagoonal bottom reflectors.

So, based on numerous studies that were carried out to this date (Barboza et al., 2011;
Dillenburg et al., 2017, 2011; Dillenburg and Barboza, 2009; Lima, 2013; Rosa, 2012; Silva, 2011;
Travessas et al., 2005; Watanabe, 2016), the stacking features, compaction and composition for
progradational and retrogradational barriers can be summarize as presented in Table 3.

It demonstrates that, in general, both are very similar in climatic and hydrogeological
influences (macro compartments), but locally there are some characteristics that can have diverse effects
under water properties and processes.

Such reflectors are a historical result and they indicate how the deposition occurred as well as
the layers that guide the water pathway. Although the layers in this region are quite permeable, the
moderate degree of cementation allows for easy pathways, being oriented towards the ocean in the
progradational region and to the continent in the retrogradational region. This characteristic alters, albeit
minimally, the hydraulic gradient between the studied regions, since it creates a moment of incline or

slope in the coastal barrier.
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Table 3 Lithofacies and radarfacies of regressive and transgressive barriers in NCR, Southern

Brazil
Barrier Radarfacies Stacking units Compactation Composition
v aeolian very low fine and very fine sands
VIl backshore/foreshore  moderate/high fine and very fine sands
VI upper shoreface moderate fine sands

Progradational ] )
fine sands intercalated by

\% lower shoreface moderate
mud
| Pleistocene substrate  moderate/high fine muddy sands
v aeolian very low fine and very fine sands
i lagoonal beach low fine and very fine sands
) . fine sands intercalated by
Retrogradational Il aggradational moderate
mud
1 lagoonal bottom moderate very fine muddy sands
| Pleistocene substrate  moderate/high fine muddy sands

The driven forces that operate in this region are many, but most are equivalent or very similar
within the two stations (tide, wave set up, rainfall, altimetry, seasons). Therefore, it is possible to assume
that the difference in 222Rn activity and SGD are due to the stacking pattern, playing the regulatory role,
since it defines the different compositions, the stacking order, isolation conditions, formation of
reservoirs, among other features of the coast geology.

A remarkable characteristic of our study site is the sharp gradients of salinity in beach wells
(Table 1). For example, salinity ranged from 6 to 23 within a 65 m horizontal distance in Jardim do Eden
Beach and from 5 to 12.5 within 15 m in Rondinha Beach.

However, for the unconfined permanent wells the salinity range was 0.05 to 0.06 and 0.06 to
0.14 for Rondinha and Jardim do Eden, respectively. It indicates a “lower” subterranean estuary
dominated by freshwater in both regions, while the “upper” subterranean estuary (beach face) provides
evidence of the saline mixing process, on a scale of a meter. Salinity data (although showing non-
conservative behavior) indicates that this region has a surficial aquifer which is recharged locally.
Although the behavior is dissimilar between “lower” and “upper” subterranean estuaries, these are closely
connected and the activities observed within the sandy barrier were decisive for 22Rn activities in the
beach wells in each region.

The 22Rn application revealed the water distribution in the coastal barrier and indicated that
the region is dominated by several aquifers as it was mentioned by Niencheski and Windom (2015). The
definition of the end member for each of the regions is an important result of this work, since it is often a
difficult piece of data to obtain due to the high sample size required. However, the small difference
between the end-member values observed in these regions (Table 2) highlights that both have a similar
source of groundwater recharge, since they are part of the same coastal aquifer system (Lisboa et al.,

2004; Machado and Freitas, 2005b), differing only in their depositional architectures.
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Based on these findings, a significant difference is recorded in SGD rate between the
progradational and retrogradational region. The SGD flux reaches more than 15-fold in the progradational
region, an expressive variation.

In practice, variations in SGD flows have repercussions on the productive process of the
coastal area. The associated nutrient fluxes (although not determined in this study) make up an important
(if not major) source in the fertilization of coastal waters, being more expressive in the progradational

region when compared to the retrogradation region.

CONCLUSION

The results obtained with the combination of the 222Rn tracer and the GPR technique are
innovative and prove that the GPR technique is a very useful tool for SGD studies, since it provides
information on coastal depositional geological structures continuously. This is different from
conventional testimonial methods, which, despite providing material for complete geological studies, are
punctual and small in number.

In environments with differentiated structures such as CNR, GPR images are fundamental for
understanding the stacking pattern and how, consequently, SGD occurs. Since this a pioneer study, the
geological structures detected by GPR were validated using sedimentological data that was available for
the region, proving to be a completely reliable method.

The heterogeneities of the barrier are sufficient to influence the SGD, due to the stacking,
sediment, shape and depositional architecture characteristics. Thus, the geology of the progradation
region gives 15 times more expressive SGD than in the retrogradational region.

Although it was not the objective of this work, it is possible to assume that a greater impact is
produced in the flow of micro and macronutrients to the coastal zone in the progradational region. The
SGD data for the progradational region are an order of magnitude higher than the values found for the
retrogradational region. This indicates that it must have more prominent coastal biological productivity.

Finally, the more prospecting lines that are obtained with GPR, the more knowledge there is of
the region. This makes it possible to optimize the definition of sampling design for future groundwater
collections, either by choosing between pre-existing wells or by drilling new wells.

For this investigated region, which is 125 km long, future studies on the existence of traces of
paleochannels in the barrier that are connected with the geological features observed on the continental
shelf (Melo, 2017) are recommended. This may be preferred routes for SGD to reach locations farther
from the coast. In addition, time series and more in-depth assessments of the beach strip should be

developed.
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ARTIGO 2 - THE INFLUENCE OF GEOLOGICAL STACKING PATTERNS IN THE
SUBMARINE GROUNDWATER DISCHARGE AND NUTRIENTS FLOW, SOUTHERN
BRAZIL

Este artigo foi submetido ao jornal Journal of Hydrology/Elsevier, sequindo as respectivas

normas de formatacdo.

ROCHA, Cacinele M. da; NIENCHESKI, L. Felipe H. & BARBOZA, Eduardo G.

ABSTRACT

The influence of drivers in the Submarine Groundwater Discharge (SGD) has been extensively
discussed as well as the coastal geology, the main focus of the present work. Both progradational and
retrogradational stacking are evolution patterns which contribute differently to SGD due to their different
composition and deposition features. These stackings compose the coast in Southern Brazil, covering 125
km of coastline, which were evaluated to determine the SGD and nutrient fluxes during the summers of
2016 and 2017. Samples from permanent wells, beach wells and surf zone in 13 sampling stations have
indicated significant differences between progradational and retrogradational areas in radon activity (Xreg
=1,950+237 dpm/m3; Xtra = 1,896+249 dpm/m3), SGD rate (Xreg = 32.9+2.8 cm/d; Xtra = 6.9£0.8
cm/d), as well as for end member values (Xreg = 22,468+997 dpm/m3; X1ra = 27,006+1,120 dpm/m3).
Moreover, each sampling campaign was on the effect of ENSO and LNSO phenomena, typical in this
region. Thus, there was a significant difference in the means of comparison tests between Season 1 and
Season 2 results allowing to evaluate the combined effects of geology and weather. The freshwater
component represents 73 e 56% of SGD in the progradational and retrogradational region, respectively,
discharging more freshwater than ocean water recirculated. The “new” input represents 99% of the
phosphate, 93% of the TDIN and 99% of the silicate to the continental shelf in the progradational area
and 89% (phosphate), 87% (TDIN) and 99% (silicate) in the retrogradational area. The complexity of the
process was reaffirmed once the nutrient enrichment is unequal.

Keywords: subterranean estuary; fluxes; transgressive; regressive; North Coast; LNSO; ENSO.
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1. INTRODUCTION

The nutrient flux associated with the submarine groundwater discharge (SGD) has been studied
by many authors (Andrade, 2010; Attisano, 2012; Bishop et al., 2015; Burnett et al., 2007; Lee et al.,
2009; Lima, 2014; McCormack et al., 2014; Niencheski et al., 2007; Paiva, 2014; Rocha et al., 2018;
Rodellas et al., 2014; Russoniello et al., 2016; Souza, 2015; Sugimoto et al., 2016; Tovar-Sanchez et al.,
2014) in order to evaluate the impact of this important and well known process. The nutrient flux is a
complex water movement described by Niencheski et al. (2007) according to the conceptual model,
which is composed by five different fluxes. These flow from the continent to the coastal zone,
recirculating through the permeable sediments before leaving the surf zone and going across the shelf to
the open ocean. It describes a subterranean estuary which shows the same conditions for a typical estuary,
mixing freshwater and seawater, being equivalent in volume of discharge and even with higher nutrient
concentration (Burnett and Dulaiova, 2006; Rodellas et al., 2015; Simmons, 1992; Wang et al., 2017).

Even though most of the researchers agree with the conservative behavior model (Windom et
al., 1999) where the concentration of nutrients and trace elements are correlated with salinity, these fluxes
vary widely as observed in Southern Brazil and others countries (Attisano, 2012; Niencheski et al., 2007;
Paiva, 2011; Wang et al., 2017; Weinstein et al., 2011). In fact, a number of factors are responsible for
controlling and influencing these nutrient levels, like continental influence, anthropogenic uses, water
recharge, sediment permeability, rainfall and seasonality (Andrade, 2010; Charette et al., 2003; Rocha et
al., 2015; Sadat-Noori et al., 2015; Santos et al., 2012a), amongst others.

Although the composition and physical characteristics of the sediment have been considered,
the role of coastal geology is not yet fully understood. This issue was already addressed by Rocha et al.
(2018) in a study of radon (?2Rn) activities, and SGD has registered significant differences between two
regions with progradational and retrogradational behavior in Southern Brazil (Figure 1). However, such a
study is a preliminary evaluation based on only two sampling stations, leaving questions about the
extrapolation of such behavior to large areas, such as CNRS with 150 km. This study area presents a
stacking pattern characterized of lagoon/barrier depositional system, to the north with progradational
behavior, and to the south with retrogradational behavior (Dillenburg and Barboza, 2014). This type of
depositional system represents almost 15% of the world coastlines (Barnes, 1980) as well as areas of
permeable sediments, which cover 40% of coastal areas worldwide (Riedl et al., 1972). Hence,
understanding what role coastal sedimentology plays in the magnitude of SGD is a very important issue,
which is still unknown.

In general, the region with progradational stacking showed SGD almost five times bigger than
area dominated by retrogradational, resulting, in the same way, in higher volumes of water (Rocha et al.,
2018). The difference is justified by the stacking structure, presenting layers slightly sandy and more
compacted in the progradational area, stacked seaward, while the retrogradational region is slightly more
muddy, lesser compacted and stacked landward (Rocha et al., 2018), which would favor the SGD.

Considering this hypothesis, it is possible to understand the forcing factor that plays an
important role in the water movement from continental fluxes to seaward that defines the water flows
through sandy beds. Lower flows mean bigger residence time of water inside of the barrier, moreover, it

also means the contact water-sediment being longer and, consequently, it provides conditions to be
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enriched on nutrients and other elements (Santos et al., 2012b). Thus, even though some areas could show
lower water discharge, it could be compensated with the exportation of higher nutrient levels.

The objective of this paper is to emphasize the relationship between geological stacking and
the SGD and to assess the influence that the two more important geological features of the Northern Coast
of Rio Grande do Sul state (NCR), progressive and transgressive can cause in the nutrient transport
associated with SGD.
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Figure 1 — Sections of GPR (Ground Penetrating Radar) images from Rondinha -
progradational barrier area (A) and Jardim do Eden — retrogradational barrier area (B). The progradational
area is represented by reflectors dipping seawards, while retrogradational area is represented by reflectors
dipping landwards. Modified from Rocha et al. (2018).

2. MATERIAL AND METHODS
2.1. Study area
The NCR presents long Holocene lagoon/barrier depositional system, which has been
extensively studied in the recent years, in particular its geology evolution (Clerot et al., 2001; Dillenburg
et al., 2004b; Dillenburg and Barboza, 2009; Hesp et al., 2007, 2005, Martinho et al., 2010, 2008;
Travessas et al., 2005). This lagoon/barrier depositional system was formed during the last glacio-eustatic

transgressive cycle as a complex system (Villwock and Tomazelli, 1995), and the maximum sea level was
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6-5 kyr with more 2-3 m, which has since fallen (Angulo et al., 2006; Barboza and Tomazelli, 2003).
According to Rosa (2017, 2011), this Holocene barrier system corresponds to high-frequency depositional
sequence stratigraphy.

The climate of the region, according to the classification of Képpen (Alvares et al., 2013), is
subtropical constantly humid (Cfa), without a dry season, with hot summer. The average annual
temperature is between 18 and 20 ° C. Average annual precipitation is between 1,600 and 1,900 mm, with
maximum values in summer months and lowest in winter.

This region is flat presenting eolian deposits of permeable sediments composed by fine and
medium sand, well selected, with geomorphology dunes represented for barchan chains, isolated
barchans, transverse chains, transgressive sand sheets and foredunes (Barboza et al., 2013; Dillenburg et
al., 2017). These substrates ensure very good soil infiltration capacity (CPRM, 2015), aquifers with lateral
and vertical continuity allowing large groundwater reservoirs with a porosity of up to 40%. Although
these deposits are very similar, there are important variations in vertical and horizontal stratification, as
well as in facies. Unequal depositional environments succeeded both spatially and temporally, but which
are nevertheless closely interconnected (Lisboa et al., 2004).

Dillenburg et al. (2000) presented the two different types of barrier that occurs in this region,
being the progradational and retrogradational barriers. A more recent study (Watanabe, 2016) reviews a
large area of this stratigraphy as well as the evolution process of this rich and complex depositional
system (Rosa, 2012).

The sediment supply and sea level combined to result in a depositional architecture, which
according to Rosa (2012) when the supply is higher than accommodation space, allows for a progradation
process called regressive behavior of the coastal line; and when the supply is lower, the system
retrogradational being referred as transgressive behavior of the coastal line.

The progradational area presents itself in the embayments, and through the positive sediment,
balance shows growth of coast with foredune ridges (Dillenburg and Barboza, 2009). Also, it shows
reflectors dipping seaward (Rosa, 2012) which has prograded up to 40 m (Toldo Jr et al., 2005).

The retrogradational area presents itself in coastal projections and retrogrades eroding,
including feeding the dunefields (Dillenburg and Barboza, 2009). In this region, the erosion was
responsible for more than 300 m since last maximum sea level (Travessas et al., 2005) and it shows
reflectors dipping landward (Figure 1B), which are justified by sediment migration from beach face to
coastal lagoons (Rosa, 2012).

Considering that this 600 km barrier has been studied by many authors in the South, on the
influence of Patos Lagoon (Attisano et al., 2008; Lima, 2014; Niencheski et al., 2007; Niencheski and
Windom, 2015; Souza, 2015; Windom et al., 2007) and in the North, with the Guarani Aquifer Outcrop
(Paiva, 2014), the present work considers the coast between both, which represents 125 km, being half in

retrogradational and half in progradational behavior (Figure 2), an excellent place to test our hypothesis.
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Figure 2 — Southern Brazil study site showing the transect applied in each beach, shows

permanent wells (@), beach wells and surf zone (0), in regressive and transgressive areas, located between

Guarani Aquifer Outcrop (A ) and Patos Lagoon Barrier ( | ).

The progradational region showed a mix/recirculation area closer to the sea, which facilitates
the SGD, while in the retrogradational region the mix/recirculation area is located more inland allowing
for less SGD.

The study area was defined as 1) progradational barrier, from Station 1 - Torres up to Station 7
- Atlantida Sul Beach, and 2) retrogradational barrier, from Station 8 - Imbé up to Station 13 - Quintdo
Beach. In each sampling location, water was sampled in permanent wells, piezometers and surf zone
surface during the Austral Summer of 2016 (December 2015 to April 2016) and 2017 (January to April
2017), denominated here as Season 1 and Season 2, respectively, during the same climatic pattern with

random wind and tide conditions.

2.2. Samplings and Analysis
The permanent wells were randomly chosen on particular properties with perpendicular
distribution to the shoreline. These wells present varied depth on the varied distance to the shoreline.
However, all area between the lagoon terrace and the beach face have been covered (Figure 1). The
sampling procedure was done with the pre-existing pump in each well. A sample of 8 L was collected in a

closed system plastic 10-L-bottle to analyze 222Rn activity, and the second sample of 3 L, used to analyze
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pH, conductivity, salinity, and nutrients (phosphate, ammonium, nitrate, nitrite, TDIN, and silicate,
following protocols described by Baumgarten et al. (2010).

Piezometers have been drilled at beach face, and the sampling procedure was the same
described above. These wells were drilled 1 m deep, covering the beach face from the dune up to swash
zone, using a pushpoint equipment and a peristaltic pump. Surf zone surface water was sampled in a
transect with three points far from the beach 10, 20 and 30 m. In all sampling campaigns, complete
meteorological data were obtained.

The choice of using 22Rn instead of another geotracer is due to the fact that results can be
obtained instantaneously and are easy to be quantified and handle. In this case, only a small volume of
sample is required, which can be very useful when sampling is done in restricted or private areas. Also,
when a sample cannot be measured in locus, the measurement can be performed in route from one station
to another.

The 222Rn activity measurement to define the 22Rn inventory (%2

Rn.\y») was made by the
RAD7 monitor (Durrigde Inc.) with the Big Bottle system, which uses the internal pump of the monitor to
disperse 222Rn from 8 L volume of sample and circulate it to the counter for measurement. Before water
sampling, the wells were pumped out to put away the water that was standing on the system; then, water
was sampled in plastic bottles and stored until the analysis.

The main principle of using 22Rn measurements to obtain SGD rates is based on isotope
inventory regarding losses due to atmospheric evasion and mixing with lower concentration waters,
converting all processes in fluxes, being dominated by the advective transport of groundwater through the
sediment. With the assessment of the 222Rn fluxes is easy to estimate water fluxes (Burnett and Dulaiova,

2003), being the Fsgp measured based on Equation 1, defined by Corbett et al. (1997).
Faig + Fsgp + *°Ra. Ayz5 — ***R1. A335 — Faym — Fror = 0 1)

where:

Fai — diffusion flow from ?Ra concentration in sediment that decay to 22Rn, in dpm/m? d;
Fsep — 22Rn flow, in dpm/m2 d;

226Ra. 200 — 22Rn excess from *Ra father decay, in dpm/m?2 d;

222Rn. 222 — 22Rn inventory in the water column, in dpm/m2 d;

Fam — atmospheric flow or atmospheric loss, in dpm/m2 d;

Fror — flow horizontal mixing or loss by horizontal mixing, in dpm/m2 d.

Fqir emanates from the sediment, from the 2°Ra concentration that decays to 2Rn, and it is
established by measurements of 2Rn in sediment samples after an equilibration-time (Corbett et al., 1998)
or, alternatively, measurements of “°Ra directly from the sediment. So, the excess of 2Rn from the decay
of ?°Ra in the water column, detailed in Equation 1, was based in data from Windom et al. (2006) along
the surf zone in Patos Lagoon barrier, close region, which is in average 79,7 £ 9,4 dpm/mé.

Similarly, there is the excess of 22Rn from the °Ra decay in the water column which is also

disregarded due to the same reason, high °Ra decay time.
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The Fanm is based on the 22Rn transfer estimate from water to air, considering the 222Rn
concentrations in the water column and in the air, as well as the water temperature, air temperature, wind
speed, water salinity and the solubility of the 22Rn gas (Burnett et al., 2006; Dulaiova and Burnett, 2006;
Wanninkhof, 1992).

The horizontal mixing loss, Fyqr, is based on the concept of steady-state advection-diffusion
(Craig, 1969; Glover et al., 2005), which evaluates the 222Rn activity and its decay constant, 22Rn from
?25Ra decay, the turbulent diffusion coefficient and the horizontal advection. Another conservative tracer
is taken, in this case, the conductivity, to establishes a mixing relation between 222Rn and conductivity to
find the radon flux in the horizontal mixing process (loss), using the transect distance applied in the
measurements.

Although the SGD estimation based on the 22Rn mass balance in steady-state is criticized due
to some forces, tidal dynamics and wave set up; this study area presents quite similar micro-tidal between
sample points being disregarded once it is smaller than 30 cm (Motta, 1969), near an amphidromic point.
In wave height case, the mean is from 1.50 for 15-20 m depth (Motta, 1969) with variations of the order
of 10% (1.40 to 1.56 m) (Lima et al., 2013). The effect is reduced at a depth up to 1 m, where the transect
is developed.

Thus, the result in Equation 1 is the 222Rn flux, Fsgp, with which is assessed the SGD rate by

Equation 2, where the end member was based on 222Rn activity in piezometric beach wells (salinity zero).

W = Fsep + Ry, )

where:
W — SGD rate, in m/d;
Fsep — 22Rn flow, in dpm/m2 d;

Rn,, — 22Rn activity in groundwater or porewater, called end member, in dpm/ms;

To avoid overestimation, each end member is applied for the respective transect. How higher is
the number of piezometers sampled, more robust is the Fsgp data. In this study, with 205 piezometers, an
evaluation of the difference between each area and period was allowed.

The daily flux for each transect is estimated based on SGD rate (Equation 3).

Vol =W x Dgraq x L 3

where:

Vol — discharge volume for a specific area, in m3/d;
W — SGD rate, in m/d;

Dgrad — gradient distance, in m;

L — length of the beach, in m.
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The gradient distance corresponds to the transect distance sampled, for this study, 30 m. The
lengths from the beach (L) used were 70 and 55 km for the progradational and retrogradational areas,
respectively.

Based on the SGD rate and nutrient concentrations in each sample group (permanent wells,
piezometers, and surf zone) were estimated the outcome in the nutrient delivery from continent to coastal
waters (Equation 4, 5, 6 and 7) (Niencheski et al., 2007).

F = [C]fw X wa (4)
FZ = [C]bgw x SGD (5)
F; = [C]sz X Qsw (6)
Fy=F,— F (M
where:

F1 — fresh groundwater moving toward the ocean, in mol/d;

[Clsw — nutrient concentration in permanent wells, in mol/L;

Qs — freshwater component of SGD, in m3/d;

F, — SGD entering the ocean, in mol/d;

[Clugw - nutrient concentration in beach wells, in mol/L;

SGD - submarine groundwater discharge, in m3/d;

F3; — seawater recirculating through permeable sediments, in mol/d;
[C]s; - nutrient concentration in surf zone, in mol/L;

Q. — Seawater component of SGD, in m3/d;

F, — flux to the inner continental shelf, in mol/d.

[Clsw, [Clogw and [C]s; are the nutrient concentrations in permanent wells, piezometers and surf
zone, respectively. Qs and Qg are defined according to SGD salt balance (Equation 8 e 9) according to
Niencheski et al. (2007):

SGD = Qfy + Qs (8)
SGDx(Salr—Salgsy,)

R ©

where:

Saty — total salinity expected, usually 36;

Saly, — average salinity in piezometer samples.

The 22Rn determination in water and sediments were procedure at Ceclimar/UFRGS, as well
as nutrients and physicochemical parameters for which was followed APHA (2012).
The results were evaluated statistically applying SPSS® software to establish the difference

between progradational and retrogradational areas.
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3. RESULTS

22Rn activity and SGD
The results for 222Rn activities and fluxes, end members and SGD rates and fluxes during

Season 1 and Season 2 are presented in Table 1.

Evolution | 22Rn activity  22Rn flux End member SGD rate SGD flux
coastal Station Rn,, Fsep RNy W SGD
(dpm/m3) (dpm/m2 d) (dpm/m3) (cm/d) (m3/m d)
Season 1
1 856 + 196 1,019 £ 224 38,830+1,456 2.62+0.58 0.70+0.15
2 2,161+105 2,504 £102 20,349 + 1,021 12.31+£0.50 3.18+0.13
f_gc 3 1,866 + 97 10,284 + 516 18,662 + 972 55.11 + 2.77 433022
-‘;: 4 678 £ 169 1,674 £ 410 14,805 + 862 11.30 £ 2.77 1.45+0.36
g’ 5 988 + 240 545 + 123 30,695+1,346 1.78+0.40 0.33+0.07
. 6 1,995 + 95 3,888 + 165 38,521 +1,532  10.09 +0.43 2.65+0.11
7 406 + 144 193+ 66 105,225+ 1,162 0.18 £0.06 0.06 + 0.02
8 1,402 £275 5,626 + 661 11,526 + 648 48.81 +5.74 2.05+0.24
s 9 447 + 152 00 35,147 £1,514  0.00 £0.00 0.00 £ 0.00
'% 10 1,940 +£100 861+24 19,256 + 986 4.47+0.13 0.43+£0.01
g 11 3,790+ 481 4,779+ 818 23,254 + 1,243 20.55+3.52 2.07+0.35
% 12 2,060 +293 943+120 32,230+£1,210 2.93%0.37 0.43+0.06
13 624 £ 173 246 £ 61 23,096 + 1,121 1.07 £ 0.27 0.09 £0.02
Season 2
1 2,058 £246 4,000 + 462 9,630 + 633 41.54 +4.80 12.42 +1.43
2 3,623 + 345 2,767 =240 5,699 + 448 48.54 +4.20 6.86 £ 0.59
‘_g 3 8,906 £ 557 52,534 + 3,263 48,331 £ 1,240 108.70 +6.75  51.84+3.22
-f.‘g 4 14,940 + 754 65,537 £ 3,284 24,588 + 920 266.54 +13.36 48.18+2.41
g’ 5 10,328 + 581 20,624 £1,140 4,157 +414 496.16 £27.43 12.57 +0.69
. 6 13,693 £551 50,850 +2,463 33,306+1,189 152.68+7.39  27.07+1.31
7 3,991+341 6,215+ 683 12,038 + 663 51.63 +5.67 14.23 £+ 1.56
8 25,902 + 740 36,297 + 1,648 6,411 + 497 566.13 £25.70 83.78 £3.80
s 9 3,381 + 303 7,276 £ 679 30,759 + 926 23.66 £2.21 2.78£0.26
'% 10 249 + 88 432 + 150 19,937 + 865 2.17+0.75 0.69+0.24
_g 11 4,284 +370 8,665+ 730 41,032 +£1,118 21.12+1.78 8.00 £ 0.67
E 12 1,880+£280 4,918+ 719 5,739 + 519 85.70+ 1253 3.77+£0.55
13 8,133 +542 4,760 £ 298 42,279 £1,211 11.26 £0.71 5.53+£0.35

Table 1 - Data of 22Rn activity and flux, end member and SGD rate and flux for each station in

Southern Brazil during Seasons 1 and Season 2.
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The Fyis results were estimated close to 58 dpm/m? d once the ?°Ra decay is low due to the low
time of measure.

The Fam Was variable due to wind regime influence (ranging between 1 to 5 m/s during both
seasons), air temperature (range 17.4 and 30° C for both seasons), and low 222Rn air concentration (<2
dpm/m3), resulting in losses of up to 81x103 dpm/m?2 d.

The Fyo varied between 0.2 and 11 dpm/m?2 d during Season 1 and between 0.2 and 270
dpm/mz d during Season 2, once the mixing coefficients vary between 165 and 16,050 for both periods.

These data show the contribution and relevance of each factor (losses and entrances) in the
mass balance, being dominated by advection, mixing loss and atmospheric loss.

The end member data evidenced 10-fold variations between the sampling stations, for Season 1
and Season 2. The end member results are presenting a not normal distribution reinforcing the assessment
based on its respective end member values, avoiding overestimation of SGD results.

Differences between each transect and also between the two sampling periods have been
observed. When considering the results between progradational and retrogradational areas, it was possible
to confirm the difference in SGD. Data from Station 8 was ruled out because this specific place is on the
influence of Tramandai River mouth, showing quite diverse results from other stations. Even with the
exclusion, both areas have sampling stations at every nine kilometers. The regressive coastline is
represented by 70 km, while the retrogradational area has 55 km of beaches.

Table 2 summarizes the results by areas, where the SGD rate and the SGD flux are higher in

progradational area than in retrogradational region during both seasons.

22Rn activity  22Rn flux End member SGD rate SGD flux
Area Rn,, Fsep Rngw W SGD
(dpm/m3) (dpm/m2 d) (dpm/m3) (cm/d) (m3/m d)

Progradational 1,950+ 237 3,294 + 370 22,468 £ 997 3241279 3.70+0.37
Retrogradational 1,896 + 249 2,488 + 248 27,006 £1,120 6.87+0.73 1.37+0.25

Season 1
Progradational 1,320+ 136 1,233+ 127 30,695+1,162 7.02+050 0.90+0.13
Retrogradational 1,382+ 197 702 +61 23,254 +£1,210 2,93+0.27 0.35%+0.02
Season 2

Progradational 6,594 +509 20,624 +1,140 12,038 +663  95.63+6.86 14.76+1.43
Retrogradational 3,162+ 303 4,760 + 450 30,759 £926  21.12+1.41 3.77+0.39

Table 2 — Data of 22Rn activity and flux, end member and SGD rate and flux for the

progradational and retrogradational area in Southern Brazil during both seasons, Season 1 and Season 2.

An important forcing factor for SGD is the rainfall. The pluviometry was evaluated for Season
1 and Season 2, and the results were 78 and 174 mm/month, respectively.
To assess the fluxes of SGD and the components to determine how much freshwater has been

delivered to the ocean, the salt balance it applied and the result are then calculated by the area (Table 3).
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Evolution coastal Salinity beach SGD Qu Qs
groundwater (10* m3/d) (10* m3/d) (10* m3/d)

Progradational 101 54.94 +5.49 40.14 +4.01 14.80 £ 1.48

Retrogradational 15.3 1141+1.14 6.45 + 0.64 4.96 +0.50
Season 1

Progradational 10.5 6.55+0.94 4.65 + 0.67 1.90+£0.27

Retrogradational 15.0 2.05+0.13 1.20+0.08 0.85+0.05
Season 2

Progradational 9.7 103.32 + 10.04 75.62 £ 7.35 27.70 £ 2.69

Retrogradational 15.7 20.76 £ 2.15 11.70+1.21 9.06 £0.94

Table 3 — Estimated SGD flux, freshwater and seawater components for progradational and

retrogradational areas during both seasons, Season 1 and Season 2.

Nutrient fluxes

The evaluation of these components in the nutrient flux context allows a better understanding

of how the input of nutrients and the potential transport for the inner shelf and offshore is. This

assessment is based in nutrient concentrations in each area (in permanent wells, piezometers and surf

zone) and can explain the frequently algae bloom and limiting nutrients (Table 4).

68



] o PO,  SiO, NH,  NO,
Evolution coastal area Season N Salinity
M) (uM) (M) (UM)
Permanent wells
average 88 0.07 0.37 77.11 16.01 0.03
Progradational 1 50 0.06 0.20 157.49 3436 0.03
2 38 0.11 0.50 77.11 8.81 0.04
average 88 0.11 0.72 269.98 14.44  0.07
Retrogradational 1 50 0.10 2.94 354.28 16.31  0.05
2 38 0.11 0.67 174.11 7.52 0.05
Piezometric wells
average 99 10.45 217 53.12 9.42 0.04
Progradational 1 43 10.94 4.94 49.39 10.50 0.05
2 56 8.36 0.29 56.84 8.61 0.04
average 92 13.79 0.97 47.82 9.53 0.03
Retrogradational 1 40 11.89 3.29 34.30 54.25 0.07
2 52 16.06 0.26 124.78 9.97 0.02
Surf zone
average 38 31.43 0.10 1.34 2.49 0.11
Progradational 1 17 29.24 29.33 1.34 4.47 0.12
2 21 32.36 ND 1.34 2.26 0.10
average 34 30.70 0.25 1.34 2.79 0.06
Retrogradational 1 16 27.84 24.85 1.34 8.30 0.05
2 18 32.68 ND 1.34 2.26 0.05

ND: not detectable (<0,1 uM).
Table 4 — Nutrient concentrations in permanent wells, piezometric wells and surf zone for
progradational and retrogradational areas during both seasons, Season 1 and Season 2.

Complementary data from these samples are available in Appendix 1 and 2 at the end of this

paper.

4. DISCUSSION
22Rn activity and SGD

Regarding the subterranean estuary results, the first approach for SGD evaluation was to

present data station by station (Table 1) to indicate ranges and averages in SGD in different sampling

areas and times, especially concerning end member values, scarce discussed in the literature.

The results of the 22Rn activity, SGD flux and rate showed the difference between the

sampling stations (1 to 13) and between the areas (progradational and retrogradational) within the same

season, as well as between periods (Season 1 and 2). The data range between progradational and

retrogradational areas overlap, however, the SGD in the progradational area is more expressive that
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retrogradational area. The end member for this area was also higher, indicating a higher SGD potential in
this region, a result of the local geology.

When comparing SGD rates and fluxes during Seasons 1 and 2, it is evident that the geological
differences are reinforced by the unequal rainfall during both periods. The effects are also observed on the
end member results when these are reduced by the higher water recharge.

Although very clear, these data were evaluated statistically to understand how significant and
non-random this difference between regions and periods would be (Table 5). These comparisons
confirmed significant differences between the data obtained in the previous established geological

features, progradational and retrogradational areas, for both seasons.

Comparisons SGD rates averages (cm/d) Significance
Spatial
Progradational (P) x Retrogradational (R) (45.04 £3.49) x (7.87£0.73) p=0.009

Progradational 1 (P1) x Retrogradational 1 (R1) (7.02 £ 0.50) x (2.93 £ 0.27) p =0.043
Progradational 2 (P2) x Retrogradational 2 (R2) (95.63 £6.86) x (21.12+1.41) p=0.043
Temporal

Progradational 1 (P1) x Progradational 2 (P2) (7.02 £0.50) x (95.63 +6.86) p=0.018
Retrogradational 1 (R1) x Retrogradational 2 (R2) (2.93+0.27) x (21.12+1.41) p=0.138

Table 5 — Multiple comparison tests of SGD rates averages for progradational and

retrogradational areas during Season 1 and Season 2.

When all data obtained in this work were considered together, the statistical tests indicated a
significant difference (p=0.009) in the SGD between progradational and retrogradational areas, which
confirmed the hypothesis that the geological features are determinant for the SGD.

In spite that both samplings were collected during the summer season, being one in dry period
(2016) and another in the wet period (2017). This situation is a typical climatologic behavior in the study
area, which is frequently influenced by EI Nifio Southern Oscillation (ENSO) and La Nifia Southern
Oscillation (LNSO) phenomenon. Thus, Season 2 has an average of 23% more monthly rainfall than
Season 1.

According to other studies in the same region and even worldwide (Andersen et al., 2007;
Gonneea and Charette, 2014; Niencheski et al., 2007; Sadat-Noori et al., 2015; Santos et al., 2012b,
2008b; Swarzenski et al., 2007), is important to assess the temporal effects on SGD, mainly in this region
known by rainfall oscillations, as an indicative of a) geological influence to be annulled or to contribute
by the weather phenomenon, and of b) which is the temporal influence for each geological feature,
understanding if the effects will be the same or not.

It is important to emphasize that when the decision to do this work in two consecutive
summers was made, access to all the permanent wells chosen a priori was guaranteed, since the
majorities of the properties that should be visited are second houses, opened only during the summer
season. However, fortunately for the development of this work, the two summers presented very different
characteristics of rainfall, due to the effects of ENSO and LNSO.

70



Hence:

a) when the two sample periods were considered separately (P1 versus R1 and P2 versus R2), the
difference in SGD kept significant both in Season 1 (p=0.043) and Season 2 (p=0.043), which indicate
that the geological influence is determinant both in the dry and wet period, and

b) when the SGD was assessed by time, the results were different for each geological feature, being
different significantly (p=0.018) for the progradational area (P1 v. P2), while for the retrogradational area
(R1v. R2) it was not (p=0.138).

In the studied area, the progradational area presents a progradational stacking pattern dipping
seawards, with reflectors also dipping seawards and with sandier layers than the retrogradational area
(Rocha et al., 2018), resulting in higher permeability and porosity, allowing the high SGD.

The retrogradational area presents retrogradational stacking pattern composed by sand layers
intercalated by mud and reflectors dipping landwards (Rocha et al., 2018), which restricts the SGD due to
reduced permeability and the lower water movement among the geological units.

These geological features also explain the temporal effect of SGD between dry and wet
periods. In progradational regions, the higher rainfall increases the hydraulic gradient. That, in addition to
the high permeability and the arranged seaward, results in higher SGD. In the retrogradational area, the
water displacement to the ocean has more limitations and the SGD is decreased, even with higher rainfall,
once the stacking is to landwards and the layers have lower permeability.

The results above mentioned indicating that the geological influence predominates in this
region being magnified by the weather influence.

The flow in the progradational area is, in average, five folds higher in the retrogradational
region and the difference in salinity beach groundwater evidence the higher influence of freshwater in
progradational portion (Table 3).

Also, it is relevant to consider that even the extent of the barrier being smaller in the
retrogradational region, this does not favor the higher DAS, indicating the importance of the depositional
architecture.

The flow of Patos Lagoon in the summer (dry season) is 1,400 m3/s (Niencheski and Windom,
1994) and 75 m3/s for Tramandai Estuary (Motta, 1965), both estuarine systems located closest and
responsible by surficial drainage to the ocean. Therefore, during Season 2, when the SGD was more
expressive in the whole study area, it represents 1 and 19% of Patos and Tramandai’s flows, respectively.

The hydraulic gradient acting on the PLB is a response to the water level in Patos Lagoon, 3 m
above sea level (Windom and Niencheski, 2003). The same effect occurs on the CNRS barrier since the
water level in coastal lagoons also is positive. For example, Itapeva and Quadros lagoons present 1.3 m
and 0.8 m water level, respectively (Bitencourt, 2015; Lima, 2013), which reinforces the hydraulic action
through the permeable barrier.

Although lower flow, the freshwater component (Qs,) is more expressive, representing 71-73%
of SGD in the progradational area and 56-58% of SGD in the retrogradational area, while in Patos
Lagoon Barrier, for example, the freshwater component represents only 36% (Niencheski et al., 2007).
That means the SGD in this study area is composed mainly by new waters, which introduces new

nutrients in the coastal system, and added to recirculated nutrients from seawater component (Qsw), could

71



explain the frequent algae blooms registered in this region, recognized as nutrient-rich even far from

superficial drainages points.

Nutrient fluxes

Given this, another goal of this work is to know the nutrient fluxes associated with SGD and,
ultimately, the primary production for each area.

In general, the nutrients concentrations (Table 4) present differences. For permanent wells,
phosphate and silicate are higher in retrogradational, and nitrate is higher in the progradational area. The
piezometric wells exhibit somehow an opposite behavior: phosphate higher in the progradational area and
nitrate higher in the retrogradational area. In surf zone, the concentrations were quite similar, being
phosphate more concentrated in the progradational area, nitrate more concentrated in the retrogradational

area and silicate concentrations were the same.

Evolution coastal Nutrients (10° mol/d) Fy F, Fs F4
Phosphate 0.15 1.19 0.01 1.18
Progradational Ammonium 6.42 5.18 0.37 4.81
Silicate 30.95 29.18 0.20 28.98
Phosphate 0.05 0.11 0.01 0.10
Retrogradational Ammonium 0.93 1.09 0.14 0.95
Silicate 17.41 5.45 0.07 5.39
Season 1
Phosphate 0.01 0.32 0.56 0.00
Progradational Ammonium 1.60 0.69 0.09 0.60
Silicate 7.33 3.24 0.03 3.21
Phosphate 0.04 0.07 0.21 0.00
Retrogradational Ammonium 0.20 1.11 0.07 1.04
Silicate 4.24 0.70 0.01 0.69
Season 2
Phosphate 0.38 0.30 0.00 0.30
Progradational Ammonium 6.66 8.90 0.63 8.27
Silicate 58.31 58.73 0.37 58.36
Phosphate 0.08 0.05 0.00 0.05
Retrogradational Ammonium 0.88 2.07 0.21 1.86
Silicate 20.37 25.90 0.12 25.78

Table 6 — Estimated nutrient fluxes (averages) for the progradational and retrogradational area

in southern Brazil during Season 1 and Season 2. Limiting nutrients are indicated in bold.

Although the nutrient concentrations were different, there was not a pattern between each area
and for that reason, it is not possible to confirm the hypothesis that retrogradational area is enriched in

nutrients concentrations, considering lower SGD. In regards to the fluxes, based on each flow and
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concentration, it was possible to estimate each nutrient flux (Table 6). Limiting nutrients are indicated
according to Redfield ratio to estimate the primary production potential in each area, discussed ahead.

These nutrient fluxes are spread over 125 km, being 70 km of progradational area and 55 km of
retrogradational area, and they showed lower values when compared with Patos Lagoon barrier (ca. 10°
mol/d) located further south (Niencheski et al., 2007). For this study, however, it is necessary to take into
account that the considered area is smaller, with lower SGD and lower nutrient concentration when
compared with Patos Lagoon barrier.

Considering the difference between Fy, F, and Fj it is possible to understand that the input of
TDIN, phosphate, and silicate to the nearshore (F,) is expressive, especially in the progradational areas.

For a temporal evaluation, differences for the general inputs (F1 up to F4) were identified
between the seasons, being higher during the wet season (Season 2) than the dry season (Season 1).
Moreover, in the phosphate case, during Season 1, F; is higher than F,, pointing to seawater recirculated
as the main source.

Furthermore, the continental flux is in general considered as the main source of phosphate,
TDIN, and silicate. While the Season 2 (wet) presented same pattern for progradational and
retrogradational areas, during the Season 1 (dry) the seawater recirculated flux became the source for
phosphate, which is observed for both areas. During the dry period, the hydraulic gradient is lowered and
thus, become less significant, which causes the seawater to be the main source of phosphate. This process
is likely to be influenced by the currents features in this area, some summers on Brazil Current and others
on Malvinas Current, which are known nutrient-poor and nutrient-rich currents, respectively.

The phosphate flux F; is governed by the pH and salinity of the environment, which regulates
the phosphate available. Inland the pH means is lower when compared by beach wells and surf zone
samples, which allows for higher phosphate adsorption onto iron-manganese (hydr)oxides. When the pH
is higher and lower salinity, as observed in beach wells, the phosphate finds conditions to be released
(Gonneea and Charette, 2014), agreeing with higher phosphate concentrations observed in F».

As a result of the absorption to primary production, the silicate flux F5 is lower while Fy is
higher than F,, as registered in others studies (Attisano, 2012; Lima, 2014; Niencheski et al., 2007; Souza,
2015), except during Season 2, when the higher rainfall volume increases the silicate flux F,4. This
phenomenon contradicts a study by Souza (2015), which described a dilution process with high level in
Patos Lagoon.

Hence, overall the nutrient flux is higher in progradational areas, which oppose the previously
proposed hypothesis where lower SGD in the retrogradational region allows longer residence time and
more enriched fluxes. Even when considering the proportion of the coastal length for each coastal
evolution process, the progradational area has higher nutrient fluxes. As observed previously, the
freshwater/seawater mix zone location influences on nutrient discharge (Rocha et al., 2018). So, in the
progradational area where the mix/recirculation zone is located closer to the sea, the result is a higher
influence of freshwater with higher nutrient concentrations, while in the retrogradational region, the
seawater influence prevailing once the mix/recirculation area is located more inland, resulting in lower

nutrient concentrations.
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Although every flux to continental shelf (F,), except phosphate in Season 1, was positive and
showed an average of 95% of F, value, indicating that a fair amount of “new” nutrients are arriving in the
coastal system. In progradational areas, the “new” input means 99, 93 and 99% for P, TDIN, and Si,
respectively, while for retrogradational the values are 89, 87 and 99%, respectively. Thus, F4 is the
amount that escapes, meaning that surf zone is a source to the continental shelf.

The primary production is affected by these unequal fluxes for both seasons. Based on Redfield
ratios, the limiting nutrient changes (Table 6). In a single evaluation of each season, most of the fluxes are
P limiting (68%), opposed to Patos Lagoon Barrier and others areas (Niencheski and Windom, 2015)
where the nutrient limiting is TDIN or nitrogen compounds.

Also, the temporal effects determined that rainfall keeps the phosphate fluxes, in general, and
increases the TDIN and silicate fluxes in an average 6 and 20 times, respectively.

The phosphate flux presented low results in F; different than what was observed by Souza
(2015) in Patos Lagoon Barrier, where a registered low F3 allowed F, to be closer than F;. The present
study, however, registered higher values in F, than in F3, allowing similar results between F4 and F,, also
registered by Lima (2014) in Patos Lagoon Barrier in 2006. So, these variations in concentrations, SGD
and fluxes showed the complexity of these systems.

It is also interesting to consider the difference between results from the coastal lagoons and the
barrier. The mean concentration of nutrients in coastal lagoons in this area is ca. 2.6 and 16.1 uM for total
phosphate and ammonium (Rocha, 2013), higher than most of the permanent wells, beach wells or surf
zone concentrations. The nutrient flux, based on average of freshwater flow in some of these lagoons,
described by Rocha et al. (2015), is 7.4 103 mol/d and 45.9 102 mol/d for phosphate and ammonium,
respectively. Furthermore, in coastal lagoon system, the limiting nutrients are nitrogen compounds, and
this result indicates that the coastal lagoons act like a nutrient trap and the barrier is geologically different,
which gives particular features to groundwaters.

At last, the nutrient fluxes associated with SGD in this study area allows a carbon production
of 72 and 19 g/m2 by year for the progradational and retrogradational area, respectively. This supports an
expressive annual production of 3.4 108 g C for 125 km of coastline. During Season 1 was 10 and 19 g
C/mzy, for progradational and retrogradational, respectively, while Season 2 were 66 and 15 g C/m2y.
These results showed that the rainier periods have different effects on the primary production, especially
because of the change in the nutrient ratios. Also, an increase in nutrient fluxes delivery could be
expected for the winter season. Since the winter season, it is the period with recurrent algal blooms, it was

not included in this study.

5. CONCLUSIONS

The present study emphasizes that geological stacking in NCR, Southern Brazil, represent a
decisive forcing factor, driving the SGD, according to geological features.

The evaluation based in nutrients concentration and fluxes in different geological conditions
did not represent a pattern of enrichment in areas with lower SGD, being recommended an additional

evaluation during ENSO and LNSO influence, as well when both are absent.
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The flux of nutrients observed in NCR is expressive, and it is evidence that this region is
important. Although it delivers lower nutrient flux than Patos Lagoon Barrier or Guarani Outcrop, it is a

coastal area in Southern Brazil considered as enriched by SGD and ecologically productive.

ACKNOWLEDGMENTS

The authors wish to acknowledge the excellent support from the staff of the
CECLIMAR/Federal University of Rio Grande do Sul (UFRGS) who helped ensure that this experiment
was successfully carried out. A grant from the Coordenacdo de Aperfeicoamento de Pessoal de Nivel
Superior (CAPES) provided financial support for this research, Instituto Nacional de Ciéncia e
Tecnologia em Ciéncias do Mar (INCT Mar-COl 565062/2010-7) and Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldgico (CNPq 303672/2013-7, 302822/2017-8 and 302822/2017-8).

75



REFERENCES

Abreu, V.S., Neal, J., Vail, P.R., 2010. Integration of sequence stratigraphy concepts, in: Abreu, V.S.,
Neal, J., Bohacs, K.M., Kalbas, J.L. (Eds.), Sequence Stratigraphy of Siliciclastic Systems — The
ExxonMobil Methodology: Atlas of Exercises. pp. 209-224.

Alloway, B.J., 2013. Sources of heavy metals and metalloids in soils, in: Alloway, B.J. (Ed.), Heavy
Metals in Soils: Trace Metals and Metalloids in Soils and Their Bioavailability. Dordrecht: Springer
Netherlands, p. 613. https://doi.org/10.1007/978-94-007-4470-7

Alvares, C.A., Stape, J.L., Sentelhas, P.C., De Moraes Gongalves, J.L., Sparovek, G., 2013. Képpen’s
climate classification map for Brazil. Meteorol. Zeitschrift 22, 711-728.
https://doi.org/10.1127/0941-2948/2013/0507

Andersen, M.S., Baron, L., Gudbjerg, J., Gregersen, J., Chapellier, D., Jakobsen, R., Postma, D., 2007.
Discharge of nitrate-containing groundwater into a coastal marine environment. J. Hydrol. 336, 98—
114. https://doi.org/10.1016/j.jhydrol.2006.12.023

Anderson, W.P., Emanuel, R.E., 2010. Effect of interannual climate oscillations on rates of submarine
groundwater discharge. Water Resour. Res. 46, 1-13. https://doi.org/10.1029/2009WR008212

Andrade, C.F.F., 2010. Conexdes e interacdes entre a dgua superficial e subterranea na regido costeira do
extremo Sul do Brasil. Thesis, Federal University of Rio Grande, Rio Grande, Brasil.

Andrade, C.F.F., Milani, I.C.B., Attisano, K.K., Niencheski, F.H., Santos, I.R., Burnett, W., Milani, M.R.,
Contreira, L., 2008. Fluxos subterraneos para a Lagoa Mangueira (RS), in: Seminario e Workshop
Em Engenharia OceéNica.

Andrade, C.F.F., Niencheski, L.F.H., Attisano, K.K., Milani, M.R., Santos, I.R., Milani, I.C., 2011.
Fluxos de nutrientes associados as descargas de agua subterrénea para a Lagoa Mangueira (Rio
Grande do Sul, Brasil). Quim. Nova XY, 1-6.

Angulo, R.J., Lessa, G.C., Souza, M.C. de, 2006. A critical review of mid-to Late-Holocene sea-level
fluctuations on the eastern Brazilian coastline. Quat. Sci. Rev. 25, 486-506.
https://doi.org/10.1111/ev0.12175

ANP, A.N. do P., 1964. Relatério semanal do poco - descricdo de amostras: Mostardas-1-RS [WWW
Document]. BDEP - Banco Dados Explor. e Producéo. URL
http://www.anp.gov.br/wwwanp/publicacoes/folderes/2416-bdep-banco-de-dados-de-exploracao-e-
producao (accessed 11.10.17).

APHA, 2012. Standard Mehods for the examination of water and wastewater., 22nd ed.
Washington/USA.

Attisano, K.K., 2012. Aporte subterraneo: uma fonte complementar de nutrientes para a Costa Sul do
Brasil e plataforma adjacente. Thesis, Federal University of Rio Grande.
https://argo.furg.br/bin/bdtd/tde_busca/arquivo.php?codArquivo=10163, Rio Grande, Brasil.

Attisano, K.K., Niencheski, L.F.H., Milani, I.C.B., Machado, C.S., Milani, M.R., Zarzur, S., Andrade,
C.F.F., 2008. Evidences of continental groundwater inputs to the shelf zone in Albarddo, RS,
Brazil. Braziilian J. Oceanogr. 56.

Attisano, K.K., Santos, I.R., Andrade, C.F.F., Paiva, M.L., Milani, 1.C.B., Niencheski, L.F.H., 2013.

Submarine groundwater discharge revealed by radium isotopes (Ra-223 and Ra-224) near a

76



paleochannel on the southern brazilian continental shelf. Brazilian J. Oceanogr. 61, 195-200.

Barboza, E.G., Dillenburg, S.R., Rosa, M.L.C.C., Tomazelli, L.J., Hesp, P.A., 2009. Ground-penetrating
Radar Profiles of Two Holocene Regressive Barriers in Southern Brazil. J. Coast. Res. SI 56, 579—
583.

Barboza, E.G., Rosa, M.L.C. da C., Caron, F., 2014. Metodologia de Aquisicao e Processamento em
Dados de Georradar ( GPR ) nos Dep6sitos Quaternarios da Porcdo Emersa da Bacia de Pelotas, in:
V1 Simposio Brasileiro de Geofisica. pp. 1-6. https://doi.org/doi: 10.13140/2.1.3369.5047

Barboza, E.G., Rosa, M.L.C.C., Dillenburg, S.R., Silva, A.B., Tomazelli, L.J., 2014. Stratigraphic
analysis applied on the recognition of the interface between marine and fluvial depositional
systems. J. Coast. Res. SI 70, 687-692. https://doi.org/10.2112/S170-116.1

Barboza, E.G., Rosa, M.L.C.C., Dillenburg, S.R., Tomazelli, L.J., 2013. Preservation potential of
foredunes in the stratigraphic record. J. Coast. Res. Sl 65, 1265-1270. https://doi.org/10.2112/S165-
214.1

Barboza, E.G., Rosa, M.L.C.C., Hesp, P.A., Dillenburg, S.R., Tomazelli, L.J., Ayup-Zouain, R.N., 2011.
Evolution of the Holocene Coastal Barrier of Pelotas Basin (Southern Brazil) - a new approach with
GPR data. J. Coast. Res. Sl 64, 646—650.

Barboza, E.G., Tomazelli, L.J., 2003. Erosional Features of the Eastern Margin of the Patos Lagoon,
Southern Brazil: significance for Holocene history. J. Coast. Res. 35, 260-264.
https://doi.org/10.2112/05-0600.1

Barnes, R.S.K., 1980. Coastal Lagoons. Cambridge University, Cambridge.

Baumgarten, M.G.Z., Wallner-Kersanach, M., Niencheski, L.F.H., 2010. Manual de anélises em
oceanografia quimica. 2 ed.

Beck, A.J., Tsukamoto, Y., Tovar-Sanchez, A., Huerta-Diaz, M., Bokuniewicz, H.J., Sanudo-Wilhelmy,
S.A., 2007. Importance of geochemical transformations in determining submarine groundwater
discharge-derived trace metal and nutrient fluxes. Appl. Geochemistry 22, 477-490.
https://doi.org/10.1016/j.apgeochem.2006.10.005

Bejannin, S., van Beek, P., Stieglitz, T., Souhaut, M., Tamborski, J., 2017. Combining airborne thermal
infrared images and radium isotopes to study submarine groundwater discharge along the French
Mediterranean coastline. J. Hydrol. Reg. Stud. 13. https://doi.org/10.1016/j.ejrh.2017.08.001

Bishop, J.M., Glenn, C.R., Amato, D.W., Dulai, H., 2015. Effect of land use and groundwater flow path
on submarine groundwater discharge nutrient flux. J. Hydrol. Reg. Stud. 11, 194-218.
https://doi.org/10.1016/j.ejrh.2015.10.008

Bitencourt, V.J.B., 2015. Geomorfologia e arquitetura deposicional de uma planicie de cord@es litoraneos
lacustre, Litoral Norte do RS - Brasil.

Breier, J. a. A., Edmonds, H.N.N., 2007. High 226Ra and 228Ra activities in Nueces Bay, Texas indicate
large submarine saline discharges. Mar. Chem. 103, 131-145.
https://doi.org/10.1016/j.marchem.2006.06.015

Burnett, W.C., Aggarwal, P.K., Aureli, A., Bokuniewicz, H., Cable, J.E., Charette, M.A., Kontar, E.,
Krupa, S., Kulkarni, K.M., Loveless, A., Moore, W.S., Oberdorfer, J.A., Oliveira, J., Ozyurt, N.,
Povinec, P., Privitera, A.M.G., Rajar, R., Ramessur, R.T., Scholten, J., Stieglitz, T., Taniguchi, M.,

77



Turner, J. V, 2006. Quantifying submarine groundwater discharge in the coastal zone via multiple
methods. Sci. Total Environ. 367, 498-543. https://doi.org/10.1016/j.scitotenv.2006.05.009

Burnett, W.C., Bokuniewicz, H., Huettel, M., Moore, W.S., Taniguchi, M., 2003. Groundwater and pore
water inputs to the coastal zone. Biogeochemistry 66, 3—33.
https://doi.org/10.1023/B:B10G.0000006066.21240.53

Burnett, W.C., Dulaiova, H., 2006. Radon as a tracer of submarine groundwater discharge into a boat
basin in Donnalucata, Sicily. Cont. Shelf Res. 26, 862-873.
https://doi.org/10.1016/j.csr.2005.12.003

Burnett, W.C., Dulaiova, H., 2003. Estimating the dynamics of groundwater input into the coastal zone
via continuous radon-222 measurements. J. Environ. Radioact. 69, 21-35.
https://doi.org/10.1016/S0265-931X(03)00084-5

Burnett, W.C., Peterson, R.N., Santos, I.R., Hicks, R.W., 2010. Use of automated radon measurements
for rapid assessment of groundwater flow into Florida streams. J. Hydrol. 380, 298-304.
https://doi.org/10.1016/j.jhydrol.2009.11.005

Burnett, W.C., Wattayakorn, G., Taniguchi, M., Dulaiova, H., Sojisuporn, P., Rungsupa, S., Ishitobi, T.,
2007. Groundwater-derived nutrient inputs to the Upper Gulf of Thailand. Cont. Shelf Res. 27,
176-190. https://doi.org/10.1016/j.csr.2006.09.006

Cable, J.E., Burnett, W.C., Chanton, J.P., Weatherly, G.L., 1996. Estimating groundwater discharge into
the northeastern Gulf of Mexico using radon-222. Earth Planet. Sci. Lett. 144, 591-604.

Catuneanu, O., Abreu, V.S., Bhattacharya, J.P.P., Blum, M.D.D., Dalrymple, R.W.W., Eriksson, P.G.G.,
Fielding, C.R.R., Fisher, W.L.L., Galloway, W.E.E., Gibling, M.R.R., Giles, K. a. a, Holbrook,
J.M.M., Jordan, R., Kendall, C.G.S.C.G.S.C., Macurda, B., Martibseb, O.J., Miall, a. D.D., Neal,
J.E.E., Nummedal, D., Pomar, L., Posamentier, H.W.W., Pratt, B.R.R., Sarg, J.F.F., Shanley,
K.W.W., Steel, R.J.J., Strasser, a., Tucker, M.E.E., Winker, C., Martinsen, O.J.J., Miall, a. D.D.,
Neal, J.E.E., Nummedal, D., Pomar, L., Posamentier, H.W.W., Pratt, B.R.R., Sarg, J.F.F., Shanley,
K.W.W., Steel, R.J.J., Strasser, a., Tucker, M.E.E., Winker, C., 2009. Towards the standardization
of sequence stratigraphy. Earth-Science Rev. 92, 1-33.
https://doi.org/10.1016/j.earscirev.2009.02.004

Charette, M. a., Splivallo, R., Herbold, C., Bollinger, M.S., Moore, W.S., 2003. Salt marsh submarine
groundwater discharge as traced by radium isotopes. Mar. Chem. 84, 113-121.
https://doi.org/10.1016/j.marchem.2003.07.001

Charette, M.A., Henderson, P.B., Breier, C.F., Liu, Q., 2013. Submarine groundwater discharge in a
river-dominated Florida estuary. Mar. Chem. https://doi.org/10.1016/j.marchem.2013.04.001

Clerot, L.C.P., Medeanic, S., Torgan, C.L., Dillenburg, S.R., Tomazelli, L.J., 2001. Evolucdo da Barreira
IV na regido do Cassino, Rio Grande - RS, in: Anais Do IX Congresso Da Associacdo Brasileira de
Estudos Do Quaternério. p. 4.

Corbett, D.R., Burnett, W.C., Cable, P.H., Clark, S.B., 1998. A multiple approach to the determination of
radon fluxes from sediments. J. Radioanal. Nucl. Chem. 236, 247-252.
https://doi.org/10.1007/BF02386351

Corbett, D.R., Burnett, W.C., Cable, P.H., Clark, S.B., 1997. Radon tracing of groundwater input into Par

78



Pond, Savannah River Site. J. Hydrol. 203, 209-227.

Corbett, D.R., Chanton, J., Burnett, W., Dillon, K., Rutkowski, C., Fourqurean, J.W., 1999. Patterns of
groundwater discharge into Florida Bay. Limnol. Oceanogr. 44, 1045-1055.
https://doi.org/10.4319/10.1999.44.4.1045

CPRM, 2015. Carta hidrogeoldgica Folha SH22 Porto Alegre - Escala 1:1.000.000.

CPRM, 2006. Mapa geoldgico do Estado do Rio Grande do Sul - Escala 1:750.000.

Craig, H., 1969. Abyssal carbon and radiocarbon in the Pacific. J. Geophys. Res.

Cutter, G., 2014. Sampling and sample-handling protocols for GEOTRACES cruises.
https://doi.org/http://www.geotraces.org/science/intercalibration/222-sampling-and-sample-
handling-protocols-for-geotraces-cruises

Daniels, J., Roberts, R., Vendl, M., 1995. Ground penetrating radar for the detection of liquid
contaminats. J. Appl. Geophys. 33, 195-207.

Dillenburg, S.R., Barboza, E.G., 2014. The strike-fed sandy coast of Southern Brazil, in: Martini, I.P.,
Wanless, H.R. (Eds.), Sedimentary Coastal Zones from High to Low Latitudes: Similarities and
Differences. Geological Society, London, p. 333:353.
https://doi.org/http://dx.doi.org/10.1144/SP388.16

Dillenburg, S.R., Barboza, E.G., 2009. Long- and Short-term Progradation of a Regressive Barrier in
Southern Brazil. J. Coast. Res. Sl 56, 599-601.

Dillenburg, S.R., Barboza, E.G., Hesp, P.A., Rosa, M.L.C.C., 2011. Ground Penetrating Radar (GPR) and
Standard Penetration Test (SPT) records of a regressive barrier in southern Brazil. J. Coast. Res. Sl
64, 651-655.

Dillenburg, S.R., Barboza, E.G., Rosa, M.L.C.C., Caron, F., Sawakuchi, A.O., 2017. The complex
prograded Cassino barrier in southern Brazil: Geological and morphological evolution and records
of climatic, oceanographic and sea-level changes in the last 7-6 ka. Mar. Geol. 390, 106-119.
https://doi.org/10.1590/2317-4889201720160138.

Dillenburg, S.R., Barboza, E.G., Tomazelli, L.J., Rosa, M.L.C.C., Maciel, G.S., 2013. Aeolian deposition
and barrier stratigraphy of the transition region between a regressive and a transgressive barrier: an
example from Southern Brazil. J. Coast. Res. S| 65, 464-469. https://doi.org/doi: 10.2112/S165-
079.1

Dillenburg, S.R., Roy, P.S., Cowell, P.J., Tomazelli, L.J., 2000. Influence of antecedent topography on
coastal evolution as tested by the Shoreface Translation-Brarrier Model (STM). J. Coast. Res. 16,
71-81. https://doi.org/10.2112/03-0071.1

Dillenburg, S.R., Tomazelli, L.J., Barboza, E.G., 2004a. Barrier evolution and placer formation at Bujuru
southern Brazil. Mar. Geol. 203, 43-56. https://doi.org/10.1016/S0025-3227(03)00330-X

Dillenburg, S.R., Tomazelli, L.J., Hesp, P.A., Barboza, E.G., Clero, L.C.P., da Silva, D.B., 2004b.
Stratigraphy and evolution of a prograded transgressive dunefield barrier in southern Brazil. J.
Coast. Res. I, 132-135.

Dugan, H.A., Gleeson, T., Lamoureux, S.F., Novakowski, K., 2011. Tracing groundwater discharge in a
High Arctic lake using radon-222. Environ. Earth Sci. 66, 1385-1392.
https://doi.org/10.1007/s12665-011-1348-6

79



Dulaiova, H., Burnett, W.C., 2006. Radon loss across the water-air interface (Gulf of Thailand) estimated
experimentally from “’Rn-*4Ra. Geophys. Res. Lett. 33, 1-4.
https://doi.org/10.1029/2005GL 025023

Glover, D.M., Jenkins, W.J., Doney, S.C., 2005. Open Ocean 1-D Advection-Diffusion Models, in:
Modeling Methods for Marine Science. pp. 277-288.

Gonneea, M.E., Charette, M.A., 2014. Hydrologic controls on nutrient cycling in an unconfined coastal
aquifer. Environ. Sci. Technol. 48, 14178-14185.

Hesp, P., Castilhos, J.A. de, Silva, G.M. da, Dillenburg, S.R., Martinho, C.T., Aguiar, D., Fornari, M.,
Fornari, M., Antunes, G., 2007. Regional wind fields and dunefield migration, southern Brazil.
Earth Surf. Process. Landforms 32, 561-573. https://doi.org/10.1002/esp

Hesp, P.A., Dillenburg, S.R., Barboza, E.G., Tomazelli, L.J., Ayup-Zouain, R.N., Esteves, L.S., Gruber,
N.L.S., Toldo Jr, E.E., Tabajara, L.L.C.A., Clerot, L.C.P., 2005. Beach ridges, foredunes or
transgressive dunefields? Definitions and an examination of the Torres to Tramandai barrier
system, Southern Brazil. An. Acad. Bras. Cienc. 77, 493-508. https://doi.org/10.1590/S0001-
37652005000300010

Hussain, N., Church, T.M., Kim, G., 1999. Use of 222 Rn and 226 Ra to trace groundwater discharge into
the Chesapeake Bay. Mar. Chem. 65, 127-134.

Kim, G., Ryu, J.-W., Hwang, D.-W., 2008. Radium tracing of submarine groundwater discharge (SGD)
and associated nutrient fluxes in a highly-permeable bed coastal zone, Korea. Mar. Chem. 109,
307-317. https://doi.org/10.1016/j.marchem.2007.07.002

Kroeger, K.D., Swarzenski, P.W., Greenwood, W.J., Reich, C., 2007. Submarine groundwater discharge
to Tampa Bay: Nutrient fluxes and biogeochemistry of the coastal aquifer. Mar. Chem. In Press,
373.

Kwon, E.Y., Kim, G., Primeau, F., Moore, W.S., Cho, H.-M.M., Devries, T., Sarmiento, J.L., Charette,
M.A., Cho, Y.K., 2014. Global estimate of submarine groundwater discharge based on an
observationally constrained radium isotope model. Geophys. Res. Lett. 41, 1-7.
https://doi.org/10.1002/2014GL061574.Received

Lee, D.R., 1977. A device for measuring seepage flux in lakes and estuaries. Limnol. Oceanogr. 22, 140—
147.

Lee, Y.-W., Hwang, D.-W., Kim, G., Lee, W.-C., Oh, H.-T., 2009. Nutrient inputs from submarine
groundwater discharge (SGD) in Masan Bay, an embayment surrounded by heavily industrialized
cities, Korea. Sci. Total Environ. 407, 3181-8. https://doi.org/10.1016/j.scitotenv.2008.04.013

Lima, L.G. de, 2013. Estratigrafia e evolugdo holocénica de uma barreira costeira
trnasgressiva/regressiva, Litoral Norte do Rio Grande do Sul, Brasil. Thesis, Federal University of
Rio Grande do Sul. http://hdl.handle.net/10183/72230, Porto Alegre, Brasil.

Lima, K.C.D.E., 2014. Estimativa de descarga de 4gua subterranea para a regido costeira do municipio de
Mostardas (RS). Monograph, Universidade do Rio Grande, Rio Grande, Brasil.

Lima, L.G., Dillenburg, S.R., Medeanic, S., Barboza, E.G., Rosa, M.L.C.C., Tomazelli, L.J., Dehnhardt,
B.A., Caron, F., 2013. Sea-level rise and sediment budget controlling the evolution of a

transgressive barrier in southern Brazil. J. South Am. Earth Sci. 42, 27-38.

80



https://doi.org/10.1016/j.jsames.2012.07.002

Lisboa, N.A., Dani, N., Remus, M.V.D., Bonito, R., 2004. Aguas subterraneas do Rio Grande do Sul.
Aguas Subaterraneas An. do X111 Congr. Bras. Aguas Subterraneas 1, 1-25.

Machado, J.L.F., Freitas, M.A., 2005a. Mapa hidrogeol6gico do Estado do Rio Grande do Sul - Escala
1:750.000.

Machado, J.L.F., Freitas, M.A., 2005b. Projeto Mapa Hidrogeolégico do Estado do Rio Grande do Sul:
Relatério final.

Martinho, C.T., Dillenburg, S.R., Hesp, P.A., 2008. Mid to late Holocene evolution of transgressive
dunefields from Rio Grande do Sul coast, southern Brazil. Mar. Geol. 256, 49-64.
https://doi.org/10.1016/j.margeo.2008.09.006

Martinho, C.T., Hesp, P.A., Dillenburg, S.R., 2010. Morphological and temporal variations of
transgressive dunefields of the northern and mid-littoral Rio Grande do Sul coast, Southern Brazil.
Geomorphology 117, 14-32. https://doi.org/10.1016/j.geomorph.2009.11.002

McCormack, T., Gill, L.W., Naughton, O., Johnston, P.M., 2014. Quantification of submarine/intertidal
groundwater discharge and nutrient loading from a lowland karst catchment. J. Hydrol. 519.
https://doi.org/10.1016/j.jhydrol.2014.09.086

Melo, B.F., 2017. Estudo do sistema de drenagem quaternario da Plataforma Continental na porc¢éo norte
da Bacia de Pelotas. Monograph, Federal University of Rio Grande.
https://sistemas.furg.br/sistemas/sab/arquivos/conteudo_digital/Odccccc7f8869943be57d682503478
3e.pdf, Rio Grande, Brazil.

Mitchum Jr., R.M., Vail, P.R., Sangree, J.B., 1977. Seismic Stratigraphy and Global Changes of Sea
Level, Part 6: Stratigraphy interpretation of seismic reflection patterns in depositional sequences, in:
Payton, C.E. (Ed.), Seismic Stratigraphy — Applications to Hydrocarbon Exploration. AAPG,
Tulsa, pp. 117-133.

Moore, W.S., 1999. The subterranean estuary: A reaction zone of ground water and sea water. Mar.
Chem. 65, 111-125. https://doi.org/10.1016/S0304-4203(99)00014-6

Moore, W.S., 1996a. Large groundwater inputs to coastal waters revealed by 226Ra enrichments. Nature
380, 612-614. https://doi.org/10.1038/380612a0

Moore, W.S., 1996b. Using the radium quartet for evaluating groundwater input and water exchange in
salt marshes. Geochim. Cosmochim. Acta 60, 4645-4652. https://doi.org/10.1016/S0016-
7037(96)00289-X

Moore, W.S., Demaster, D.J., Smoak, J.M., Mckee, B.A., Swarzenski, P.W., 1996. Radionuclide tracers
of sediment-water interactions on the Amazon Shelf. Cont. Shelf Res. 16, 645-665.

Moore, W.S., Shaw, T.J., 1998. Chemical signals from submarine fluid advection onto the continental
shelf. J. Geophys. Res. 103, 21543-21552.

Motta, V.F., 1969. Relatdrio diagnéstico sobre a melhoria e o aprofundamento do acesso pela Barra do
Rio Grande. Porto Alegre.

Motta, V.F., 1965. Relatdrio geral sobre o estudo em modelo reduzido para regularizacido da embocadura
do Rio Tramandai. Instituto de Pesquisas HidraulicassfUFRGS, Porto Alegre.

Neal, A., 2004. Ground-penetrating radar and its use in sedimentology: principles, problems and progress.

81



Earth-Science Rev. 66, 261-330. https://doi.org/10.1016/j.earscirev.2004.01.004

Niencheski, L.F.H., Baumgarten, M.G., Fillmann, G., Windom, H.L., 1999. Nutrients and suspensed
matter behaviour in the Patos Lagoon Estuary (Brazil), in: Perillo, G.M.E., Piccolo, M.C., Pino-
Quivira, M. (Eds.), Estuaries of South America. Springer Berlin Heidelberg, Berlin, Heidelberg.
https://doi.org/10.1007/978-3-642-60131-6

Niencheski, L.F.H., Windom, H.L., 2015. Chemistry of a surficial aquifer of a large coastal lagoon barrier
and its relation to adjacent surface waters of Brazil. J. Coast. Res. 31, 1417-1429.
https://doi.org/10.2112/JCOASTRES-D-13-00175.1

Niencheski, L.F.H., Windom, H.L., 1994. Nutrient flux and budget in Patos Lagoon estuary. Sci. Total
Environ. 149, 53-60. https://doi.org/10.1016/0048-9697(94)90004-3

Niencheski, L.F.H., Windom, H.L., Moore, W.S., Jahnke, R.A., 2007. Submarine groundwater discharge
of nutrients to the ocean along a coastal lagoon barrier, Southern Brazil. Mar. Chem. 106, 546-561.
https://doi.org/10.1016/j.marchem.2007.06.004

Paiva, M.L., 2014. Sistemas aquiferos Serra Geral e Guarani: relacdo com a oceanografia. Dissertation,
Federal University of Rio Grande.
https://argo.furg.br/bin/bdtd/tde_busca/arquivo.php?codArquivo=11375, Rio Grande, Brasil.

Paiva, M.L., 2011. Sistema aquifero Guarani: fonte de nutrientes e elementos tracos para a zona costeira.
Monograph. Universidade Federal do Rio Grande.

Paiva, M.L., Niencheski, L.F.H., 2018. Advances of Submarine Groundwater Discharge studies in South
America. J. Braz. Chem. Soc. 29, 916-924. https://doi.org/10.21577/0103-5053.20170220

Peterson, R.N., Burnett, W.C., Taniguchi, M., Chen, J., Santos, I.R., Ishitobi, T., 2008. Radon and radium
isotope assessment of submarine groundwater discharge in the Yellow River delta , China. J.
Geophys. Res. 113, 1-14. https://doi.org/10.1029/2008JC004776

Peterson, R.N., Santos, I.R., Burnett, W.C., 2010. Evaluating groundwater discharge to tidal rivers based
on a Rn-222 time-series approach. Estuar. Coast. Shelf Sci. 86, 165-178.
https://doi.org/10.1016/j.ecss.2009.10.022

Profill, E. e A., 2005. 1° Etapa do Plano da Bacia do Rio Tramandai - Relatério da Fase A - Consolidac&o
do Diagnostico e Balango Hidrico.

Reckhardt, A., Beck, M., Greskowiak, J., Schnetger, B., Bottcher, M.E., Gehre, M., Brumsack, H.J.,
2017. Cycling of redox-sensitive elements in a sandy subterranean estuary of the southern North
Sea. Mar. Chem. 188, 6-17. https://doi.org/10.1016/j.marchem.2016.11.003

Reginato, P.A.R., 1996. Geologia e evolucdo holocénica da regido norte da Planicie Costeira do Rio
Grande do Sul. Dissertation. Federal University of Rio Grande do Sul, Porto Alegre, Brazil.

Riedl, R., Huang, N., Machan, R., 1972. The subtidal pump: a mechanism of interstitial water exchange
by wave action. Mar. Biol. 13, 210-221.

Rocha, C.M., 2014. Adveccdo de agua subterranea para as lagoas costeiras do Litoral Norte do RS, Brasil.
Dissertation, Federal University of Rio Grande.
https://argo.furg.br/bin/bdtd/tde_busca/arquivo.php?codArquivo=11383, Rio Grande, Brasil.

Rocha, C.M., Andrade, C.F.F., Niencheski, L.F.H., 2015. Descarga de agua subterranea para as lagoas
costeiras do Litoral Norte do Rio Grande do Sul, Brasil. Brazilian J. Aquat. Sci. Technol. 19, 76—

82



84. https://doi.org/10.14210/bjast.v19n2.

Rocha, C.M., Barboza, E.G., Niencheski, L.F.H., 2018. Radon activity and submarine groundwater
discharge in different geological region in a coastal barrier in southern Brazil. Environ. Earth Sci.
77:527. https://doi.org/10.1007/s12665-018-7711-0

Rocha, C.M., Niencheski, L.F.H., Barboza, E.G., n.d. The influence of geological stacking pattern in the
submarine groundwater discharge and nutrients flow, southern Brazil.

Rodellas, V., Garcia-Orellana, J., Masqué, P., Feldman, M., Weinstein, Y., 2015. Submarine groundwater
discharge as a major source of nutrients to the Mediterranean Sea. PNAS 112, 3926-3930.
https://doi.org/10.1073/pnas.1419049112

Rodellas, V., Garcia-Orellana, J., Tovar-Sanchez, A., Basterretxea, G., Lopez-Garcia, J.M., Sdnchez-
Quiles, D., Garcia-Solsona, E., Masqué, P., 2014. Submarine groundwater discharge as a source of
nutrients and trace metals in a Mediterranean bay (Palma Beach, Balearic Islands). Mar. Chem.
160, 56-66. https://doi.org/10.1016/j.marchem.2014.01.007

Rosa, M.L.C. da C., Hoyal, D., Barboza, E.G., Fedele, J., Abreu, V., 2016. River-dominated deltas:
upscaling autogenic and allogenic processes observed in laboratory experiments to field examples
of small deltas in Southern Brazil, in: Budd, D., Hajek, E., Purkis, S. (Eds.), Autogenic Dynamics
and Self-Organization in Sedimentary Systems. SEPM Special Publication. pp. 176-197.
https://doi.org/doi: 10.2110/sepmsp.106.13

Rosa, M.L.C.C., 2012. Geomorfologia, estratigrafia de sequéncias e potencial de preservacdo dos
Sistemas Laguna-Barreira do Quaternério costeiro do Rio Grande do Sul. Thesis, Federal
University of Rio Grande do Sul.http://hdl.handle.net/10183/66367, Porto Alegre, Brasil.

Rosa, M.L.C.C., Barboza, E.G., Abreu, V.S., Tomazelli, L.J., Dillenburg, S.R., 2017. High frequency
sequences in the Quaternary of Pelotas Basin (coastal plain): a record of degradational stacking as a
function of longer-term base-level fall. Brazilian J. Geol. 47, 183-207.
https://doi.org/10.1590/2317-4889201720160138

Rosa, M.L.C.C., Barboza, E.G., Dillenburg, S.R., Tomazelli, L.J., Ayup-Zouain, R.N., 2011. The Rio
Grande do Sul (southern Brazil) shoreline behavior during the Quaternary: a cyclostratigraphic
analysis. J. Coast. Res. S| 64, 686—690.

Russoniello, C.J., Fernandez, C., Bratton, J.F., Banaszak, J.F., Krantz, D.E., Andres, A.S., Konikow, L.F.,
Michael, H.A., 2013. Geologic effects on groundwater salinity and discharge into an estuary. J.
Hydrol. 498, 1-12. https://doi.org/10.1016/j.jhydrol.2013.05.049

Russoniello, C.J., Konikow, L.F., Kroeger, K.D., Fernandez, C., Andres, A.S., Michael, H.A., 2016.
Hydrogeologic controls on groundwater discharge and nitrogen loads in a coastal watershed. J.
Hydrol. 538, 783-793. https://doi.org/10.1016/j.jhydrol.2016.05.013

Rutkowski, C.M., Burnett, W.C., Iverson, R.L., Chanton, J.P., 1999. The effect of ground water seepage
on nutrient delivery and seagrass distribution in the northeastern Gulf of Mexico. Estuaries 22,
1033-1040.

Sadat-Noori, M., Santos, I.R., Sanders, C.J., Sanders, L.M., Maher, D.T., 2015. Groundwater discharge
into an estuary using spatially distributed radon time series and radium isotopes. J. Hydrol. 528.
https://doi.org/10.1016/j.jhydrol.2015.06.056

83



Santos, I.R., Burnett, W.C., Chanton, J., Dimova, N., Peterson, R.N., 2009a. Land or ocean?: Assessing
the driving forces of submarine groundwater discharge at a coastal site in the Gulf of Mexico. J.
Geophys. Res. 114, C04012. https://doi.org/10.1029/2008JC005038

Santos, |.R., Burnett, W.C., Dittmar, T., Suryaputra, 1.G.N.A., Chanton, J., 2009b. Tidal pumping drives
nutrient and dissolved organic matter dynamics in a Gulf of Mexico subterranean estuary. Geochim.
Cosmochim. Acta 73, 1325-1339. https://doi.org/10.1016/j.gca.2008.11.029

Santos, I.R., Burnett, W.C., Godoy, J.M., 2008a. Radionuclides as tracers of coastal processes in Brazil:
review, synthesis, and perspectives. Brazilian J. Oceanogr. 56, 115-131.

Santos, |.R., Eyre, B.D., Glud, R.N., 2012a. Influence of porewater advection on denitrification in
carbonate sands: Evidence from repacked sediment column experiments. Geochim. Cosmochim.
Acta 96, 247-258. https://doi.org/10.1016/j.gca.2012.08.018

Santos, |.R., Eyre, B.D., Huettel, M., 2012h. The driving forces of porewater and groundwater flow in
permeable coastal sediments: A review. Estuar. Coast. Shelf Sci. 98, 1-15.
https://doi.org/10.1016/j.ecss.2011.10.024

Santos, I.R., Machado, M.I., Niencheski, L.F.H., Burnett, W., Milani, I.B., Andrade, C.F.F., Peterson,
R.N., Chanton, J., Baisch, P., 2008b. Major ion chemistry in a freshwater coastal lagoon from
Southern Brazil (Mangueira Lagoon): Influence of groundwater inputs. Aquat. Geochemistry 14,
133-146. https://doi.org/10.1007/s10498-008-9029-0

Santos, I.R., Niencheski, L.F.H., Burnett, W., Peterson, R., Chanton, J., Andrade, C.F.F., Milani, I.B.,
Schmidt, A., Knoeller, K., 2008c. Tracing anthropogenically driven groundwater discharge into a
coastal lagoon from southern Brazil. J. Hydrol. 353, 275-293.
https://doi.org/10.1016/j.jhydrol.2008.02.010

Santos, I.R., Peterson, R.N., Eyre, B.D., Burnett, W.C., 2010. Significant lateral inputs of fresh
groundwater into a stratified tropical estuary : Evidence from radon and radium isotopes. Mar.
Chem. 121, 37-48. https://doi.org/10.1016/j.marchem.2010.03.003

Silva, A.B. da, 2011. Analise estratigrafica da Barreira Transgressiva Holocénica na regido da Lagoa do
Sombrio - SC. Dissertation, Federal University of Rio Grande do Sul, Porto Alegre, Brasil.

Simmons, G.M., 1992. Importance of submarine groundwater discharge (SGWD) and seawater cycling to
material flux across sediment/water interfaces in marine environments. Mar. Ecol. Prog. Ser. 84,
173-184.

Slomp, C.P., Van Cappellen, P., 2004. Nutrient inputs to the coastal ocean through submarine
groundwater discharge: controls and potential impact. J. Hydrol. 295, 64-86.
https://doi.org/10.1016/j.jhydrol.2004.02.018

Sospedra, J., Niencheski, L.F.H., Falco, S., Andrade, C.F.F., Attisano, K.K., Rodilla, M., 2017.
Identifying the main sources of silicate in coastal waters of the Southern Gulf of VValencia (Western
Mediterranean Sea). Oceanologia. https://doi.org/10.1016/j.0cean0.2017.07.004

Souza, G.K. de, 2015. Hidroquimica dos aquiferos costeiros e seu potencial de contribuicdo no aporte de
nutrientes via descarga de agua subterranea - SGD (RS-Brasil). Dissertation, Federal University of
Rio Grande. https://argo.furg.br/bin/bdtd/tde_busca/arquivo.php?codArquivo=11324, Rio Grande,

Brasil.

84



Stewart, B.T., Santos, I.R., Tait, D.R., Macklin, P.A., Maher, D.T., 2015. Submarine groundwater
discharge and associated fluxes of alkalinity and dissolved carbon into Moreton Bay (Australia)
estimated via radium isotopes. Mar. Chem. 174. https://doi.org/10.1016/j.marchem.2015.03.019

Stieglitz, T., Taniguchi, M., Neylon, S., 2008. Spatial variability of submarine groundwater discharge,
Ubatuba, Brazil. Estuar. Coast. Shelf Sci. 76, 493-500. https://doi.org/10.1016/j.ecss.2007.07.038

Sugimoto, R., Honda, H., Kobayashi, S., Takao, Y., Tahara, D., Tominaga, O., Taniguchi, M., 2016.
Seasonal changes in submarine groundwater discharge and associated nutrient transport into a
tideless semi-enclosed embayment (Obama Bay, Japan). Estuaries and Coasts 39, 13-26.
https://doi.org/10.1007/s12237-015-9986-7

Swarzenski, P.W., 2007. U/Th series radionuclides as coastal groundwater tracers. Chem. Rev. 107, 663—
74. https://doi.org/10.1021/cr0503761

Swarzenski, P.W., Reich, C., Kroeger, K.D., Baskaran, M., 2007. Ra and Rn isotopes as natural tracers of
submarine groundwater discharge in Tampa Bay, Florida. Mar. Chem. 104, 69-84.
https://doi.org/10.1016/j.marchem.2006.08.001

Toldo Jr, E.E., Almeida, L.E.S.B., Nicolodi, J.L., Martins, L.R., 2005. Retracéo e Progradacéo da Zona
Costeira do Estado do Rio Grande do Sul. Gravel 3, 31-38.

Tomazelli, L.J., Villwock, J.A., Dillenburg, S.R., Bachi, F.A., Dehnhardt, B.A., 1998. Significance of
present-day coastal erosion and marine transgression, Rio Grande do Sul, Southern Brazil. An.
Acad. Bras. Cienc. 70, 221-229.

Tovar-Sanchez, A., Basterretxea, G., Rodellas, V., Sdnchez-Quiles, D., Garcia-Orellana, J., Masqué, P.,
Jordi, A., Lépez, J.M., Garcia-Solsona, E., 2014. Contribution of groundwater discharge to the
coastal dissolved nutrients and trace metal concentrations in Majorca Island: karstic vs detrital
systems. Environ. Sci. Technol. 48, 11819-11827. https://doi.org/10.1021/es502958t

Travessas, F. de A., Dillenburg, S.R., Clerot, L.C.P., 2005. Estratigrafia e evolucdo da barreira holocénica
do Rio grande do sul no trecho Tramandai-Cidreira. Bol. Parana. Geosci. 57-73.
https://doi.org/10.5380/ge0.v57i0.6043

Trezzi, G., Garcia-Orellana, J., Rodellas, V.V., Santos-Echeandia, J., Tovar-S??nchez, A., Garcia-
Solsona, E., Masqu??, P., Tovar-Sanchez, A., Garcia-Solsona, E., Masqué, P., 2016. Submarine
groundwater discharge: A significant source of dissolved trace metals to the North Western
Mediterranean Sea. Mar. Chem. 186, 90-100. https://doi.org/10.1016/j.marchem.2016.08.004

Ullman, W.J., Chang, B., Miller, D.C., Madsen, J.A., 2003. Groundwater mixing, nutrient diagenesis, and
discharges across a sandy beachface, Cape Henlopen, Delaware (USA). Estuar. Coast. Shelf Sci.
57, 539-552. https://doi.org/10.1016/S0272-7714(02)00398-0

Villwock, J.A., Tomazelli, L.J., 1995. Geologia Costeira do Rio Grande do Sul. Notas técnicas do Cent.
Estud. Geol. Costeira e Oceénica, Univ. do Rio Gd. do Sul 8, 1-45.

Villwock, J.A., Tomazelli, L.J., Loss, E.L., Dehnhardt, E.A., Horn, N.O., Bachi, F.A., Dehnhardt, B.A.,
1986. Geology of the RS coastal province, in: Rabassa, J. (Ed.), Quaternary of South America &
Antartic Peninsula, v. 4. pp. 79-97.

Viso, R., McCoy, C., Gayes, P., Quafisi, D., 2010. Geological controls on submarine groundwater
discharge in Long Bay, South Carolina (USA). Cont. Shelf Res. 30, 335-341.

85



https://doi.org/10.1016/j.csr.2009.11.014

Wang, X., Li, H., Yang, J., Zheng, C., Zhang, Y., An, A., Zhang, M., Xiao, K., 2017. Nutrient inputs
through submarine grounwater discharge in na embayment: A radon investigation in Daya Bay,
China. J. Hydrol. 551, 784—792. https://doi.org/10.1016/j.jhydrol.2017.02.036

Wanninkhof, R., 1992. Relationship Between Wind Speed and Gas Exchange Over the Ocean. J.
Geophys. Res. 95, 7373-7382.

Watanabe, D.S.Z., 2016. Caracterizagdo do registro estratigrafico transicional entre as porgoes
transgressivas e regressivas da barreira costeira holocénica, Litoral Norte do Rio Grande do Sul.
Monograph. Federal University of Rio Grande do Sul.http://hdl.handle.net/10183/150883, Porto
Alegre, Brasil.

Weinstein, Y., Yechieli, Y., Shalem, Y., Burnett, W.C., Swarzenski, P.W., Herut, B., 2011. What is the
role of fresh groundwater and recirculated seawater in conveying nutrients to the coastal ocean?
Environ. Sci. Technol. 45, 5195-5200. https://doi.org/10.1021/es104394r

Windom, H.L., Moore, W.S., Niencheski, L.F.H., 2007. Influence of groundwater discharge through a
coastal sandy barrier in southern Brazil an seawater metal chemistry. pp. 180-189.

Windom, H.L., Moore, W.S., Niencheski, L.F.H., Jahnke, R.A., 2006. Submarine groundwater discharge:
A large, previously unrecognized source of dissolved iron to the South Atlantic Ocean. Mar. Chem.
102, 252-266. https://doi.org/10.1016/j.marchem.2006.06.016

Windom, H.L., Niencheski, L.F.H., 2003. Biogeochemical processes in a freshwater—seawater mixing
zone in permeable sediments along the coast of Southern Brazil. Mar. Chem. 83, 121-130.
https://doi.org/10.1016/S0304-4203(03)00106-3

Windom, H.L., Niencheski, L.F.H., Smith, R.G., 1999. Biogeochemistry of Nutrients and Trace Metals in
the Estuarine Region of the Patos Lagoon (Brazil). Estuar. Coast. Shelf Sci. 48, 113-123.
https://doi.org/10.1006/ecss.1998.0410

Wu, Y., Wen, X., Zhang, Y., 2004. Analysis of the exchange of groundwater and river water by using
Radon-222 in the middle Heihe Basin of northwestern China. Environ. Geol. 45, 647—653.
https://doi.org/10.1007/s00254-003-0914-y

86



ARTIGO 3 - CARACTERISTICAS GEOLOGICAS DA CNRS, BRASIL: DRIVERS NO
FLUXO DE ELEMENTOS 3
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Eduardo G.*

RESUMO

A influéncia da geologia na Descarga de Agua Subterranea (DAS) e na distribuicdo de
nutrientes vem sendo esclarecida usando como area teste a Costa Norte do Rio Grande do Sul (CNRS). A
discussdo mais especifica dos efeitos sobre os elementos trago e seu transporte para plataforma costeira,
foco deste trabalho, evidencia diferencas na distribuicdo, bem como nos fluxos resultantes. Amostragens
em cinco transectos de praia (pogos rasos) mostraram faixas de concentracfes diferentes para os
elementos manganés, estrdncio, aluminio, vanadio, molibdénio, ferro, niquel, cobre e chumbo. Os
gradientes salinos também sdo desiguais e ndo hd um padrdo de aporte continental ou marinho entre
elementos, assim como ndo ha entre transectos. Os drivers que governam a DAS e tais alteracdes sdo
equivalentes entre as estagOes, restando a geologia com suas feicdes e descontinuidades geoldgicas a
justificativa para tamanhas variagdes. Transectos onde se registram o Afloramento do Aquifero Guarani
(AAG), a desembocadura do Estuario Tramandai e o afloramento de lama paleolagunar na faixa de praia,
comparados com outras regifes onde estes ndo ocorrem demonstraram variagdes no pH e no processo de
mistura. No transecto de Jardim do Eden, inclusive, redunda em uma compartimentacdo em vista de uma
unidade confinante. A CNRS se destaca pelas concentragdes de elementos tragos maiores que as
registradas na Barreira da Laguna dos Patos e na regido do Afloramento do Aquifero Guarani, ainda que
seus fluxos sejam reduzidos.

Palavras-chave: estuario subterraneo; regressivo; transgressivo; Litoral Norte; afloramento do

Aquifero Guarani.
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INTRODUCAO

O conceito do estuario subterraneo (Moore, 1999, 1996a) esclareceu o importante processo de
descarga de dgua doce submarina) para 0 ambiente marinho. Este mecanismo é semelhante a descarga
superficial de um estuario. A mistura entre agua subterranea e dgua marinha na zona subsuperficial, com
intenso contato entre a dgua e o substrato sedimentar, permite uma gama de processos biogeoquimicos e
importante fluxos de nutrientes, elementos traco e contaminantes para a regido costeira (Gonneea and
Charette, 2014; Niencheski et al., 2007). A exposi¢do prolongada a rocha-mée produz caracteristicas de
altas concentragGes de alguns nutrientes na descarga de agua subterranea (DAS) (Kroeger et al., 2007;
Moore et al., 1996; Santos et al., 2008c; Slomp and Van Cappellen, 2004; Weinstein et al., 2011) e o0 seu
efeito sobre a producéo biolégica pode ser comparado ao escoamento superficial.

Estudos ao longo dos Ultimos vinte anos mostraram como a DAS e os fluxos de elementos
quimicos associados sdo importantes em sistemas costeiros em todo o mundo (Attisano, 2012; Charette et
al., 2003; Niencheski et al., 2007; Peterson et al., 2008; Stewart et al., 2015; Wang et al., 2017; Windom
et al., 1999). Em alguns casos, a DAS representa a principal entrada de nutrientes para esses sistemas
costeiros (Kwon et al., 2014; Rodellas et al., 2014; Sospedra et al., 2017). No sul do Brasil, numerosos
estudos em lagoas costeiras (Andrade, 2010; Paiva, 2011; Rocha, 2014; Rocha et al., 2015; Santos et al.,
2008b) e ao longo do litoral (artigo 1; Windom et al. 1999; Attisano 2012; Lima 2014; Paiva 2014;
Niencheski and Windom 2015; Souza 2015) demonstraram a magnitude da DAS e os fluxos associados
de nutrientes e elementos traco.

A distribuicdo da DAS ndo é homogénea ao longo de um determinado trecho da costa e a
heterogeneidade pode ser influenciada por diferentes fatores (Russoniello et al., 2013; Stieglitz et al.,
2008). Moore (1999) compara algumas caracteristicas desses sistemas complexos (como a zona de
mistura, tempo de residéncia, impacto humano, fluxo, ions e fauna associada) com estuérios superficiais,
assim como estudos posteriores sugerem fatores variados que poderiam influenciar a DAS (Andrade et
al., 2011; Charette et al., 2003; Corbett et al., 1999; Rocha et al., 2015; Sadat-Noori et al., 2015; Santos et
al., 2009a, 2008c; Swarzenski, 2007). Em muitos casos, a geologia em torno do estuario subterraneo
determina os constituintes quimicos e taxa de descarga (Russoniello et al., 2013; Santos et al., 2012b;
Ullman et al., 2003), porém mais estudos sobre as caracteristicas sedimentares sdo ainda necessarios,
sendo, em alguns casos, recomendado uma melhor cobertura espacial, em vez de amostragens frequentes
nas mesmas localiza¢des (Beck et al., 2007).

A Costa Norte do Rio Grande do Sul (CNRS), no sul do Brasil, é caracterizada por duas areas
distintas de configuragdo geoldgica com histdrias evolutivas que, certamente, impactam a DAS nesta
regido. Estas sdo areas com distintos padrSes de empilhamento, progradacional (regressivo) e
retrogradacional (transgressivo), apresentando estratigrafia e composicdo especificas (Barboza et al.,
2011, 2009; Dillenburg and Barboza, 2014; Rosa, 2012). Ambas estéo incluidas em uma barreira que foi
formada por ciclos regressivo/transgressivo (Villwock and Tomazelli, 1995). Com base no suprimento de
sedimentos e no nivel do mar, cada area desenvolveu uma arquitetura deposicional especifica. Na area
progradacional, o balanco de sedimentos foi positivo com o crescimento da costa (Rosa 2012) enquanto
que na area retrogradacional, o balanco foi negativo, havendo migracéo de sedimentos da face da praia

para as lagoas costeiras (Rosa, 2012) e, erosdo no campo de dunas (Dillenburg and Barboza, 2009).
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Em estudo anterior na regido (artigos 1 e 2 deste trabalho), foram verificadas diferentes
atividades de radbnio (#2Rn) e taxas de DAS em ordem de magnitude diferente entre as areas
progradacional e retrogradacional, produzindo variagdes significativas tanto nas concentracfes de
nutrientes como de fluxos para a plataforma interna.

Este estudo tem como objetivo determinar o papel dessas duas importantes caracteristicas
geologicas da CNRS quanto ao mecanismo de transporte de elementos traco para a plataforma costeira do

Oceano Atlantico Sul, bem como os fluxos resultantes.

MATERIAL E METODOS

Area de estudo

A érea de estudo esta localizada na CNRS, sul do Brasil, entre 29° 21 'S e 30° 25' S e 49° 43 'O
e 50° 20' O, na porcdo terrestre da Bacia de Pelotas, formada durante repetidos eventos de transgressao
marinha, formando os sistemas Lagoa-Barreira durante o Pleistoceno e Holoceno (Villwock et al., 1986).

Estabelecidos estes sistemas, a costa se desenvolveu com o balango de sedimentos positivos e
negativos e, de acordo com isso, a regido costeira evoluiu em dois formatos, apresentando parte de area
com processo costeiro progradacional e parte com comportamento retrogradacional. As principais
caracteristicas da area progradante é estar localizada nos embaiamentos e apresentar padrdo de
empilhamento com refletores de georadar mergulhando em dire¢do ao mar, enquanto a regido
retrogradante esta localizada principalmente em proje¢des da costa apresentando refletores de georadar
mergulhando em direcdo ao continente (Barboza et al., 2011; Dillenburg et al., 2017, 2011; Rosa, 2012;
Silva, 2011; Watanabe, 2016). Além disso, a composi¢do e compactagdo das camadas sdo diferentes,
sendo mais arenosas e mais compactadas na area progradacional quando comparadas com a regido

retrogradacional (artigo 1), caracteristicas que poderiam influenciar na composi¢éo da agua subterranea.
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Figura 1 - Area de estudo na CNRS, sul do Brasil, com cinco esta¢des de amostragem e
destaque para as caracteristicas geoldgicas.

Além disso, esta area pode estar submetida a0 mesmo tempo sob a influéncia da Barreira da
Laguna dos Patos (BLP) e do afloramento do Aquifero Guarani (AAG), uma vez que esta localizada entre
essas feicbes, conforme observado na Figura 1. Da mesma forma, outros elementos interessantes
(arquitetdnicos, exposic¢des, registros histéricos) estdo localizados nesta area, como a foz do Estuério de
Tramandai e um afloramento do terraco lagunar (Dillenburg et al., 2004a; Tomazelli et al., 1998).

Foram definidas cinco estagdes de estudo, que correspondem as praias de Torres, Rondinha e
Imbé (4rea progradacional) e Jardim do Eden e Quinto (area retrogradacional). Torres situa-se na area de
influéncia do AAG, Imbé localiza-se na foz do Estuario de Tramandai e a estagdo Jardim do Eden
apresenta afloramentos lamacentos na faixa de praia. A amostragem foi desenvolvida no verdo austral de
2017, onde a agua subterranea foi amostrada a partir de pogos de praia, aplicando um sistema pushpoint,
em transectos perpendiculares a linha de praia, avaliando dessa forma o gradiente subterrdneo de
salinidade.

Amostragem e anélise
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A influéncia das aguas subterraneas nos sistemas marinhos pode ser caracterizada usando a
salinidade da faixa de praia, reconhecido proxy para area de mistura. Todos 0s pogos de amostragem
foram perfurados a 1 m de profundidade ao longo de um transecto compreendido desde a duna frontal até
a zona de varrido, de forma a estabelecer um gradiente de salinidade, partindo do end member de agua
doce indo até o end member agua marinha costeira. Salinidade, condutividade e pH foram determinados
in loco. Para a coleta de elementos trago foram usados frascos de 50 mL, as amostras foram filtradas (0,45
pum) e preservadas (HCI destilado 0,024 M), segundo metodologia padrdo do Programa GEOTRACES,
descrita por Cutter (2014).

Os elementos traco determinados foram: manganés (Mn), estroncio (Sr), aluminio (Al),
vanadio (V), molibdénio (Mo), ferro (Fe), niquel (Ni), cobre (Cu) e chumbo (Pb). As analises destes
elementos foram feitas no Skidaway Institute of Oceanography/UGA usando um equipamento ICP-MS
Perkin Elmer Nexion quadripolo 300d. Ndo foram necessarios tratamentos prévios das amostras, sendo
apenas diluidas 100 vezes para as leituras de Mn e 10 vezes para a leitura dos demais elementos. O
instrumento foi executado usando aménia (NH3) como gas de reacdo para reduzir as interferéncias
poliatdmicas e o indio (In) foi usado como um padrdo interno para monitorar a deriva do instrumento.
Dois materiais de referéncia padrdo (NASS 6 e NIST 1643f) foram analisados (dados nos ANEXOS 3 Ae
3B) com cada lote de amostras para determinar a exatiddo e a precisdo da analise. As recuperacdes de
todos os elementos estiveram dentro de 98 % do valor de referéncia. O método analitico foi calibrado

usando padrdes externos de elementos mistos.
RESULTADOS

A Tabela 1 apresenta as caracteristicas dos pogos amostrados como também as faixas de pH e

salinidade que expressam melhor as varia¢fes do gradiente salino em cada regido considerada.

Tabela 1 - Dados dos pocos da praia em cinco esta¢cdes na CNRS e faixas de pH e salinidade.

3 Latitude Comprimento N° de pogos o
Estacéo . . pH Salinidade
Longitude de praia (m) amostrados
29°21°33,3”
Torres 33 05 7,85-8,17 0,97-12,61
49°44°11,5
. 29°03°03,6”
Rondinha 50 06 7,15-8,15 0,06-30,71
49°50°52,4”
29°57°19,0”°
Imbé 54 08 7,63-7,87 6,22-31,22
50°06°36,3”’
3 30°03°51,5”
Jardim do Eden 41 07 6,44-7,28 2,65-24,55
50°09°26,0°°
) 30°23°59,9”
Quintdo 45 07 7,61-8,00 5,38-26,26
50°17°18,1”°

A distribuicdo espacial de salinidade apresentou variagdes significativas entre os transectos,

ndo sendo possivel obter gradientes completos (de 0 a 35 de salinidade). A correlagdo entre salinidade e
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distancia da zona de varrido foi elevada (r>> 0,90), exceto para a estagdo Jardim do Eden (r2<0,58), que
apresentou um poco, cerca de 20 m da zona de varrido, com um valor distinto de qualquer tendéncia, que

é reflexo da geologia local e que sera explicado na sequencia deste trabalho.

As concentracBes dos elementos traco para 0s respectivos transectos sdo apresentados na
Figura 2 e 3. Destaque para Jardim do Eden e Quintio que apresentaram concentragdes muitas vezes

superiores aos demais transectos.
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Figura 2 — Concentragdes de elementos trago (Mn, Sr, Al, V, Mo, Fe, Ni, Cu e Pb) plotados no
gradiente salino nas estacfes Torres e Rondinha, com suas respectivas linhas de tendéncia.
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Figura 3 — Concentracdes de elementos traco (Mn, Sr, Al, V, Mo, Fe, Ni, Cu e Pb) plotados no
gradiente salino nas estagdes Imbé, Jardim do Eden e Quintio, com suas respectivas linhas de tendéncia.

93



A distribuicdo dos elementos traco mostrou tendéncias variaveis em relacdo a salinidade, dos
quais Sr apresentou aporte marinho conservativo, exceto na estacdo Jardim do Eden, onde a maioria dos
elementos apresentou aporte continental.

Com base nas concentracdes obtidas neste estudo e do fluxo de &guas oriundos do
compartimento subterraneo estimado por Rocha et al. (artigo 2) foi possivel estimar o fluxo de elementos
trago para a plataforma costeira (Tabela 2). Como tratam-se de regides especificas, sob influéncia de
fatores geoldgicos de acdo limitada espacialmente, foram tomadas a DAS e os fluxos dos elementos para
comprimentos de costa de 1000 m.

Tabela 2 — Fluxos de elementos traco por transecto de praia amostrado na CNRS, verao austral

2017.
Estacdo Torres Rondinha Imbé Jardim do Eden® Quintdo
DAS ? (10® m¥/d) 12.5£1.5 51.9+3.2 83.9+3.8 0.8+0.3 5.6+£0.4
Mn 100.6+11.64 2386+148.0 1037%47.12 24.79+8.26 281.2+17.64
Sr 101.3+11.72 1572+97.62 3704+168.3 6.37+2.12 167.0+£10.47
B Al 0.64+0.07 3.59+0.22 11.1+£0.5 0.26+0.09 ND
g Vv 1.36+0.16 6.64+0.41 29.99+1.36 0.13+0.04 1.04+0.07
g, Mo 0.27+0.03 6.34+0.39 7.17+0.33 ND 0.31+0.02
% Fe 33.7+£3.9 188.3+11.69 41.39+1.88 22.36+7.45 90.12+5.65
- Ni ND 0.53+0.03 0.39£0.02 ND ND
Cu ND 0.54+0.03 1.4+0.06 ND 0.17+0.01
Pb ND ND ND ND ND

2 Estimados para comprimentos de costa de 1000 m; ® compartimento B.

DISCUSSAO

Salinidade e pH

A faixa de salinidade variavel verificada para os transectos ja evidencia o diferenciado
processo de mistura, havendo casos em que a agua doce tem mais influéncia e outros em que a agua do
mar predomina.

O transecto de Torres apresentou dominio de aguas doces de forma significativa, tendo a
salinidade alcangado apenas 12,61 de valor maximo ao longo das amostras coletados. o que evidencia o
efeito do Aquifero Guarani que aflora naquela regido, exportando sob a forma de DAS, elevados volumes
de agua doce do continente para o mar (Paiva, 2014).

Para os transectos de Jardim do Eden e Quint&o a salinidade méaxima ficou proxima de 25. Para
estes casos, deve ser considerado a influéncia de chuvas e de todo o consequente escoamento superficial.
Para o caso do transecto de Imbé, deve ser considerado, também, a existéncia de paleocanais que
potencializam o aporte de agua doce. Deve ser mencionado que, em nenhum dos locais amostrados, foi

alcancado o valor da salinidade marinha, o que é uma clara indicagdo de quao importante é a DAS nesta
regido do litoral sul do Brasil.
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A avaliagdo dos resultados de pH também indica diferencas entre as estacdes amostrais, sendo
por exemplo a estacdo de Torres a que apresenta faixa de pH mais elevada, em resposta a composi¢cdo
ignea do Aquifero Serra Geral que ali se apresenta (Alloway, 2013). Ja a estacdo de Imbé, influenciada
pelo estudrio superficial da Lagoa de Tramandai/Armazém, mostra uma faixa de pH restrita. A estacdo de
Jardim do Eden é a mais discordante, por sua faixa de pH estar bem abaixo das demais, devido a
composicdo sedimentar da faixa de praia, que apresenta afloramento de lama proveniente do terraco
paleolagunar do sistema laguna/barreira 1V, em consequéncia do processo transgressivo observado na
regido (Dillenburg et al., 2004a; Tomazelli et al., 1998). Isto é também a explicacdo para ter sido
encontrado um ponto fora de qualquer tendéncia, mas que ndo pode ser considerado como um outlier,
pois indica um perfil dividido em dois compartimentos isolados entre si por uma unidade confinante, ou
seja, um ponto isolante que neste caso faz com que haja 2 gradientes independentes, como ilustrada pela

Figura 4.
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Figura 4 - Diagrama esquematico da DAS na estagdo Jardim do Eden, ilustrando o efeito da
unidade de confinamento (isolamento) em pogos de praia (¢ 1m de profundidade) estabelecendo dois

compartimentos.

Por fim, a estacdo Rondinha é a que apresentou faixa de salinidade e pH mais amplas, por ser a
regido que ndo apresenta fei¢des ou descontinuidades geoldgicas.

Como cada uma das &reas consideradas possui caracteristicas que lhe sdo particulares, estas
devem atuar como forgantes para alterar ou diferenciar o comportamento e fluxo de elementos tragos

nestes transectos.

Elementos trago

A distribuicdo dos elementos traco no gradiente salino foi bastante varavel entre as diferentes
estagcBes de coleta, bem como entre os proprios elementos, de forma que foram evidenciados casos de
aporte do continente para 0 mar e do mar para o continente, o que se denomina de intrusdo salina.

Nas concentracBes de Mo, Sr, Mn e Fe observadas nos transectos de praia foram destacados os

resultados na estagdo Jardim do Eden, com comportamento diferenciado de aporte continental. Enquanto
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outras quatro estacBes apresentaram aumento das concentra¢fes de elementos trago com o aumento da
salinidade, ou seja, ocorrendo um aporte marinho, as concentragdes em Jardim do Eden foram iguais ou
até mesmo decrescentes. Além disso, as concentracbes médias de Mn e Fe foram maiores no Jardim do
Eden (88,3 e 44,5 uM, respectivamente) em comparagio com outras estacdes (média de 33,6 e 9,8 pM).
Possivelmente, a matéria organica dos sedimentos lamosos permite uma remineralizagdo mais intensa
desses elementos (Reckhardt et al., 2017).

Nas concentracdes de Al, Cu e Pb, o destaque foi para os resultados da esta¢do do Quintdo, que
ora comportaram-se como aporte continental, ora marinho. As concentragdes na estagdo Quintdo também
foram maiores para os elementos Al (10,0 uM), Cu (26,8 nM) e Pb (1,1 nM), do que nas demais estacdes
(médias de 0,2 uM Al; 11,4 uM Cu e 0,4 uM Pb).

A distribuicdo de V apresentou comportamento distinto, e o destaque é a alta concentracdo na
estacdo de Imbé (0,5 uM) comparado com as demais estacBes (média 0,2 uM). A distribuicdo de Ni
bastante baixa em comparacdo aos demais elementos, sendo as maiores concentracdes verificadas na
estacdo de Rondinha (11,9 nM) enquanto as demais estacdes tiveram média de 3,9 nM, apresentando
correlagOes ora positivas, ora negativas com gradientes de salinidade.

Os elementos Pb, Cu e Ni apresentaram comportamento estavel (sem incremento ou decréscimo
nas concentracbes) entre as amostras nos diferentes piezbmetros. Ja os demais elementos traco
quantificados apresentaram variagdes entre comportamento de aporte continental e aporte marinho, bem
como entre os transectos, ndo havendo padrdo na distribuicdo, embora as concentragbes médias dos
elementos traco sejam 2,5 vezes maiores na &rea que apresenta processo costeiro de evolugdo
retrogradacional (Imbé, Jardim do Eden e Quint&o). Mesmo assim, ndo héa correlagdo das concentracdes
de elementos traco com o gradiente de salinidade, como observado em trabalho pretérito na BLP
(Niencheski and Windom, 2015).

Muitas destas variagdes sdo justificadas pelas caracteristicas de pH e salinidade, que
consequentemente governam efeitos oxi-redox, dessor¢do, liberagdo, entre outros processos geoquimicos.
Assim, com base nos resultados é possivel perceber a ndo uniformidade no comportamento dos elementos
trago, produto da influéncia das caracteristicas geologicas intrinsecas a cada um dos transectos.

Este tipo de interferéncia geolégica ndo havia sido abordado anteriormente e, responde
negativamente a ideia de homogeneidade da costa do sul do Brasil. As 3 regifes que se estabelecem —
BLP, CNRS e AAG sdo diferentes em termos de hidroquimica local. A diversidade de composicdo da
barreira ¢ mais expressiva na regido norte, onde ha maior nimero de compartimentos (aquiferos) que
contribuem para a riqueza geoquimica das aguas. Proporcionalmente, a BLP apresenta caracteristicas
menos diversificadas geologicamente e, como mencionado, menos rica em elementos traco, por exemplo.
No geral, a BLP apresenta um enorme gradiente hidraulico e, portanto, intensa DAS (Windom et al.,
2006). Ja a CNRS apresenta forgas motrizes diferentes, assim como a hidrogeologia e os reservatorios,
que resultam em aporte mais marinho do que continental, ainda que o percentual de &gua doce
subterranea (Qs,) seja maior na composicdo da DAS (artigo 2). Assim, a BLP, CNRS e AAG mostram-se
relevantes cada um com sua especificidade, visto que fluxos menores podem ser compensados por
concentragdes de nutrientes e elementos traco maiores, como é o caso da CNRS, conferindo a cada uma

delas papel importante nos processos costeiros.
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O agrupamento de alguns elementos traco por seu comportamento, observado por Niencheski
& Windom (2015), ndo é percebido neste trabalho. Inclusive, a perspectiva de que a litologia poderia
responder pela diferenca entre as concentracdes observadas nos 5 transectos analisados ndo foi
confirmada. A distribuicdo é bastante variada, influenciada pelas caracteristicas geoldgicas ja apontadas,
mas sem um gradiente definido entre elas.

Entretanto, percebe-se a influéncia da litologia quando se comparam tais resultados da CNRS
com concentragdes obtidas na BLP, na regido sob influéncia do AAG e com dados obtidos em outras

regifes costeiras espalhadas pelo mundo, como indicado na Tabela 3.

Tabela 3 - Compilacéo de elementos traco medidos no sul do Brasil e outras areas de estudo.

3 Elementos traco
Area de estudo

Salinidade Mo Sr Mn Fe Al Cu Pb \V Ni
(™M) (M) M) M) (M) (M) (M) (nM) - (nM)

deste trabalho

Progradacional ? 12.4 579 26.0 343 51 0.2 9.7 0.4 158 7.5
Retrogradacional * 15.6 61.7 375 509 237 3.4 18.0 0.6 311 4.4
11.1 411 4.3 27.8 1.1 10.6
Barreira da Laguna 22.9 45.2 4.4 24.1 2.3 9.5
dos Patos * ¢ 10.0' 240 1.0°
1.0° 10.0" 24.0 1.0' 10.0" 10.0°
Afloramento do
Aquifero Guarani ¢ L 83 1M
Long Island, NY 0.0 0.01 008 19 0.1 2.7
Costa espanhola ¢ 0.24 25 0.5 15
Costa alema do Mar
31 101 0.03 0 21

do Norte "

% Este estudo, médias do gradiente salino; ® Windom et al. (2007); © Windom et al. (2006); °
Niencheski et al. (2015); ¢ Paiva (2011); " Beck et al. (2007); ® Trezzi et al. (2016); " Reckhardt et al.

(2017); 'valores aproximados baseados em dados gréficos.

Para os elementos Mo, Sr, Mn, Al e V, os maiores resultados sdo registrados na area de estudo
amostrada neste artigo. Fe, assim como Cu e Pb, apresentaram maiores concentracdes na area do AAG,
enquanto para a BLP, houve destaque apenas as concentracdes de Ni.

A diferenca nas concentracdes dos elementos traco entre os transectos deste trabalho e da BLP
se justificam pelos diferentes compartimentos subterraneos que os formam, sendo a CNRS composta por
trés compartimentos - Quaternario/Serra Geral/Botucatu, enquanto a BLP apresenta 2 compartimentos -
Quaternario/Mioceno. Esses dados referem-se a perfis de sondagem em Curumim (Machado and Freitas,
2005a) e Mostardas (ANP, 1964) até 410 m de profundidade. O Aquifero Serra Geral é uma formacéo
ignea (méfica) que se apresenta elementos traco (Mo, Mn, Cu, Pb, V e Ni), aproximadamente, 7 vezes
mais concentrados que os aquiferos de arenitos (Alloway, 2013), além de ser enriquecido em Fe

(Reginato, 1996). Assim, este maior nimero de compartimentos garante mais diversa contribuigdo
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geoldgica de elementos para as aguas subterrdneas na CNRS, bem como mais concentradas quando
comparadas a PLB.

Além disso, as elevadas concentracdes destacadas neste trabalho para varios elementos
analisados, quando comparadas a outras regides, evidenciam a relevancia dessa regido como fonte de
elementos tragos para 0 oceano costeiro adjacente e, ainda, preenchem a lacuna de dados de elementos
tragos havia até entdo entre a regido da BLP (mais ao sul) e 0 AAG (mais ao norte).

E importante considerar que, os dados obtidos na BLP no sio oriundos de um gradiente
salino, como o produzido neste estudo, e sim de pocos pontuais localizados na barreira costeira. Desta
forma, o end member (salinidade zero) das amostras deste estudo tendem a ser ainda mais elevados, o0 que
traz um destaque ainda maior da regido considerada neste estudo sobre a BLP.

Fazendo uso das concentracdes médias obtidas e da DAS, estudo complementar a este deve ser
feito a fim de extrapolar a estimativa de fluxo de elementos traco para toda a regido da CNRS, como foi
realizado por Niencheski et al. (2007) para os nutrientes, na BLP. Entretanto, sabendo da especificidade
geoldgica desta regido considerada (Vide artigo 2) e da significativa variagdo observada neste estudo
entre 0s 5 transectos, entende-se ndo ser valida a extrapolacdo destes dados para toda a CNRS (150 km),
como forma de validar fluxos totais. Baseados em nossos conhecimentos atuais, consideramos como
estimativa segura a aplicacdo em um comprimento de costa de 1000 m para cada um dos transectos, e a
medida que os estudos avancarem nesta importante regido, poderdo ser aplicados célculos para regifes

cada vez mais amplas.

CONCLUSAO

Este estudo evidencia que feicBes e descontinuidades geolégicas de menores propor¢des
espaciais tem efeitos sobre a distribuicdo, transporte, mistura e fluxos de elementos trago na regido da
CNRS.

A avaliagdo dos cinco transectos com condigdes geoldgicas diferenciadas mostraram ndo haver
um padrdo de aporte continental ou marinho definido, e embora similares em algumas caracteristicas,
apresentam variacdo de pH, do gradiente de salinidade, bem como da faixa de concentracdo dos
elementos traco. Destaca-se 0 observado enriquecimento na regifo do Jardim do Eden, transecto este que
é influenciado pelo afloramento de lama lagunar.

Este trabalho possui um grande valor por indicar de forma pioneira que a regido da CNRS
apresenta concentracdo de elementos traco elevadas, superiores as regides préximas, como a BLP e a
regido do AAG, ambas essas regifes consideradas como referéncia em termos de fluxo de elementos
guimicos para plataforma costeira adjacente.

Os resultados deste trabalho langam dados iniciais para o entendimento do fluxo de elementos
trago e efeitos geologicos de descontinuidade, mas sdo necessarios maiores estudos para melhor
compreender a (re)mobilizacdo e transporte dos elementos traco em vista das caracteristicas da barreira

costeira, hidroquimica local e ocupagdo humana, bem como das areas entre transectos.
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ANEXO 3A

Material de Referéncia NASS6 (fotocOpia — Skidaway Institute of Oceanography).
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Seawater reference material for trace metals

Certified Reference I/

The following table lists the elements for which certified values have been established along with
their expa:gded uncertainty (Ucaw = ku;, where uc is the combined standard uncenal"ﬁ
calculated according to the JCGM Guide [1] and k=2 is the coverage factor). It is intended

Ucam encompasses every aspect that reasonably contributes to the uncertainty of the certified
mass fraction. Certified values are based on the results of detannlnaﬂonsmby at least two
independent methods of analysis. Information values (identified with an ***) are listed for
elements which could not be certified because of insufficient information for accurate
assessment of the associated uncertainties. A measured density of 1.024 g/mL was used to

calculate mass concentrations in NASS-6.

Element

00311+ 00019
0.116 + 0.008 0.118 + 0.008

0.015 0.015* I
0.242 + 0.025 0248 + 0.025 ]
0483 + 0.045 0495 + 0046
+ 0006 + 0.002
x
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ANEXO 3B

Material de Referéncia NIST1643f.

k National Justitute of Standards & Technalagy

Certificate of Analysis

Standard Reference Material® 1643f

Trace Elements in Water

This Standard Reference Material (SRM) 1s intended primarily for use in evaluating methods used in the determination
of trace elements in fresh water. A vmt of SRM 1643f consists of approximately 250 mL of acidified water in a
polyethylene bottle, which 1s sealed m an alumimzed plastic bag to mamtain stability. SRM 1643f simulates the
elemental composition of fresh water. The solution contains mitric acid at a volume fraction of approximately 2 %,
equivalent to an amount of substance concentration (molarity) of approximately 0.32 mol/L.

Certified Values: The certified values for elements in SRM 1643f are listed in Table 1. All values are reported both
as mass fractions (ug/'kg) and as mass concentrations (ug/L). A NIST certified value 1s a value for which NIST has
the lughest confidence 1n 1ts accuracy 1n that all known or suspected sources of bias have been investigated or taken
into account [1]. The certified mass fraction values are consensus estimates that blend the results of the gravimetric
preparation value and a value determined by either inductively coupled plasma mass spectrometry (ICP-MS) or
inductively coupled plasma optical emission spectrometry (ICP-OES) [2]. The certified mass concentration values
are denived from the certified mass fraction values using the measured density of SRM 1643f Addional information
about the certification of SRM 1643f 15 given under “Certification of Material™.

The expanded uncertainty for each certified value 1s calculated as

U = kuc

where k 1s the coverage factor for a 95 % confidence interval and u. 1s the combined standard uncertainty calculated
through the application of the Monte Carlo method described m the ISO/JCGM Supplement 1 [3]. The value of . for
the certified mass fraction values 1s intended to represent, at the level of one standard deviation, the combined effect
of uncertamnty components associated with the gravimetric preparation, the ICP-MS or ICP-OES deternunation,
method bias, and stability. Additionally, the uncertainty evaluations associated with the certified mass concentration
values assume that the temperature at which the material will be measured is between 15 °C and 25 °C.

Expiration of Certification: This certification of SRM 1643f 15 valid, within the measurement uncertainty specified.
until 31 October 2023, provided the SRM 1is handled and stored 1n accordance with instructions given in this certificate
(see “Instructions for Use™). Tlus cerfification is nullified if the SRM 1s damaged, contanunated, or modified.

Maintenance of SRM Certification: NIST will momtor this SRM over the period of its certification. If substantive
technical changes occur that affect the certification before the expiration of this certificate, NIST will notify the
purchaser. Registration (see attached sheet or register online) will facilitate notification.

Coordimation of the NIST technical measurements was under the direction of T A Butler. JL. Molloy and
ME. Winchester of the NIST Chemical Sciences Division. The density, ICP-MS and ICP-OES analyses were
performed by T.A. Butler and J.L. Molloy.

Statistical analysis of the experimental data was performed by A M. Possolo of the NIST Statistical Engineering
Division.

Support aspects mvolved in the issuance of this SRM were coordmated through the NIST Office of Reference

Materials.
Carlos A. Gonzalez, Chief
Chemical Sciences Division
Gaithersburg, MD 20899 Robert L. Watters, Jr.. Director
Certificate Issue Date: 18 August 2015 Office of Reference Materials
SRM 1643f Page 1 of 3
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Table 1. Ceriified Values, Expanded Uncertainties, and Coverage Factors (k) for Elements in SRM 1643f

Element Mass Fraction i Mass Concentration 1
(ngke) (ng/L)

Aluminum (Al) 1325 + 1.2 1.9 1338 + 12 19
Antimony (Sb) 5490 + 0.39 19 5545 + 0.40 20
Arsenic (As) 56.85 + 0.37 2.0 5742 + 038 20
Barium (Ba) 5131 + 73 21 5182 + 73 21
Beryllium (Be) 13.53 + 0.11 21 1367 = 0.12 2.1
Bismuth (B1) 12.50 + 0.10 19 12.62 + 011 19
Boron (B) 150.8 + 6.6 22 1523 + 6.6 22
Cadmmum (Cd) 5.83 + 0.13 232 589 + 013 22
Calcium (Ca) 29 140 + 320 21 29 430 + 330 21
Chromium (Cr) 18.32 + 0.10 2.0 18.50 + 0.10 21
Cobalt (Co) 25.05 + 0.17 20 2530 + 0.17 20
Copper (Cu) 2144 + 0.70 21 2166 = 0.71 22
Iron (Fe) 92.51 + 077 21 93.44 + 0.78 21
Lead (Pb) 18.303 + 0.081 2.0 18488 + 0.084 21
Lithium (L) 16.42 + 0.35 22 16.59 + 035 22
Magnesium (Mg) 7380 + 58 19 7454 + 60 2.0
Manganese (Mn) 36.77 + 0.58 21 37.14 + 0.60 22
Molybdenum (Mo) 114.2 + 1.7 21 1153 + 17 2.1
Nickel (N1) 59.2 + 14 22 598 + 14 22
Potassium (K) 19133 + 9.0 2.0 19326 + 94 21
Rubidium (Rb) 12.51 + 012 2.0 12.64 + 013 20
Selenium (Se) 11.583 + 0.078 20 11.700 + 0.081 20
Silver (Ag) 0.9606 + 0.0053 2.0 09703 = 0.0055 20
Sodmm (Na) 18 640 + 240 21 18 830 + 250 21
Strontium (Sr) 311 + 18 21 314 + 19 22
Tellurium (Te) 0.9672 + 0.0082 2.0 09770 = 0.0084 20
Thallmm (T1) 6.823 + 0.034 19 6.892 + 0.035 20
Vanadium (V) 35.71 + 027 2.0 36.07 + 028 20
Zinc (Zn) 737 + 1.7 21 744 + 1.7 21

® The measurand is the total mass fraction for each element. Metrological traceability is to the SI unit for mass, expressed as
micrograms per kilogram and micrograms per liter.

Preparation of Material: SEM 1643f was prepared at NIST using only lugh purity reagents. A polyethylene
cylindrical tank was filled with deiomzed water and sufficient nitric acid to bring the mitric acid amount of substance
concentration (molanty) to approximately 0.32 mol/L. Known masses of the matrix elements (sodium. potassium,
calcium. and magnesium) were added to the tank as solutions prepared from the same materials used to prepare the
SEM 3100 series of single element solutions. EKnown masses of the other elements were then added to the tank
solution using weighed aliquots of the SRM 3100 senies. After muxing thoroughly, the tank solution was transferred
into the acid-cleaned. 250 mL. polvethylene, SEM bottles and immediately sealed in individual aluminized plastic
bags.

Certification of Material: Each of the certified elements was determined using either ICP-MS or ICP-OES. The
final total mass of the tank solution prior to bottling was determined from the sum of the mass fraction values of the
elements in Table 1 and the sum of the known masses of those elements added to prepare the solution, therefore
allowing calculation of the gravimetric preparation mass fraction for each element. Certified mass fraction values
were calculated by combining the gravimetric preparation values with the ICP-MS or ICP-OES wvalues, as described
under Certified Values. Certified mass concentration values were calculated using the measured density of
1.0101 g/mL + 0.0012 g/mL, where the uncertainty is expressed at a confidence level of approximately 95 %, within
the temperature range of 15 °C to 25 °C.
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INSTRUCTIONS FOR USE

Precautions: The SEM should be shaken before use because of possible water condensation on the inner surfaces of
the bottle. To prevent possible contamination of the SRM, DO NOT insert pipettes into the bottle. Samples should
be decanted at a room temperature of 15 °C to 25 °C. After use, the bottle should be recapped tightly and retumned to
the alununized plastic bag, which should be folded and sealed with sealing tape. Tlus safeguard will protect the SEM
from possible environmental contamination and long-term evaporation.

The accuracy of trace element determunations, especially at the micrograms per liter level, 1s limited by contamination.
Apparatus should be scrupulously cleaned and only high purity reagents employed. Sampling and manipulations,
such as evaporations, should be done in a clean environment, such as a Class-100 clean hood.
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Users of this SRM should ensure that the Certificate aof Analysis in their possession is cwrrent This can be
accomplished by contacting the SRM Program: telephone (301) 975-2200; fax (301) 948-3730;
e-mail srminfoi@nist.gov, or via the Internet at http=/Awww.nist. gov/srm.
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CONSIDERACOES E RECOMENDAGCOES

A aplicacdo do isotopo radioativo 22Rn como geotracador para aguas subterraneas
combinado com a técnica de imageamento de subsuperficie com GPR é inovador e inédita e,
gerou resultados que permitiram avangar substancialmente no conhecimento das DAS na
CNRS.

A partir das imagens produzidas nos diferentes transectos da CNRS ficam reforgadas
as diferencas na arquitetura deposicional das regides tanto progradacional como
retrogradacional, oportunizando uma avaliagdo vinculada a tais caracteristicas e seus efeitos
sobre a DAS. Foram elencados elementos estruturais que caracterizam cada um dos tipos de
barreira costeira, sendo possivel correlaciond-los com a atividade do tracador 22Rn e
compreender os diferentes acamadamentos geoldgicos que compdem cada regiao.

Este estudo quantificou a DAS em 14 diferentes pontos ao longo de, aproximadamente
150 km, preenchendo uma importante lacuna do conhecimento, demonstrando ser esta regido
responsavel pela descarga de volumes expressivos de aguas subterraneas enriquecidas em micro
e macronutrientes, o que esclarece a ocorréncia de frequentes floragdes de algas, ainda que
distantes das desembocaduras de rios e estuarios.

Além disso, comprovou e quantificou o fluxo de elementos traco e suas variagoes
entre transectos com caracteristicas geologicas distintas, reforcando a evidéncia de que a
geologia é uma importante forgante, embora muitos trabalhos a desconsiderem.

As heterogeneidades da barreira na CNRS mostraram-se suficientes para influenciar a
DAS, tanto pela composicdo quanto pela forma em que a deposicdo sedimentar ali ocorre,
evidenciando a necessidade de obtencdo de maiores conhecimentos, inclusive lancando méo de
uso rotineiro de GPR em trabalhos futuros envolvendo a avaliacdo de agua subterranea, o que
facilitaria, agilizaria e tornaria extremamente correta a tomada de amostras, tendo em vista que
estas seriam executadas seguindo as informacOes pretéritas sobre as estruturas geoldgicas.

Entretanto, as tantas respostas obtidas com o desenvolvimento deste trabalho, abriram
outras lacunas de conhecimento indicando que os estudos na CNRS, nas suas regides limitrofes
e em outras regides constituidas por sedimentos permeaveis devem ser realizadas cada vez mais.

Uma vez evidenciado, ainda que preliminarmente, o papel da geologia sobre a DAS,
ficam recomendados estudos sobre o efeito dos sedimentos sobre a difusdo do 222Rn, de forma a
obter dados exclusivos da atividade de 222Rn do sedimento, tanto da faixa de praia, regies
lagunares e da barreira em diferentes profundidades.

Como a avaliacdo tanto dos nutrientes quanto dos elementos trago apontou a auséncia
de padrdes de concentracdo e fluxos, maiores estudos séo encorajados a serem desenvolvidos
em diferentes pontos da CNRS, de forma especial que sejam contemplados estudos em

diferentes profundidades, seja ao longo da barreira arenosa como na faixa de praia, procurando
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compreender 0s processos biogeoquimicos e 0s principais atores responsaveis. Por exemplo,
realizar estudos em diferentes condi¢cGes meteoroldgicas, especialmente quando o sistema esta
sob efeito de fendbmenos como ENSO e LNSO e, quando estes ndo se fazem sentir sob o
ambiente costeiro.

Ainda, a respeito de avaliacGes ao longo do tempo, sdo recomendados estudos com
uso de séries temporais de 22Rn, como forma de esclarecer as oscilagBes vinculadas a subida e
descida de marés, que atualmente sdo consideradas como despreziveis em funcdo da
proximidade de um ponto anfidromico, bem como efeitos de forcantes vinculadas ao ritmo
nictemeral e variagOes de regime de ventos.

A metodologia escolhida para o desenvolvimento deste trabalho, tendo como base o
decaimento natural do 222Rn mostrou-se extremamente eficaz e, continua sendo recomendada,
inclusive pela possibilidade de avaliagdo de corpos hidricos costeiros com diferentes
caracteristicas (rios, lagoas, mar), mas faz-se importante recomendar que avaliacBes
concomitantes de isotopos de radio sejam executadas, pois trazem informagGes complementares
importantes, principalmente quanto a determinacéo do tempo de residéncia da dgua subterranea.

Durante a realizacdo de cruzeiros oceanograficos do Instituto do Milénio — FURG, 0s
sinais de sonar de varredura lateral de 3,5 KHz registraram 10 paleocanais na costa adjacente a
regido CNRS, bem como na BLP. Estes paleocanais podem atuar como caminhos preferenciais
de escoamento da agua subterrénea, potencializando-a em dire¢do ao mar aberto. Dessa forma, é
recomendada a continuidade destes estudos acoplados a ferramenta GPR no sentido de mapear a
regido costeira e verificar a existéncia de tracos destes paleocanais na barreira arenosa, 0 que
poderia significar uma DAS amplificada e ainda mais efetiva como fonte de macro e
micronutrientes para a plataforma costeira adjacente.

Considerando, também, a importancia do fluxo de micro e macronutrientes para a
producdo bioldgica primaria e secundaria, ja vinculada a DAS em outros locais do sul do Brasil,
ficam recomendados estudos sobre as comunidades planctdonica e benténica (densidade,
distribuicdo e composicao) associadas a DAS.

O efeito antrdpico sobre a DAS deve ser considerado para uma avaliacdo rigorosa,
principalmente porque a CNRS sofre ocupa¢do maci¢a nos periodos de veraneio, onde a
populacdo aumenta uma ordem de magnitude e, o sistema de esgotamento sanitario (sistemas
fossa-sumidouro) é totalmente defasado, causando intensificagdo dos aportes de nutrientes e
contaminantes, provocando efeitos nocivos as dguas subterrneas desta planicie sedimentar, que
é completamente permedvel.

Por fim, elencadas algumas das oportunidades de estudos ainda pendentes, verifica-se
mais uma vez a importancia deste trabalho para a CNRS e, recomenda-se fortemente, que
estudos envolvendo as conexdes e interrelagdes entre as aguas de superficie e subterrénea sejam

continuadas, pois somente desta forma serd possivel entender os processos biogeoquimicos
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entre a barreira arenosa e sua regido costeira adjacente, uma das regides mais ricas em producao
bioldgica do Brasil.
CONCLUSAO GERAL

O presente trabalho estabeleceu, através do uso de duas técnicas bastante atuais, o
GPR e 0 is6topo 222Rn, as intera¢Bes entre aguas superficiais e subterrdneas na regido da CNRS.
Ficaram esclarecidas as arquiteturas deposicionais em duas regides com diferentes processos
evolutivos costeiros, progradacional e retrogradacional, bem como a DAS e os fluxos de micro,
macronutrientes e elementos trago associados.

Foi comprovada a interdisciplinaridade do estudo da DAS e a necessidade de
avaliacGes amplas que contemplem:

- a geologia da regido, uma vez que foram comprovados os efeitos dos
compartimentos geologicos sobre a DAS, onde variagdes de compactagdo, estrutura,
granulometria e descontinuidades (afloramentos, estuarios e unidades isolantes) produziram
DAS cerca de 15 vezes maior na regido progradante do que na retrogradante;

- a meteorologia local, que influencia no processo de recarga de aguas subterraneas e
de mananciais superficiais, é submetida aos efeitos temporais que atuam de forma tdo intensa
resultando em uma DAS de, aproximadamente, 10 vezes maior entre o verdo influenciado pelo
ENSO e o verdo subsequente, dominado pelo LNSO;

- a quimica dos tracadores radioativos, uma vez que este trabalho evidenciou a
pertinéncia do uso do 22Rn, bem como reconhece a contribuicdo de outros isétopos e
metodologias, sempre considerando a regido de estudo e o que se quer responder;

- a hidroquimica da DAS, tendo sido evidenciada neste trabalho a sua expressividade,
seus efeitos e variacfes da DAS nos diferentes compartimentos analisados, refletindo ambientes
sobre dominio de processos biogeoquimicos diversos;

- a produtividade biolégica suportada pela DAS e os efeitos oceanograficos mundiais,
em vista dos expressivos fluxos ja mencionados e as consequéncias positivas sobre a producgdo
primaria, secundéria e os ecossistemas associados;

- a hidrologia da regido, conhecida mais extensivamente por este estudo, inclusive
indicando que a DAS responde por 20 % do volume de corpos hidricos continentais (lagoas e
rios) na regido a CNRS, bem como por uma descarga costeira expressiva, que se assimila a
cerca de 1%, 6% e 19 % DAS calculadas para a Laguna dos Patos, Lagoa Mangueira e
Estuario Tramandai, respectivamente, reconhecidos mananciais superficiais.

Fica, assim, evidenciada a influéncia decisiva da geologia entre 0os compartimentos
superficial e subterrdneo na CNRS, regido diversa, importante e possivelmente Unica, que é um
“driving force” da DAS, com grau de importancia semelhante aos efeitos climatoldgicos de

grande escala, como ENSO e LNSO.
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