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RESUMO

O entendimento do transporte de contaminantes iguparficie € uma
das questbes cientificas mais relevantes das §ltirdécadas.
Derramamentos acidentais de produtos podem diss@vénfiltrar
rapidamente na zona vadosa e, ao atingir o aquifgseesentar um risco
para os recursos hidricos. O ambiente subterrareragterizado por
heterogeneidades em diferentes escalas, forcadtegicas e estresses
antrépicos que determinam um campo de fluxo altéeneariavel. Ao
analisar o transporte, esta variabilidade pde uificuldade pratica na
compreensdo dos mecanismos ativos e constitui tamda incerteza na
analise das plumas. Dentro da situacdo descrifaresente trabalho
apresenta uma andlise dos fenbmenos que deternairfaro natural
subterraneo na escala de campo. Simultaneamesd&)dp visa destacar
os efeitos deste fluxo variavel no transporte irfagde plumas de BTEX
e etanol. Por conseguinte, se demonstra que meekgidraulico local
representa uma informacédo central para a escolhtea®logias de
remediacdo ou planos de monitoramento nas aretangioiadas. O caso
de estudo, situado em um aquifero costeiro, é taizado por um lencol
freatico raso em um clima subtropical imido. Assirirabalho se destaca
por abranger um amplo conjunto de fatores na dgfindo campo de
fluxo natural, como: oscilacéo periédica de mati#agdo dos canais de
drenagem, variacéo de infiltracdo e recarga, iotexdo hidraulica das
areas alagadas e das lentes suspensas. De undpmigta metodologico
se integram a revisao critica de bancos de dadtdriabs, a coleta de
novas informacfes de campo, e 0 uso de ferramentagricas na
compreensdo conceitual da hidrogeologia regiorgdspeculiaridades
da circulacdo subterrdnea na escala local. A aberdaestatistica
proposta nas analises permite gerenciar e comelaciuma elevada
quantidade de dados. Os resultados confirmam addexariabilidade do
fluxo no tempo e no espago, destacam 0 processecdega como a
principal forcante na flutuacdo do lencol freacmostram como o nivel
hidraulico dos receptores impacta o perfil do l¢figgatico. Sobretudo o
reticulo de drenagem superficial, ao se ativageralipor completo o
campo de escoamento local, e representa um tefevange no balanco
hidrico da planicie. Ao mesmo tempo, a migracacegratiacdo das
plumas de BTEX resultam determinadas pelo contdédtianol na fonte
e pelo regime de fluxo local. A analise dos ced&sidas plumas nos
experimentos de campo revela uma componente Jeniic&ransporte
gue precisa ser considerada no gerenciamento ae @ataminadas. As
principais incertezas nas elaboracdes apresentstis relacionadas a



falta de caracterizacdo detalhada das heterogelesidgeoldgicas do
meio poroso. Concluindo, a importancia desta pesgsé deve a sua
duplice utilidade: de um lado destacar metodologiaplicacdes inéditas
para a ciéncia (teoria), e por outro descreverge®ms importantes para
tomada de decisdes em areas contaminadas (pratica).

Palavras-chave: Areas contaminadas, BTEX, FEFLOW, flutuacdes
carga hidraulica, fluxo local



ABSTRACT

The understanding of contaminant transport mechanisn the
subsurface represented, in the last decades,antlissue for scientific
community. Accidental spills of products can quickdissolve and
infiltrate the vadose zone and, upon reaching anfe they pose a risk
to water resources. The subsoil environment is adtarized by
heterogeneities at different scales, transient digdical and
anthropogenic stresses of various types that deterenhighly variable
natural flow field. When analyzing solute transpints variability poses
a practical difficulty in understanding the actimechanisms at different
scales, by the non-scalability of the parameteedu® describe the
problem, and constitutes a factor of uncertaintyhi@ plume analysis.
Thus, the present work focus on analyzing the npdienomena that
determine natural groundwater flow at field scélethe same time, this
study aims to highlight the impacts of this varafibw on the transport
of BTEX and ethanol plumes, demonstrating how thdeustanding of
the local hydraulic regime represents a centrarmétion for the choice
of remediation technologies or monitoring plansamtaminated areas.
The case study is located in a coastal aquiferackerized by shallow
water table and subject to humid subtropical clendthus, the work
stands out as covering a wide range of factorhéndefinition of the
natural flow field, such as periodic tidal osciltat, activation of drainage
channels, variation of infiltration and recharggdtaulic interconnection
of flooded areas and suspended lenses. The ppppeoach integrates
critical review of historical databases, collectaimew field information,
and application of numerical tools in the developmef a regional
conceptual model that explains the peculiaritiestiad groundwater
circulation occurring at local scale. The resu(ts:confirmed the high
spatiotemporal variability of groundwater flow hetsite, (ii) highlighted
recharge process as the main force in the watkr fialctuation, and (iii)
showed how the hydraulic level of the surface remap(i.e. sea, river)
affects water-table shape. Surface drain networkenw activated,
completely changes the local flow field, represamth factor worthy of
greater attention in future works. Migration andydelation of BTEX
compounds are controlled by ethanol content ingterce and local
hydraulic regime. In addition, the analysis of pkioentroids in the field
experiments showed a relevant vertical componeat #hould be
considered in the management of contaminated ar€as. major
uncertainties in the analysis are related to thek laf detailed
characterization of the geological heterogeneitfethe porous medium.



Overall, the research have a twofold utility: (ighlighting new methods
for science to understand dissolved contaminantthénenvironment
(theory), and (2) describing active processes imarinated areas to
support decision—makers and governmental entpiesc(ical).

Keywords: Contaminated sites, BTEX, FEFLOW, water-table leve
fluctuations, local flow
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1 INTRODUGAO

A gquestdo da contaminacdo do solo e das aguasrréulgstas €
objeto de grande preocupacdo nas Ultimas décadasauBa desta
preocupacao é que a maioria dos recursos hidred®a qualidade em
estado liquido no planeta é proveniente de &agudsersaneas.
Mundialmente, o abastecimento para consumo humagpende
predominantemente dos aquiferos, sendo que emsmeag@es até 99%
da populacéo é abastecida por reservas de aguasrdnbas (WILSON
et al.,, 2013). Assim, eventuais contaminacdes do se traduzem
diretamente em graves riscos para a salide pUbkoalo como objetivo
minimizar os danos a populacéo e ao ambiente casiggda existéncia
de areas contaminadas, os 6rgaos que possuelmacginide administrar
os problemas ambientais, devem desenvolver solugiEassegurem o
conhecimento das caracteristicas e dos efeitoscdataminacoes, a
aplicacdo de instrumentos necessarios a tomadeaiid e a definicao
de medidas e niveis de intervencdo adequados (CETEHSG). Nos
EUA e na Europa as pesquisas sobre transporte rdantimantes em
ambiente subterr@neo comegaram nos anos 60 e M0a cefinicdo de
conceitos gerais do transporte em meio poroso calispersao
hidrodinamica, frente da pluma e tempo de chegaé&EEN et al. 1970;
BACHMAT; BEAR, 1964; NELSON et al. 1978). No Brasdl atengéo
as questdes ambientais cresceu na década de 86 2020, culminando
em 2009 na Resolu¢cdo CONAMA 420, que determinaadidade do solo
em relagdo a presenca de substancias quimicas (BIANKRO, 2009).

Apesar das fontes poluidoras dos aquiferos estdéigadas a
distintas atividades produtivas (GROUNDWATER FOUNDAN,
2018), neste trabalho foi considerado exclusivaemergetor de petréleo
e derivados devido & crescente demanda de comiissfiisseis e
biocombustiveis. Uma vasta literatura foi produzdare derivados do
petréleo e compostos adicionados nos combustiireiestigando as
possiveis interagdes reciprocas e os principaitoefeo meio ambiente
(CORSEUIL et al., 1998; POWERS et al., 2001; D’ARNSEECA et al.
2008). Particular atencdo foi destinada a contagdimados recursos
hidricos devida ao derramamento de combustiveisraiivos (gasolina,
diesel), compostos organicos mdveis, persistente®xieos. Tais
produtos sao retidos no solo em fase livre (CONAAZA, 2009), sendo
conhecidos como “Light Non-Aqueous Phase LiquitiAPLs) porque
apresentam densidades menores da agua. Visto i@zaaileosa (alta
viscosidade) os LNAPLs migram com dificuldade adsawlos poros,
filtrando verticalmente na zona vadosa como fase.liAo atingir o
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lencol freatico se espalham horizontalmente, demdorirregular,
flutuando na parte superior do aquifero e sofreadoprocessos de
volatilizacdo e dissolu¢do na 4gua subterraneamiss derramamentos
de LNAPLs configuram efeitos negativos para a sagii® pelo contato
direto, como pela transferéncia e migracéo de semponentes sollveis
e volateis (KAO; WANG, 2001; MCCRAY et al. 2011; BRY et al.,
2002). Dentre os compostos organicos procedentesleiltamamentos
de LNAPLs, os hidrocarbonetos monoaromaticos (Bemz@ olueno,
Etilbenzeno e Xilenos - BTEX) e os hidrocarbonemdiciclicos
aromaticos (HPA) sdo os mais amplamente estudadibes grincipal
interesse ambiental, pois possuem maior solubiidath agua, sdo
recalcitrantes e carcinogénicos (SCHIRMER; BUTLERQO4;
LAPINSKIENE; MARTINKUS; REB DAITE, 2006). Recentemse, o
etanol e biodiesel vém recebendo mais atencaoifatanpor serem
adicionados em percentagens cada vez maiores nmdmistiveis foésseis
e por impactar o comportamento dos hidrocarbonatosnaticos no
ambiente. Por exemplo, no Brasil, atualmente, lo@raatoriedade de
adicao de 10% de biodiesel ao diesel comercial2¥#ede etanol anidro
a gasolina (ANP-BMQP, 2018).

Os problemas de vazamentos de LNAPLs em ambiente
subterrdneo decorrem principalmente de falhas ristenwms de
armazenamento e distribuicdo de combustiveis, assimo dos pocos de
extracdo e das linhas de distribuicdo do 6leo (HBSMEKINS;
COZZARELLI, 2015). Portanto, fontes potenciais dataminacdo dos
recursos hidricos encontram-se distribuidas emadéaitorio, desde o0s
terminais aquaviarios e petroquimicos nas area®icas que possuem
tanques de armazenamento superficial, até os redergs varejistas de
combustiveis (postos de abastecimento) que usaqudanenterrados
permanentemente. A maioria destes tanques softenafizidente ou
ruptura ao longo de sua vida (til, resultando emagdeamentos pontuais
de combustiveis. Em inglés se usa o acronimo LUSTEaking
underground storage tanks”) para indicar este proal As reservas mais
expostas a este tipo de contaminacao sédo os ampufféo confinados e
superficiais, geralmente em contato com a zonaszadodo saturada),
local onde estes tanques estdo instalados. Nos Hdfina-se a
existéncia de 111.583 revendedores varejistas (E$SUS BUREAU,
2014) com cerca de 600.000 tanques de armazenaswterraneo de
combustiveis e 528.521 vazamentos confirmados estamos de 1988 e
2015 (USEPA, 2016). Do ponto de vista de recurfarsdos de interesse,
estima-se que aproximadamente o 50% de toda aggduube EUA se
encontra exposta a risco potencial de contaminggdo causa de
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vazamentos subterraneos de tanques. Esta peraergage até 99% nas
areas rurais, onde o abastecimento de agua p@arselpopulacdo vem
exclusivamente de reservas subterrdneas (NADIM,&xG00; WILSON
etal., 2013). No Brasil, somente no estado de”a&do foram 5.942 areas
contaminadas desde o ano de 2002 até 2017, cor8 dcatréncias
ligadas a combustiveis automotivos, e destas, 4et84postos de
combustivel (CETESB-RAC, 2017). Apesar da faltauhe registro
detalhado das areas contaminadas a nivel nacemalpdo o pais sao
40.266 os revendedores varejistas de combustiegiglds (ANP-BG,
2015) e cada um destes possui varios tanques utgtes de 15 a 60 m2.
Adicionalmente, os terminais de distribuicdo apmem® riscos néo
despreziveis para os recursos hidricos e parala saifnana, levando em
consideracdo a probabilidade de ocorréncias dadamentos (mesmo
gue menores), mas valores expostos e possiveis dansideravelmente
maiores. Considera-se que, o terminal maritimo fdnie Alves Camara
(TEMADRE), segundo terminal mais importante da ¢tetis no Brasil,
tem uma capacidade instalada de armazenamento @& &ktool,
petréleo e derivados da ordem de 500.000 m3, dd wamaram,
respectivamente, cerca de 48.000 L de petréleo BQRGE et al., 2000)
e 2.500 L de 6leo para a Bahia de Todos os Samdssanos de 1992 e
2009. Além disso, derramamentos superficiais emagés, terminais e
industrias podem contaminar diretamente o mar firém no subsolo,
na zona nao saturada, atingindo o lencol freatdiesmlvendo compostos
téxicos nos aquiferos costeiros.

Quando ocorre um derramamento de alguma substamaiaeros
sd0 0s processos de particdo e migracdo ambieméalogorrem em
funcdo das condicdes e da afinidade quimica dospestms. Estas
interacdes determinam o destino final do polueatsim como os
possiveis impactos ambientais (MULLIGAN; YONG, 2D(Bm caso de
vazamento de combustiveis, 0s compostos organieosnevem e
degradam em ambiente subterrdneo na presenca dadédnteragindo
entre eles, influenciados por diversos processtmdsferéncia de massa
(ex. volatilizagdo, dissolugdo, sorgdo), transpo(ex. adveccao,
disperséo, difusdo), transformacgfes quimicas édiitds (SCHIRMER;
BUTLER, 2004). Tais fendbmenos dependem das praguatiesi quimicas
dos compostos, do campo de fluxo e escoamentopdds;bes presentes
no local e da escala espacial considerada no estiadentanto, mesmo
na presencga de substancias pouco sollveis, commdrasarbonetos do
petréleo, a dissolucdo € o processo que contrdlaresferéncia dos
poluentes no meio aquoso, tendo um importanteoefgibre a escala
temporal da contaminacdao (ZHU; SYKES, 2000; HAGGERAt al.
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2004). Somente depois que os componentes estaasentiduida que se
ativam os mecanismos de transporte e degradacadgamente ditos. Em
misturas complexas, o processo de dissolucdo éemflado pela
interacdo reciproca dos compostos. Assim, a prasengunta de etanol
e gasolina gera um efeito de cossolvéncia que aamervalor de
solubilidade dos BTEX, dado pela Lei de Raoult (SBRIL;
FERNANDES, 1999; POWERS et al.,, 2001). Uma vezaolisdos e
disponibilizados em fase liquida na &gua subteasdne compostos
migram em forma de plumas em funcdo do campo de flocal.
Contudo, sao varios 0s processos que ocorrem sinezinente no
ambiente subterraneo e que podem influenciar adigies especificas
de fluxo, agindo no transporte e degradacéo dast&nubas dissolvidas.
Portanto, fenbmenos ativos a uma escala maiorofragou de bacia)
podem impactar o comportamento dos compostos nhasas ar
contaminadas, modificando o campo de fluxo. EstHieragdes,
observadas na préatica como irregularidades na gdigralas plumas,
podem ndo encontrar uma explicacdo se estudadosimanperspectiva
exclusivamente local, alimentando assim o campo idasrtezas.
Impulsionadas por um fluxo irregular e variavelphismas de solutos
impactam areas distantes das fontes de LNAPL, emagsultar em
contaminacdes de aguas de reservas superficiaiderisineas (RIVETT;
FEENSTRA; CHERRY, 2001; MACKAY et al. 2006). Portajvisando
um entendimento pleno do deslocamento das plumaeseriscos
associados é preciso estudar os mecanismos quenthete as alteracdes
globais e locais do campo de fluxo. Ao mesmo terrgsylta imperativo
avaliar o efeito da variagdo do fluxo no transpors meios porosos,
descrito pela equacdo de adveccdo e dispersdo (BORRICKY;
NAFF, 1994; BARRY et al., 2002).

Ao tratar o aquifero como um corpo Unico, é possieénir um
balanco hidrico regional que descreva a varialdkdalo volume
armazenado no tempo, e portanto, da carga hidaéeticsua totalidade.
Este balanco sera definido pelos aportes positieosecarga devido a
infiltracdo da chuva e dos fluxos entrantes, eafmrtes negativos dos
fluxos pontuais saindo (bombeamentos, drenancee dpdcias), da
evapotranspiracdo e do fluxo basal (volume drerzelos receptores
superficiais) (HEALY; COOK, 2002). Um enfoque deciaapermite,
portanto, individualizar os processos hidrologicpe sdo as causas
principais da modificacdo da superficie potencioitgétna escala local.
Assim, se fornecem mais ferramentas conceituags@antendimento do
comportamento das plumas de contaminantes obsemadeaampo.
Contudo, nos aquiferos ndo confinados, as intesagdge as forcantes
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hidrolégicas as diferentes escalas e a disposigaéeguiar das
heterogeneidades geoldgicas determinam oscilagiesis| do nivel
fredtico, resultando em um fluxo subterraneo altameariavel no tempo
e no espaco (GOODE; KONIKOW, 1990; DENTZ; CARRERAQS).
Estas condi¢cdes determinam modifica¢des transitd@#s velocidades
das aguas subterraneas (WALKER et al. 2015; MASESETIl. 2016),
dos gradientes hidraulicos naturais (SINGH; RAI; NRANA, 1991;
CUTHBERT 2010), e das dire¢cdes de escoamento I¢paisl DER
KAMP; HAYASHI, 2009; OOSTERWOUD et al. 2017). Pa@so, as
bacias costeiras e as areas estuarinas em cliopisais apresentam um
campo de fluxo complexo de se analisar. Lencoitifres geralmente
rasos e condigBes de contorno oscilatérias devidefaito da maré
determinam flutuagbes e irregularidade na superficitenciométrica.
(ATAIE-ASHTIANI; VOLKER; LOCKINGTON, 2001; MAO et &
2006; COLOMBANI et al. 2016). De fato as interacOoestre a
distribui¢&o irregular das forgantes climaticaén#tada profundidade do
lencol freatico e os nivel flutuantes dos corpasibds superficiais geram
variacdes no tempo e no espaco das condicdes e qsimado o
balanco hidrico do aquifero (POOL; POST; SIMMONS1%). Estes
ambientes dificultam a definicdo de um fluxo sutdteeo univoco nas
areas contaminadas, determinando um campo comgéxescoamento
local e resultando em incertezas nas predi¢cdesdsgorte.

As incertezas estéo principalmente relacionadageracdes entre
as escalas dos processos investigados, tanto agoegpanto no tempo
(KITANIDIS, 2015). De fato a explicagdo conceitulals fenbmenos de
fluxo e transporte é definida em um meio “continugd escala
microscopica (BEAR; CHENG, 2010). As formulac6escroacépicas
usadas na pratica representam médias de efeitogrvalies
experimentalmente. Como lembrado por Molz (20f5glquer fluido
em movimento apresenta somente advecc¢ao e difsis@do 0 processo
de disperséo um artefato conceitual para explicaronfbuxo em meios
porosos. A presenca do coeficiente disperséo hitkiodca na equacéo
de adveccdo-dispersdo se deve a nossa incapaddadzonstruir as
irregularidades do campo de velocidade real enstadascalas (MOLZ,
2015). A nivel metodoldgico, a escalabilidade darsimetros de controle
do problema de fluxo e transporte (ex. condutivéidaudraulica,
dispersividade, coeficiente de degradacéo) dificaltcompreenséo dos
fendmenos de forma geral (ESSAID; BEKINS; COZZAREL2015). E
necessaria atenta reflexdo nas etapas que levate @esormulacao
matematica do meio poroso ideal, até a estimatos phrametros
macroscopicos em colunas de laboratério ou na asgal campo
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(KITANIDIS, 2015). A mesma caracterizagdo de cardps parametros
parece ter uma dependéncia da escala espacialetgigacdo (SEBOK
et al. 2015).

As incongruéncias nas escalas temporais das fecant
hidroldgicas (horas, dias), das respostas hid&ilgo aquifero (dias,
semanas) e do consequente transporte de contassn@lifs, anos)
geram também confusédo na préatica de monitoramestiedémenos. Por
exemplo, o tempo de resposta do lencol freaticoma avento de
precipitacdo depende do processo de infiltracde, mppr sua vez se
relaciona as caracteristicas e condi¢bes da zalwsadex. conteldo de
agua, porosidade efetiva), e a distancia entrdexqug superficie. O tipo
de resposta no tempo define as condi¢cbes de flsgecéficas para o
transporte no aquifero, cujo resultado € influaetwidambém pelas
propriedades fisico-quimicas de produtos, agua &izangeoldgica.
Portanto, a evolugao das plumas de contaminamtetgreno de variacao
de concentrag¢des, ndo apresenta a mesma escal@akdgs forcantes
hidraulicas (HAGGERTY et al. 2004; DE LOUW et aQ12). Misturas
complexas de substancias, isotopos, tracadoresatdais e perfis
continuos de temperatura podem ser empregadosigfama a escala de
tempo dos fenébmenos de fluxo e transporte (COOKREEEG, 2000;
BRUNNER et al. 2017). Porém, na pratica de geremeidgo de areas
contaminadas € mais comum recorrer a informagcbedupis de
concentragdo e carga hidraulica. Estas medidasnidsteas sao
intrinsecamente inapropriadas para descrever adipiagl escalas
temporais dos problemas tratados.

Para lidar com a complexidade dos mecanismos ralacsie
campo é cada vez mais comum basear a predicdcadsparte, e a
subsequente escolha da tecnologia de remediacdo, medelos
numeéricos. Tais modelos representam uma descrig@mceitual
aproximada dos sistemas reais, que tomam a formandeformulacao
matematica e podem ser resolvidos por meio dedspétsimplificativas
claras (ANDERSON; WOESSNER; HUNT, 2015). Atravésstds
ferramentas, por meio de simulagdes e cenariossgiyel: (a) integrar
dados de campo insuficientes, (b) determinar assassiveis onde
concentrar campanhas de medicdes, (c) validar medeinceituais, (d)
produzir estimativas com um determinado grau dertaza, (e) montar
previsdes hipotéticas dos comportamentos futurdsAM 2018). Por
isso, a modelagem numérica tornou-se uma metodologiortante no
apoio aos processos de planejamento e na tomadiecdes na gestao
dos recursos ambientais (BEAR; CHENG, 2010). Nocgseo de
identificacé@o e gerenciamento de areas contamin&ksS), os modelos
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de fluxo subterraneo fornecem um apoio analitioa acompreensao
preventiva dos mecanismos ativos, e para o conteolgosteriorf da
qualidade das éaguas subterraneas (ASTM D5447-08;:2065TM
D5609-16:2016; ASTM D5490-93:2014-e1; ASTM D59812088).

No Brasil, as normas para definicdo dos passivobiantais,
inspiradas no manual de gerenciamento de &reamnimridas da
CETESB (CETESB-MGAC, 2001), prescrevem 0 uso de etosd
numeéricos somente na fase do prognostico ambiemtalfinal da etapa
da investigacéo detalhada, e sem muito detalhantastaaracteristicas
destes modelos de fluxo e transporte (ABNT NBR B532013). A
modelagem ainda ndo estad incluida como praticadiena de
planejamento e projeto de areas contaminadas desdefases iniciais,
nem no gerenciamento preventivo do risco das &gpestas. Além
disso, nota-se que falta na normativa um entendonerplicito da
importancia das escalas dos fendmenos de fluxaidas no modelo
numerico de transporte “para simular se as coregigs atingirdo
receptores em um determinado tempo”.

Tendo em vista a relevancia do problema de contagéim e a
complexidade dos mecanismos de fluxo e transpdrde.inGmeras
pesquisas que investigam o0s processos de migragaongelhorar as
previsdes do comportamento dos combustiveis emaedeacampo A
maioria dos estudos foca nos efeitos das hetermgatess geoldgicas
sobre o espalhamento irregular das plumas (MOIlaL €2006; FIORI et
al., 2015; SUDICKY:; ILLMAN, 2011). Entretanto, poaiatencao foi
dedicada a influéncia dos transientes hidraulitais €omo infiltragéo,
recarga, descarga) na migracdo de substanciadvdissonas aguas
subterraneas, sobretudo na escala de campo (SCHRRMIERAI. 2001;
DAVIS et al., 1999). Porém, somente com a caraae#io conjunta
destes dois fatores de variabilidade em respodtargantes climaticas é
possivel ter um entendimento pleno do fluxo natardb transporte na
escala de campo (DENTZ; CARRERA, 2005; POOL; POST,;
SIMMONS, 2015; POOL; DENTZ, 2018). Caracterizacdes
hidrogeoldgicas com inadequada resolugéo e abreigéanto espacial
como temporal, podem levar a definicdo errada dasigdades do fluxo,
propiciando planos de monitoramento, estratégiascaletencdo e
tecnologia de remediacdo ndo eficazes (SOGA; PAGE;
ILLANGASEKARE, 2004). Por esta razdo é importantsehvolver
experimentos de campo em dareas multidisciplinassgjipadas e
caracterizadas detalhadamente, favorecendo a aag@oube extensas
bases de dados sobre os processos de fluxo edremspara tratar a
complexidade do meio ambiente, os estudos de cadgiam geralmente
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assuncdes sobre subsolo e condicbes de fluxo, ctahdsotropia e
homogeneidade do meio, (b) campo de fluxo estadmnéc) lencol
fredtico estatico, (d) auséncia de interacdes temepaquifero, (e)
caracterizacdo hidrogeoldgica com limitada abracigérespacial e
temporal. Estas aproximacfes faciltam a abordagemceitual e
matematica, mas geram incertezas nos resultadbs. destacar que em
casos de grande variabilidade do campo de fluxe hipéteses podem
comprometer o entendimento geral do problema eragspes sobre
migragéo das plumas.

O REMA (Nucleo Ressacada de Pesquisas em Meio Awtedje
pertencente ao Centro Tecnoldgico (CTC) da UFSDatha desde 1996
na Fazenda Experimental da Ressacada (Florianpfgdlis Brasil) em
parceria com a Petrobras, desenvolvendo experimestio escala de
campo e modelos matematicos sobre o comportamestd.JAPL no
subsolo e a migracao das plumas de compostos fife@{CORSEUIL
et al., 2011; CORSEUIL et al. 2015; RAMOS et all@0OFEDRIZZI et
al., 2016). Estes experimentos tratam-se de demami@s subterrdneos
monitorados que replicam na escala de campo vazamacidentais de
combustiveis. No entanto, as condi¢cdes de contbestes experimentos
sdo mais definidas em comparacéo aos derramanreaissA evolucao
das plumas é monitorada por meio de pogcos muligimstalados ao
longo da dire¢@o principal de escoamento subtesrdNe fonte sdo
aplicados tragcadores conservativos e misturas mbustiveis (fosseis e
biocombustiveis) para testar as interacées entrduprs no ambiente
natural. Para o desenvolvimento destes estudosfommstruidas 11
areas experimentais, 55 piezbmetros, 504 pocos aleitaramento
multinivel e mais de 20.000 amostras de agua sabtsa foram coletadas
e analisadas ao longo de 20 anos. A base tedsica gste tipo de
experimentos foi desenvolvida nas experiénciasada ilitar de Borden
em Ontario, Canada (ROBERTS; GOLTZ; MACKAY, 1986ARKAY
et al. 1986; FREYBERG 1986), no campo experimatgaCape Cod em
Massachusetts, EUA (GARABEDIAN et al. 1991; LEBLANS al.,
1991, HESS; WOLF; CELIA, 1992), e nos experimentds
macrodispersdo (MADE) na base aérea de Columbudississippi,
EUA (BOGGS et al., 1992; REHFELDT; BOGGS; GELHAR)9?;
BOGGS; ADAMS, 1992).

Cabe salientar que, diferentemente dos trabalhsengelvidos
nos EUA, Australia e Canada, os experimentos dadeasa integram as
peculiaridades do clima subtropical imido na migoceg degradacéo dos
compostos. Este clima apresenta chuvas intensasareadamente
variaveis durante todo o ano (MCKNIGHT, HESS, 20@®)denciando
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a importancia dos fendbmenos hidraulicos transigbridma abordagem
estacionaria na definicdo do lencol freatico eadaacteristicas do fluxo
subterraneo (CHIARANDA, 2011; FERNANDES, 2002; CQ@ST
2008), pode, nestes casos, comprometer o0 entenmimeio
comportamento dos contaminantes no subsolo. De fateegime
pluviométrico na Fazenda demonstrou ter diretai@mitia nas rapidas
variagdes do lencol freatico (SCHNEIDER, 2005).ikssas provaveis
implicagbes no espalhamento e migracdo dos congasigerem a
necessidade de um enfoque mais amplo e complete sslmecanismos
de fluxo na area (LAGE, 2005).

Além disso, a area de estudo tem uma importamizieatal e
socioeconémica relevante para toda a regido. Sitnadbacia do Rio
Tavares, a segunda mais extensa da llha de Sataan@acontém trés
unidades de conservacdo que abrigam duas grarekes \é@rdes e um
manancial de agua doce (IBGE, 2010; CEDAP/EPAGRI52. A
elevada pressédo antropica no distrito e a presémgidbras de interesse
estratégico (ex. Aeroporto Internacional, Base tamji alteram os
fenbmenos naturais de infiltracdo e fluxo subtexcamMeste quadro, um
modelo conceitual dos fenémenos de escoamentodita tegpresentaria
uma ferramenta valiosa de previséo, tutela e gestétoda a regido, e
ajudaria na interpretacéo do transporte local dosacninantes liberados
nos experimentos do REMA.

Neste contexto, este estudo apresenta uma revitida dos dados
produzidos pelo REMA em 20 anos de monitoramentboeso aquifero
da Ressacada, visando a constru¢cdo de um modekeit@l da
circulacéo subsuperficial na regido. A caractefipaga regido € definida
a partir da consolidacéo de informacg@es histérjoasy as campanhas de
medicdo integrativas e a verificacdo das redes daitoramento
presentes. A andlise dos dados é associada aovdismento de
experimentos numéricos de fluxo e transporte erarelites escalas,
empregados para validar a compreensdo dos prodassogeoldgicos,
verificar e integrar os dados de campo, e acompamttanstrucdo do
modelo conceitual definitivo do aquifero.

O trabalho tem como finalidade avaliar a influérdiaregime de
fluxo natural na migragdo subterrdnea dos composissolvidos,
procedentes de derramamentos de gasolina e ef@saxperimentos de
campo da Ressacada, que representam os casotude especificos,
estdo localizados em uma regido costeira de climrapical umido
caracterizada por um aquifero raso, um denso letide canais de
drenagem e amplas areas alagadas de mangue. aathitrodinamica
subterrdnea resulta bastante variavel no tempo espaco. Este fato
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permite investigar as causas que determinam o ddvieincol freatico na
Fazenda da Ressacada, assim como as velocidadés kx direcdes e
os gradientes hidraulicos. Todos estes fatoresdtapaa migracao dos
contaminantes dissolvidos no aquifero. Para evitaa caracterizacédo
parcial dos mecanismos, o enfoque a nivel espai@akde do regional,
onde se aplicam as for¢cantes e se desenvolvensfasstas da bacia, ao
local (areas experimentais) onde a migracdo dasgduacontece. As
escalas temporais consideradas na analise saplasiitiliaria, sazonal,
anual, plurianual e por evento). O trabalho seagespor abranger um
amplo conjunto de fatores na definicdo do campftuste natural, como:
oscilacdo periddica de maré, variacdo de infillvag&ecarga, ativacéo
dos canais de drenagem, interconexéo hidraulicargas alagadas e das
lentes suspensas. Finalmente, além das contrilsuiglie caracter
cientifico geral, outro objetivo é juntar, orgamizeerificar e consolidar
dados e conhecimento da hidrogeologia da regidoa parnecer
ferramentas de enquadramento hidrogeolégico pdtdwas pesquisas.

Cabe salientar que pelas finalidades do presetialtro os termos
“granular” e “poroso” sdo usados como sindnimos adicar a natureza
solta do meio geoldgico, composto por graos desorigedimentar. Da
mesma forma, tendo exclusivamente como foco odexqsilivres que
apresentam lencais freaticos rasos, os termoscméfmado”, “costeiro”,
“livre” ou “raso”, referentes aos corpos hidricosib®rraneos,
representam sinbnimos no texto.

1.1 HIPOTESES

Para desenvolvimento do trabalho de pesquisa fi@stekes
principais foram formuladas.

As variacbes das forcantes hidrolégicas influencensarga
hidraulica do lencol freatico no tempo e no espasta hipotese
é verificada com base no monitoramento hidrométritzo
Fazenda Experimental da Ressacada, nas sériesmktvicas
plurianuais do Aeroporto Hercilio Luz e no conjuddados do
marégrafo do EPAGRI/CIRAM na Baia Sul.

As variagbes do potencial hidraulico do lencol tiea das
velocidades e das dire¢cdes do fluxo subterrandaeimfiam
diretamente a migragao das plumas de compostosioogaEsta
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hipotese é verificada a partir dos mdltiplos experitos de
liberacdo controlada da Fazenda Experimental dadRada.

A migracdo e atenuacdo das plumas em condi¢cbesuxie f
estacionario e transiente resultam divergentes efdito das
simplificagBes introduzidas no regime de escoamsintalado.
A hip6tese é verificada a partir de experimentosénicos
desenvolvidos em FEFLOW sobre experimentos de catapo
Fazenda Experimental da Ressacada.

1.2 OBJETIVOS
1.2.1 Objetivo geral

Este trabalho tem como objetivo geral definir arddthamica
subterranea no aquifero da Ressacada destacandoef&tos no
transporte de compostos organicos em areas comdasrpor misturas
de gasolina e etanol.

1.2.2 Objetivos especificos
Os objetivos especificos deste estudo sdo:

OBJETIVO 1: Avaliar a variabilidade dos processege&carga
e descarga como componentes do balanco hidricquiteeo.

OBJETIVO 2: Estimar as incertezas ligadas aos gsme
transientes na definicdo do campo de fluxo local.

OBJETIVO 3: Avaliar a influéncia das variagbes @tocidade

da éagua subterrdnea na migracdo dos BTEX em areas
contaminadas com gasolina, na presenca de difsrauees de
etanol.

OBJETIVO 4: Construir um modelo conceitual da dacéo
hidrica subterranea na regido da Ressacada e dWosdaos
ativos nas diferentes escalas.
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2 ESTRUTURA METODOLOGICA DA DISSERTACAO

Conforme os obijetivos especificados, o trabalhaésenvolvido
por etapas independentes, que analisaram aspéetes do problema.
De fato, para identificar e descrever as relacige @ hidrodinamica do
fluxo subterraneo e o transporte de compostos mgsmem fase aquosa
foi necessario avaliar o balanco hidrico do aqaifer entender os
mecanismos ativos sobre o campo de fluxo local.ddelo conceitual
hidrogeoldgico da planicie construido nesta peaqpievé forcantes
hidrolégicas e condi¢des de contorno flutuantegstala regional que,
interagindo com as heterogeneidades na escalatogdificam o campo
de fluxo no tempo e no espago e a migracdo dos astop nas areas
experimentais. No especifico, a ocorréncia e vdidable de quatro
mecanismos caracterizaram fortemente o campo e éw balanco do
aquifero costeiro da Ressacada (Fig.5). Trata-se(Ha flutuacéo
desuniforme do lencol freatico devido a recarga gumenta com a
distancia dos receptores superficiais; (2) atival@valas de drenagem
que altera a infiltracdo local; (3) variacdo do ehiwos receptores
superficiais que impacta as velocidades no subsolos volumes
descarregados pelo aquifero; (4) disposicdo ireeglds lentes de argila
que podem gerar erros e incertezas na leitura alogducarga hidraulica,
ou modificar o sentido de escoamento local. Partgrtmeiramente foi
necessario investigar o processo de recarga erdast@aquifero nestas
condicBes variaveis e compreender o efeito datagdeis de maré sobre
a carga do lencol freético. Em seguida, foi possienir o efeito destas
variagbes de fluxo no transporte de contaminante®stala local e
finalizar a construcdo do modelo conceitual de &smmto subsuperficial
na regido. Como mostrado no fluxograma do projeig.1), estas etapas
confluiram em cinco publicagbes, cujos resultadsaram atender os
quatro objetivos especificos da pesquisa. Portantoconformidade ao
desenvolvimento do trabalho, a estrutura da téaepeganizada em cinco
sec¢bes, na forma de artigos cientificos:

1. Embasamento tedrico e reviséo bibliografica (ARTIGO
2. Estudo da taxa de descarga natural do aquifero (BRQTD)

3. Avaliacdo da recarga vertical e das flutuacbes dmém
(ARTIGO 3)

4. Interacdo entre fluxo natural e transporte de coimantes em
aquiferos fredticos impactados com gasolina e ktano
(ARTIGOA4)
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5. Aplicacdo de experimentos numéricos para compreensa
conceitual da hidrogeologia regional (ARTIGO 5)

Figura 1 — Fluxograma completo do trabalho. Os slagbhem brancos (nimeros e
letras nos circulos) permitem o mapeamento do us® dhdos (inputs) nas
elaborag@es dos diferentes artigos, assim comodugéo de outputs.

EMBASAMENTO TEORICO E
ARTIGO 1 REVISAO BIBLIOGRAFICA

DADOS » . INPUTS CAMPANHAS
BRUTOS Areas Exp Fazenda DE MEDICOES
(Bancos de — _ INTEGRATIVAS

dados histdricos)
- REMA

. CCA

+ INFRAERO

* Slug Teste
« Caracterizagdo Rio

* Verificagdio

piezometros
+ EPAGRI/CIRAM = Dataloggers

em continuo
+ METAR/WMO/INMET

ini * Reativagéo redes

- IBGE Liomini monit. £
+ Mapas SDS = Réguas topograficas
+ Maps IPUF * Medigdo lengol

freatico

ANALISE, PROCESSAMENTO, MODELAGEM

¥

RESULTADOS

OBJETIVO 1 OBJETIVO 2 OBJETIVO 3 OBJETIVO 4

Cabe salientar que, a nivel metodoldgico, todosnpats para
elaboragBes numéricas e analises estatisticasvidbgdas no presente
trabalho foram gerados a partir de bancos de dadtdricos (Dados
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brutos - Fig.1) e medi¢cbes de campo (Campanhas ddicaes
integrativas - Fig.1).

Grande quantidade de informacdes histoéricas eniplastescalas
procedentes de diferentes fontes foram consolidadascessadas no
neste trabalho (ex. banco de dados do REMA, mamitento da Fazenda
do CCA, campanhas geotécnicas da INFRAERO, selssométricas
da Base Aérea, series de maré do EPAGRI/CIRAMjesEdados foram
subsequentemente organizados em geodatabases eémtargks, e estdo
atualmente disponiveis para futuras pesquisaseaa ¥ale destacar que
trabalhar com conjuntos de dados histéricos, dapmalmente ndo
organizados e padronizados, permite manter baixoasios da pesquisa.
Contudo, para que estes dados sejam usados corangané eficicia, se
requer um oneroso trabalho prévio de consolidag&oificacdo e
homologacédo. Neste caso, 25-30% do tempo totatajetp foi dedicado
a procura, verificagdo e consolidacdo de dado®rides. Tal etapa,
geralmente esquecida ou pouco valorizada nas pasguepresenta o
fundamento de qualquer avaliacdo bem-sucedida.

Além do uso de dados historicos, foram planejadizsenvolvidas
campanhas integrativas para caracterizacdo de cddmpa campanha
batimétrica descreveu o trecho do Ribeirdo da Fizeas proximidades
das é&reas experimentais. Nesta, foram reconstre@asecdes do leito
fluvial e medida a velocidade do rio com molineitdrdwlico & ultrassom
para caracterizar as condi¢cdes de contorno do 8ukterraneo (sistema
estuarino do Rio Tavares). Ainda, foram realizadizss campanhas de
teste de Slug para avaliar a condutividade hidtaulhas areas
experimentais em diferentes regimes sazonais. Amoéempo, seguiu-
se com 0 monitoramento manual da carga hidraulidaseparametros
fisico-quimicos do aquifero, uma vez verificadas casdicbes dos
piezémetros instalados na Fazenda da Ressacapag@usdetalhada dos
piezbmetros). Além disso, foram instaladas reddegiativas para
monitoramento do lencol freatico na Fazenda Expartal da Ressacada.
Se tratou de dois transdutores de pressdo comogdgéal para
monitoramento em continuo da carga hidraulicasr&@uas topograficas
para acompanhamento da ativacao da rede de dremagEazenda.

Subsequentemente, para integrar as informac¢Beardpoce 0s
dados histéricos em um modelo conceitual Unicaat® entendimento
dos fendmenos foi empregada a modelagem numéricadelbk
numericos e conceituais foram também usados neidir@mento das
investigacdes de campo para areas e parametrosemsiveis, visando
a otimizacdo constante dos recursos disponivejrojeto. Ao mesmo
tempo, devido ao grande nimero de dados a disposigéordagem para
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processamento e analise foi prevalentemente éis@tisssim, na analise
dos dados e no desenvolvimento do trabalho forapnegados diferentes
pacotes computacionais: FEFLOW (v7.1), PEST (vl16Ahaconda
(Python 2.7), Matlab (R2016a), Statistica (v8.0Yc@is (v10.1). O
FEFLOW (desenvolvido pela DHI) é um software comsdg na
simulagdo do campo de escoamento subsuperficith fesramenta
permite gerenciar e resolver as equacdes de flivemsporte para meios
porosos parcialmente saturados (DIERSCH, 2014)dd@em algoritmo
de resolugdo baseado no método dos elementossfifR&M), o
FEFLOW permite gerenciar dominios de geometria @digdes
complexa como a area de estudo da Ressacada.

Finaliza-se a estrutura metodoldgica do traballn ama breve
sintese dos artigos que constituem o corpo do:texto

1 - Embasamento teérico e revisdo bibliograficaTAFO 1): Esta
secdo apresenta o problema fisico de fluxo e toatesgm aquiferos
naturais na escala de campo. Descreve-se a forfutagtematica do
problema e os fenémenos fisicos considerados nes@égs. AO mesmo
tempo se apresentam as especificidades dos aguifévoes
caracterizados por um lencol freatico raso. Dewidiateracédo de fatores
tais como heterogeneidades geoldgicas ou periedieidos fendbmenos
e condi¢des hidraulicas, estes reservatorios da aguesentam uma
significativa variabilidade do campo de fluxo, @mrgspacial quanto
temporal. Neste contexto, desenvolve-se uma extersasao
bibliografica das irregularidades na migracdo dataminantes no
subsolo, e suas intera¢gdes com a hidrodinamicéudo $ubterraneo. O
objetivo principal desta primeira secdo é oriermafeitor sobre a
problemética de transporte de solutos em meiossperalestacando as
incertezas que podem ocorrer quando se tem um cdenfuxo variavel.
Visa-se também apresentar mecanismos e parameiiasdas nos outros
capitulos, criando um vocabulario compreensiveres@b temética. O
contedo desta secdo constitui um artigo submegi@a a revista
internacional Groundwater for sustainable developnient

Rama, F., Miotlinski, K., Solute transport in a spdially and temporally variable flow field
in porous media: A review. Groundwater for sustaindle development, (2019). Submitted
manuscript.

2 - Estudo da taxa de descarga natural do agy#&dIGO 2): O
capitulo apresenta uma extensa analise estatiskica taxas de
rebaixamento natural da carga hidraulica no aquifer Ressacada. Por
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meio desta abordagem se destaca a variabilidadeiabp temporal do
fendbmeno de descarga (componente do balanco hiddcaquifero),
propondo justificativas para os diferentes compoetstos dos
piezbmetros. De fato, a ocorréncia conjunta derdéat@antropogénicos
(ex. valas de drenagem, cobertura e uso do salajugais (ex. intensas
precipitacdes, flutuacdes de maré, heterogeneidgeekgicas) nesta
regido litoranea determina complexas interacdese estiperficie e
subsolo, resultando em variacdes da infiltrac&megularidades do perfil
hidraulico do aquifero. Os resultados apresentaastde rebaixamento
distintas em fungéo da condi¢do hidraulica do agoié da posi¢édo do
piezbmetro em relagdo aos receptores superfidiéds disso, o termo
de descarga (D) estimado e consolidado neste kagitutilizado na
aplicagdo do Water-Table Fluctuation Method (WTRygpestimar a
recarga do aquifero (Sec¢édo 3). O contelido desia segresenta o artigo
publicado na revista internacional International Journal of
Environmental Science and Developriem Setembro de 2017 (Fig.2).

Figura 2 — Detalhe da capa do artigo publicadoenista ‘International Journal of
Environmental Science and Developrient

International Journal of Environmental Science and Development, Vol. 8, No. 9, September 2017

Spatial and Temporal Analysis of Natural Drainage in the
Ressacada Aquifer (Florianopolis, Brazil)

Fabrizio Rama, Davide Franco, and Henry X. Corseuil

task

mes even more challenging in extreme climate and
zi

doi: 10.18178/ijesd 2017.8.9.1033

3 - Avaliacdo da recarga vertical e das flutuacdesmaré
(ARTIGO 3):

Esta secdo apresenta a analise detalhada da ptinoipponente
de entrada do balanco hidrico do aquifero da Radagcecarga). Neste
estudo, € abordada a variagdo da recarga (forghmtBuxo) e das
oscilag6es periddicas de maré (condi¢cdes de cajtaros efeitos sobre
as flutuacBes da carga hidraulica do aquifero. Esfeque pretende
destacar a importancia dos fendmenos transientesmaaterizacdo do
campo de fluxo subterraneo em um aquifero costdiraecarga é
estimada através de uma nova abordagem do métoflataacdo do
lencol freatico (WTF), desenvolvida nesta pesqpaa trabalhar com
séries descontinuas de cargas hidraulicas queeapses intervalo de
medicdo irregular (entre 1 e 15 dias). Em conttagmro efeito das
flutuagbes das marés sobre o0s niveis das aguasréueas é investigado
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por meio de um construtor de componentes harmanizosnteldo desta
secdo é composto pelo artigo publicado na revistarriacional
“Hydrogeology Journdlem Margo de 2018 (Fig.3).

Figura 3 - Detalhe do artigo publicado na revistgdrogeology Journal

b
Hydrogeology Journal (2018) 26:1887-1902 2 tz;zn

https://doi.org/10.1007/510040-018-1742-1

PAPER

Recharge estimation from discrete water-table datasets in a coastal
shallow aquifer in a humid subtropical climate

Fabrizio Rama" - Konrad Miotlinski' - Davide Franco' - Henry X. Corseuil'

Received: 10 October 2017 /Accepted: 30 January 2018 /Published online: 5 March 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

4 - Interacdo entre fluxo natural e transporteatdaminantes em
aquiferos freaticos impactados com gasolina e E(ARTIGO 4):

A partir do entendimento da variabilidade dos pssos que
veiculam o fluxo subterrdneo na Ressacada (Segh8)2este capitulo
trata das interacdes entre campo de fluxo e tramgsple compostos
dissolvidos.

Figura 4 - Detalhe do artigo publicado online naista “Journal of Contaminant
Hydrology

Journal of Contaminant Hydrology
Available online 11 January 2019

In Press, Accepted Manuscript (0

Flow field dynamics and high ethanol content in gasohol blends
enhance BTEX migration and biodegradation in groundwater

Fabrizio Rama & 2 Débora Toledo Ramos & Juliana Braun Mller, Henry Xavier Corseuil &, Konrad Miotlinski &

Show more

https-//doi.org/10.1016/j.jconhyd.2019.01.003 Get rights and content

O objetivo é avancar na compreensdo dos derrameseig
gasolina e etanol em aquiferos porosos, abordacdateabuicdo de um
campo de fluxo variavel na vida util e no compoeato das plumas.
Neste capitulo, que apresenta uma abordagem #statipara
processamento dos dados, se adotam analises @éa¢endjeoquimicas
e microbiolégicas como linhas de evidéncias da ag@p e
biodegradac@o das substancias (reativas e corisasjatO conteudo
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desta sec¢do consta do artigo publicado na revitenacional Journal
of Contaminant Hydrolodgyem Janeiro de 2019 (Fig.4).

5 - Aplicacdo de experimentos numeéricos para COBmd0
conceitual da hidrogeologia regional (ARTIGO 5):

Na dultima secdo é ressaltada a importante congdbuida
modelagem numérica na caraterizacdo hidrogeoldgEa no
gerenciamento das areas contaminadas. Nestaggeafado, passo a
passo, o desenvolvimento do modelo hidrogeolégionceitual do
aquifero da Ressacada por meio de experimentositamém diferentes
escalas que visam testar o entendimento dos mauassbservados no
campo. Adicionalmente, sdo destacadas as potefadek e limitagbes
do pacote computacional FEFLOW na simulacdo dadegorde
contaminacdo e da hidrodindmica das plumas em unpaeale fluxo
variavel. O conteldo desta secdo representa umoadinda nao
publicado.

Rama, F., Miotlinski, K., Numerical modelling as atool to develop a conceptual
hydrogeological model. (2019) Unpublished.
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Resumo

O transporte de solutos em um campo de fluxo velri&vespaco e no tempo,
esteve ao centro do debate cientifico sobre quest@dientais nas Ultimas
cinco décadas. Este fato se deve a capacidadealtpigucompostos em fase
aquosa de migrar no ambiente subterraneo, expondecarsos hidricos a
contaminagdo e, consequentemente, representandameaga para salude
publica. Por isso revisamos as técnicas de Ultenaggio para caracterizar e
modelar o fluxo de &guas subterrAneas e os eféitomdo perfeita
caracterizagdo da migracdo dos compostos na ekcaklmpo. Abrangemos
uma ampla gama de metodologias, incluindo as tésrde prospeccdo e
instrumentacéao local, bem como as questdes rekd#sncom o alto grau de
complexidade dos fenémenos em escala de campat@ss que controlam
o fluxo e o transporte nos sistemas naturais sgan@ados em trés classes
para conceituar o problema. Em primeiro lugar, a&serogeneidades
geologicas em varias escalas sdo investigadasppliaar a propagacao da
pluma segundo a disperséo hidrodinamica e a LEiadke Em segundo lugar,
as interagbes entre as aguas superficiais e sias sdo discutidas, sendo
causa das condig6es hidroldgicas transitorias bsuperficie. Entre elas, as
oscilagdes das marés, a infiltracdo no leito flugia dinamica de recarga
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diferencial sdo fendmenos tipicos que afetam o ocang escoamento
subterrédneo e, portanto, ao ser incluidos nos rasdaliméricos, podem
melhorar previsdo e compreensao do comportamestoattaminantes. Em
terceiro lugar, os estresses antropogénicos teiito efie transporte de
contaminantes de varias maneiras. Eles podem aamangficiéncia das
tecnologias de remediacdo, mas também a pressém calistema natural.
Embora as limitagcdes nas teorias matematicas rsadas para explicar os
processos complexos na subsuperficie ja sejam cil@lse maior integragdo
interdisciplinar entre a caracteriza¢do do campar®delagem “baseada em
processos” ajudaria aprofundar a compreensdo dergiroblema. A real
compreensao dos processos continuos ativos nas @etaminadas esta
relacionada a andlise critica dos grandes conjutgaados produzidos (em
sua variedade de extensdes e resolucfes), jungraentiso racional da
capacidade computacional a disposicéao para desemvnbdelos numéricos
que respeitem a complexidade do meio ambiente.

Abstract

Solute transport in a spatiotemporal variable flfield has been an
environmental concern for the last five decades,tdwulnerability of water
resources to contamination and, consequently, @ulilealth and
environmental risks. We review state-of-art techeg|that were applied in
full-scale aquifers to characterize and to modair@groundwater flow, and
the effects of non-ideal characterization of sauteigration. We cover a
wide range of methodologies, including the prospectand site
instrumentation techniques as well as the issuatetewith the high degree
of complexity of phenomena at field scale. Factoostrolling flow and
transport in natural systems are organized in thitagses to conceptualize
the problem. Firstly, the geological heterogenaityarious scales of analysis
has been largely investigated to explain the plapreading using a Fickian
hydrodynamic dispersion. Secondly, the interactioetsveen surface water
and groundwater are discussed since they caussiamnanhydrological
conditions in the subsurface. Among them, the tidstillations, river
streambed infiltration and differential rechargendmics are typical
phenomena that affect groundwater flow field anereaby, if included in
numerical models, may improve simulations and ustdeding of the
dissolved contaminant behavior. Thirdly, anthropugestress affect the
contaminant in many ways. They can improve thesiefficy of remediation
technologies, but also pollute or exacerbate thesgure over a natural
system. Although the limitations in mathematicaédhies used to explain
complex processes in the subsurface are alreadywrknchigher
interdisciplinary integration between field chasattation and process-based
modelling help in their thorough understanding. Teenprehension of the
ongoing full-scale processes in contaminated asciaberently related with
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a critical analysis of large datasets with différdata types and resolution
scales, along with a rational use of computatioaphcity to develop relevant
numerical models to deepen our understanding cértiionment respecting
its complexity.

Keywords: Geological heterogeneity, transient hydrologicalonditions,
contamination plumes, NAPL, coastal aquifers

Highlights:
- Phenomena interesting subsurface transport irs@ale conditions
were described

An overview of spatiotemporally variable flow fisldn porous
media was presented

Main factors affecting the groundwater flow fielceaorganized in
three categories

Site instrumentation issues and new characterizagichniques are
presented

3.1.1 Introduction

Solute transport in the subsurface have been exeynstudied in
the last 50 years in order to develop tools folyaaarning and efficient
remediation in case of incidental spills. Main follations were
developed within the theory of fluid flow in poroosedia (Freeze, 1969;
Nelson, 1966; Green et al., 1970; Hanks et al.9),96 conjunction with
advection-dispersion equation of the solute massliBiat and Bear,
1964; Bredehoeft and Pinder, 1973; Shamir and Hee 1967;
Guymon et al., 1970). Historically, the evaluatimincontaminant spills
was based on a distance between the source aptuthe front, and the
time of the its arrival to receptors (Nelson, 19B8aProgressively, more
elaborate equations were developed that includedingidue to
geological heterogeneity or matrix diffusion (Gkisand Pickens 1980,
Ma oszewski and Zuber 1985). These equations iedud set of
diffusion/dispersion coefficients of which the usecame a common
practice in the groundwater community (Bear 197@p@lo and Postma,
2005; Molz 2015). Eventually, transient flow comafits in the subsurface
(Bear 1972; Bresler, 1973; Rubin 1968) were shaweontribute to the
solute spreading and mixing (Kinzelbach and Acket®&86; Rehfeldt
and Gelhar, 1992; Dentz and Carrera, 2005) ané #féscts for practical
reasons were embedded into the dispersion coeffgi€Cirpka and
Attinger, 2003; Dentz and Carrera, 2003).

Predictions on non-ideal solute transport requitéenstanding of
the processes that control the movement of watdr tha dissolved



50

compounds. This normally necessitates well-corgdotxperiments and
advanced equipment that allows one to monitor apatd temporal
variability in concentrations (Gooday et al. 2008bro et al. 1994; Davis
et al. 1999). The results from a number of siteem such experiments
were carried out provided an insight into orgardataminant transport
in porous media under natural hydraulic gradieh):Rorden site at the
Canadian Forces Base in Ontario, Canada (MacFaeared., 1983;
Mackay et al. 1986; Sutton and Barker 1985); (2)yé&aCod in
Massachusetts, USA (LeBlanc et al., 1991; Hesk,et392); and (3) the
macro-dispersion experiments (MADE) at Columbus Porce Base in
Mississippi, USA (Boggs et al., 1992; Macintyreakt 1993; Julian et al.,
2001). These expensive, long-term investigationge haubstantially
contributed to the development of modern contamitgrogeology,
enhancing our knowledge in full-scale flow phenomeaffecting
transport of the dissolved compounds (Gelhar €1$82) and provided
useful data for interpretation and theory developmé-or instance,
Woodbury and Rubin (2000) using the Cape Cod diggpassented a full-
Bayesian approach to parameter inference and igaésh of scale
effects, or Feehley et al. (2000) using the MADEadzontributed to the
development of dual-domain mass transport theonaduifers. The
knowledge gained from the analysis and understgnafithe underlying
processes in these sites helped to design othdr digeriments that
addressed specific questions related to chemicalnan-chemical
subsurface processes. A few examples include nreditomatural
attenuation of NAPL (Corseuil et al. 2011a,b), nalter human-induced
subsurface methanogenesis (Jakobsen and Postn®a,l9%stensen et
al. 2000; Fedrizzi et al., 2016), groundwater ddtion (Kjgller et al,
2004) or interactions of groundwater with surfacater bodies where
solutes were used to quantify water fluxes (Bailipslar and Cook,
2012; Engelhardt et al. 2013). Lessons learned ftoese full-scale
experiments underlined limitations in classicalattes of contaminant
dispersion and reaction processes in groundwatdowing the
development of new process-oriented paradigm withihe
hydrogeological research (Sudicky et al. 2010; 8udand lllman 2011).

The scope of this review paper is to characteramofs and
processes that control solute transport in a highlyable groundwater
flow field. Due to the dynamics of the mechanishe study focuses on
the shallow subsurface, sometimes called a criticale. We present
groundwater flow and solute characterization tegh@s along with
mathematical formulation for modelling purposes.
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3.1.2 Factors controlling groundwater flow and solte transport

The nature of water flow in the subsurface and sgbent
behavior of solute depend on three controllingdex(a) geological, (b)
hydrological and (c) anthropogenic ones.

3.1.2.1 Geological

The velocity of groundwater flow depend on hydragioperties
of geological media. Unconsolidated sediments,uiiclg sand, gravel
and silt are granular and, consequently, are cg@lt@dus media (Todd
and Mays, 2004). In the consolidated formationsténees and karstic
features may be developed. This is a major divibiewveen the porous,
fractured and karstic media, although mixturesheftivo or three types
are common in subsurface environments.

Porous media consist of different proportion of ialle size
particles of a particular depositional origin (Eatd006). From a physical
point of view, they are classified according totjzée size, distribution
and texture (relative proportion of sand silt alay Since the variations
of the physical features are normally encountetadwech smaller scale
than the distances among the boreholes (Dunkle ;2Bi@Rling et al.
2009; Zha et al. 2017), or accuracy and precisibthe prospective
geophysical equipment (Cartwright and McComas, 1%8wart and
Gay, 1986; Ebraheem et al., 2014), a true threexional knowledge
on hydraulic properties is never acquired. Howewmren a partial
characterization of geological medium heterogeeitat field scale
required large and expensive campaign. At Cape Cmismic
investigations and detailed geological surveys wesed to define the
sand/gravel outwash plain overlying a poorly-peroheacrystalline
bedrock at the site (LeBlanc et al., 1991). At BRwordsite, the
characterization of the relatively low degree dfelnegeneity, composed
of medium- to fine-grained sand, required extensigein-size
distribution analyses for a set of 846 samples fidnundisturbed cores
(Freyberg, 1986). The pervasive heterogeneity dfi@bus site (Molz et
al. 2006) was investigated by numerous core stuttemsch studies and a
series of smaller scale hydraulic conductivity ({easurements using
borehole flow-meters (Rehfeldt et al., 1992).

Hydraulic conductivity K [LT] represents the proportionality
constant between hydraulic gradient and groundwhbees in a porous
medium (Fitts 2012). It is a function of the insia permeability of the
porous medium (ki), bulk density }( and fluid viscosity () (Eq.1)
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depending on medium and fluid properties. The Darcgw is valid for
a limited range of velocity values, where the tiagisforces of viscosity
predominate, generating a sufficiently slow flowr@main in laminar
conditions (Todd and Mays, 2004). The spatial e in hydraulic
conductivity affect local groundwater velocity, uéigg in different rates
of transport of dissolved contaminants. The ing@ctf water containing
bromide and three organic tracers at the MADE gimved asymmetric
distribution of concentrations produced betweemtikee to accelerating
of groundwater flow along the plume travel patlaassult of an increase
in the mean hydraulic conductivity (Boggs et a@92).

K = ' 1)

The variations in flow field in fractured and kacsténvironments
are even greater than in the porous media (Sudicid/ Frind 1982;
Berkowitz, 2002). Groundwater flow is divided betmethe matrix (or
porous structure), fractures and karst (Motyka }9B8ysical apertures
available for groundwater flow that are either omenfilled with a
material of different hydrological properties thdhe rock matrix
(Miotli ski et al. 2011). Electromagnetic flow-meters (Metal. 1989),
geophysical logging and borehole-wall imaging drgreat significance
to identify open and closed features intersecting boreholes. (Le
Borgne et al., 2007).

Specific yield or effective porosity § represents the part of
porosity that can free drain under atmospheric qumes (Hilberts et al.
2005). It is generally treated as a storage temaependent of time- that
accounts for the instantaneous release of water $torage (Healy and
Scanlon, 2010). However, in their comprehensivaerewon recharge
estimates, Healy and Cook (2002) underlined thatr#tease is anything
but instantaneous or constant in field conditi@pecific yield variability
is attributed to natural heterogeneity in geologiaterials, different
methods used for determining Sy, and, in large pathe amount of time
allotted to the determination (Prill et al. 1968sulting usually in a
limited accuracy in its estimate. For deep watbletawhen no recharge
occurs, the specific yield is equal to its ultimatdue that results from
the difference between saturation and residual tom@sontent (Croshie
et al., 2005; Orellana et al., 2012). However stwaillow water table or in
cases of recharge, this method may overestimatspibefic yield (Cao
et al. 2016). Since the relation between watertdhlctuations and
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released volumes holds is markedly nonlinear (Nael2902), a transient
or apparent specific yield was introduced to regmés the behavior of
stored water in porous aquifers assuming a transiem-ideal release of
water (Childs 1960; Duke 1972). It worth stressihgt, in shallow

unconfined aquifers, the response of the wateetabinput and output
fluxes is even controlled by two distinct parametefeffective porosity,

drainable and fillable porosity, which are appliealior water table

drawdown and rise, respectively (Acharya et al.20These values can
be extremely different although hysteresis is netgld affecting the flow

field in response to outer stresses (Acharya é(dl4). Furthermore, by
considering hysteresis in unsaturated zone, watention curves

describe a strongly non-linear relation betweenewatontent and

pressure head, showing a pressure head decredsdognies more
negative) and a capillary pressure increasing vtherwater content in
the soil decreases (Brooks and Corey, 1966). leratlords, the shape of
the water-retention curves changes depending ug@ther the soil is

drying out or wetting (van Genuchten, 1980).

A typical subsurface profile is divided into an ahgated zone in
the upper part and an underlying saturated zome 1§ which differ for
the water content, and thereby the pressure heatieimedium (Fitts,
2012). In the unsaturated or vadose zone, poresoahe partially
saturated and, with the exception of a small pathe capillary fringe,
contain both gases and water (Berkowitz, et al820Dhe saturated zone
represents the aquifer in the strictest sense,hwtén be imagined, for
the objectives of the present review, as a shallmgpnfined and highly
variable reserve of pristine water floating over tieavier sea water (for
coastal regions) or overlaying an impervious bezkrd@he interface at
atmospheric pressure that divides these zone® is/dlter table (Freeze
and Cherry, 1979), and is represented in the madeésfluctuating free-
surface according to inflow and outflow contributdoin the basin
(Diersch, 2014). While usually studies focused otute transport in
either the saturated zone or the unsaturated zZamgifying the other
contribution as boundary conditions, in many fuée application it
should be relevant to consider both portions offiwe systems together
(Cook and Herczeg, 2000, Anderson et al. 2015).

3.1.2.2 Hydrological
Recharge takes place when water is introducedgimandwater

system through infiltration of precipitation, swéa or anthropogenic
water (Healy and Cook, 2002; Healy and Scanlonp28buwer 2002).
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The remaining part which does not reach a grourelnatstem is lost
through evapotranspiration (Dickinson, 1984; Skewtrth, and Wallace,
1985), overland flow (runoff) (Dunne and Black, 09De Giesen et al.,
2000) and retention above the capillary fringes(ifiow) (Feddes et al.
2004; Du et al. 2016). The capillary fringe représea transition part
located on the top of the aquifer above the wadbtet traditionally
assigned to the unsaturated zone, where, despiés poe completely
saturated, hydraulic pressure are still negatiea(B1972). The thickness
of the capillary fringe and the position of watable over time is a
principal kind of information to define hydraulicorditions of an
unconfined aquifer (Feddes et al. 2004). These itond affect
groundwater movement and velocity (Bear, 1972;,\@aght et al. 2003),
and consequently dissolution/migration of organiontaminants
(Berkowitz et al. 2004; Brouyeére et al. 2004).

Figura 5 - Conceptual sketch of a typical soil &gt depicting the main processes
within two different groundwater regimes: dry (reajd wet (blue).
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Temporal variations in groundwater flow caused hgtimict
recharge events may affect hydraulic interactiogtsvben surface water
and groundwater or provoke flooding of poorly peatnie layers in the
unsaturated zone (Fig.5). The anthropic ditch ¢n Fiexhibits a hydraulic
connection with groundwater only at wet periodstingc as gaining
stream on one side and as a losing stream onltlee sitle (Winter et al.
1998), in addition to a preferential drainage afess groundwater along
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the streambed. During dry periods, when aquifegllevoves downward,
the anthropic ditch remains dry having only a dagim function, and
extensively modifies the local subsurface circolat{Luscombe et al.,
2016). Even for permanent steams, when water tabsl decreases
leaving streambed disconnected from the aquifefase water in the
streambed may recharge the aquifer resulting inodified local flow
field (Brunner et al. 2011). Therefore, by reducprgferential surface
drainage within the streambed, promising techniq@es. trench
infiltration) for increasing recharge and minimigirevaporation were
developed (Bouwer 2002; Heilweil et al., 2015). dddition, aquifer
fluctuations due to flooding causes temporal cotioeof perched water
table with the main aquifer, changing local floveli and infiltration
direction. Therefore two piezometers may presemtemely different
water head in dry and wet periods (respectivelg,aed blue regime in
Fig.5) depending on the activation of small perchgdifers over clay
lenses. These examples demonstrate that rechaegptsewmay change
direction of groundwater flow.

However, the transient hydrological processes amay included
in large-scale models due to an a priori simplifyassumption of steady-
state conditions (Anderson et al. 2015). Lubsky and Gurwin (2005)
provide a detailed evaluation of the complexitgpdtiotemporal variable
fluxes in a basin balance, and a complete methgglolof data
acquisition/integration in transient groundwaterd@iting. Heeren et al.,
(2010) suggesting that alluvial groundwater in @®arks region acts as
a transient storage zone, providing a contaminaktduring high stream
flow and a contaminant source during stream base-fRegional-scale
groundwater modelling provide a temporally integdatvater balance
which is a main tools to effective water managen{8hiao et al. 2009;
Maheswaran et al. 2016; Wang et al., 2009; ZhouLar2D11).

Seasonally changing flow acting on a mobile souneg result in
a temporal variability of contaminant dissolutidiow paths and plume
spreading (Davis et al., 1999). Consequently, thayse significant
transverse lateral movement, asymmetry and trassvéiorizontal
spreading in plumes dissolved from DNAPL sourcasdRet al., 2001,
Rivett and Allen-King, 2003). Vanderborght et @000) investigated the
effect of flow rate and flow regime on solute thaog in sandy-loam and
loam, showing an increased dispersivity with insie@ flow rate in both
soil types and deriving the relation between tlepélisivity and the flow
rate using an effective flux-weighted average floate. Temporal
variability in groundwater flow may increase subgtroxygen mixing
(Schirmer et al. 2001) resulting in significantiyh@nced biodegradation
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rates when a differential sorption of electron dwoared electron acceptor
is assumed (Prommer et al., 2002). Meckenstock G15) updated the
biodegradation concept in contaminated aquifensguie plume fringe
concept, transient hydraulic conditions and trarnspimitations in
subsurface. The transient flow was pointed oubasce of uncertainties
in both field experiment and simulation of plumeigration (Woodward
et al., 2016; Abelardo and Nowak, 2018). By analgzthe intrinsic
BTEX remediation, Davis et al. (1999) showed a gmaftial natural
attenuation of toluene and o-xylene but underlieghly variable
concentrations at individual boreholes, attributedlocal hydraulic
variations (Davis et al. 1999). Accordingly, Retrak (2009) numerically
showed that mass discharge and degradation rated ba measurements
at observation wells may not be spatially and teraporepresentative
due to transient dynamics of groundwater flow. Sation results
indicated that the transiency of flow is a critisalirce of uncertainties in
field measurements (Rein et al., 2009). In the cds®tural (transient)
flow field, Rasa et al. (2013b) underlined the impoce to properly
inform a numerical model with field observation (itemporal moment
of conservative tracer BTCs and mass dischargethén calibration
process. Consequently, bromide and heat tracergidpid important
additional constraints for calibration of hydraulconductivity and
boundary conditions under highly dynamic flow cdimtis (Ma et al.
2012).

In many arid and semiarid areas, groundwater rgehaccurs
through water infiltration from intermittent or egineral streams during
natural flow events (de Vries and Simmers, 2002nKauley, 2008).
Batlle-Aguilar and Cook, (2012) showed that durdngh events, the total
infiltration was 33% greater than would have bestineted assuming
steady state infiltration rates. Dry antecedentstooé content controlled
the transient infiltration rate, by increasing tio¢al infiltrated volume
during flow events, but it did not affect the aguifrecharge (Batlle-
Aguilar and Cook, 2012). Flow considerations thiotlge unsaturated
zone are also important when simulating groundwétsv in humid
climates (Hunt et al., 2008), characterized byriageand highly variable
rainfalls. Nonetheless, just a few studies focusethe transient behavior
of infiltration process in tropical or subtropicdimates (Saghravani et al.
2015). In Brazil, for example, a statistically catsnt analysis of water
table fluctuation to infer recharge was providedNgto et al. (2016),
while a modification of water table fluctuation rhetls (WTF) was
applied to a discrete dataset of hydraulic head inoastal shallow
unconfined aquifer (Rama et al. 2018). The authagklighted that was
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possible to obtain significant information abouangient recharge in
tropical climate by means of systematic monitorifigvater table levels
and determine a time gap between the precipitaimhaquifer recharge
events. In India, Ruiz et al., (2010) showed thatadric storage buffers
the groundwater recharge process in a tropicalralagel under deciduous
forest. Generally, non-linear behavior between aegh, aquifer storage
and discharge to surface receptors was found (Mbitiegy, 1999; Rama et
al. 2017).

Furthermore, recharge events may facilitate contamitransport
from the surface (Bohlke 2002) or may serve asuscgoof oxygen to
react with contaminated aquifers to drive natuttdrauation processes
(McGuire et al., 2005). By applying first- and héyh order theoretical
models to Cape Cod field data, Ezzedine and Rul8871) showed the
influence of recharge on macro-dispersion, dravénglation between
enhanced lateral spreading and transient rechaligb. recharge rates
seem to accelerate the process of spreading, actinghe plume
acceleration, conditioning observed hydraulic headsl thereby,
changing the timescale of the problem (Ezzedine Rubin, 1997). A
theoretical basis for such an analysis was provie&ubin and Bellin
(1994) in which, using a nonlinear transformatidntime, the spatial
moments computed under the assumption of no reeteang be used to
model the effects of recharge.

In addition, surface water bodies (e.g. sea, rivakes, wetlands)
are naturally characterized by temporal fluctuaiofhydraulic level that
affect the unconfined aquifers behavior (Euliss dvidshet, 1996;
Hayashi and Rosenberry, 2002; Yan et al., 2010j)ceSthe level of
surface receptors and drainage artifacts (e.gdtdéns, channels, ditches)
represents a boundary condition for the groundwifder and transport
formulation (Duchene et al. 1994; Rozemeijer e8110), its variation
affects local flow net and total outflow rates (Mouet al. 2013;
Colombani et al., 2016; S. Kéhne et al., 2006).iIR{b968) numerically
solved the Darcian equation in an unsaturated 2ifangular domain,
considering horizontal infiltration and ditch-drage, and obtaining a
significantly influence on water table descent #utdl outflow rates. The
focus of surface-subsurface interaction studiesraodels is to improve
understanding of transient phenomena affectingrgieater flow field
and solute transport (Arnold et al., 1993; Sophme$e2002; Kollet and
Maxwell, 2006). Winter (1999) proposed a large deson of streams,
lakes, wetlands and groundwater relations, showasg hydrologic
processes associated with the surface-water bagtiat a major cause of
the complex and seasonally dynamic groundwater fields. During
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rainfall events, ephemeral swamps in peatlandschagacterized by a
pronounced impact of surface topography and watadet depth on
hydraulic inter-connectivity of bogs (Van der Kampd Hayashi, 2009;
Oosterwoud et al. 2017). A “fill and spill” mechani is used to define
aquifer dynamics in wetlands, having groundwateragfe in “bowl-
shaped” formations in the subsurface and instantseeleases of water
following precipitation events (Tromp-Van Meervedschd McDonnell
2006). Thus, land-cover and land-use changes, alitly seasonal
precipitation regimes have important implicatioosthe long-term water
balance in those complex regions (Hayashi et alL6R0OMoreover,
Brunner et al. (2017) presented an extensive reefeadvances in river-
groundwater interactions, highlighting the assitiola of different data
types and resolution (Kurtz et al. 2017; Camporesal. 2009), the
development of highly instrumented field sites (€40 sites in the U.S.
and TERENO sites in Germany), ongoing model devetg (Brunner
and Simmons, 2012; Paniconi et al., 2003; Kolletle010; Partington
et al. 2013) and the ultimate integration of modeld data (Ramanathan
et al. 2010; Liggett et al. 2015) as important fattesearch areas.
Since the late 80s, a few studies focused on tidfhlence on
groundwater flow, suggesting the inclusion of tidesthe models of
coastal aquifers (Custodio et al. 1988) and mititrgsn classic Dupuit-
Forchheimer (D-F) assumption (Herman et al. 1986)is worth
reemphasizing that D-F approximation assumed: (prealominantly
horizontal flow, and (2) a negligible vertical hwdfic gradients
(Anderson et al. 2015). However, in unconfined tegsj water table
position (i.e. free fluctuating surface) was ndicaundary condition but
an estimated solution of non-linear formulation ggbundwater flow
(Anderson et al. 2015), which introduce convergatiffeculties. Trying
to find a well-defined solution for variable headHCs, several analytical
models approached the problem using: simple véitibarface between
ground- and sea-water (Li et al. 2000a); 1D andB2Dssinesq equation
(Li et al. 2000b, 2000c); or a capillarity corrextito the shallow flow
approximation (Barry et al. 1996; Jeng et al. 200%)ey are normally
assumed to be for a homogeneous aquifer, with stoatuations or
uniform slope. Li et al. (2000c) described tidallgven groundwater
variations in a L-shaped aquifer, which is an agjufounded by two
water-land boundaries, exhibiting within the aniabt solution the
interaction between the cross- and along-shoréwideaes in the aquifer
area near the estuary’s entry. In a subsequentr,phpet al. (2002)
improved this formulation obtaining a periodic andre computationally
efficient solution. Despite direct tidal oscillati® have little outback
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propagation in reason of its high frequency, Aagitiani et al. (2001)
showed a quasi-steady increasing of local watdetelel that influence
regional run-off rates, while Bakhtyar et al. (2D&aggested a key impact
on sediment transport and beach profile changes Btaal. (2006)
developed a numerical model for a U-shaped agsifgounded on three
side by the water, demonstrating the importanab@fnclusion of tides
level in the groundwater flow modelling of an esima system. A
complex hydrodynamic circulation generally charézes these coastal
aquifers, in which hydraulic heads are describednians of shallow
water equations, wave functions and estuarine dains. It worth
stressing that in these conditions, by neglectimg ¢ontributions of
evapotranspiration and recharge, water-table simunkin concomitance
with precipitation events, underestimated aquiligcttiations relative to
monitored levels, especially near to the beach witbe aquifer was
closest to the surface (Mao et al., 2006). Anosttedy on tide-induced
groundwater fluctuations in a U-shaped coastalfagaooncluded that the
tidal head is most sensitive to the transmissiaityl storativity of the
aquifer, and least to the damping coefficient datiamplitude and wave
number along the estuary (F.-K. Huang et al., 2015)

Moreover, where tidal fluctuations affects grountevalevels,
variable-density flow must be accounted withinfilvenulation to define
solute transport in the subsurface (Diersch anddikgl 2002). The
processes include intrusion of seawater in coasfaifers (Gambolati et
al. 1999; Pinder and Cooper, 1970; Voss and SAi@&Y,), and seasonal
variations in salt—freshwater interface (Kim et, #006; Heiss and
Michael, 2014). The magnitude of tidal stress Sigantly influenced the
biodegradation as it controls the intensity of dadtshwater mixing,
period of exposure of the contaminant to the mixaoge and rate of
oxygen delivery to the aquifer (Robinson et al. 200Furthermore,
seasonal inland changes in groundwater level affatflow dynamics
and solute transport in a coastal aquifer. Micteaell., (2005) described
the oscillations in water exchange between aqudadsocean, showing
a connection between the seasonal hydrologic éyldled and the saline
groundwater system in coastal aquifers, which tesula chemical
loading seasonality of coastal waters. Abarca .e(2813) numerically
studied hydrodynamics in a coastal aquifer, foqusin the influence of
beach slope and tide level on groundwater discharfgepositive
correlation for freshwater discharge and a negatoeelation for deep
saline discharge with low-tide elevation were foumdile high-tide
elevation mainly controlled recharge in the intéatisaline cell (Abarca
et al., 2013). For mass transport, the finger plen@ution was strongly
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affected by tidal fluctuation. Through the changésydraulic gradient
between the inland boundary and the sea, the vieet oscillation
affects the time for generating the fingers and dilation of high
concentrations (Liu et al. 2015). In addition, nuiced simulations
revealed that tidal effects may enhance the attemuaof BTEX
compounds in an unconfined near-shore aquifer bdfair discharge to
coastal waters (Robinson et al. 2009).

In a vertical 1D unsaturated flow, root channeld areferential
drainage play an important role to define the watertent in the soil, and
thus, to forecast flow and transport of contamiag@erke and Kohne,
2004; Gerke 2006; Hendrickx and Flury, 2001). Iragricultural field in
Finland, Warsta et al. (2013) estimated with a 3®rithuted numerical
model that over 99% of the drainflow originatednfrahe macro-pore
system, and drainflow started concomitantly witbgipitation indicating
preferential flow in the profile. In a specific iew, Jarvis (2007)
discusses the implications of ‘non-equilibrium’ iloand transport in
large structural pores (i.e. root and earthwormnabds, fissures and
inter-aggregate voids), showing that high rainnstées increase non-
equilibrium of flow in macro-pores, while initialater content generates
confounding effects of soil shrinkage and watereliecy. Therefore,
land use substantially modifies timing and amoufntecharge reaching
the aquifer (Daly and Porporato, 2005). Zhang aotilég (2006)
studied the effects of land cover on water tableil snoisture,
evapotranspiration, and groundwater recharge, stgpwsubstantial
differences in hydraulic head records from two nmnimg wells with
grass and bare ground. The varied fraction oftrafibn going to recharge
reflected the different crops, cultivation practicerigation regimes, and
soil types in Hebei Plain, China (Wang et al., 2008alker et al. 2015
used a simple analytical model to predict impaétgad-use change on
catchment water yield by understanding the resptnseof changes in
groundwater discharge to a change in recharge. Neog Santos et al.,
(2016) showed that changes of vegetation coverndidsignificantly
modify the overall conditions for runoff initiatiopresenting a similar
cumulative flow vs. rainfall response, and implyithgt soil conditions,
such as water content and cracks in unsaturateel, b@st explain the
flow generation process on the semiarid micro-sea¢ershed. Field
studies from East Africa showed that forest cowss lis accompanied by
increases in surface runoff and stream discharget{&et al. 2018). Land
cover changes affect moisture content and therebgpotranspiration
(ET) process (Vivoni et al. 2008), which controlater losses with
atmosphere that do not recharge the aquifer (DadyRorporato, 2005).
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Mainly in arid climates, where annual ET budget &ot@dl rainfall are

comparable, estimating and modelling ET with theusion of root water

uptake, root distribution, root water compensatarg water and oxygen
stress is important for proper assessment of veatgtability (Camporese
et al. 2015). Such information are directly conethwith the kind of

plants cultivated and largely change over time space (Duchemin et
al., 2006). Accordingly, because of the decreastdfid increased R,
significantly more base flow and chemical loads rhaygenerated from
a bare ground watershed compared to a vegetatedsivatl (Zhang and
Schilling, 2006).

3.1.2.3 Anthropogenic

The anthropogenic factors cover both chemical grdidiogical
elements and include agriculture, chemical storggemping and
drainage as well as remediation strategies. Hyuraffects of human
activities were studies by Rai et al., (2005), gsinalytical and numerical
solutions of 2D linearized Boussinesq equation, wstb that the
variations in the rates of recharge, pumping, aatdge have significant
effects on the nature of water table fluctuatioroUddwater is discharged
through anthropogenic water wells (Scanlon et@0.3}. Monitoring and
pumping wells are installed in the aquifer for alesrange of uses (e.qg.
water supply, thermal storage, monitoring net).ibage features include
trenches, ditches, drains that are employed td lonal hydraulic heads
in the subsurface, by the fast, preferential outflof water during
flooding events, when the water-table levels overedhe drain-bed (Ni
and Capart, 2006). In the Ressacada aquifer, Beaziense network of
artificial trenches drains the plain, maintainihg tvater level below the
topographic surface in naturally flooded areas (Ramh al. 2018).
Irrigation rates and anthropic drainage net alteugdwater fluxes and
flow patterns in a complex manner (Bohlke, 2002hepper et al. (2015)
developed an integrated SW-GW model to describaipact of shallow
tile drainage networks on groundwater flow patterasd associated
transport of chemical species or sediment partidtedine and Gerke
(2005) showed that preferential flow forced bylertirain cannot be fully
understood without considering two-dimensional ispdiow dynamics.
Luscombe et al. (2016) described how the spatiaibates of the
contributing area along the drainage ditch sizepmology and geometry
affected flow generation and water storage withiallsw peat land
catchments.
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The active remediation plans refer to affirmatieéans developed
to remove contaminants from soil or water, whiclyuiee human
intervention (EPA site). Anthropogenic variationvediter table level and
groundwater flow velocity have a direct impact ofuge transport (Boutt
and Fleming, 2009). Thus, a multiple pumping-weliven, time-
dependent oscillatory flow have improved the comtant of injected
plumes enhancing the mixing of solutes in poroudien@ith respect to
a constant flow (Zhang et al. 2009). The potemtigubstrate (i.e. sodium
acetate) and groundwater mixing by pulse injectisas demonstrated in
an in-situ biostimulation experiment at the Bordsgte (Devlin and
Barker, 1996). Sposito (2006) theoretically invgstéed the possibility of
inducing chaotic flow field near a recirculation lim@ith time-periodic
pumping behavior in order to improve plume remolak et al., (2008)
developed a system of injection/withdrawal wells @& doublet
arrangement to facilitate lateral spreading andingibof permanganate
(MnOys) in an in-situ remediation scheme. Direct pumpiogt of
dissolved plume volumes (i.e. pump-and-treat)vigcely employed and
investigated active technology to deal with contzated areas (Mackay
and Cherry 1989; Berglund, 1997). However, sindé&v@aemediation
schemes can be very expensive to install and apdie extent of any
contamination plume has to be known to minimize pimg of polluted
groundwater (Shlomi and Michalak, 2007). Furthemmado limit the cost
of remediation schemes, many works focused in opitigp injection and
extraction well placement, along with injected oemitations and
pumping rates (Haggerty and Gorelick, 1994; G.Hamtuet al., 2006;
Minsker and Shoemaker, 1996). Troldborg et al. 1(@Cquantified the
mass flux through a perpendicular control plane mkiveam from a
NAPL source using multilevel sampling networks, gvas flux meters,
and integral pumping tests. However, given a slisgalution process
from entrapped NAPL, active remediation schemes reot usually
considered effective clean-up methods to deal mdttreadily mobilized
contaminants (Hunt et al. 1988; Nadim et al. 20Ri@¢tt et al. 2002). In
such cases, source flushing with different kinglobhols (Falta, 1998;
Gomez and Alvarez, 2010) can be employed to enhandeaccelerate
the NAPL dissolution with co-solvency and consedlyerecover higher
amount of dissolved hydrocarbons with groundwatenping (Jawitz et
al., 2000; Brooks et al., 2004; McDowell et al. 200/cDowell and
Powers 2003).

The agriculture sector have a direct impact on ébaquality and
recharge rates (Postma et al., 1991; Bohlke, 20B@). this reason,
processes affecting nonpoint-source contaminatioh shallow
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groundwater below agricultural land are startingpéoanalyzed merging
recent modeling tools, non-Fickian dispersion dthars, and advanced
characterization methods (Green et al., 2010; \Waedt al., 2013;
Colombani et al. 2016). An extended field experitniena sprinkler-
equipped area with monitoring devices showed tlaatsient effects of
bidaily irrigations affected conservative transgarshallow unsaturated
zone (Butters et al. 1989; Butters and Jury, 198Banges in land use or
management modify annual nutrient load, havingectlimpact on water
quality assessment and predictions (Williams et2115). Preferential
flow paths along with high recharge rates and Idrigtories of
anthropogenic loading in agricultural areas reisuiicreased probability
of groundwater pollution with sulfates and phosphdtlohnson and Cole
1980; Simms et al. 1998). Anthropogenic inputsestides, containing
arsenic and inorganic nitrogen should be accouirtedquifers and
surface receptors adjacent to agricultural areadld@her et al. 1996;
Neumann et al. 2010). McMahon et al. (2006) undedia pesticides
accumulation in deep unsaturated zones beneatjated croplands
overlying the High Plains aquifer. The solutes thablve anthropogenic
contaminants can find a passage through the soilntband aquifer and
reach sensitive receptors (e.g. groundwater deperdesystem, a lake,
a river or sea). For example nutrients (Postmd. e1991; Kroger et al.,
2013; Hansen et al., 2017), herbicides (Johnsah,e2001; J.M. K6hne
et al., 2006), pesticides (Reemtsma et al., 2018k¥Y et al., 2017) and
emerging contaminants (Lapworth et al., 2012; $&lgr2012; Neumann
et al. 2010), in spite of their reactivity with jpois media and undergoing
decay, showed a significant thread to the grounelwanvironment
(Broholm et al, 2001; Berkowitz et al. 2008) anskrfor human health
(Stuart et al. 2012) and biodiversity. An intenegtieview about pesticide
transport modelling was presented by J.M. Kohred.€2009). Here we
mostly focus on point contamination sources witlersterm loading
(Schwartz and Zhang, 2002), because in majoritgosf-point sources
(e.g. from agriculture) with continuous source logdthe effects of
temporal and spatial variability is blurred. Oildagas contaminated sites
are of the very high risk due to the complex bebiagf the contaminant
at the unsaturated and saturates zone interfagehgke et al., 1989;
Oostrom et al. 2003; Dobson et al., 2007).

Groundwater contamination with oil products is oftessociates
with underground storage tank leaks. They can owithin oil or natural
gas terminals, manufacturing ports and in comma gations. There
were 530 thousands documented cases of spillsenUttites States
between 1988-2014 (US Census Bureau, 2014). lis#feePaulo state,
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Brazil, there are 5,200 documented contaminatex$,s&,800 of which
are common gas stations. However, petroleum contioh is not
limited to the surface spills only. Oil and gas laiebf which there are an
estimated 4 million worldwide (Davies et al., 2014an leak fluids into
groundwater due to well integrity failures (Jacks?ddl4). In a study of
the potential reuse of lands impacted by petrolesleases, the USEPA
(United States Environmental Protection Agency)ortgd that in
Oklahoma and Texas alone there are more than 4D@0@ently active
and 800,000 historically drilled and abandoned odfural gas, and
exploratory wells (Essaid et al. 2015). Usuallyditocarbons infiltrate
into the subsurface in the form of non-aqueous eHtigsids (NAPL),
immiscible with water, or directly as dissolved stamces (Essaid et al.
2015). NAPL spills contain soluble and volatile quonents transferred
with certain rates to the subsurface air, wated solid phases, and
generally representing a long-term source of coimation (Geller and
Hunt, 1993; Peters et al. 1999). Dissolution andstiensfer rates, which
depend on the composition of NAPL source along gittundwater flow
field, change over time, affecting the concentrataf the emanating
solute plumes (Molson et al. 2002; Zhang et al.72@Yusseau et al.
2008). Unfortunately, in practical cases, a purictuecidental spill
involves a complex mixture of substances (Morkimle2000), most of
them with unknown chemical composition and actualetular fraction.
Furthermore, the interaction of conjoint factors fald-scale like
variability of hydraulic conductivity, spatial oemnporal variability of
hydraulic gradient, sorption process and vertidakative flux results in
a non-ideal transport of dissolved contaminanggdaundwater (Brusseau
and Srivastava, 1997). For this reason, interpyetiobserved
concentration distributions at field-scale and terap changes in solute
plumes dissolved from a NAPL source is still chadjimg (Essaid et al.
2015). Experimental and modelling studies demotexirdéhat a multi-
constituent NAPL source evolves with time as congmis dissolve and
volatilize at variable rates (D’Affonseca et aD]12) resulting in different
effluent concentration histories for each constitudloreover, once a
NAPL reach the aquifer and dissolve, groundwataw thnd its variations
mainly control plumes migration and shape (Ranzd. €019). Therefore,
solute concentration in organic contaminants plumiéssary over time
due to transport and degradation processes forgcdineldocal flow field
(Davis et al. 1999; Prommer et al. 2002; Zhangl.et2209), which is
inherently transient.
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Figura 6 - Conceptual sketch of a soil transechwitLNAPL spill depicting key
transport phenomena for source (dark red areajlissdlved plume fringes (light red
shaded areas). (1) Matrix and backward diffusioshmaism through low-permeable
layers dominating the long-term persistency of NARIthe aquifer; (2) Microbial
stimulation due to substrate availability (contaation plume) and colony/biofilm
development related to the specific micro-scalat@ns about porous geometry and
flow velocity; (3) Free product zone detail repmetfey an almost fully-saturated
NAPL zone floating on the top of the aquifer withiearegular shape.
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Thus, temporal distribution of hydrological stressde.g.
precipitation, tidally-induced oscillation, rivelobd events) can be
readily used to determine the variability of trami groundwater flow
field where solute transport occurs and to assessriluxes through the
contamination source (Goode and Konikow, 1990; Dolet al., 2007).
Lumped-parameter and distributed-parameter modédsg with field
data (e.g. head, fluxes, tracer test) have prowsaguficant insights about
timescales of flow and transport processes in theswface, allowing
more realistic simulation of subsurface complex®pok and Herczeg,
2000). However, in practice, the comparison betwtsmrescales of
hydraulic propagation and response of solute inuggdwvater is
challenging due to the water transit times throtighunsaturated zone or
retardation mechanisms at water-compound and eoipound
interfaces (Rao et al. 1980; Haggerty et al., 2@dhson et al., 2006;
Eberhardt and Grathwohl, 2002). Usually in spilh@nments, the time
of interest of a plume evolution do not match witte hydrologic
processes affecting such evolution (Cook and Hecz2000).
Conversely, unsaturated zone dynamics, bufferiagsient hydrological



66

stresses (Feddes et al. 2004), and soil-compoungiqathemical
interactions, which slow down solute migration tieka to groundwater
(Brusseau and Srivastava, 1997), should be acabufive the
interpretation of field data or modelling resulisciontaminated areas.

3.1.3 Processes of dissolved solute transport
3.1.3.1 Advection and dispersion

The advection is the movement of dissolved substngith
flowing water (Fitts, 2012). This is the mechanigich carries water
and associated chemicals through the porous mBdiligs and Castro
2003; Turnadge and Smerdon 2014). The mass flux sdlute due to
advection is proportional to the Darcy’s velocityasolute concentration,
being in terms of rates, the most important trartspeechanism in the
subsurface (Kitanidis and McCarty, 2012).

The dispersion constitutes a non-steady irrevexsiiking of the
fluid in which the chemical is contained (Todd akidys, 2004). In
saturated porous media, the actual distributiogrofindwater velocity
varies significantly both in space and in time. Tématial velocity
variations occur at scales ranging from the sizgooés on up to the size
of channel deposits in a floodplain (Fitts, 20I)e velocity temporal
variations affect the direction of longitudinal atvdnsverse spreading.
Thus, an elongate solute plume will spread latgmler time with respect
to the average flow direction (Goode and Koniko®9Q; Rehfeldt and
Gelhar, 1992). The processes dependent on theitydietd represent an
averaged formulation of microscopic phenomena ou@gger
heterogeneous volume, and thereby, a randomly blarifow field at
different scales resulting in a wide range of plambehaviors
(MacFarlane et al. 1983; Pool and Dentz, 2018).

Therefore, a macro-dispersion term was introducedeal with
transport in heterogeneous media in full-scale iegfbns (Schwartz,
1977; Gelhar and Axness 1983). Usually, macro-dispe is treated as
pre-asymptotic if the time-rate-of-growth of theesed spatial moment
of a plume has not stabilized. The travel distaftgethe controlling
parameter, an effective dispersion coefficienggproach the asymptotic
conditions is in the order of 10 correlation lergtfDagan, 1984).
However, the notion of pre-asymptotic behavior doesapply directly
to mass transfer models, as the spreading andgaifused by mass
transfer occur only over consistently lower timdssdZinn and Harvey
2003).
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Theoretically, in any fluid flow including groundwex there is
only advection and diffusion (Molz, 2015) and otbesinches of science
and engineering different from hydrogeology do metognize the
process of dispersion (Cengel and Cimbala, 20083. @roblem is that
true velocity field is essentially impossible tdatdate or measure and,
for this reason, an average approximation likeDhaecy's velocity was
introduced over a porous volume. Only below th&lescthe interaction
of actual non-constant fluid velocity in a tortuotesshion and the
diffusive transport produce an irreversible mixicgled hydrodynamic
dispersion (Molz, 2015). Extended field data analghowed that macro-
dispersivity, that quantify spreading of consemti solutes in
groundwater due to aquifer heterogeneity, is foimmaspecific and the
modelling of transport cannot be relegated to gumiscaling law (Zech
et al., 2015). Actually, this macro-dispersivityosiid have a constant
asymptotic behavior, Fickian in the limit (Fiori af., 2015), but a
necessary condition to reach such limit is thatiggécities were
stationary. Instability of flow may have a greapiaat on the transversal
macro-dispersion in the asymptotic phase, wheteasanisotropy of the
medium plays a significant role only during the -psymptotic regime
(Bellin et al., 1996). Therefore, under natural ditons, hydraulic
gradient oscillations over time prevents transgmtn converging to
well-defined Fickian mechanisms. At Cape Cod sitdield tracer test
with bromide and complexed nickel (NiEDTA) showeingicant
differences in the travel distances needed to raamnstant longitudinal
dispersivity (69 and 26 m, respectively), suggesérspatial or temporal
variability in the early time evolution of groundtgasolute plumes (Hess
et al. 2002). According to Bellin et al. (1996)etHispersion coefficients
may change over the years depending on the gradatdtion, and
therefore the definition of an asymptotic dispensiiased on few field
data may be difficult/almost impossible. For MoR2015), since the
macro-dispersion concept requires an unrealisyidaflg travel distance
or travel time to converge to its Fickian asymptdt® scale-dependent
behavior seems to be a “conceptual artefact”. Evéaboratory columns
under constant flow conditions dispersivity vanas due to geochemical
reactions were found (Appelo and Postma, 1999).

In the up-scaling of the transport problem fromeascale to field-
scale, studies differentiated spreading, that dssethe spatial extent of
the dispersed plume, and mixing, that describes pabability of
chemical species to mix and react in a moving f{déntz et al. 2011).
Kitanidis (1994) underlined the importance to digtiish between
spreading and dilution of a plume in groundwateggesting that macro-
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dispersion coefficient, deduced from tracer testsnot reliable measures
of concentration reduction rates in heterogeneoadian Cirpka et al.
(1999) showed that, in highly asymmetric flow majélansverse mixing
is often over-represented leading to significanerestimation in the
aerobic degradation rates. Such errors are dugetodarse applications
of macro-dispersion parameters obtained from tretialpanalysis of
plume moments, or to numerical dispersion (Cirpkale 1999). The
dilution index concept for conservative plumes #itis, 1994) was
extended to reactive plumes in heterogeneous nimdi@hiogna et al.
(2011b). An estimation of dilution index for CapedCand Border
indicated similar values for both sites (0.63 an@d2Q respectively),
despite Cape Cod plumes were more stretched anchaed than Borden
(Thierrin and Kitanidis, 1994).

By numerical or semi-analytical models and lab-sexiperiments,
many studies delve into the contribution of adwectand diffusive
transport to the hydrodynamic dispersion procesohftes, and into the
incongruence of conventional Fickian behavior ofcroadispersion
coefficient. Cirpka et al. (2006) suggested tharein steady condition
of flow the contribution of effective molecular flikion to transverse
dispersion cannot be neglected. This intuition e@sirmed by a set of
laboratory-scale experiments investigating trarsvehydrodynamic
dispersion of multi-tracers and its variationsha flow field (Chiogna et
al., 2010), which also highlighted a nonlinear tielabetween dispersion
coefficient and average linear velocity againstitear parametric model
(Van Breukelen and Rolle, 2012):

DT :I—V + Dd*
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where O+ [L2T?Y is the vertical transvers hydrodynamic
dispersion, | [L] is the porous medium grain size[L T is the linear
groundwater flow velocity in the direction4D[L2 TY] is the effective
porous diffusion, or pore diffusion coefficient, Behe Péclet number.

Furthermore, transverse mechanical dispersiontezsdependent
on the specific diffusion coefficient at the expeeintal scale (Chiogna et
al., 2010). A subsequent study demonstrated thatpoand-specific
transverse mixing of species with different aqueditfasion coefficients
is still significant at field scale, especially ¢tase of low to moderately
heterogeneous porous media. The importance of looahpound-
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dependent effects on the length of simulated plumesxing-controlled
reactive transport was also underlined (Chiognalget201l1a). Such
findings were confirmed by Rolle et al. (2013) tishbwed a relevant
influence of diffusive processes (pore channeleyaah the conservative
and reactive solute transport (macroscopic scals#g pore-scale
modelling, flow-through laboratory experiments, arféld-scale
numerical modelling based on Borden and Columbu#exrg.

It worth noting that most of this knowledge abdwt thadequacy
of advection-dispersion transport at field scaleveés from unsuccessful
attempts to explain concentration distributions esbed in MADE
experiments, at Columbus site, using conventionatrordispersion
concepts (Molz et al. 2006). Gradual understandfriigld evidences was
built on the realization that neither macro-dispgrsnor hydrodynamic
dispersion in general, was playing a dominant edlehe MADE site
(Zheng and Jiao, 1998; Benson et al., 2001; ZhadgGorelick, 2003;
Liu et al., 2008). Instead, a dual-domain conceytiile/ immobile zones
in close contact) led to conceptually simple sirtiakes that incorporated
the measured hydraulic conductivity field (Feehktyal., 2000) and
reproduced the primary observed plume characisi@ilolz et al. 2006).
Accordingly, a duadomain mass transfer model resulted more accurate
than an advectiodispersion model in describing the early high
concentration peaks and the later lomncentration tails observed in the
field (Liu et al. 2010). By examining three stodi@sransport models of
MADE site, Salamon et al. (2007) highlighted thepartance of small-
scale heterogeneities in modelling tracer transplierefore, most of
results from field investigations and modeling gsak suggested that
connected networks of smaitale preferential flow paths and relative
flow barriers exert dominant control on solute s@ort processes (Zheng
et al. 2011).

In many practical cases, to simplify the solutidmew dealing with
a high variability of parameters, effective fieldesaged values are used
by elaborating in-site observations (Butters ang,Ju989, Cirpka and
Attinger, 2003). However, some authors questionpimgsical meaning
of the effective parameters, suggesting that naguenparameters would
be more characteristic of macro-porous soils (Heinal., 2005). Carrera
et al. (2005) suggests the transformation of raw@sueements in order to
increase the sensitivity of data to the paramekansexample, using total
observed mass instead of individual concentratadnas when modeling
a breakthrough curve in a point or a plume moveni€otseuil et al.,
2011a, Guilbeault et al. 2005; Bockelmann et aD3}0or monitoring
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peak concentration evolution and early peak arri¥abodbury and
Rubin 2000, Fiori et al. 2015).

3.1.3.2 Diffusion

In a stagnant solution, a difference in solute eoti@tion between
two points actives a net flux of mass from areashigher to lower
concentration, caused by the random Brownian mownéwiemolecules
(Appelo and Postma, 2005). This is called molecdiffusion and is
governed by the Fick’s laws (Fitts, 2012). In sieathte conditions its
parameter, a diffusion coefficient, is constant endirectly proportional
to the flux of solute mass and the concentratioadignt, while in
transient conditions the parameter is influencedhayspatial change of
concentration and its variation over time (Kitasidnd McCarty, 2012).

The diffusive transport is normally not as impotteas the
advective one (Appelo and Postma, 2005). This cabse the diffusion
coefficients are orders of magnitude smaller thgdrdwlic conductivity.
Over short time periods diffusive transport eqaalgective transport, but
over longer time periods (and hence also over tatitances) advective
flow becomes more and more important (Appelo andtrRa, 2005).
However, where advective flow is negligible (e.x.silt, clay lenses),
diffusion may be the main transport mechanism (iBerknd Johnson,
1963; Hendry et al. 2017). In some aquifers, maand backward
diffusion was shown to dominate transport (Chapmauach Parker, 2005;
Miotli ski et al. 2011; Yang et al., 2014).

In some occasions, a groundwater professional rneetistermine
which process controls the movement of solute,iqdarly in aquifers
where fractures or karstic features occur. If matdiffusion is
unimportant, then the equivalent porous media (Lehgl., 1982) can
represent the transport of solute in both sedinmgrizarocque et al.,
1999, Shapiro and Nicholas, 1989) and crystallook aquifers (Hsieh et
al., 1985). Where matrix diffusion processes havargortant influence
on solute concentrations, then introduction of @ite fracture network
allows for an explicit characterization of the fra® and matrix
properties (Shapiro and Nicholas, 1989, Sudicky kiudlaren, 1992,
Ma oszewski and Zuber, 1993; Miottki et al. 2011).

The sluggishness of diffusion may limit other preses (Kitanidis
and McCarty, 2012). The examples are adsorptiond@sdrption that
may take place through very small apertures (WabdDiGiano, 1996).
The rates of some mechanisms may depend on diffusince the
process-mediating microorganisms need to stayritacbwith the porous



71

matrix (Griebler and Lueders, 2009) where diffusiesults dominant in
the substrate transport to cells (Hesse et al.;RaMaswami et al. 1997).
Similarly, the diffusion of dissolved gases limitee mass transfer of
gases at the air-water interface (otherwise, daailion between the air
and gas phases would be practically instantanedbss, in the case of
sharp water-table fluctuations that cause surfadmutence, such mass-
transfer of gases may be considerably enhanced¢Het et al. 2003;
McKenna and McGillis, 2004; Geistlinger et al. 2p10

The pore water velocity is an important parametartributing to
geochemical reactions including diffusion on theepscale, although
both, high and small water velocities can indupgtétions in reactivity
or bioavailability of compounds (Molins et al., Z0Meckenstock et al.
2015). Brusseau (1993) analyzed the influence epage velocity at
porous scale and intra-particle porosity on solutansport in
groundwater, showing an increasing importance fitiglon limitation
with the decreasing of flow velocities. Thus, bigdeation resulted
availability-limited because microorganisms havestoned the substrate
faster than it could be delivered by slow diffusi@russeau 1993). For
low concentrations and transient flow conditionangner et al. (1998)
found that degradation rates were higher when witaer was slower,
suggesting that molecules needed sufficient timdiffase into micro-
pores. Thus, the transport time must be long coetptr diffusion time,
since otherwise molecules may be flushed throughpires without
degradation (Langner et al. 1998).

3.1.4 Physicochemical processes in the shallow sulface
3.1.4.1 Dissolution and solubilization

Macroscopic dissolution rates of NAPL in groundwatepend on
their saturation (Miller et al., 1990), positiortarthe mass transfer zone
(Geller and Hunt, 1993), product-water interfaceg¢a (J. Huang et al.,
2015), groundwater velocity (Powers et al., 19910 spatial distribution
of residual entrapped NAPL (i.e. blobs and gandkawers et al., 1992,
1994). By analyzing dissolution and mass transfieteu field conditions,
Frind et al. (1999) showed a flow lines focusingptigh a dense NAPL
source, resulting in a narrow stream tube downstrelm addition,
equilibrium concentration are observed only atabeter of the effluent
plume, suggesting that peaks can be easily missihwhe sampling
wells at field site (Frind et al. 1999).
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Furthermore, given a concomitant presence of etremb NAPL
in contaminated areas may derive an enhancing afroegrbons
solubility and saturation concentrations based aouR’s Law (Corseull
et al., 1998), resulted from the reduction of agsguhase polarity caused
by the hydrophilic compound (ethanol). Such efisatescribed with a
BTEX cosolvency model in ethanol (Powers et al., 000 that
mathematically is expressed by a logarithmic lawor8€uil and
Fernandes, 1999):

®3)

where & is the compound solubility in the mixturey & the
compound solubility in water, f is the co-solvendlwme fraction
(ethanol) and is the cosolvency energy that accounts for theateent
capacity to solubilize the BTEXSs.

Solubilization is a mass transfer process that medgr to the
dissolution of a chemical from a solid phase intsctuble form (i.e.
reverse of precipitation) or the partitioning othemical from a non-
miscible liquid phase into the aqueous phase (Kitarand McCarty,
2012). This NAPL partitioning has generally slowddics, because it is
controlled by the rate of transport in the aquguhese (Berkowitz, et al.
2008). Solubilization process is affected by thiilsitity of compounds
or minerals in aqueous phase, which depends olathef mass action
(Appelo and Postma, 2005). The solubility s I[M] is a chemical
property of a compound that constrains the maxgoaktentration of its
components in aqueous phase (Berkowitz, et al. 2008 complex
mixtures of organic compounds, dissolution procisssontrolled by
Raoult’'s Law and the saturation aqueous conceolirati the individual
components depends on numerous factors includegdamposition of
the mixture (Mackay et al., 1991), pressure or tmature (Glynn and
Reardon 1990). Raoult’'s Law actually relates theovaressure of each
components to the composition of the ideal solugi®aoult, 1886). Thus,
if the components are sufficiently similar fromhetmodynamic point of
view (e.g. BTEX in gasoline), such formulation daused to predict the
soluble concentrations of each compound in a méxhyrthe product of
the aqueous solubility of pure substance, its agtnoefficient and its
molar fraction in the organic mixture (Eberhardd &rathwohl, 2002).

3.1.4.2 Volatilization
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The volatilization is the movement of a chemicahfran aqueous,
non-aqueous or solid phase to a gaseous phasai({stand McCarty,
2012). It is a mechanism acting in the surfaceubisarface that reduces
the contaminant mass in the soil by the transfgapbrized contaminants
from both saturated and unsaturated zone to thesatinere (Mercer and
Cohen, 1990). The process is a function of thesdifice between the
actual gas pressure of a substance and the gasi@s equilibrium with
its concentration in water. The equilibrium dependsthe Henry’s law
(Appelo and Postma, 2005). Volatilization ratesaffected by chemical
properties of contaminant (i.e. vapor pressureulsiiy in water),
environmental conditions (i.e. pollutant concembmt soil moisture
content, air movement, temperature) and porousixnatoperties (i.e.
organic carbon content, porosity, density, clayteot) (Lyman et al.,
1982). Furthermore, in contrast to NAPL dissolutiorass transfer rates
with air-phase decrease with decreasing soil meain gize (Wilkins et
al. 1995). Numerical transport models that includ#atilization of
organic contaminants are quite complex as therthege physical phases
in the subsurface (no-aqueous phase, soluble canpoand mobile
fraction of a gas phase) (Abriola and Pinder, 1985)

3.1.4.3 Sorption and ion exchange

Sorption and ion exchange are mass transfer presdsat results
in the partitioning of a chemical from the aquephsse onto or into a
solid phase and retard the movement of contamiriarttse subsurface
(Kjaller et al., 2004; Kitanidis and McCarty, 201Zhus, for quantifying
retardation, we must consider the effects of ad&orpand desorption
processes on transport. The phenomenon can beélsekasing sorption
isotherms (e.g. linear, Freundlich, Lagmuir) tha&fime the relation
between sorbed and solute species in a mass batawontrol volume
(Appelo and Postma, 2005). It worth stressing thrtny organic
pollutants are hydrophobic, which results in a laffinity for water
solutions (polar liquid), preferring dissolve inmpolar liquids. Such
contaminants can be readily taken up (absorptiospil organic matter,
depending on their distribution coefficient and tp@n constant
(Karickhoff, 1984). The processes between reactiveeral surfaces and
groundwater have been investigated at Cape Code(Fed al. 1996).
Adsorption and desorption present an exposure diependence (Ginn,
2000), along with spatial variability (Allen-Kingt eal., 2006), and
variation with lithology (Allen-King et al., 2015)Thus, field-scale
variability in sorption was important for explaigintransient plume
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features (Valocchi et al.,, 1981; Miralles-WilhelmdaGelhar, 1996).
Spatial variability, along with rate-limited and méinear sorption
phenomena affected transport of dissolved plumésoeden and Cape
Cod sites (Brusseau and Srivastava, 1999). Simgladifferential
downward movement of lithium and bromide at fulddec(Cape Cod site)
required multi-component transport simulations tlcansidered the
variable-density of the plume and included lithisanption (Zhang et al.,
1998). Studies highlighted that sorption is com¢blby kinetics instead
of equilibrium formulations (Thorbjarnarson and Mag, 1994),
especially for short exposure times (Brusseau.£1891; Rahman et al.,
2004). Effect of kinetic sorption/desorption onniggerse mixing under
transient flow conditions was mathematically dedilay Cirpka (2005),
showing that sorption contributes significantlyttansverse mixing in
flow fields undergoing temporal fluctuations of tth@w direction. Thus,
complexities of sorption should be accounted indissign of remediation
schemes (Essaid et al. 2015).

3.1.4.4 Degradation

Degradation is a process that reduces concentsatonl it is
governed by chemical reactions often mediated bgronrganisms
(Jakobsen and Postma, 1999; Christensen et alb).2G@nerally, such
activities fix and transform the contaminants, i@dg their total amount
or their impact in groundwater. The process is tipvith advection,
diffusion and dispersion that facilitate the cotfaetween reagents, and
its rate in groundwater depends on dispersive mgipimenomena (Maier
and Grathwohl, 2006; Cirpka and Valocchi, 2007)e Thactors that
determine the rate at which the process takes plakale environmental
conditions where the reaction occurs (e.g. lightater, oxygen,
temperature, pH), physiological capacity of micgarism to lead the
transformation and bioavailability of nutrient (¢caminants). The
literature studies offer estimates of degradatabes (Appelo and Postma,
2005; Alvarez et al. 1991; Corseuil et al., 199#)ich may be helpful in
projections, simulations and a design of a remixdiaechnique

3.1.4.5 Additional considerations on NAPL transport

Overall, key controlling phenomena explaining hydudons fate
in the subsurface were summarized as follows (8wrirand Butler
2004): (a) NAPL infiltration in the unsaturated eoifb) volatilization of
NAPL source; (c) dissolution of low soluble freesguct zone in contact
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with water; (d) mass transfer of dissolved contamta from source or
free-product zone to the aquifer; (e) solute transm the groundwater
(saturated zone); (f) sorption of contaminantshi® porous matrix; (g)
chemical or abiotic reaction and (h) biologicahsBrmation (Fig. 6). In
this review we put a particular emphasis on: (Jeation or conservative
bulk motion, directly related with groundwater flownd thus,

proportional to the seepage velocity obtained whith Darcy’s Law; (2)

molecular diffusion, caused by a concentration igiratdn the aquifer and
related with the thermal-kinetic energy of the $elat the microscopic
level; and (3) hydrodynamic dispersion, resulted iocal variability of

velocity relative to average groundwater flow calibg non-idealities at
different scale in the porous medium (Fitts, 2012he water-soil

interface processes were covered elsewhere andirtbiyde sorption

(Brusseau et al. 1989; Breus and Mishchenko, 208i6Qegradation
(Powers et al. 2001; Kobayashi and Rittmann, 1882;et al. 2013) as
well as organic compound volatilization in the suffsce (Mercer and
Cohen, 1990; Nielsen et al., 1986; Hance 1980).

3.1.5 Mathematical formulation
3.1.5.1 Groundwater flow and solute transport ides

In addition to a concept development (Fig. 5, &it@ prospection
may require a numerical model, which provides atjtetive framework
for synthesizing field information and for verifgincomplex chemical
and hydrogeological processes (Anderson et al.5R00o interpret or
forecast any changes at a site, groundwater piofeds use numerical
codes that incorporate a set of mathematical empmtio represent
processes. This is called process-based modeléngpposed to data-
driven modelling (Anderson et al., 2015).

The main equations for groundwater flow and sottaesport in
porous media are derived from the mass balance candervation
principles (Miller et al., 1998). The flow part cesifrom a pioneering
work by Henry Darcy in 1856 on filtration experinteiin sand columns
(Fitts, 2012). The rate of flow per unit (q) is ¢aied by hydraulic
gradient or hydraulic potential between two poirgs a line of
measurement and the hydraulic conductivity of médjaas described in
Eq.1). Then effective porosity ) is included to calculate pore or linear
velocity (w) (Eq.4 — Darcy’s Equation). Hydraulic head (h) fidnsists
in a sum of an altitude term (z) and a pressurd Ifpa (Post and von
Asmuth, 2013).
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e

The relation can be directly derived from a simetifmomentum
balance of the Navier-Stokes equation. In the caseNewtonian fluid,
a porous unconfined aquifer and a non-deformabli soatrix, the
microscopic momentum balance is extended and agéihgoughout the
domain to obtain the "macroscopic” flow in the psgonedium (general
formulation of fluid motion in space), showing tltse relationship
between micro and macro scale (Bear and Cheng,) 2CGbdisequently,
a general 3D mass balance equation in an anisotsgurated porous
medium (Eq.5) represents a spatial variation ie ddtflow (left side) as
a temporal variation in mass storage (right sideafcontrol volume (CV)
(Domenico and Schwartz 1998, p.60):

Tl(,'wqx)_'_ ﬂ(,‘qu)_'_ ﬂ(quZ) - Tl(rwh) (5)
fix iy 1z It

Thus, the general flow equation (EqQ.6) is obtainsihg the
Darcy'’s specific discharge definition and assumanggid porous matrix
and an incompressible fluid with constant densitye. ( pristine
groundwater):

™ "X Iy Py 1z “1z It

Where w is water density, is total porosity and S is the aquifer
storativity, resulting from a linear combinationsgecific yield ($) and
specific storage @ However, given specific yield values order of
magnitudes higher than specific storage in uncexfiaquifers, S can be
approximated with Sy in the aquifer conceptual@atiEventually, in a
macroscopic application of this balance, an additi@ddendum in the
right side can be punctual injections or withdrasvdl worth stressing
that these formulations employ partial differentagjuations, which are
difficult to solve in their analytical forms (Bedat972). For this reason,
numerical approaches and simplifying/linearizinglusons (e.g.
Boussinesqg equation, Dupuit-Forchheimer approxonatare proposed
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for many practical cases (Fitts, 2012; Domenico3cltiwartz 1998; Bear
and Cheng, 2010).

By extending the problem to the vadose zone, theyBaflux is
integrated into a mass balance of an unsaturatedGIétodio et al.,
1988), where the pore spaces are occupied by tibghases: water and
air. Therefore, in the case of a non-deformablepe®medium, assuming
a macroscopic water flow under stationary cond#iand a constant air
pressure within the pores (atmospheric pressurg)4 s expressed as a
function of moisture content () and pressure head.) and becomes
(EQ.7 - Richards’ Equation, 1931):

19, - Rk, Rz +y,)]
Tt )

However, in the vadose zone all functional relaianthe micro-
scale were transformed to the macro-scale (Bear Gimehg, 2010),
resulting in markedly non-linear relations betwgeassure (hydraulic
head), conductivity and water content head expthimg experimental
parametric models (Brooks and Corey, 1966; Van Gletem, 1980). In
addition, at the micro-scale, a hysteretic contstiéurelations governing
variably saturated flow was found (Mualem, 1974,7@9 Thus, a
tendency of some variables to have “memory” (ice.conserve the
properties generated by a previous input) was @bdett worth stressing
that in macro-scale applications and modelling,hhsteresis effects of
the variables are generally unconsidered, althoigloretical studies
exist (Albers, 2014).

The transport of dissolved contaminants in the gdewater can be
explained by a mass balance of species (i) in agffafor an elemental
CV (Barry et al. 2002). Since another variable tfiaw is defined in the
transport problem (concentration of species in agaghase), at least
two equations are required to find a finite solntidhus, in a saturated
medium under isothermal conditions, the first emumtvould be the
macroscopic total flux, which combines advectiomspdrsion, and
diffusion processes, while the second relation béllproperly the mass
balance of dissolved contaminant in the CV (Beat @hmeng, 2010).
Summarizing the problem in its general formulati¢Bq.8), the
advection-dispersion equation for conservativetediansport in porous
media is obtained:
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n(Ac')
it

where t [T] is time, is total porosity, ¥[M T is the linear velocity
resulting from Darcy’s equation, C [M?] is the concentration of species
(i) in a fluid phase (f), and L2 TY] is the hydrodynamic dispersion
tensor.

In organic compounds spills, the aqueous phasenierglly diluted
and the dissolved solute concentration remainsrigative to the total
mass (Barry et al. 2002). This is caused by twtofac (a) hydrocarbons
having a low solubility, which controls the dissiduin of individual
compounds in aqueous phase as a direct proportiebaken saturation
and molar fraction (i.e. Raoult's Law), and (b)ited released mass in
the source with relatively "low" concentrations lwiespect to the final
contaminated water volume. Even in gasohol (i.soljae and alcohol
mixture) spills where the cosolvency effect may arme BTEX
compounds dissolution, the final solution is higdiijted relative to pure
product. Therefore, non-dilution effects such asisitg or viscosity
variability are disregarded in this formulation.r@equently, the vector
notation in EQ.8, which was independent of the cteté coordinate
system, is projected into an arbitrary Cartesiaordinate system (x, vy,
z), resulting in the general equation of 3D tramspo a completely
saturated anisotropic porous medium for a non-cwatige (reactive)
solute, incorporating effects of advection, hydnoaiyic dispersion
(diffusion), source/sink term, decay and sorptioiveh retardation:

- Rfp vic')+R(p D RC" )= 8)

T o, 38 T fuc) - rceqc, = MACR) ©)
11x; fIx; fx, it

where [j is the projected hydrodynamic dispersion tensofyivT] is
the projected velocity vector, is the first-order degradation coefficient
[T, Cs is the source concentration [M®, gs [T represents the
specific source/sink flow, and ¢Rexpresses a storage coefficient
(retardation) related with sorption. It worth ngfithat for an anisotropic
flow field with 3D dispersion is not possible tongilify the
hydrodynamic tensor in three principal componestinahe case of 1D
uniform flow. Therefore, the dispersive addendur&n9 results in nine
components meanwhile the advective term exprese tbomponents
along the main flow directions.
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3.1.5.2 Hydrodynamic dispersion tensor

Hydrodynamic dispersion equation was developedhéngeneral
theory of fluid mechanics to introduce the comphexif porous matrix
configuration into the transport problem (Bear, 1.9%cheidegger, 1961),
accounting for spreading and mixing of plumes aepand macro-scale.
Since it results as a combined effect of molecu#fusion and
mechanical dispersion, in the direction of flow, ig generally
approximated proportional to the average Darcy’sloacity.
Mathematically:

X

D, = ay, VN f(Ped) vME Pe= (10)
\'

ijkm
d

)

where Ok [L2TY is the generic hydrodynamlc dispersion
" #$T7Y is the

average seepage velocity in the porous mediumv@tkfrom the Darcy’s
equation); Pe is the Péclet numbeis the ratio of the space of individual
pores to the length characterizing their crossi@edh a porous matrix; |
[L] is the characteristic pores length, angl[D? T} is the coefficient of
molecular diffusion of species in aqueous phaseag®uming (Bear and
Bachmat, 1967):

f(Pe, d) = ﬁ (11)
€

The effect of tracer transfer by molecular diffusibetween
adjacent streamlines at the microscopic leveltieétuced in the transport
formulation, although in most practical cases tHimction is
approximated with one. The coefficient[L] is the dispersivity of the
porous medium and it expresses the microscopicigumation of the
solid-liquid interface with a fourth-rank tensootél 81 components with
36 non-zero components in a 3D space). Thus, disfitgrtensor results
affected by scale (Rubin et al.,, 1999; Pickens @&rtsak, 1981),
saturation (Raoof and Hassanizadeh, 2013) anddueteeities (Gelhar
et al., 1992; Feehley et al. 2000; Harvey and GakeP000) or whether
the solute transport is affected by fractures ostid@atures (Ma oszewski
and Zuber, 1985). In an isotropic medium, all tb@-zero components
of the dispersivity tensor (21) are related to oty parameters: a
longitudinal dispersivity (1) and a transversal dispersivityt), that
usually have a ratio of 10 to 20. In the large-scwdtural gradient test at
Cape Cod, Massachusetts, longitudinal dispersifitipromide resulted
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much larger than transverse horizontal and vertdisadersivity: 0.96 m,
1.8 cm and 1.5 mm, respectively (Garabedian et 18191). Such
parameters represents a crucial information to rataled a full-scale
transport problem, although they are almost impfessto estimate
experimentally (Carrera, 1993; Gelhar et al., 199altz, 2015).

Usually in full-scale models of contaminated areaskickian
approach is applied to deal with solute transporparous media and
dispersive effects of advection and molecular diffna are lumped
together in a macro-dispersion coefficient (Eq.1#)jch represents an
averaged term of the dispersion tensor in actualoys media
(Hassanizadeh 1986; Harvey and Gorelick, 2000; BedChang, 2010).

D, = a,x, +T,  xD, (12)

where Dny [L2 T is the model parameter called macro-dispersion
coefficient in the x direction;x [L] is the dispersivity in the x direction,
vy is the magnitude of the average linear velocityflofv, T is the
tortuosity of porous matrix in the x direction, abd is the aqueous
diffusion coefficient. Tortuosity is an experimelntalue accounting for
travel paths, which was empirically related witk formation factor and
the effective porosity of the medium (Appelo andstAm, 2005).
Sometimes there was a confusion with the conversibriffusion
coefficient in pure water (§ to the more useful effective diffusion
coefficient in macroscopic porous mediaq(D(Appelo and Postma,
2005), represented by the second addendum in th&2Edginally,
although lower than the longitudinal macro-dispansiransverse macro-
dispersion coefficient is a widely studied paramatel a relevant source
of uncertainty in predicting dissolved contaminamtigration, since it
affects plume spreading and biodegradation ratb®(@a et al., 2011a;
Schirmer et al. 2001).

3.1.6 Flow and process characterization
3.1.6.1 Modelling conceptualization and execution

By considering a single uniform distribution of per single-
porosity models are based on Richards’ and Dareyisations (flow
formulation) and the advection—dispersion equatfsolute transport
formulation) (Gerke et al. 2007), while in dual-psity models (Gerke
and VanGenuchten, 1993) micro-pores and macro-f@ueas separate
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flow regions (Allaire et al. 2002a,b), each chagdzed by a specific
degree of saturation, conductivity, and flux (Larsmd Jarvis, 1999). As
an alternative a first order mass transfer modelbeaapplied (Feehley et
al., 2000, Lu et al., 2011) with two porosity paeers, i.e. mobile and
immobile one, as well as a coefficient governing #txchange rate
between them (Miotliski et al., 2014). Harvey and Gorelick (2000) used
this approach to explain the concentration profdeshe MADE site,
pointing to its efficiency in representing the charin mobile dissolved
mass with time, the accuracy of peak of the coma&aoh profile, and the
profile asymmetry observed in the field. A lackpbfysical meaning of
the parameters, that could be independently medsumrgarticular the
exchange rate coefficient, is believed to be atsboring of this approach
(Sanford et al., 2017). Nevertheless, its accueecyvell as a relatively
low computational effort made it widely used and@eptually extended
(Zuber and Motyka, 1998; Fernandez-Garcia and Szm¥fla, 2015).

To obtain a fit between observed and modelled t®ssbme
authors mix the approaches or use explicit dafzely are available. In a
forced-gradient tracer test experiment in Tubing&grmany, peak
concentration and time of first arrival were betiproduced by a dual-
porosity transport model by including spatial vhiligy of grain size
(Riva et al., 2010). In addition, incorporating tinear effects in the
relationship between hydraulic conductivity and qsity improved a
match between the observed and modelled profilesa (Bt al., 2010).
Miotli ski et al. (2011) used explicit fracture parameiaduding its
porosity to explain the matrix diffusion procesaifractured aquifer. The
approach allowed one to obtain a satisfactory ditMeen the field and
model data without the use of the dual-porosity ehgMiotli ski et al.,
2011).

3.1.6.2 Prospection methods

The geophysical methods are useful to evaluatedgeaeity that
can potentially contribute to groundwater flow amdibsequently, to
solute transport (Paillet and Pedler, 1996, Le Beret al. 2007; Shakas
et al.,, 2018). These can be both surface-operaBadtwright and
McComas, 1968; Steward and Gay 1986; Daniels £1298; Ebraheem
et al. 2014) and borehole-lowered equipment (Railhel Pedler, 1996).
The techniques together with geological (borehotgging) and
hydrogeological (e.g. a push-pull or tracer testeripretation allow a
cost-effective and non-invasive interpretation efrpeability contrasts
(Le Borgne et al., 2007; Miotlski et al., 2011; Liao et al., 2018). A major
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advantage of these techniques is that they mayugie®il results upon a
spill of contaminant and when using with frequenicgy allow one to
trace the contaminant movement. Some borehole ipobs are able to
determine the exact location of high permeabiligat@ires, their
thicknesses and fracture spatial orientation, awmeneevaluate the
presence of coatings of secondary material. Sirgiegde technique can
give ambiguous results, a use of several methodarisanted in order to
determine whether fracture flow is significant (R&iand Pedler, 1996).
Muldoon and Bradbury (2005) showed that borehotgbgsical logging
could be used successfully in the determinatiofrasftured zones in a
dolostone aquifer, although a standard pumping itest large set of
observation wells indicated that the aquifer beldaasea porous medium.
Recent works presented effective inversion procesiwf hydraulic
tomography applied to the high resolution charéation of hydraulic
conductivity and specific storage heterogeneitiefteld-scale (Yeh and
Liu, 2000; Jiménez et al. 2015)

A down-hole electromagnetic flow meter is used t@lgate
aquifer heterogeneity in the vertical direction aindives a quantitative
description of flow variability in a water-well, agell as the estimation
of hydraulic conductivity over discrete intervaldd]z et al., 1989, Paillet
and Pedler, 1996, Le Borgne et al., 2007). Le Bergh al. (2007)
demonstrated that the results from the flow metelysis were very
consistent with the packer tests and borehole gesgdl data in
identifying preferential flow zones in a fracturaguifer.

3.1.6.3 Site instrumentation

In addition to the spatial non-homogeneity, somecesses may
vary over time due to the transient nature of higdjical stresses (e.g.
rainfalls, tides, river floods). Dynamic flow chasgymay have similar
effects than geological heterogeneity on the plomgration resulting in
a significant increase of plume spreading in trensw direction (Kim et
al. 2000; Vanderborght et al., 2000; Cirpka andnger, 2003). In order
to distinguish the effects of spatial heterogenedtyd transient
mechanisms on the solute distribution over timepmsiderable amount
of head and concentration measurements is requi@mbde and
Konikow, 1990). Such datasets are normally colkbct field-scale
through monitoring networks of piezometers and wrleltels wells,
which have to be properly located to account fer pflume variability
(Chadalavada and Datta, 2008; Rein et al. 2009)sdWiet al. (2004)
discussed the challenges related with monitorindl wetworks for
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spatially variable plumes, illustrating the difflguin establishing and
instrumenting a representative centerline undemrabtonditions (Fig.
7). An earlier contribution by Brusseau (1994) pded an extended
description of factors potentially responsible fmm-ideal transport of
dissolved contaminants under field conditions, Whétill represents a
useful conceptual tool to design a monitoring nekwélowever, recent
and substantially more advanced researches arestigatng new
adaptive strategies for sampling in space and timguding genetic
algorithms, systematic model errors estimation,wfnd-transport
modeling, ensemble Kalman filtering, and multi-altjee evolutionary
optimization (Reed et al, 2000; Kollat et al. 2011)

Figura 7 - Conceptual diagrams illustrating difftgu in establishing and

instrumenting representative centerline monitoriimg different scenarios: (a)
uniformly distributed plume in homogeneous, isottopnedia, (b) uniformly

distributed plume in homogeneous, isotropic medteene hydraulic gradient is
inaccurately defined, (c) uniformly distributed pla in media with undetected
macro-scale heterogeneity (i.e. buried stream ain(d) non-uniformly distributed

plume migrating along preferred flux paths in hetemeous media, (e) non-
uniformly distributed plume generated from heterwgmusly distributed sources.
Dots represent monitoring wells and insets showltieg concentration vs distance
along instrumented transect. Figure and captioaioét! directly from Wilson et al.
(2004).

a T [ T

flow direction —= flow direction = 7 flow direction —

Many investigators focused on three-dimensionatasttarization
of heterogeneity deploying high resolution monitgrnets (Guilbeault et
al., 2005) or hydraulic topographies with modutamporarily-emplaced
equipment for short-duration tests (Cardiff et212). A detailed site
characterization and an uncertainty evaluation esgential steps for
predicting NAPL dissolution and mass flux relatibips (Troldborg et al.
2010), as well as for assigning site-specific reiat#mh target values
(Soga et al. 2004). At Borden site, Ontario, gdisiteal interpretations
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of the structure of hydraulic conductivity variat® (i.e. variogram)
aimed to explain plume spreading at field site {&kd 1986; Woodbury
and Sudicky, 1991; 1992). To understand the compfg®raction
occurring between diffusion, advection and reactjoacent work focus
in better characterizing experimental conditiond especially pore-scale
domain (Meakin and Tartakovsky, 2009). Promisiradptéques are being
developed for both reactive and non-reactive flom mansport (Alkindi
et al.,, 2010; Fridjonsson et al., 2010; Oostromaét 2016). As
remembered by Kitanidis (2015), an in-action retiolu in materials
science, optics, and electronics allowed the priolu®f cost-effective
and accurate sensors (e.g. moisture sensors, ummidiber optic
piezometers, and oxygen sensors) contributingegd#iter definition of
field conditions and parameters (Butler et al., 4 9%akaki et al., 2008;
Robinson et al., 2008). Even non-invasive metha@de8 on tracers have
been improved to determine NAPL source zone arctbite (Rao et al.
2000). Thus, although interpretation is still ditfit for multi-component
NAPLs in heterogeneous settings, simple source soocen be
characterized by partitioning tracer tests. (Boranch and Abriola,
2015).

3.1.6.4 Groundwater — surface water interactions

To improve the understanding of the variable floeld that
connect surface and subsurface, many techniques f@me an accurate
recharge estimation. These make a use of hydraedid (Das Gupta and
Paudyal, 1988; Scanlon et al. 2002; Cuthbert, 2Qt0sbie et al. 2005),
heat (Rau et al. 2014) and inorganic species dagaadka et al., 1983;
Herczeg and Edmunds, 2000; Xie et al. 2017). Maistaontent
measurements inform both the timing and volume wjugdwater
recharge from the surface (Hunt et al., 2008). &toee, the assumption
of constant and instantaneous transfer of infittrato recharge have to
be carefully assessed in the field (Healy and C&i2) and it is
inherently not valid for disconnected surface-sula®e systems
(Brunner et al., 2011). Hence, streambeds whereallid conductivity
controls large-scale exchange fluxes with aquifemain the most
challenging sites due to its spatiotemporal valitgbiand the scale
dependency of measurement methods (Boano et &D; Bamporeale et
al., 2013; Brunner, 2017). High variability of camdivity in the vertical
direction have a direct impact on the measuremeabniques and
modelling approaches in gradient tracer tests (Btak Teutsch, 1994).
Rosenberry and Pitlick (2009b) highlighted the imaoce of quantifying
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both vertical and horizontal streambed conductsitishowing their
relevant local variability, while Sebok et al. (B)lperated at different
spatial scales in the measurements, underlining stae-dependent
behavior of conductivity field assessment.

3.1.6.5 Remaining uncertainties in NAPL charaztgion

In contaminated areas, heterogeneity of condugtindin lead to
lateral migration of both LNAPL and DNAPL in the saturated zone
(Essaid et al, 2015). Many field studies documernitesl spreading,
pooling, and entrapment of non-aqueous phase by donductive
heterogeneities (Dillard et al., 1997; Essaid et 4d993), and
consequently, back diffusion of contaminants (Parke al. 2008;
Chapman and Parker, 2005; Seyedabbasi et al. 2CGapjllary forces
affect NAPL relative permeability and make it mdi#ficult to infiltrate
into fine-grained layers (J. Huang et al., 201%).tthe first MADE
experiment, matrix diffusion within low-permeab&yérs in conjunction
with a natural tendency for preferential sampliragrf permeable regions
are used to explain the 21% lower values of sampedeous
concentrations relative to the soil cores (Boggd &udams, 1992).
Heterogeneity-induced capillarity affects a DNAPLligmation against
groundwater gradients at the Hyde Park Landfilinsival waste disposal
site near Niagara Falls, New York (Osborne and Syk&d86).
Multiphase flow experiments at lab-scale confirmadch field
observations, detailing the unstable NAPL infiiivatas a result of pore-
scale and macro-scale heterogeneity, along withd finteractions
(Darnault et al., 2001; Glass et al., 2000; Held Hiangasekare, 1995).
The field experiments demonstrate that heterogeseélong with NAPL
saturation and groundwater flow affect the dissoiuprocess (Essaid et
al 2015). Source zone morphology, determined byh#iterogeneity of
the formation, controls the post-remediation dissoh behavior of
contaminants (Soga et al. 2004). As well biodegradanay change the
concentration of dissolved solutes in aqueous pliafeencing the
interphase mass transfer, which is driven by caonaton gradient
(Essaid et al., 2003). Furthermore, due to the maicetotal groundwater
flux through the source area (Nowak et al., 20%&@)ificant portion of
uncertainty in predicting plume migration lies hetinitial plume width
estimation and source scale (de Barros and Now&R)2@hich have a
key influence on expected development, disperglduation and mixing
of contaminants (Rubin et al., 1994; Dentz et @0(D.
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Once these contaminants pass to the aqueous-ptizesie,
migration and spreading is affected by conjointeeff§ of irregular
distribution of geological characteristics and toldgical stress apparent
at different timescales (Cook and Herczeg, 2000atb@nd Carrera,
2005; Pool et al. 2015; Zech et al., 2015). In wiioed saturated zones,
most of plumes variability is related with heterngity of specific yield,
along with hydraulic conductivity and macro-dispens tensors
variability (Cirpka et al. 2015; Werth et al. 200&specially transversal
spreading of dissolved contaminants and sorptitarbtation processes
seems to be related with the heterogeneous distibaf features in the
porous matrix at different scales (Roberts et 8861 Brusseau and
Srivastava, 1999; Cirpka, 2005). To quantify thpacts of heterogeneity
on effective flow, transport and reaction, new gphfg strategies are
being developed from pore-scale to macro-scalehthe&r and Kang,
2007; Battiato et al., 2009; Battiato and Tartakgy2010; Tyagi et al.
2013). Similarly, the uncertainty related to effeetreactive transport
models are estimated from a probability densitycfiom of the solute
concentration (Tartakovsky and Broyda, 2010). Famttore, reliable
non-Fickian models (Berkowitz et al. 2006; Le Barget al., 2008;
Neuman and Tartakovsky, 2009; Bijeljic et al., 20H0e available
nowadays to represent heterogeneity impact on phpreading. About
this, Dentz et al. (2011) proposed a complete vewiemixing, spreading
and reaction interactions in heterogeneous mediathéd same time,
transient nature of hydrological stresses oveathéfer results in a wide-
varied flow field that increase plume dispersiamysrate oxygen mixing
and eventually biodegradation rates of contaming8thirmer et al.
2001; Goode and Konikow, 1990; Meckenstock e4l15)

Nonetheless, real interactions between geologiesrbgeneities
and transient hydrological processes at differeates remain a critical
source of uncertainty in the understanding of sottsinsport in porous
media (Kitanidis 2015). An extensive laboratoryls@xperiment, Rolle
et al. (2009) tested the influence of steady aadsient flow on solute
mixing in both homogeneous and heterogeneous poroesia,
suggesting that changes in groundwater directibyn@ause local mixing
enhancements and their contribution to transveligenghare generally
lower than those caused by geological heterogeseily carrying out a
tracer experiment with both, conservative and readubstances, in a
quartz sand box of 14 m, Rahman et al. (2005) treeduantify the
vertical transversal mixing in a heterogeneous omedby analyzing
concentration profiles. However, the heterogergitaused a sinuous
behavior of plumes, distorting the concentratioofifgs and leading to
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the conclusion that velocity distribution is a mataty information to
estimate transversal mixing (Rahman et al., 2005).

3.1.7 Conclusions

In contaminated areas, an effective monitoring plaremediation
strategy starts with a deep comprehension of dpatjgoral variability of
subsurface processes that affect flow field andtedransport at all the
scale. Given the complexity of solute behavior @atunal porous media,
many comprehensive studies with different approsi@re reviewed in
the paper, including hydrogeology, chemistry, bigio engineering,
economy, toxicology. Extended monitoring networksgurate analysis
of available datasets and proper verification atematic hypothesis by
a conceptual model development contribute to thigrdisciplinary
understanding of non-ideal transport of contamisamgroundwater.

To guarantee an actual usefulness of this paper bfath
practitioners and researchers, main factors inflirgngroundwater flow,
solute transport and physicochemical processekaliosv aquifers are
presented and classified, giving also a simplerigarous mathematical
formulation of the phenomena. The geological, higfjical and
anthropogenic factors have a large variabilityuli-§cale experiments,
which generally confound our understanding of sdutnigration, and
make difficult to characterize processes from tingpke monitoring of
constitutive variables (i.e. hydraulic head, condion). Further
comprehension of fundamental aspects and even diomtation in
classical theories are obtained by large field grpent with tracers under
natural gradient, usually coupled with numericaldels, which together
have contributed to the development of modern ryeiotogy. For this
reason, integrating these contributions in new @sseriented researches
and advanced modelling tools can contribute tadpél improvement of
our knowledge, and thereby, the quality of our Bgaplon in
contaminated areas. However, macro-dispersion gorfoe full-scale
aquifers continues to be a controversial subjecbirttaminant hydrology,
many new conceptual models (e.g. dual-porosity,| doeain mass
transfer) are being used to explain transport umdgural conditions
instead of common advection-dispersion model. Thieseulations
should be routinely included in practical casetest their performances
in “less controlled” conditions than well-instrunted sites.

In addition, a wide-range of prospection method$tachnologies
is available for hydrogeological characterizati@lowing save-time
approaches that enhance our comprehension of Hydteansients and
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increase the spatial resolution of measurementsdhpproaches allows
collecting an incredible amount of data, also uskfudecision—makers,
practitioners and governmental entities dealinghvatcidental spills.
However, such information would firstly require amderstanding of data
significance, a result interpretations and an uag#y comprehension.
As the risk and regulatory drivers vary with eaith, 0 description and
characterization of subsurface phenomena in aasdessment may
require different depth and data comprehensivenésequirements
change between two sites, our questions, methoigslognalysis, and
answers for these two sites will change, impli@atiifferent times and
resources for the hydrogeological characterizdtidhe site-assessment.
For this reason, the interaction between a varifible field and solute
transport in porous media have to be known (ancerstdod) by who
develop the contaminated area requirements. Thatelelbout how best
to describe solutes migration problem in full-scaperiments,
especially under different field conditions, aneé ttole of site-specific
flow field in varying such transport in the grouraber is likely to
continue for many years, but meantime even thegbartivances in our
understanding of the problem should be employautactical cases and
spreaded in educational field.
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contetdo e elementos utilizados nas analises.

Resumo

Este trabalho propde uma exploragdo estatisticdatss de carga hidraulica
disponiveis pelo aquifero ndo confinado da Ressa¢ddriandpolis, Brasil),
gue representam 10 anos de monitoramento dos 28npétros instalados
nas areas experimentais do REMA. Por meio dessdadmm, o estudo visa
obter um quadro completo da drenagem natural noirdomque esta
intrinsecamente ligada a taxa de rebaixamento mgldreatico no tempo.
Este estudo apoia, portanto, a compreensao geralais#io entre as chuvas
e as flutuacdes do nivel freatico nesta regidoegaste em especifico nas
areas experimentais do REMA. Em uma perspectiva amapla, o termo de
descarga (definido no texto com D) pode tambénusado como dado de
input na aplicacdo do método do water-table fludaa(WTF), a fim de
explicar o comportamento do escoamento subsup@réas fendbmenos de
recarga. A area de estudo representa um aquifem (pofundidade do
lencol freatico entre 0.3 e 2.0 m) cercado por roamgis em uma planicie
costeira caracterizada por um clima subtropicaldémt ais caracteristicas,
configuram um dominio complexo para se avaliarrosgssos de interacao
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entre aguas subterrdneas e superficiais. Além ,diasocorréncia de
numerosos fatores antropogénicos e a presenca e#s @e interesse
estratégico (Ex. Aeroporto Internacional Herciliozl. Base aérea militar),
dificultam ainda mais a definicdo da infiltrac&ortieal e do campo de
escoamento subsuperficial, dada a presenca de emsa dede de canais de
drenagem que constituem uma forma preferenciareitoria de fluxo. A
pesar das limitagbes, os resultados da analise¢iséista das taxas de
rebaixamento dos piezometros da Fazenda mostrasncdoiportamentos
principais das cargas hidraulicas, que diferem yppna maior ou menor
impulsividade das variagfes tanto em subida quedeseida. No texto
define-se que esta variagcdo do comportamento deperincipalmente da
posicdo do poco ao interno do campo de fluxo glralquifero e, portanto,
da distancia total “piezémetro-receptores supeifitj tendo os piezdbmetros
mais afastados da condicdo de contorno superéiciab os mais flutuantes
do dominio. Alids cabe ressaltar que por cada gri@opiezdmetros,
consolidaram-se duas condiges tipicas de drenpadginda ANOVA das
taxas, em funcdo da profundidade do lencol freafitsie fato destaca a
importancia do contetdo de agua do aquifero e dmonee pluviométrico
(época seca ou umida) na definicdo do campo de #uxas velocidades
locais de escoamento.

Abstract

This paper proposes an in-depth statistical exptmraof the available
hydraulic head data concerning the Ressacada a(fiiéeianopolis, Brazil).
By means of this approach, the study aims to olaaiomplete picture of the
natural drainage in the domain. This intent supptine understanding of the
relationship between rainfalls and aquifer levektfuations in this coastal
region. In a broader perspective, the drainage temam be used in the
application of the water table fluctuation methad,order to explain the
seepage behavior and recharge phenomena. The chinsnarea was a
shallow coastal aquifer surrounded by mangrove gwam a humid
subtropical climate region. In view of the citedhtigres, it represented a
complex domain to assess both groundwater andcgupiamcesses. Besides,
the co-occurrence of numerous anthropogenic factord the presence of
strategic interest areas (International Airport,litsliy base camp), have
further complicated the vertical infiltration arttetnatural drainage. Finally,
results showed two main groups of piezometers wittypical drainage
behavior. It seems to depend on the well positiorihie flow field and,
therefore, on the distance from surface recepborsach group, two distinct
drainage conditions were also detached in terntiseofvater table level.

Keywords: Natural drainage, Spatial analysis, Coastal Aquifé/ater table
fluctuation method.
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Highlights:
- A statistical exploration of drainage rate in thesBacada aquifer

(coastal shallow unconfined aquifer) was presented

The evolution of natural drainage over time wascdbed by an

exponential function

Two groups of piezometers with different behaviotidrainage rate

was showed

Two main drainage regimes, dependent to time sihee last

precipitation, was highlighted for both groups

3.2.1 Introduction

More and more studies in the last two decades bbserved the
importance of the hydraulic head records in order understand
hydrodynamics of groundwater. The relationship leetwnatural stresses
(e.g. rainfalls and tidal oscillations) and watevdl fluctuations in the
aquifer is of primary importance to explain in dfeetive way the flow
field, especially in shallow aquifers [1], and mospecific in all
unconfined coastal aquifers rounded with oscillatiead conditions and
characterized with a scarce water table depth antamse reactivity to
changing conditions [2]-[3]. The task becomes eweme challenging in
extreme climate and environmental conditions, an gbuthern cost of
Brazil, where strong and varying precipitationghe presence of dense
mangrove areas would modify the response of groatelwsystem [4]-
[5]. In the described situation, continuous mornitgrof the water table
could be used both to predict future fluctuatiomsl &0 establish the
recharge of the aquifer [6]: the results obtainedas support its use in
different types of technical applications and iffetent scientific areas
[7]-[8]. Nevertheless, generally speaking alreadsilable datasets
include only discrete measurements of water headaftered and
irregularly spaced in time. This kind of data, aeligh rarely used, can be
a useful source for information and prediction dkemuifers if properly
mined and processed.

For this reason, among the different methods aviailia literature,
the water table fluctuations (WTF) method was chasiace it provides
a valuable tool for interpreting hydraulic headctluations over a wide
variety of climatic conditions and different timeades [9]. Despite the
flexibility of the method, different limits for itepplication have been
reported in the literature [10] linked to a vari@tyfactors: long-lasting
and light rains (due to underestimation of the aegh), daily or weekly
fluctuations of the recharge, sampling intervaltloé hydraulic loads,
difficulties in estimating the specific storage aratural decrease rate of
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the water table. Focusing on the last point, dgdls with it through an
automatic method that estimates the descent at machent (MRC),
while another study [12], defines the drainage (Bfg as a constant for
the entire time and domain, maintaining a staisépproach to estimate
its value. In both works a robust and data-driveaice on the drainage
term stands out as an important aspect.

For this reason, the present study aims to anagdeestimate, in
a clear and objective way, the decreasing rategatér table levels (all
drainage contributes) in the Ressacada aquifeatddcin Florianopolis
island. Furthering this topic is of great importanfor the accurate
application of WTF method with a discrete time sgrapproach. The
aquifer of the case study is a shallow coastalesydbcated in humid
subtropical climate, close to mangrove swamps atahgplex estuarine
system subject to tides. The paper is based oaxghleratory analysis of
the water table historical series collected at Experimental Farm of
Ressacada. The possible differences in local regptm precipitations
(spatial variation) were also investigated by corimgapiezometers data
in a region considered geologically uniform. Thadst enhances the
knowledge of groundwater dynamics in the area amtributes to design
the domain conceptual model, analyzing and reliatdfining the
drainage term— from a statistical point of viewrtRarmore, this allows
the application of the WTF method to estimate repbacorrected with
the addition of the drainage contributions.

3.2.2 Materials and methods

The case study is a phreatic aquifer located inBkgerimental
Farm area of Ressacada, owned by the Federal Wiwearf Santa
Catarina (UFSC) in the southwest region of Santéai@e Island,
Florianopolis. The whole peninsula is characteribgda flat estuarine
system: natural slope between 0 and 3% (excludmegches and
anthropogenic dams), and topography between -@ % &xmeters above
sea level. From a geological point of view, theioags fairly uniform
and presents lacustrine deposits with predominafcpiartz fine sand
with lenses of silt and clay (in general 5-15%)hwivo main features: a
"Intertidal Plain" in the main central part of ai@ad a "Tide Plain" in the
boundaries near the shoreline characterized by rmmaegwamps [13].
Field studies performed in the farm shown thatsiits are characterized
by an average total porosity of 36.8% (+3%), alsth \wigh values of
moisture (20-25%) and saturation percentage irnvéise zone above
the static level [14]. In accordance with the diggion, the aquifer is a
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costal shallow system: mean depth of 30-40 m aaténtable within 0.3
to 2 m to surface, with a very low natural gradiehydraulically
connected to the Tavares River Basin (the secorsdl mmportant on the
island) and exposed to intense periodic fluctuatiohwater levels. It is
drained at its boundaries by the South Bay and'thares River and at
its center by a set of artificial channels, whidiphto maintain the water
table below the topographic surface. The groundwities of the study
area occurs mainly towards NW-SE, and the natusahdrge of aquifer
flows to the channels and to the left bank of TasdRiver (Fig.8).

Figura 8 - Geographical position of the RessacademF(a) and location of

experimental area (dashed square area). Overlappirtgur lines on the aerial photo
show the topography in the Experimental Area3 (ig) black vertical line indicates
longitudinal section. Coordinates refer to WGS 1984UTM 22S. Schematic

hydrogeological sketch (c).
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Meteorologically, the island is defined as humidbtsopical
climate in the Koppen-Geiger climate classificatip]. Normal rainfall
rates varies between 1200 and 1600 mm per yearhghier amounts in
the months of January to March, and lower betwaae dnd August. The
rains have an impulsive character with high intgnand outstanding
variability. In addition to this common variabyljtthe impacts of periodic
precipitation anomalies linked to Southern Osdéolatalso known as El
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Nifio and La Nifia), are more pronounced than in Atiga and Uruguay
[16]. The rainfall data included in the study referdaily accumulations
(24h on Brasilia local time) and were provided g Institute of Airspace
Control (Ministry of Defense). The station is paftthe METAR and
WMO network (83899) and is located at Florianopdlisport (27°40'14
"S - 48°32'50" W) less than 400 meters from theeeixpental areas. To
consolidate this temporal rainfall series, two otbatasets were also
consulted: an hourly-based dataset from the INM&®matic station in
Florianopolis-S&o José (WMO: 86958), 7 Km away ftbmfirst station,
and the database of the pluviometric control ofsdeada Farm, that was
supplied by the technicians of Agrarian Sciencest€¥gqCCA).

Tabela 1 — Design details of piezometers includettié study

Name Ground altitude Well screen depth Well case
(Ref. Code) AMSL [m] (top/bottom) [m] diameter [cm]
PEO1 2.83 25/45 5.08
PEO2 3.20 25/45 5.08
PEO3 3.30 25/45 5.08
PE06 3.10 20.0/30.0 10.16
PEO7 2.72 11.0/13.0 11.43
PMO1 3.32 25/45 5.08
PM02 3.25 25/45 5.08
PMO04 2.50 25/45 5.08
PMO05 3.32 25/45 5.08
PMO06 2.88 2.0/4.0 5.08
PM18 2.66 1.0/3.0 5.08
Pzo01 3.12 10.0/15.0 5.08
PZ02 3.19 5.0/10.0 5.08

For the purposes of the present work, data fronpi@3ometers
were used, in the time window from 2007 to 2014.tAé piezometers
are located in experimental area 3 in the Ressdeatha. Tab.1 presents
design information for included ones. Most of piemters are shallow
and intercept phreatic aquifer up to a depth ofm,%except for PZ01,
PZ02 and PEO6, which reaches respectively 15, ©i038nm of depth.
The sample intervals are discontinuous and varigbtane - from 1 to
60 days in the summer closure - and per each sdagalBon. Therefore,
the influence of all phenomena with subdaily sigfrejuencies (like
local astronomical tides, small earthquakes, ansked.ieffects) was
omitted and will be the object of another collatevark with continuous
pressure transducers monitoring water-table lev@lging the years,
REMA's (Ressacada Environmental Research Grouphnteians
directly measured the depths of the water tableh wat manual
phreatimeter. Subsequently, raw data were cortvette absolute
hydraulic head above mean sea level (zero refereaseat the ground
control point of Imbituba - Nation Sea Level Sta)iand converted to
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millimeters. The justification of the unit is linddo the accuracy of the
manual phreatimeter and the resolution of the wlnehe rainfall data
series.

Starting from the hydraulic head, the following wed were
defined and estimated in every sampling intervee tvater levels
between consecutive measurements [mm], the samipliexyal between
these measurements [d] and the changing levelmated] like the ratio
between differenced levels and sampling intervalm@lative rainfall
was also calculated in every sampling interval [mag the sum of the
precipitations falling between the first day of theerval (included) until
the second day of the interval (excluded), and themuniform cumulated
rainfall as ratio between cumulative rainfalls asaimpling intervals
[mmd?]. After that, the intervals with null accumulat@decipitation
were isolated and used to determine the only ratated to the drainage
processes (defined D in the paper) where no reehaarurs. As
evidenced in [12], the D value in the applicatidriime-series approach
of the WTF method simplifies, in a “scalar” ternl| the water level
decreases, which are concomitant, and mostly nesrlinatural processes
(evaporation, transpiration, lateral drainage).fl@m wanting to provide
an indepth explanation of the cited phenomena, Dhparameter is
designed to help interpreting natural water tatdads and dynamics in
an area. The drainage rate, although it is a sficatiion, provides useful
and statistically based information by interpretihg dynamics of an
aquifer. It is important to highlight that the cbeiof working with
uniform (daily) rates bypasses the large variabilit the sampling
intervals, allowing spatial and temporal compargsohmeasurements.

The authors underline that only the rates in 2days of sampling
intervals were included in the statistical analydisirainage term. The
upper limit of 7 days was indeed the maximum irdéfound in the D
rates but this agrees with [11] for whom interviaisger than weekly
between level data could cause unacceptable unideagsns of
recharges with the application of WTF. On the othand, when
discarding 1 day spaced data the high amount sérmesent in the close-
range measurements was significant. This fact dépen the intrinsic
limits of discrete precipitation data - cumulated & daily basis - to
explain long-term and continuous phenomena (iafilbn and recharge).
Therefore, because we could not guarantee the émdigmce of drainage
rate from a precipitation prior to the 1-day intnit was preferred to
exclude such data. To verify such a choice, the psaninterval
distributions (probability density function PDF andumulative
distribution function CDF) were studied for each llwéesulting
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lognormal with median in 4, mean in 4.5 and mode3idays). The
histograms showed that more than 75% of the ddtaitbin 2 to 4 days
and that, by taking out the other intervals, theaskt would have lost
approximately 10% of the data: a value considexptable given the
high number of measurements (800 per piezometer).

The methodology used for analyzing data is basedlassical
statistical tools: univariate and bivariate statsstvere used focusing on
the descriptive analysis of the raw head data ctgltband the drainage
rates estimated. First of all position parametexpécted value, median,
mode), dispersion (range, standard deviation, desyt and data
deformation (skewness and kurtosis) were estimaiéen, extreme
values and signalized outliers were studied to rdétee whether to
include them or not in the analysis. The next gtap to establish discrete
histograms and theoretical distributions. Finallgriability in time and
space was thoroughly investigated, analyzing thesipte presence of
different populations in the data. For this exercihe characteristics of
the region were linked to the statistical elabaraiwith an understanding
of the physical part and the dynamics in actiontiie subsoil. The
characteristics of the area, the proximity to ttengrove swamp and the
reduced distance from the boundary receptors (appately 3 km from
the South Bay, 2 km from the Ribeirdo Bay and teas 500 m from the
Tavares River) have a direct influence on surfand groundwater
drainage of the region and, therefore, in the sttesil response of the
aquifer to the rainfalls.

3.2.3 Results

A univariate analysis of raw data was performe@xplain their
distributions: the histograms of hydraulic head émery piezometer
showed gaussian distributions, as opposite to dgairrates that were
markedly lognormal. We remark that the commonlgatize drainage
was convert in a positive term using the absolatee: Following on with
descriptive analysis of drainage data organizedibgometer, we found
medians between 21 and 27, mean of 26.3 to 36t6amiterror of 2 and
standard deviations of 18.6 to 24.8 [dif. Therefore, for an effective
and synthetic presentation of the data box-plotewsed with a central
mark indicating the median, the bottom and top edgk the box
indicating the 28 and 74' percentiles and two whiskers reaching the
2.5% percentiles (Fig.9b).
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Figura 9 — (a) Dendrogram resulting from clustealgsis of piezometers with
consolidated hypothesis of clustering reportedréeg. (b) Box plots of piezometers
D rates: groupl in blue and group?2 in red. (c) Carafive line to bar plot depicting
decreasing rates within the piezometers (lines)dailgf accumulated rain in the area
(bars).
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At these initial stages all the series were codatdid, analyzing
suspect outliers and extreme values to fix thene Tbngruence was
checked by the temporal compliance between highedse values and
rainfall events (Fig.9c). A clustering analysis vpasformed with the log
transformed drainage series and consecutively,@tks, using both the
complete linkage and the Ward’s method (as in Big.Bhe aim was to
identify possibly different population of respordethe water level. All
the methods converged to similar cluster resuitficating the reliability
of the procedure. By having two clustering hypoithiean analysis of
variance (ANOVA) was applied to statistically colidate the
assumptions of two groups instead of three. Thephysical-based
connection between the groups and the variation hgéiraulic
conductivity was sought (a slug test campaign wefopmed on all 13
piezometers and interpreted with Winslug® softwarm@ecember 2016),
but it was not possible to consolidate this refahup. Although Group 2
(6.16E-04 cns?) has a lower average conductivity than Group 378-
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03 cms?), Group 1 also includes low conductivity piezomstée.g.
PEOQ7). The conductivity estimation was performethwbth Bower-Rice
and Hvorslev method, choosing the first one fororagd values of
hydraulic conductivities.

On the other hand, such analysis underlined theteling could
be related to the altitude of the ground (topogyaphherefore, drainage
rate series can be aggregated based on the waeillioposn the
groundwater flow field and, in particular, by dista to surface receptors
that drain the area. In accordance with this iaup 1 includes all the
piezometers downstream along the main flow direcémd Group 2
includes just three “high” piezometers upgradierthie area (as shown in
Fig.8). In this simplified description, it is imgant to highlight the
presence of a transition group of piezometersemtiddle area, between
the high area and down area (e.g. PEO2 and PMO02).

Tabela 2 - Descriptive statistics

Raw Levels D (Groupl) D (Group2)
AMSL [mm] [mm d?] [mm d?]
Cases (N) 10904 1699 546
Mean 1690.5+ 10.3 31+0.6 415+1.3
C.l. Mean (95%) 1673.5/1707.5 30.1/31.9 39.3/43.7
Median 1676.5 24 29.5
Stand.Dev. (SD) 279.7 229 31.4
C.l. SD (95%) 266.1/294.7 2221237 29.7/33.4
Min 865.0 1.7 2.7
Max 2905.0 141.0 147.5
Quartil (25%) 1505.5 15.4 18
Quartil (75%) 1873.2 39.7 59.3
Skewness 0.2+0.1 1.7+0.1 12+0.1
Kurtosis -0.1+0.2 29+01 0.7+0.2

For the subsequent statistical analysis, these sitiam
piezometers, with intermediary features, were aggperl in the first
group (Fig. 9a). Nevertheless, we have to pointtbat in some cases
their behavior was closer to the piezometers ofu@rd. For example,
their good compliance in the spatial analysis a¢fdband initial drainage
will be analyzed in Fig. 15. This ambiguity can é&eplained by the
proximity between the two groups and the mild tappdy of the
experimental area: elevation distance between highed lower
piezometer is approximately 1 m. By translatingsthelustering results
into a hydrodynamic conceptual model, we couldtbaythe natural flow
is driven by rain infiltration (relevant directidW-SE), which is stored
in the higher central area of the Farm, and islezgd by the hydraulic
head of the downstream water bodies or receptotbe farthest
piezometers from the receptor bodies also appeantst sensitive with
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rainfall showing larger fluctuations and fasteregmtof decrease. The
broader ranges in the D-rates (Tab.2) and the grelgpths reached by
the groundwater in Group 2 seem to confirm thisdtlgpsis.

Figura 10 - Box plot of drainage-by-month to stutlg seasonality. Note the large
amount of extreme values and outliers also in noniith less average rains
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In the next stage, drainage trends in the two ggaugre studied
by seasonality and as a function of water tablaitimms or time elapsed
from the last precipitation.

min ||F(b,)-DIf =min  (F(b,t,)-D,)* (13)

Fig.10 shows drainage rates of the groups of pietern
organized per month. This graph shows no temposgasonal trend: the
spikes in the months of January, March, OctoberNowkember (months
of intense rains and in average much higher deemass) do not prevent
the presence of extreme values in other monthgomunction with
isolated rains.

Fig.11 presents drainage rates organized by deptiater table
and shows, in the case of water level up to 1 nddep, a drainage 4 or
5 times greater respect to basic. This seems likeead-dependent
relationship, as would be expected by Darcy's Lavaddition, decrease
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rates seem to reach a kind of asymptote valuelasiriur both groups,
that represents a low-head or “basal” drainagéénarea, further away
from the last precipitation. This fact suggestsiasirsteady behavior of
drainage driven by surface receptors level, whighidly passes to a
precipitation-driven mechanism regulated by theenst increase in
aquifer level during rainfall events. By increasihg hydraulic head, a
flow with a larger hydraulic gradient and consisteertical components
is activated. Such enhanced decrease rate exhausigerage within 5
days, coming back to the low-head rate. It worttessting that such
decrease rate would be theoretically zero with Meng dry periods,
having de facto water-table head in equilibriumhwsurface receptors
level. However, in a ten-year period of water lawgnitoring at the site,
a longest period between two precipitation eveagted 24 days and, this
idea of low-head drainage refers to our signifidane-scale.

Figura 11 - Box plot of drainage-by-depth in eaobug of piezometers.
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Finally, Fig.12 shows drainage box plots organiagdime since
the last rain. It was observed that the decredss head on average higher
values soon after the precipitations ended. Thig fadicated the
possibility of designing an exponential model tglain drainage term
against time by fitting a curve above the centadifion of every box (as
they were lognormal distributions, the geometricange was used as
central position).
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Figura 12 - Box plot of D rates organized by tiniece last rain; the exponential
model built on this formulation and best fit coeiints for whole D dataset (all
piezometers of the experimental area studied tegeth
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Through an optimization process, for the whole arm for every
piezometer were defined: a basal drainage rat [[@md?'] as the
residual drainage when the rainfall perturbatiors slarunk in a monthly
time-scale, an Y-intercept of the curve which reprgs initial rate of
decrease after the precipitation eventg)(dmmd?'] and a decay
coefficient associated with the perturbation deptetime () [d}]. Two
algorithms were tested to optimize the fitting @es one solving the
nonlinear data-fitting problems in least-squaressee(Eq.13), and the
other, a robust bisquare fitting that minimizeseaghited sum of squares,
where the weight is given depending on how fargbmt is from the
fitted line. The algorithm chosen for fitting ouatd was the first one,
because every point in the data was the centrafigo®f distribution
already. For this reason we chose a curve thath@ésbulk of the data
using the usual least-squares approach, withouhfpde minimize the
effect of outliers (common in broad dataset bubedary in this case).
Therefore, for every piezometer, were found in Bqgal vector b of
exponential function coefficients ¢D * and ) that solve the nonlinear
fitting problem (Fig. 13), given input data t (cleostime steps) and the
observed output D (geometric mean of drainage editeach step). In the
next part of the discussion, we will emphasize ghatial variability of
these drainage coefficients.



122

Regarding the relation between initial decreasesrdy) and
elevation of the ground, Fig. 14 confirms thatgheundwater flows from
the “high” zone with more intense decrease ratéotg’ area with a less
sharp decrease profile. In this sense, PM04 and 8PMpresent an
exception since follow an inverse trend; these quiezters, in fact, are
located near the final receptors (anthropic dramife ideal downstream
closure sections of groundwater flow. Based on rbsults, it was
observed that the relation ofy@gainst elevation loses intensity on the
lower part of the area, probably due to the proirbetween the plain
and the morass area near the river. In additiomp, 4 shows a sort of
aggregation trend by piezometer position, partietiiroborating cluster
analysis. Regarding this matter, it should be nated aggregation of
PMO02 and PEO2 to the light green group, due toptio&imity between
the piezometers.

Figura 13 - Piezometers best fitting curves on gedmmean values at each time step
(found applying the exponential model built predty)
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At this step, we were able to design a spatialyambf the three-
coefficient vector b, which was described in Fig.TBe results confirmed
once again the cluster analysis indications andasgsumption of an
altitude-based cluster. Both contour plotg ébd I in Fig.15), showed
higher values of drainage near PM1, PEO3 and RE@Rwas the highest
area in accordance with elevation contours (Fig.N8vertheless, the
ranges of drainage were consistently differentiénttvo plots: @ showed
a wide range of values while;Dalues were similar in the whole area. In
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addition, it should be noted that, Balues for piezometers were close to
the low-head drainage for whole area (12.7 dnand to the limit values
found with drainage-by-depth box plots (Fig. 11).

Figura 14 - Altitude contour plot (a) of 200x200mea with the origin in 743215E-
6935653N (Coordinates was in GCS WGS 1984 — UTM).238atter plot of DO
against the altitude of point (b) confirms a clustg  trend by position: higher
piezometers (light green), piezometers in the loplam (light blue), low but also
deep piezometers (purple).
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Figura 15 - Contour line maps of spatial variatidrcoefficient: DO (a), Db (b) and
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For this reason, Pcan be considered approximately constant in
the area and just linked with receptors hydrautiach On the other hand,
contour lines of 80% decay time showed a simildravéor between the
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most of piezometers with an approximately constahte of 1 to 1.2 days
to attenuate 80% of initial drainage perturbatim.exception of this line
of evidence was represented by “deep” piezometED§, PZ01, and
PZ02) that showed an attenuation time more thatetttie others. About
this fact, three hypothesis could be raised: 1)itfleence of a sharp
variation in the geology due to a less conduciyet in that area; 2) the
presence of a multi-layered aquifer system, onlieroepted and
highlighted by deep piezometers; 3) a leakage fthm upgradient
anthropic drain that recharges and sustains thal fdaw during the

drainage phase. Spatial distribution of Bnd 0y in Fig.15 seem to
corroborate one of these assumptions.

Figura 16 - Results of ANOVA and inference of ceatestatistically-based typical
values for drainage in the Ressacada aquifer
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For each group of piezometers, the study of thediapand
temporal variability in the drainage rates suggeste presence of two
data populations in terms of time-elapsed since ld& rainfall
(depending by hydraulic head). In order to conswéicthis hypothesis,
another ANOVA was applied to the four cases id@utijfdefining typical
values of drainage for each condition: "Case A" wasoupl of
piezometers when the depth of the water table wa® d m, "Case B"
was Group?2 in the same condition, "Case C" wasitoeipl with water
head below 1 m depth and "Case D" was Group2 instine condition.
In the Fig. 16 cases A and B, which represent la wigter head condition,
shown a considerable distance between the meaitd) whs much more
consistent with respect to “low” water table comtit(cases C and D).
This fact copper-fastened what was highlightethé@whole analysis: the
presence of a similar low-head decrease raggf(D all piezometers and
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conditions, which represent a site-specific drainaggulated by the
receptors water level. The final step defined arerfce value of drainage
in each of four conditions, estimated from the raadvalues of anti-

transformed distribution (orange table in Fig. 16).

3.2.4 Conclusion

A main result of the study was to build an expoiamhodel for
the drainage rates in the timeframe, highlightiyygidal mean values of
low-head drainage and initial rate of decrease #firain event for the
whole area (Fig.12). This approach made the bfgrdince between these
two values evident. A subsequent spatial analysithe coefficients
allowed the investigation of the relations betwé®n piezometers. Due
to the high variability in time and space foundtlee drainage term in the
Ressacada Farm, differentiated values were assufieese values
represent specific aquifer conditions related wlith time elapsed since
the last rain or with hydraulic head of water talitermaking this choice
the authors diverged from a single drainage omfdi?2].

The statistically-based approach of the study akbwthe
consolidation of two groups of piezometers diveggiar elevation and
behavior. These findings, in addition of the tworafmentioned aquifer
conditions, determined four typical values for tirainage term in the
Ressacada Farm. Mean values were defined as aoluottthe position
of the piezometers and the aquifer hydraulic haad,represent specific
water table conditions. In the "quasi-steady" ¢ooas (low hydraulic
heads or far from the rains), drainage values agneth other studies in
similar coastal areas, confirming the validity loé tmethodology. On the
other hand, the underlined high values of casesd®Ba(high water-table
head condition) emphasized the importance of abigiestimation of the
drainage term in the periods of intense rainsafoaccurate application
of the WTF method in such subtropical area.

Through the aforementioned steps, a comprehensiwdy of
water-table decrease rates in the Ressacada wgsabhieving the aim
of the paper. Therefore, depending on the accuddcthe recharge
estimation we have to achieve, it is now possiblaige in the WTF
method one of several drainage values found withé study (single
mean values for the whole area, groups valuesezopieters values).
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Nota ao leitor:
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precisdo da escrita cientifica e por razdes dedtwrda dissertacdo sem, no entanto, alterar
conteldo e elementos utilizados nas andlises.

Resumo

No texto propde-se um método para estimar as thxeecarga por infiltragcao
nos aquiferos ndo confinados com carga do leneétifio altamente variavel.
A abordagem desenvolvida pelo autor baseia-se nodmélo water-table
fluctuation (WTF) aplicado as séries temporais a@éod, e utiliza medi¢cdes
descontinuas do nivel hidraulico subterrdneo. QGuir@todos similares
requerem dados continuos com frequéncias de afjisievadas, o que os
torna inaplicaveis na auséncia de uma rede de amariento automatico do
lencol. A metodologia é aplicada aos dados da mzexperimental da
Ressacada (SC-Brasil), em um aquifero costeiro dasdima subtropical
umido, com varia¢@es diarias de nivel freaticotdelan apds um evento de
precipitagéo. As series de dados (entre 2007 €)28ffesentam 10 anos de
monitoramento do lengol fredtico, medidos manuatmea intervalos
irregulares (entre 1 e 60 dias) nos 13 piezbmetdas Fazenda,
preventivamente consolidadas e filtradas. O estddorecarga e das
flutuacdes do lencol freatico visa ter um entenditoelos principais fatores
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hidraulicos que afetam no tempo o escoamento salffigl na regido.
Portanto, o efeito das flutuacdes das marés sobraiveis das aguas
subterraneas é também analisado no capitulo, pior eieeum construtor de
componentes harmdnicos desenvolvido em Matlabumdd uma relevante
contribuicdo deste fator nas areas experimentaterr@o de descarga (D),
variavel no tempo, foi estimado a partir do estddocapitulo anterior, e
incluido no célculo da recarga, para amenizar esriezas da estimativa
relacionadas as séries de dados ndo continuos rda baraulica. A
metodologia de calculo proposta é verificada poionde comparacgéo dos
valores de recargas estimados desta forma e oesadbtidos com séries
continuas de dados, em um intervalo temporal diesl No texto mostra-se
um bom acordo entre as duas abordagens para ioeamostrais de até 15
dias, apresentando diferencas limitadas nas taxeecdrga (recharge ratios)
estimadas. Finalmente, as taxas de recarga essrsddadncorporadas a um
modelo numérico de fluxo 2D no estado transient dgscreve um corte
longitudinal do aquifero passante pelos piezOm&EB33 e PM04, gerando
curvas de nivel do lencol com boa concordancieemtnulacdes e dados de
campo em 10 anos. Portanto, a abordagem descraaamaplicabilidade
do WTF na estimativa da recarga para conjuntosodéistios de dados com
intervalos amostrais variaveis, ajuda na definid@ovalores de recargas
caracteristicos no aquifero da Ressacada baseatol@srebustos dados de
campo, e exclui o efeito das oscilagfes periddigasaré na variacdo do
lencol freatico nas areas experimentais.

Abstract

A time-series approach to the estimation of recheanaje in unconfined
aquifers of highly variable water level is propos&te approach, which is
based on the water-table fluctuation method (WTE)zes discrete water-
level measurements. Other similar techniques requaontinuous
measurements, which makes them impossible to apphses where no data
from automatic loggers are available. The procedsrédeployed at the
Ressacada Farm site, southern Brazil, on a caamibw aquifer located in
a humid subtropical climate where diurnal waterelevariations of up to 1
m can follow a precipitation event. The effect ifat fluctuations on the
groundwater levels is analyzed using a harmonicpmorant builder, while a
time-variable drainage term is evaluated througimdependent analysis and
included in the assessment. The estimated reckiahges are compared with
those obtained from the continuous measurementgisg@ good agreement
with the approaches for discrete dataset interadisup to 15 days.
Subsequently, the estimated recharge rates argporeted into a transient
groundwater-flow model and the water levels aremamad showing a good
match. Henceforth, the approach extends the apiiyaof WTF to non-
continuous water-level datasets in groundwaterangghstudies.
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Keywords: Water-table fluctuation method, Tidal influence,roGndwater
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Highlights:
- An alternative approach to the WTF method is dgwdoto estimate

recharge from non-continuous water-table level skt

A variable drainage term D (decreasing with timenfrlast rain) is

introduced in the methodology to mitigate uncettaof sparse series

A temporally variable recharge in a quite homogesemastal aquifer was

underlined (43% in average, varying from 36 to 52%aanonthly basis)

Higher effectiveness of recharge in the dry montfth less accumulated

rainfall was highlighted

Effect of tidal fluctuations on groundwater leveighe Ressacada Farm is

evaluate negligible

3.3.1 Introduction

Accurate estimation of groundwater recharge isetdéwance for
different applications related to the assessmertiuofian activity and
hydrogeological characterization. It may be critigaformation to
manage changes in groundwater systems effectivéfo (et al. 2016)
and to safeguard scarce resources in arid zone¥r{ge and Simmers
2002). Proper estimation of recharge and its viitigin time and space
is shown to be crucial for both the agriculturaitee (Bohlke 2002) and
the assessment of fate and transport of solutatpalis (Kim et al. 2000),
since it can induce temporal fluctuations in thenflfield. Spatial and
temporal variability in recharge, as well as prefeial flow paths, are key
components for assessing aquifer vulnerability &pecific compound
(Scanlon et al. 2002). Many investigators deal vilie relationship
between recharge estimation and numerical grouredwatodels
(Colombani et al. 2016; Sanford 2002), focusingtlbe main role of
vadose flow for simulating recharge (Cao et al. @Heilweil et al.
2015). For a humid climate, Hunt et al. (2008) sadwimilar timing of
recharge but an appreciably different water buddpetn considering thin
unsaturated zones in the simulation. The literateparts a multitude of
methods being developed and commonly used to mefgrarge (Healy
2010). Recharge is part of the overall infiltratimechanism, when the
wetting front reaches the water table, causingsts Precipitation is the
main contributor to the process, and it is an irtgour factor in the
recharge estimation (Shi et al. 2015). Theoregicatl a uniform porous
medium with a shallow water table, it can be assuthat a fraction of
total precipitation in a time step contributeshe aquifer recharge (Park
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and Parker 2008), resulting in a prompt rise ofewéével in shallow
unconfined aquifers (Hilberts et al. 2007). Themgdhe water table, the
greater the amount of rainfall water held in theatarated zone, which
in consequence leads to a reduction of the pratiiit fraction reaching
the water table and to a time lag between the gétirce and the water-
table rise. Realistically, estimation of groundwaharge is an iterative
process, involving multiple approaches with prognesaquifer-response
data collection and resource evaluation (de VmesZimmers 2002). For
this reason, despite this abundance of soluti@sgssing the accuracy of
any applied method (Healy and Cook 2002) and chgo#iie most
appropriate for given field conditions (Scanlon at 2002) is still
extremely difficult.

The water-table fluctuation method (WTF) is a wjdelsed
method (Masetti et al. 2016; Saghravani et al. 20dtich requires the
knowledge of groundwater levels to estimate reahddgually applied in
an event-basis framework (Delin et al. 2007; Lorand Delin 2007),
WTF is a simple method applied for unconfined agpgifwith a shallow
water table and sharp variation in water level.réhare three principal
requirements for the use of WTF (Healy 2010; Healg Cook 2002):
(1) the applied time step must be as short aslges§?) an accurate value
of specific yield must be used (Acharya et al. 2042chabe 2002), and
(3) other possible causes of groundwater headufftticins not related to
recharge must be isolated from the dataset (Neab 2015). In order to
estimate recharge useful for aquifer water-balaradeulations, a time
series approach for WTF has been developed by @restal. (2005)
showing a reliable and well-founded methodology.véttheless, its
application for continuous datasets presents twjomlianitations: (1) the
empirical estimation for groundwater drainage binaar function of
depth may not properly explain the spatial and nalpvariability of the
flow field (Cuthbert 2010), and (2) the model ragsgia continuous and
homogeneous level dataset with sufficiently highperal resolution, at
least with hourly records.

Although hydrogeologists constantly deal with &latdata, there
is a tendency to neglect historical databases wittomplete and
disjointed information. Nevertheless, discrete rdsoof water-table
depth can bring some useful information if they tagated using correct
methodologies. This paper extends the applicatibthe time series
approach (Croshie et al. 2005) for discrete hydrautad datasets. To
address this issue, a variable drainage term (@)teray be introduced
as an exponential function of the time elapsed fthenlast rain event,
explaining water head reliance of discharge irtithe domain. To verify
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the whole procedure, recharge estimates from aeafipiezometers are
compared with those obtained from continuously nuoad water-table
series and integrated in a transient 2D vertical finodel. In addition, a
harmonic component analysis of high-frequency redidsignals is
included in the analysis to assess the astrononidminfluence on the
groundwater levels in the area, excluding othec@sees responsible for
water-table rises. This contribution aims to clatifie uncertainties in
recharge estimates with WTF from discrete recorgkexplains how to
extract useful groundwater information from irregyutiatasets.

3.3.2 Site description

An unconfined aquifer at the Ressacada Farm expaetahsite, in
the southwestern part of Santa Catarina IslandheauBrazil, is studied
(Fig. 17a and 17b). The aquifer, 30-40 m thiclkfaisly homogeneous
consisting of lacustrine deposits with a predomaeaof fine quartz sand
with lenses of silt and clay (Lage 2005). The tat&a is 20 km2 and the
aquifer is laterally adjacent to (1) an Atlanti@anel called South Bay to
the north and west (Garbossa et al. 2014), (2xltwe curvy estuarine
system of the Tavares River surrounded by mangsaaenps to the east,
and (3) a compact granite complex of hills to tbatk (Fig. 17¢). The
groundwater flow is a result of a very low natugaadient driven by
precipitation recharge, and is radial divergingrirthe domain center to
the boundaries.

The ground surface is flat (up to 5 m in elevatiandl the average
depth to water level varies from 0.3 to 2.0 m. &haifer constitutes a u-
shaped groundwater system (Huang et al. 2015; Nab 2006) which
is enclosed on three sides by natural surface vimtdies subjected to
boundary tidal fluctuations, carried by tidal chalsn and swamp
dynamics. A dense network of artificial trenchegha plain drains the
top of the shallow aquifer maintaining the watewele below the
topographic surface.

From a meteorological point of view, the regioridsated in the
humid subtropical climate zone under the Kdpperg&eclassification
(Peel et al. 2006) at the contact of the Atlantasttropical and Antarctic
polar air masses. The interactions and alternatimte/een the fronts
cause rainfall events with high intensity and lavgeability (Grimm et
al. 1998). Precipitation is predominantly in thensoer season, and the
monitored annual rainfalls varied from 1100 to 2 between years
2007 and 2017. The large variability of rainfabués in large and quick
fluctuations of the groundwater levels.
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Figura 17 — Location of study area: (a) Map of Hrgb) Map of Santa Catarina
Island; (c) Study domain at Ressacada Farm ExpsataheSite, with boundary
conditions. Section A-A’ indicates the domain tracts (d) Detailed map of
Experimental Area No3, depicting: piezometer posgi and their names (points),
topography with elevation in meters above meanees (lines and numbers), and
natural attenuation experimental areas (grey areas)
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The majority of water level measurements come frim
Experimental Area 3 (Fig. 17d), which was histdficased to conduct
biofuel remediation experiments (Corseuil et all20Corseuil et al.
2011a). Average hydraulic conductivity values arg¢he range of 10-3
cm/s. Mean total porosity, measured by gas pernugooetry, is
0.38£0.01 (n=31). The effective porosity)of the saturated soil is 0.2
(Corseuil et al. 2011b) while the moisture cont#rthe unsaturated zone
profile varies from 20 to 25% (Lage 2005). In th&st of the aquifer the
flow field occurs along section A-A’ to the SE, tamd the Tavares river
(Kobiyama et al. 2011), and is affected by recgrsiariations in recharge
intensity due to: the shallow depth of the watdteathe porous highly
conductive nature of the deposits; the intermitteriense and spatially-
variable nature of rainfall; and the proximity t@umdary receptors.
Experimental Area 3 is approximately 3 km from $oBay, 2 km from
Ribeirao Bay, and less than 500 m from the TavRiesr. Nevertheless,
the area is located far away from intensive antbgepic activities, with
no pumping, and steep hydraulic gradients. Foretheasons, the aquifer
satisfies the conditions to apply the water-tahietfiation method (WTF)
for recharge estimations (Healy and Cook 2002) kvfaie: (1) lack of
confinement with sharp temporal water level chan@®slarge number
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of piezometers to observe water levels; (3) no pogpand no

anthropogenic activities that may influence thauratgroundwater level
over short time scales; (4) a short time lag, artdnise and variable
rainfall events.

3.3.3 Materials and methods
3.3.3.1 Methodology

A discrete dataset of water levels from 13 piezenmsemeasured
from 2007 to 2016 is used in the study (Tab.3). tMdthe wells in the
area are shallow piezometers that intercept thieaqup to a depth of 4.5
m, with the exception of PZ01, PZ02 and PEO6, winédch 15, 10 and
30 m in depth, respectively. Water-table depthsewnonitored with a
manual phreatimeter at variable recording intervdls60 days). In
addition, in a shorter time window (from 8 Febru2@17 to 31 March
2017), PEO3 and PMO04 are equipped with automatierdavel loggers,
recording every 15 min. Both wells are suppliethva vented pressure
transducer of a range of 3.5 m with an accuracy0cf%. Therefore, the
instruments automatically correct the measuremeytpressure, to be
vented, and by temperature deviation, with a lizé@y algorithm of two
known points. Hence, the resulting total erranithe order of £2 mm.

Tabela 3 - Piezometers and their design detaéz{pneters used as observation
point in 2D model are in italic)

Name eI((Se\r/ZLtjig?ﬁ Well screen depth  Well screen elevatidn Well case
(Ref. Code) MSLP [ m]‘ (top/bottom) [m] MSL (top/bottom) [m]  diameter [cm]
PEO1 2.83 25/45 0.3/-1.7 5.08
PEO2 3.20 25/45 0.7/-1.3 5.08
PEO3 3.30 25/45 0.8/-1.2 5.08
PEO6 3.10 20.0/30.0 -16.9/-26.9 10.16
PEO7 2.72 11.0/13.0 -8.3/-10.3 11.43
PMO1 3.32 25/45 0.8/-1.2 5.08
PM02 3.24 25/45 0.7/-1.3 5.08
PM04 2.50 25/45 0.0/-2.0 5.08
PMO05 3.32 25/45 0.8/-1.2 5.08
PMO06 2.88 2.0/4.0 0.9/-11 5.08
PM18 2.66 1.0/3.0 1.7/-0.3 5.08
Pz01 3.12 10.0/15.0 -6.9/-11.9 5.08
Pz02 3.19 5.0/10.0 -1.8/-6.8 5.08

2 Ground elevationvalues obtained with a Geodetc total station (distarccuracy of 5mm and angular de 2")
b MSL: elevation above Mean Sea Level (zero referenteeaground control point of Imbituba Sea Level Btat
¢ Well screen elevatiorequal toGround elevatiomrminusWell screen depth
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The water-table fluctuation method (WTF) is basedhe premise
that water-table rises are due solely to vertiaadfall infiltration (Healy
and Cook 2002). Therefore, in a time stépa total amount of recharge
R [mm] is mathematically defined as:

R=S’ %h (14)

where Sy is the specific yield [% by volume], anld is the maximum
registered water level change [mm] in a time ste\ recharge ratio RR
[%0] is:

RR = X (15)

where P is the total amount of rainfall [mm] in #e@me time stept. The
P represents total precipitation including evemisaontributing to water
level rises, whereas R refers to the sum of aklleises in the same
period. In accordance with Eqn (14), all the congua in the
groundwater budget that are not storage (like evapspiration, net
subsurface flow or baseflow) are supposed null rduthe recharge
process. The time lag between the arrival of tfiéireted water and its
redistribution to all the components is place-sjeand determines the
reasonable time step to be applied in the methddkrefore, over
cumulative time intervals (months or years), adl tontributions that are
not accounted in the recharge term, like evapopieation losses and
surface runoff during the precipitation, are lumped1-RR), with RR
defined in Egn (15).

Using the WTF, recharge values are inferred inaldei time steps
along a time window of 10 years. A variable dramagte and variations
of Sy with depth are included in the evaluatione Time series approach
by Crosbie et al. (2005) is modified to handle dige datasets with
irregularly spaced data. This is to handle heteretjg of datasets which
made it difficult to directly compare one-by-onetalaising statistical
methods available in the time-series analysis (etd. 2015).

The paper follows three main stages. In the fiest,ghe recharge
values are estimated on the basis of water lewekifations using a
sparse, discontinuous and time-variable dataseth twhe intervals
varying from 1 to 60 days. In the second part gftemates are compared
with the continuous time-series approach (Crosba. 005). Finally, in
order to verify the assumptions, test the concéphaalel and calculate
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water balances, a numerical model was built wiihite element method
(FEM), the FEFLOW code (Diersch 2014).

3.3.3.1.1 Discrete-series approach

Discrete and irregularly spaced records of watbletdevels are
used to automate the estimation of monthly-accutedlaecharge. In
accordance with the work of Shi et al. (2015), whimdicates
precipitation as the most important factor coningll the daily and
monthly WTF recharge estimates, the following ctinds are applied in
the approach:

R, =(Dh +DDt,)’ v, (16)
o i ) S, i® P,>0 and (Dh +DDt)>0
Dl‘

where hi represents the ‘differenced water level’ in eadthrval
[mm], that is the difference in water head betwé&®n consecutives
records, D is the drainage rate [mm/d] or D tertnjs the interval time
length [d], Pd is the daily accumulated precipitatimm], and Sya is the
apparent specific yield [% by volume], estimateddmgn (18). Subscript
i represents all intervals available in the datdsence, the recharge value
in Egn (16) is estimated in the rainy intervalseggland is corrected by
all drainage contributions lumped in the D terngluding the moisture
content of the unsaturated zone. The term subesitat each interval, the
drawing of the “antecedent recession curve” that well hydrograph
would have followed in the absence of the rise-poitg precipitation
(Healy and Cook 2002, Fig.18a), in analogy with ktaster Recession
Curve approach (Delin et al 2007).

The methodology is divided into five basic stepsstly, the series
are synchronized and the measurements are cornedlideremove errors
or outliers. In order to avoid underestimation etharge (Delin et al.
2007) sampling intervals longer than 15 days arduebed, losing only
1% of records. Therefore, the resultant averagebagiinterval used in
the procedure is 3-4 days. Secondly, the raw daguidset is converted to
absolute hydraulic head above mean sea level. [Yhiftte difference in
water levels between consecutive measuremeii$ is defined. Then,
the amount of rainfall in each interval [mm] is @ahted as the sum of
the daily precipitation (Pd) between the first ganyd the second to last
day of the interval as in Eqn (17).

17)
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Finally, accumulated precipitation is used to dévile time-series:
intervals with null accumulated precipitation asslated and used to
determine the rates related to the drainage preseskere no recharge
occurred, while intervals with positive accumulapeecipitation are used
to infer the recharge itself.

Figura 18 - Conceptual model sketches: (a) Definitof the water-table fluctuation
method (WTF) for continuous (red arrows) and disgc(blue arrows) datasetsHi
represent the total water-table rise in the intewhereas hi is defined on the water
level measurements; (b) Exponential model (equafitted on field data to assess
the D term as a function of the time elapsed stheelast rainfall. Solid line is the
mean function obtained from the fitting curves @&f diezometers, grey diamonds
represent for each time step the mean drainage Vafuihe whole dataset, DO is the
average initial drainage after a rainfall event, Bnthe median drainage and Db is
the average low-head drainage for long periodsowithain.
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Dy =Dge

40

Dm = 24 mm/d

Drainage term [mm/d]
g

Db = 12.7 mm/d
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As derived analytically by Cuthbert (2010) grountsvadrainage
in a flat unconfined aquifer is a transient funatidepending on the
distance from (a) the surface receptor and (b) rtatde head. The water
head dependency of drainage (D term) in the RedaaEarm site is
explained as an empirical exponential function witbpect to time for a
period of 10 years (from 2007 to 2016) (Rama e2@17). Since a linear
relationship between saturated volume and groureiwadischarge at
guasi-steady-state conditions was suggested (Watkadr, 2015), it was
proposed to group the rates into classes repregetine elapsed since
the last rain event. In order to simplify the prdoe these averaged
values are used in the discrete approach of WTiif¢o recharge. Thus,
upper and lower drainage values in a significanetscale obtained from
the average best-fit curve for the whole area H2el mm/d for the low-
head drainage of the aquifer in dry periods, and@ §m/d immediately
after a rainfall event, when the hydraulic heathefaquifer is high (Fig.
18b). As shown in Fig. 18b, low-head drainage iatdis the water table
decreasing rate after 24 days with no rain, singe mkriods never
overstepped 25 days in 10 years of monitoring. Ha tontinuous
approach of WTF, a constant D term is set up tong#d, equal to the
median of the whole distribution of drainage rates.

An apparent specific yield (Sya) represents theag® of water
controlled by capillary forces above the waterdéabssuming a transient
non-ideal release of water (Child 1960, Duke 19KBthematically, for
a layered soil Sya is defined as (Crosbie et &520

Sy,
S.=(h-s) ® s :SY“'[(yd)]l.l (18)
1+(a@” d)"|

where is the total porosity, [Ss the specific retention, also known as
field capacity [% by volume], d is the mean deptthe water table in the
time step [cm], and Syu is the ultimate specifielgi[% by volume]. To
determine Sya a nonlinear relation between soilstnoé and specific
yield is assumed, supposing pressure distributiagailibrium at each
step. Given the spacing of the sampling intervats @& quick reaction of
the water table to the rainfall, this strategy seempasonable. Syu
represents a steady specific yield without inflleeatdepth. Soil specific
parameters of the Van Genuchten moisture modah¢ n) are adopted
from the Hanford sediment (Echin and Hopmans 19@3th exhibits
similar characteristics and behavior with the Reada soil. In order to
estimate Syu, the procedure by Amstrong and Nara{i®98) is
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automated for a discrete dataset, obtaining ulgénsaiecific yield from
the groundwater level changes versus the accurduteeeipitation plot
(Fig. 21). To assess Syu, only the water levelideslin the last 50 cm of
recorded depths in each piezometer are used. ©hiesponded to the
water-table depth of at least 1.5 m. Thereforey tmé low-head drainage
value of 12.7 mm/d is applied to lower records.aliin multiplying the
differenced water level series corrected with tteérage term by the Sya,
the recharge in each interval is inferred and agmgesl in a monthly
recharge at the Ressacada farm.

3.3.3.1.2 Continuous analysis and tidal frequenaglgsis

In the second stage, the discrete-series appreammpared with
the continuous-series analysis proposed by Crosbi. (2005). The
analysis is performed for the datasets PEO3 and4AN@ 51-day time
window, from 8 February 2017 to 31 March 2017 (F%j, using both
manually collected records (discrete and variaplyeed data) as well as
datalogger series (continuous and homogeneousbedmata). The two
piezometers are chosen to be located along the gnaimdwater flow
direction and exhibit the highest difference in tegter-table variability.

To manage continuous datasets, water level recarelfirstly
resampled to 1-h rate using a Doodson filter (PL8V). This is followed
by a data synchronization for the period from 8rkiaby 2017 at 15:00:00
to 31 March 2017 at 09:00:00, to obtain 1,220 howecords. In a
congruence analysis, errors, spikes and noiseesneved. To isolate
periodic components with high frequencies, a LowsP28 filter (LP33)
is subsequently applied (Emery and Thomson 200aalli, in order to
separate tidal influence from other periodic cdnittions
(evapotranspiration, atmospheric pressure variat&io), a frequency
analysis is carried out with a Matlab based UTiolgec(Codiga, 2011) on
the residual signal (red lines in Fig. 19). Thenmamic component builder
allowed one to identify the signal contributiontigial frequencies from
time series, including groundwater records. In tololj UTide is run on
the sea level series, monitored in the South Bayparing the identified
significant components with the PEO3 and PM04 testihe significance
of each component is attributed to the amplitudéhefsignal, based on
the accuracy of the sensors and the Signal-to-Ne&® (SNR) with a
modified Rayleigh criterion, while their relativeportance is controlled
by the Percent Energy (PE) contributing to the aigm®construction
(Codiga 2011). The SNR value of 6 and a minimumdPb.5% are
adopted. The sea levels in the South Bay are meditoy an OTT/RLS
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radar level sensor (accuracy of 3.5 mm, samplieguency of 5 min) and
are provided by EPAGRI/CIRAM (Agricultural researahd extension
company / Information center for environmental rteses and
hydrometeorology).

Figura 19 - Comparative plot of raw data (greydiaed diamonds), the Low Pass 33
filter signal (black line), and high frequenciesidrials (red line) for (a) PEO3 and (b)
PMO04 in the 51-day period. The residual signahialgzed with UTide Codiga 2011)
to assess astronomical tide influence on the wabde.

3.3.3.1.3 Numerical FEM model

In the last stage, a 2D vertical finite element piag constructed
in order to integrate obtained recharge estimat@stiansient simulation
of the flow field. The model domain of 3650 m arir@ in length and
height, respectively, is divided into 18,154 regtalar elements (58 rows
and 313 columns), regularly spaced in the horidatitaction every 11.7
m and with irregular spacing in the vertical difent In the top 5.2 m of
depth, the spacing is equal of 0.4 m and then @&z gradually by about
5.5% until the bottom. The elevation z = 0 m reterthe mean average
sea level. At the elevation z = 2.4 m the domautiv&led into two layers
of different hydraulic properties to reflect theistgnce of a superficial
layer of finer geologic material rich in organic thes.

Constant-head boundary conditions (Dirichlet-tyge) Bire used
to represent surface water bodies: South Bay otethside (x =0 m; z
= 0 m), and Tavares River on the right (x = 3650zn% 0.8 m). In
addition, five “seepage face” BCs are introducethinithe domain to
represent partially penetrating artificial ditckesan elevation z = 2.8 m
(x =944, 1236 and 2460 m), atz=2m (x = 3180anyl at z = 1.2 m (x
= 3500 m) (Fig.20). Conceptually, a seepage faaeesponds to a
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constant-head BC, which is combined with a maxinflum constraint

equal to zero, allowing a free outflow of waterrfrache model. To

reproduce a parallel trench influencing the floldj but located outside
of the simulation domain, a Cauchy flow BC consteal with a null max-

flow rate is used (Diersch 2014). This conditionowkd for the

performance of a distance-dependent drain in theralepart of the

domain from x = 1294 m to x = 2402 m at an elevatie= 3.4 m. Finally,

recharge is represented by a fluid-flux BC on the élements, which is
a time-variable inflow condition. These values &g volumes of water
travelling through the unsaturated zone to the wedble, solved by
Richard’'s Law and regulated by a modified van Géatert moisture

model. The details of the model set up are predent®uad.1.

Figura 20 - (a) Two-dimensional (2D) finite elememidel setup along Section A-A’
(Fig.17c), used to test the recharge estimatiorhaaktiogy in Stage 3. Filled dots
represent the head boundary condition (BC), dotk lines above are constrained-
head BC (seepage face), encircled crosses indicatehy-type BC with flow
constraint, lines with arrows show groundwater flmaths, blue line is the water-table
position, and flags are observation points (piezemications). (b) The detailed
vertical section of the Experimental Area 3 (Figl), Bhowing ground elevation and
water-table position.

The model is calibrated using a trial-and-error hrodt with the
following criteria: (1) modeled hydraulic condugtivvalues should not
deviate from the field-derived values by more thd5%; (2) hydraulic
conductivity values are adjusted for the steadiestamparing simulated
levels with the average of monitored hydraulic l®a@) the initial
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condition of hydraulic head for transient-stateoksained by a single
calibrated steady-state run; (4) unsaturated-flonogity of layer 1 for
the transient-state should not deviate by more thab% from the
average of Sya estimates; (5) unsaturated-flow giigrof layer 2 and
Richard’s model parameters are adjusted usingeal iR into the range
established with the WTF estimates in PM04 and PEQGBal to 43% of
monitored precipitation (Tab.4, Fig.23); (6) dailgcharge values in
transient-state must not exceed precipitation; gpproximation of
hydraulic heads never oversteps minimal target8.8b for the Nash-
Sutcliffe (NS) efficiency coefficient, 10% of totabserved head range
for root-mean-square error (RMSE), and 10 cm ofokits error in
comparison to field data (Anderson et al. 2015).

Quadro 1- The two-dimensional FEM model input pagtars and conditions
FEM parameter 2 | Symbol ‘ Value [unit] ‘ Reference

Model parameters for “Calibrated scenario”

3.2 (layerl) / 8.5 (layer2) Lage (2005) /

Saturated conductivity K [m/d] Field data

. 0.067 (layerl)/0.13 WTF estimation /
Unsaturated flow porosity e (Iayer2) [] Calibration
Specific storage coeff. S 0 Diersch (2014)
Maximum saturation ss 1
Residual saturation sr 0.25 WTF method /

Field data

Modified van Genuchten parametric model
Pore-size distribution index n 22 []
Fitting coefficient 2.8 [1/m] .
Fitting exponent m 0.55 [1] Diersch (2014)
Fitting exponent 1 []
FEM - 2D mesh consisting of 18,154 quadrangle efes313 x 58)
Domain XvsZ 3650 vs 32 [m]
Vertical space increment 'z 0.4+ (5.5% z.1) [m]
Horizontal space increment ' X 11.661 [m] Conceptual model
Initial time-step size 'to 0.001 [d] P
RMS error tolerance (AB/TR) 0.001 []
Simulation time period tend 52 [d]

2 FEM: Finite Element Method model, design by the FEFL@&Mle (DHI)
b RMS:Root mean square

Therefore, once the model results satisfactorfyesent transient
hydraulic head data, scenarios with different reghare constructed:

1. recharge equal to 43% of daily precipitation, statally inferred
from rainfall records, and input parameters in cliamge with
Quad.1 (it is called also “calibrated scenario”),
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2. recharge assessed with the continuous-series meth@dTF
(Section ‘Discrete-series approach’),

3. steady constant recharge equal to 2.15 mm/d (43%vefage
precipitation in the 51-day period),

4. recharge equal to 43%, with a constant unsatufédedporosity
for the whole domain, equal to 0.188 (measure of &timated
as the inverse of the slope of the line of besnhfkig. 5).

3.3.4 Results and discussion
3.3.4.1 Recharge estimation: discrete and contisapproach to WTF

The water level variations versus accumulated adlifibr each
interval show a linear correlation (Fig. 21). Theerse of the slope of the
fitting line in the graph gives the value of Syuuehto 0.188 (95%
confidence bounds from 0.185 to 0.192), which ageieh the field Sy
assessment (Corseuil et al. 2011b).

Figura 21 - Ultimate specific yield estimation wusitihe regression best fit (red line
and equation) in a precipitation vs water-tabletilation plot. R2ad;j is the degree-
of-freedom adjusted coefficient of determinationtfee typed equation. Dotted lines
show the prediction interval for a non-simultanenas observation with 95% level
of certainty.
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All water losses (i.e. soil moisture variation, pganspiration
and run-off) are assumed to be included in thegfahte rainfall that falls
below the threshold value (x-intercepting valueblne Fig. 21). This
means that on average only accumulated precipitatiove 3.1 mm (2.5
to 3.7 mm with 95% confidence interval) has an emtdnfluence on the
Ressacada groundwater levels.

Figura 22 - Comparative bar plot between monththaege estimates (light bars)
and total precipitation (dark bars). Recharge hegsaverage values between the 13
piezometers.

The estimates of average monthly recharge for thelavarea
show an outstanding variability (Fig.22). Ther@@sconstant or directly
proportional relation between monthly precipitatemd recharge which
has a three-fold explanation: firstly, in rainy ntog the intense runoff,
due to the temporal proximity of precipitation eigeto each other, has
less contribution to a water-table rise; secondigurrent flooding events
during the intense precipitation periods reducesigdwater recharge;
finally, swamp areas near the Tavares River molfgraulic head to
boundary receptors for long periods resulting ireduced capacity for
aquifer drainage, and hence, storage capacityhatld be highlighted
that, since months with no available water levebrds are excluded from
the analysis, no bar of recharge is shown in thelgfor these months

For the discrete dataset of thirteen piezometerddtal recharge
in 10 years varies from 5634 to 6957 mm which dartss from 38.5%
to 47.2% of precipitation, respectively; this is average 43% of RR in
the area (Fig. 23).
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Figura 23 - Statistics boxplot of estimated reckhargtio (RR) for different time
periods. Red lines express median value of digtdhublue boxes indicate the 25th
and 75th percentiles, while dashed whiskers extertde most extreme data points.
Red dashed line show 43% (median RR in 10 years).

The values of monthly recharge sums indicate thatsage annual
recharge varies between 536 to 885 mm/year, rasphgtfor the driest
and wettest year, whereas the annual recharge (diffggence between
maximum and minimum value) between all the piezensds on average
230 mm. Therefore, average recharge ratios arbdrrdange of 35.9-
51.6%, resulting in a wider range of RR than theyd@rs analysis. It
should also be emphasized that the years with amremulated rainfall
show the lower RR values. This suggests that tliectefeness of
recharge decreases with the increase of precipitadiue to an enhanced
saturation of pores. The effect is widely refertedas “fill and spill”
systems (Tromp-van Meerveld and McDonnel 2006). iff@ication is
that dry winter months show on average markediyhéidRR, whereas
during the rainy months RR is lower.

Tabela 4 - Comparison between discrete and conisdataset estimations within
the 51-day period

Dataset Accumulated Recharge Ratio
column [mm] [%]
Precipitation 260 -
PEO3 Discrete WTF 146 56.2
PEO3 Continuous WTF 136 52.3
PMO04 Discrete WTF 90 34.6
PMO04 Continuous WTF 81 31.2
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Recharge estimates for the continuous datasetaglari51-day
time span are 136 and 81 mm for PEO3 and PEO4ecteply. The
recharge estimate in the same period for the dsdatasets are 146 and
90 mm, for PEO3 and PEO4, respectively, showingpbadgagreement
between the approaches (Tab.4).

Tabela 5 - Summary of sensitivity analysis results

Su (RRY  [% by volume] Dterm (RR}  [mm/d]

0.188 (0.430) Initial values: 12.7 — 57.7 (0.430)

0.13 (0.302) Constant low-head value: 12.7 (0.357)

0.2 (0.464) No correction withD term: (0.248)

0.2 constant (0.794) Constant average value: 20.7 (0.441)
Higher piezometer: 15.2—-66.20.483)
Lower piezometer: 9.6 — 35:90.390)

2 RRin brackets is the average recharge ratio betwit@ieaometers, calculated as the ratio of totahegge in 10
years and total accumulated precipitation
b Constant specific yield equal to field assessmEntgeuil et al. 2011)

¢ Respectively, final and initial drainage rate inexponentiaD function of 25 days without rain, namely 24-dryysa
and 0-dry-days drainage.

The sensitivity analysis of inferred recharge mt{®Rs) to the
model parameters is summarized in Tab.5. RRs iokbta refer to the
whole 10-year time period for the different, Salues and D term. The
recharge estimates with WTF exhibit a linear retathip with $, value,
as shown in Egn. 18. Nevertheless, if Syu is congteo Sya decline at
the surface) recharge estimates increase dranhatidhlis observation
confirms the finding by Child (1960) indicating awverestimation of
recharge if a constant Sy is used instead of asteady value. In addition,
the model seems to be very sensitive to the draiteign, highlighting
the importance of its accurate assessment. TherrD las increasing
influence depending on the larger time step betw#en records.
Similarly, uncertainties on the real recession bgdaph intensify their
relevance in the final estimation. For this reagbe,authors suggest to
use head-variable D values up to one week, adoptfinged low-head or
median D value for time intervals overstepping aeek.

3.3.4.2 Integration of WTF results into the FEM rabd

Observed and simulated water head values in PM@4P&03
show a good agreement (Fig.24), with a NS coefiice 0.87 and a
RMSE of 5 cm. Solid lines in the graph represefibcted simulation
with parameters as in Quad.1 and RR equal to 43@8aibf precipitation
(scenario 1).
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Figura 24 - Combined plot showing water level fuations in the 51-day period.
Dashed lines represent continuously monitored pieter levels while solid lines are
the calibrated asset (scenario 1). The bar plotvsh@corded precipitation (dark
purple bars) and daily estimated recharge valilas @ars)

Recorded precipitation and water-table variatioasfad lines)
indicate a generally fast response of the Ressaaauifer to infiltration
(8-24 h). The distribution of simulated levels {ddines) indicates a
similar timing in recharge in agreement with fingénby Hunt et al.
(2008). In addition, the comparison of records fromo piezometers
exhibits greater distance between the two linemdwa rainfall event and
immediately after it, with a scarce increase of BM¥els compared with
levels at PEO3. This behavior demonstrates theiadyatdifferent
recharge in the area, with greater fluctuationareas further away from
the boundary receptors.

The numerical model allows one to compare watergbtd
components between the estimated recharge with \Afd- different
FEM scenarios. Comparative analysis of the watkmeos at the end of
the simulation (Fig. 25) shows a good agreemernhénwater budgets
with the WTF estimates (Tab.4). Although the NSfficent on the
water-table head decreases from 0.87 to 0.76 gpfsim scenario 1 to
scenario 2 (Apéndice A — Fig.ESM1, ESM3), wateuwaes at the end
of the simulation are very close in both runs. uggests that prior
estimation of recharge with WTF prevents a longl4aind-error process
to assess the recharge with the numerical mods, @bviding a robust
theoretical basis for its values. The differencthinshapes of the Rainfall
Recharge curves (Fig. 25) emphasizes that effewss of recharge is
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related to the precipitation distribution: first,naore intensive rainfall
event (day 4 to 6) has less estimated RR than 48%4he curve grows
less, whereas the second event (day 25 to 31),résg and more
distributed in time, exhibits a higher RR than éiverage value of 43%.

Figura 25 - Transient cumulative groundwater batala) scenario 1, (b) scenario 2.
Storage filled curves exhibit storage contributiorlow and discharge.

The calibrated scenario 1 was also tested usingamasiéent
unsaturated flow porosity in layer 1 equal to thetineated Sya, as
described in section ‘Discrete-series approach’ éf#fgfice A — Fig.
ESM2). Here, the water budget exhibits sharperesiin response to
changing parameters along the simulation, withghéri contribution of
storage volume to flow between days 9 and 25. Nmbess, the total
approximation of simulated levels results in a Nfgfficient of about
0.77. It should be highlighted that the storagetrdoation to flow at the
end of 51 days remains similar in all the scenasasept with a constant
unsaturated-flow porosity equal to Syu (scenarioBY) running this
scenario (Apéndice A — Fig. EMS1, ESM2), hydraiéiels, and hence,
water discharge budgets show a pronounced sehstiivihe parameter,
with a drastic mismatch in the peak of hydrografatsolute error more
than 15 cm), although the simulation NS efficiemogfficient remains
about 0.8. This explains the sensitivity of recleaggtimates using WTF
to the value of Syu (Tab.5). Finally, by runnine tisteady recharge” run
(scenario 3), simulated steady-state levels comverghe average of the
transient hydraulic head in scenario 1, with aleodyagreement in the
entire water budget at the end of the simulatiopé@dice A — Fig.
ESM2).

Using scenario 1, model verification is run on ayg@r-long
discrete dataset of groundwater levels for PEO3RMA4 (Fig. 26). The
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resulting water table shows a good model agreefoerhe majority of
water level values, except for low water levelsvidtich modeled values
are overestimated. The head-BC assigned on Tafives is meant to
represent a natural dynamic system with sharp l8uetuations over
time. In accordance with the head-dependent relstip of Darcy’s Law,
the BCs define in the model the hydraulic gradfenhodes where flow
occurs, mostly in long periods without rainfall.i lbehavior implicates
a progressively slower flow as the water table agphes an equilibrium
state with the BCs. However, dry periods deternhineer levels in the
river too, resulting in a faster decrease of grauvater levels in the field,
which are impossible to simulate with fixed valo¢8Cs. Therefore, the
authors suppose that the deviation could be redaitbdhe use of a time-
variable boundary condition at the river cells eatthan a time-constant
value. Nevertheless, the deviation from the figthdccurs in periods of
null recharge only, and, hence, it is of a low gigance for long-term
recharge estimation.

Figura 26 - 2D model verification plot: comparisbetween simulated (solid lines)
and monitored levels dataset (symbols) in a 10-i@ay simulation that used

calibration parameters, for (a) Recharge, (b) PE€BPMO04. The red dashed lines
(lower head value reached by simulation in eachquieeter) show that simulated lines
never decrease under fixed values related to Wlee BC, losing accuracy to explain
low groundwater levels.

3.3.4.3 Tidal influence assessment

Frequency decomposition of the groundwater-levejnais
indicates an only marginal tidal influence on PE®8 PMO04 hydraulic
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head in comparison to the other aperiodic stressash as rainfall
infiltration (Fig. 19). In fact, the absolute valud the reconstructed
signals remains confined within 12.2 mm (sygizides) and -9 mm
(quadrature tides). Nevertheless, analysis of haitmmmponents on the
high frequency residuals allows a quantitative ss®ent of tidal
influence on PEO3 and PM04 hydraulic head.

Figura 27 - Signal reconstruction by harmonic congrds of (a) South Bay seawater
level monitoring, and the (b) PEO3 and (c) PMOAHigquency signal. In each graph
a comparison of raw high frequencies records (dotted lines), tidally reconstructed
signal (black solid line) and non-tidally explaineiduals (red line) is shown.

Since the tide estimation uses a 51-day time se3E$iarmonic
components are identified. However, when applyiiggificance limits
(SNR=6 and PE>0.5%), only eight of those componargshown to be
relevant in the South Bay signal and only two ie groundwater level
records. Astronomical tide assessment on the SBath shows that
73.6% of the sea level records are explained blg-friigquency periodic
contribution, while the other 26.4% is due to othmeteorological
stresses. In the same way, astronomical tide coemtsrexplain 33.2%
and 49.9% of residual signals after LP33 applicatom PE03 and PMO04,
respectively (Fig. 27). It should be noted that BN®180 m away from
the river channel, while PEO3 is 300 m away (FQ). 2



150

This fact indicates a higher percentage of tiddlence on the
signal of the closest piezometer to the river argests that only a small
part of the tidal perturbation in the South Bayluehces water head in
the inland piezometers. Most of higher frequenaygonents seem to be
smoothed out by pressure propagation in porous anédiaccordance
with the main theory of incompressible flow: thglnér the component
frequency, the greater the attenuation in a difispaedia.

Tabela 6 - Comparative tidal analysis (amplitudéth ®5% confidence interval).
Values in italic are the relevant components (ngn&NR>=6, PE>=0.5%, and
Ampl.>=3.5mm).

Tidal SouthBay (OUT) PMO04 (IN1) PEO3 (IN2)
Component
Na Freq. Ampl. | Ampl. Perc. Ampl. | Ampl. Perc. Atter? | Ampl. [ Ampl. Perc. Atter?
me (cl/hr) (mm) Error Ener? (mm) Error Ener? PM04 | (mm) Error Ener? PEO3
© (mm) (mm) (mm)
Q1 0.037 26.6 11.3 0.8% 0.9 0.3 1.2% 96.6% 0.9 0. 1.2% 96.5
o1 0.039 117.0 9.7 15.6% 0.3 0.3 0.1% 99.8% 1.9 0. 2.4% 98.9
K1 0.042 42.4 10.4 2.1% 7.8 0.3 85.6% 81.7% 4.8 3 32.4% .6988
N2 0.079 39.2 8.2 1.8% 0.1 0.2 0.0% 99.6% 0. 0. 0.2% 99.1]
M2 0.081 193.0 8.2 42.8% 0.2 0.2 0.1% 99.9% 0.9 0. 0.1% 99.8
S2 0.083 | 166.0 8.6 31.5% 1.7 0.3 3.9% [ 99.0% 5.8 0.3 | 47.3% | 96.5%
M3 0.121 24.4 7.1 0.7% 0.2 0.2 0.0% 99.3% 0.1 0. 0.090 99.7
M4 0.161 23.0 8.1 0.6% 0.1 0.2 0.1% 99.4% 0.7 0. 0.0% 99.6
2perc.EnerPercent of energy (PE) that contributes to theadigeconstruction as the ratio between componarggn
gauge of potential energy of sea level, and tatatgy of the reconstructed signal.
b Atten.is the attenuation of the component in comparidah® South Bay signal. It is calculated by 100 usithe
ratio of component amplitude in the piezometer iarttie sea-level gauge.
¢ cl/hr means cycles per hour. It is a frequency unitithaticate a 1/3600 cl/hr for a frequency of 1 hertz
Tabela 7 - Comparative tidal analysis (phases 96%b confidence interval). Values
in italic are the relevant components.
Tidal SouthBay (OUT) PMO04 (IN1) PEO3 (IN2)
Component
Na Freq. Pha | Pha | SNR Pha | Pha | SNR "Ph& | Pha | Pha | SNR ' Ph&
me (cl/hr) ©) Err. | (RM)2 | (9 Err. | (RM)2 | PMO4 | (9) Err. | (RM)? | PEO3 (h)
(h)
Q1 0.037 56 21 22| 159 22 34 -7.7 273 29 2 -16.
o1 0.039 73 5 560 | 191 81 3 -8.5 347 15 7 -19.
K1 0.042 | 150 13 64 166 2 2300 -1. 221 4 780 -4.
N2 0.079 | 145 13 89| 359 417 2 -7.5 96 44 1
M2 0.081 79 3 2100| 172 58 5 -3.2 145 54 9 -2.
S2 0.083 83 3 1400 | 122 10 150 -1.3 99 9 1700 -0.5
M3 0.121 | 174 18 46 99 82 1 1.7 223 154 1 -1
M4 0.161 99 21 31| 276 95 3 -3.1 113] 149 1 -0.p

2SNR (RM)Signal-to-Noise Ratio with modified Rayleigh critar.

® Pha Phase delay between the offshore component in thth Bay and the same component in the piezometer

In addition, comparative analysis on K1, that is tmly relevant
component greater than sensors accuracy (Ampl>=8)Smboth PE03
and PMO04, indicates that perturbations decreasenganwards (Tab. 6
and 7). PEO3 showed an attenuation rate higher BM04, which
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conserves more amplitude. At the same time, the3Rfhal had more
phase delay than PMO04. This observation confirradittdings of Mao et
al. (2006) and is due to the tidal perturbatiorhpaty, which moves from
the estuary along the course of the river towdrdsenter of the domain.
Nevertheless, other non-relevant components (S2Qidexhibit an
opposite behavior. This may be due to an additiamaraction of the
PMO04 signal with the water level in the artifictaénch close by, where
no tidal effects are observed.

3.3.5 Conclusions

The paper describes the use of a time-series agpfoa WTF,
with discrete and irregularly spaced water-leveadats. The application
of WTF allowed one to estimate the groundwater aegh from sparse
head records in an aquifer with a shallow waterletaénd sharp
fluctuations. The methodology represents an imprerg on WTF,
increasing its application possibilities. The imtuation of a time-variable
drainage term and the definition of the differeneeder levels based on
monitored precipitation allowed one to moderate thecharge
underestimation with increasing time steps. Hetteeresults in the 51-
day time window show good agreement with the resaflthe Crosbie et
al. (2005) method. For the water level dataset eetw2007 and 2017,
the estimated amount of recharge is on average df3p6ecipitation,
showing a higher effectiveness of recharge in thg"™*months with less
accumulated rainfall. Subsequently, estimated mgehavalues are
integrated into a 2D finite element model that agreith observed water
level records. Solely low water levels are oversatid in the simulation,
probably due to the constant-head BC in the riwggesting the
possibility to introduce a variable-in-time conditito better reproduce
dry periods with deeper water table.

The application of WTF is limited to changes in wndwater
levels over time due to rainfall infiltration onlyThis condition is
confirmed to be reasonable at the Ressacada Fanbygianalyzing tidal
influence on groundwater levels and absolute vadfiéise residual high-
frequency signal in the piezometers, which was lhsless than 2 cm of
amplitude. Since WTF was shown to be very sensitivéhe specific
yield, its value is assessed in the paper with aissitally-based
framework that integrates punctual field measures.main requirement
of the proposed procedure is to allocate all tfeeienwilated precipitation
of each interval to the last day of the intervalijfdotal rainfall infiltrates
and recharges the aquifer at the same time. Asdh®ling intervals
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increase, the underestimation of recharge usinguhmulative approach
increases. This limitation is mitigated by introthgca variable D term to
account for the water volume that leaves the aguifehe same time
interval. Finally, another important issue is retht to the
representativeness of the catchment as a wholeudifem geological
setting made the extrapolation of the relevant ggees outside of the
head monitoring area possible. Nonetheless, iaisamted to incorporate
data from outside of the farm site, most of allhia center of the domain,
in order to establish representative values fomthershed.
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Resumo

Os derramamentos de gasolina e etanol, emborafisigiey podem descer
facilmente no solo e, a medida que os contaminaetelissolvem nas aguas
subterrdneas impactar o0s receptores sensiveis. €almntar que as
formulagBes de gasolina s&o comumente misturadasetanol, tanto no
Brasil quanto a nivel mundial, para aliviar questa@mbientais e econdmicas
associadas aos combustiveis fosseis. No entagtmraidade de etanol e o
regime hidraulico do fluxo subterrdneo podem afstgnificativamente a
dinamica e a vida média das plumas de BTEX, qukesprendem das fontes
NAPL. Por conseguinte, no estudo sdo monitoradadsmpo (5 e 10 anos)
duas liberagdes na escala de campo de volumesdiegaom diferente teor
de etanol (E85 e E24), a fim de avaliar as dinaaécmigracéo e degradagéo
das plumas de etanol e BTEX no subsolo da Ressd0autgetivo é avancar
no entendimento dos processos de transporte deostospdissolvidos em
aquiferos granulares, nos casos de derramamentgmatdina e etanol,
delineando a contribuicdo do campo de fluxo suétem na migracdo das
plumas. Abordagens estatisticas, geoquimicas, malégicas e andlises de
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tendéncia sdo empregadas para estimar a influétwifluxo sobre o
transporte nos dois derramamentos, assim comoas ¢ biodegradacéo
associadas. As plumas de etanol e BTEX no aqué@vocaracterizadas a
partir das curvas de ruptura (BTC) ao longo dacdimede fluxo, pelas
posicdes do centro de massa, pelas taxas de asgaltra e pelo decaimento
da massa total. A estimativa da taxa de deslocangastplumas de brometo
€ usada para definir a contribui¢cdo do fluxo natuaadissolugcao e migracao
de todas as substancias em solugdo nas areasulades revelam que, em
locais contaminados por gasoéleo, um elevado coatdé@tanol, juntamente
a um fluxo natural mais rapido e dinamico, exente sorta de “lavagem”
da fonte NAPL, aumentando a dissolucdo e migragéiig¢al e horizontal)
de BTEX, com conseguintes concentracfes elevadadguas subterraneas.
A maior quantidade de etanol na &rea E85 deterammeaelevada e imediata
dissolucdo dos BTEX e da relativa biodisponibilidatbs compostos em
relagédo a area E24, produzindo um aumento das texbh®odegradacao no
aquifero através do efeito de cosolvéncia e dacdibudo fluxo metabdlico.
Por outro lado, uma vez dissolvidos, os hidrocagtmsdo petréleo migram
em forma de plumas conforme a velocidade de escuanlecal e as
variagdes do campo de fluxo. Portanto, a defingaaequilibrio desses dois
fatores (migracao e biodegradacao) séo cruciass gstabelecer de maneira
apropriada o destino e o transporte de contamisarstescala de campo. Ao
mesmo tempo estes resultados sugerem que o regindeillto deve ser
previamente caracterizado, espacial e temporalmeaite apoiar as tomadas
de decisbes sobre planos de monitoramentos e tegaslde remediacéo
para derramamentos de gasolina e etanol.

Abstract

Gasohol spills may easily descend through thecediimn down and impact
sensitive receptors as contaminants dissolve rggtoundwater. Gasoline
formulations are commonly blended with ethanolltevéate environmental
and economic issues associated with fossil fuetavéver, the amount of
ethanol added to gasoline and the groundwater hiidraegime can
significantly affect BTEX plume dynamics and lifesp In this study, two
long-term (5 and 10 years) field-scale gasohoksss with ethanol contents
of 85% (E85) and 24% (E24), respectively, were ss=a to discern the
different dynamics undergone by gasohol blendgisftal, geochemical,
microbiological and trend approaches were employ@destimate the
influence of groundwater flow variations on ethaaold dissolved BTEX
transport, and the associated biodegradation dditeééferent gasohol blend
spills. Ethanol and BTEX groundwater flow were difted in terms of
breakthrough curve characteristics, plume cenfpositions and spreading,
source depletion and mass degradation rates. itiamjdromide migration
was evaluated to address the contribution of fleivesh dissolution. Results
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revealed that the high amount of ethanol along witast and dynamic flow
exerted a flushing behavior that enhanced BTEXotlisi®n, migration

(vertical and horizontal) and concentrations inugwater. The higher
amount of ethanol in E85 enhanced BTEX dissoluanmd bioavailability)

relative to E24 site and led to faster biodegradatiates, which can be
explained by the cosolvency effect and metabolig flilution. Therefore,

flow field dynamics and high ethanol content in @& blends enhance
BTEX migration and biodegradation in gasohol-coriteated sites. The
balance of these factors is crucial to determine fand transport of
contaminants in field sites. These findings sugdleat hydraulic regime
should be spatially and temporally characterizedgupport decisions on
appropriate monitoring plan and remedial strateffiegasohol spills.

Figura 28 — Graphical abstract describing how ntignsand biodegradation may
affect decreasing of dissolved mass plot.

Keywords: Transient flow, dissolution, BTEX, plume spreadibmpdegradation rate,
transport

Highlights:
- Two long-term controlled gasohol releases (E85E24) were monitored

High amount of ethanol in E85 increased BTEX cotregions in

groundwater

Elevated BTEX concentrations led to higher degiadatates (relative to

E24)

Recharge and water-table fluctuations enhanced BWEXolution and

migration

Hydraulic regime supports decisions on proper nooimigg and remediation

strategies
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3.4.1 Introduction

Gasohol spills by accidental or incidental releases/ readily
descend through the soil column and pollute theswtiaice. The
dissolution of highly toxic and recalcitrant orgacbmpounds present in
gasoline can pose serious threats to human heatthgeoundwater
resources, as they are transported away from theceoand can
potentially reach sensitive receptors. Ethanol wamarily added to
gasoline to replace MTBE (methyl tertiary-butyl éthand reduce the
environmental impacts related with MTBE high solipiand low
biodegradation rates (Powers et al., 2001). Coresgty) the incidence
of ethanol-gasoline blends contamination increasad TBE was phased
out. The fate and transport of the organic compeundhe subsurface
are generally affected by several processes suclvoksilization,
dissolution, advection, dispersion, diffusion, smmp and biological
transformations (Schirmer and Butler, 2004). Momrpthe presence of
ethanol and gasoline in fuel storage facilitiecontaminated areas can
also affect their degradation and mobility in grdwater and thus, must
be addressed to predict the fate of multiple omyavompounds in
dynamic aquifers (Molson et al. 2002). High ethaoohcentrations
(above 10%) can exert a cosolvency effect on oogampounds present
in gasoline formulations, including priority contarants such as
monoaromatic hydrocarbons (benzene, toluene, étytene, xylenes,
known as BTEX) and increase their dissolution itite agueous phase
(Powers et al. 2001; Corseuil et al., 2004). Thia tead to a fast and
complete dissolution of NAPLs (Non-Aqueous Phasgulds) source,
resulting in higher groundwater downgradient comegions of
recalcitrant and carcinogenic compounds (e.g. be)zrooks et al.,
2004) that thereby, increase the associated riskpdsure.

The effect of ethanol on gasoline spills in thessuface has been
extensively studied and the main observed feataede summarized as
follows: (1) cosolvency of several gasoline compuse(e.g. BTEX)
enhancing their solubility in aqueous-phase andi®lizing pre-existing
NAPLs (McDowell et al. 2003; Falta et al. 1998; itavet al., 2000); (2)
collapse of capillary fringe, which influences thertical migration
velocity and the lateral distribution of the fremguct zone (Henry and
Smith, 2002; Yu et al. 2009); (3) preferential eiblabiodegradation
followed by the depletion of favorable electronemors (e.g. @ NOs,
Fe*, etc.) and lower BTEX biodegradation rates (Caifsatual., 1998;
Mackay et al., 2006); (4) decreasing sorption-eslatetardation of
hydrocarbons (Da Silva and Alvarez, 2002); (5) wiidal biostimulation
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and growth inhibition at high ethanol concentrasi¢h0 gL ™), (Capiro
etal., 2008; Rasa et al., 2013). In addition ts, Bome studies underlined
a preferential retention of ethanol in vadose zmtinto capillary fringe
due to the partitioning to the pore-water (McDowaeild Powers, 2003).
Nevertheless, McDowell and Powers (2003) carried thair studies
under stationary water table, whereas natural watele fluctuations
cause capillary fringe mixing (Fetter, 2001) andynfarther release
retained ethanol. These confounding effects maymitegated under
laboratory conditions (Gomez et al. 2008, Yu et24l09). However,
laboratory studies are unable to reproduce a conmairal environment
or account for field site-specific conditions anttepomena. To discern
the effect of ethanol in gasohol blends on arométycrocarbons
biodegradation, Freitas et al. (2011) carried oeldfexperiments of
contaminant spills without ethanol (EQ), as wellimgasohol mixtures
with 10% (E10) and 95% (E95) of ethanol. The resdémonstrated that
BTEX biodegradation rates in groundwater were lofeemigh ethanol
gasohol blends due to depletion of available diesbbxygen, whilst for
the no-ethanol spill and the low ethanol conteentino significant effect
on BTEX biodegradation rates was observed. Conler&omez and
Alvarez (2010) used a numerical model to study e¢ffects of five
alcohols on the natural attenuation of benzenedaidhed that high—
ethanol content fuels (i.e. E85) result in smalidmrter-lived benzene
plumes in groundwater when compared to low—ethblerids (i.e. E10).
Corseuil et al. (2011a) observed a short-livedhbitbiy effect of ethanol
and acetate on BTEX biodegradation, demonstratived tnonitored
natural attenuation (MNA) can be a viable remediastrategy to deal
with gasohol residual sources (E24). Corseuil ef28l15) demonstrated
the potential benefits of augmenting the electroneptor pool with
nitrate to accelerate ethanol removal mitigateiritbitory effects on
BTEX compounds and speed up their biodegradatiastly, Steiner et
al. (2018) showed that for gasohol blends with kttvanol content (i.e.,
10%), MNA can provide slightly higher BTEX degraidat rates
compared to nitrate biostimulation, provided thet aquifer geochemical
conditions offer a sufficient electron acceptor lpdor aromatic
hydrocarbons biodegradation.

Field studies normally conduct limited spatial atemporal
hydrogeological characterization of groundwatet taa be conducive to
unreliable monitoring plans and negatively affeghediation strategies.
Shallow aquifers, which are commonly affected bgtamination, often
exhibit a significant temporal variability in watewel position, thickness
of unsaturated and capillary zones and directidngreundwater flow
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which may affect migration, dissolution and biodegtation rates (Davis
et al. 1999; Prommer et al. 2002; Zhang et al. 920Rein et al. (2009)
showed through numerical simulations that transftow conditions
represent a critical source of uncertainties ifdfraeasurements, as they
are conducive to significant temporal fluctuatiasfsthe contaminants
concentration in the monitoring wells. Dobson e{(2007) demonstrated
that water-table fluctuations in contaminated asygifincreased the
elution of dissolved LNAPL components and thus,aemed the risk of
exposure of downgradient receptors. In additiortewtable fluctuations
along with transient changes in groundwater dioecéind flow focusing
into highly permeable heterogeneities are clainoeloet the main drivers
for solute mixing, especially for transverse pluspecading (Werth et al.,
2006; Rolle et al., 2009). Since biodegradatioagatay be controlled by
the mixing process, which supports interchangesds electron donor
and acceptor (Cirpka et al. 1999), recharge evmiatg result in higher
biodegradation rates by means of groundwater faiminos and oxygen
mixing (Schirmer et al., 2000). Although limitedeattion has been given
towards transient hydraulic effects in full-scabgperiments, they can
have an overriding significance for monitoring maand remediation
strategies for gasohol spills.

In this contribution, two long-term (5 and 10 ygacentrolled
releases of gasohol blends (E85 and E24) were oredito discern the
role exerted by groundwater flow dynamics on eth@T&EX plumes
migration and degradation rates. This work aimadweance the current
understanding on gasohol spills with different atil@ontent and overall
site remediation by addressing the contributiogrofindwater flow field
and site-specific transport rates on ethanol an&)>BPplume dynamics
and lifespan.

3.4.2 Materials and Methods
3.4.2.1 Site description

The controlled releases of gasohol blends wereiechimut at
Ressacada Experimental Farm, in Florianopolis, &@attarina, Brazil
(latitude 27°30’S, longitude 48°30°'W) (Fig. 29). &kclimate is humid
subtropical with average groundwater temperatur@PC and mean
annual precipitation varies from 1,100 to 2,700 gimRainfall is highly
variable and more intense during the summer sealwa.study area
represents a shallow coastal aquifer (30—40 m Yhigkh an average
depth to water level in the range of 0.3 to 2.0f@afured by sharp and
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quick transient fluctuations driven by rainfall et® (Rama et al., 2017).
The aquifer is located in a flat coastal plain o> m in elevation) of
about 20 krfy enclosed by surface water bodies. Neverthelbsstidal
fluctuations have negligible influence on waterl¢éabevels when
compared to rainfall infiltration (Rama et al., 3)1A dense net of rivers,
ponds and anthropogenic ditches controls groundwdrsnage in the
plain (Fig. 29).

Figura 29 - Location of experimental sites: (a) ra&Brazil; (b) map of Florianopolis;
(c) detailed map of the E24 and E85 experimentas$ slepicting the monitoring wells
(black points), local directions of groundwatemflestimated according to the method
described in Section 2.5 (light blue polar diagrapigzometers positions (black
triangles) and designations (e.g. PEO3, PZ-1,,edarface elevation above mean sea
level (light grey isolines and numbers in italig)daother field experiments (grey

polygons).

The aquifer is composed of unconsolidated deposilacustrine
and marine fine quartz sands with hydraulic conitgtvalues in the
range of 10-3 to 10-4 cmigLage, 2005). Irregularly distributed lenses
of silt and clay are present in the plain and mangrswamps areas are
located at surface water receptors. The typicastiace sample contains
about 90% of sand, 3% of silt and 7% of clay, altjto higher silt and
clay contents (up to 20%) were observed in sesamaples (Lage, 2005).
The average organic matter content in the top 19682 m depth) is
1.16% and decreases in a vertical direction (fram42m depth) to 0.06%
(standard deviation of 0.03%) (Fernandes, 2002).
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3.4.2.2 EB8S5 field experiment

The experiment was established by releasing 200E8&f (85%
ethanol and 15% gasoline v/v) and 2.5 kg of theseorative tracer -
potassium bromide (previously diluted in the 200&Hd) into an
excavated pit of 1.5 x 1.0 x 0.25 min the unsaédraone (Fig. 30). When
the experiment started (September 8, 2010), thervtable depth was 1.6
m below ground surface (bgs) or 1.35 m below thé&obo of the
excavation pit. The area was monitored with a tot&0 multilevel (2, 3,
4, 5 and 6 m bgs) monitoring wells (MW). Groundwatampling was
conducted using a peristaltic pump connected tch dagvel by a
polyethylene tubing (Fig. 30b). The wells were atistd downgradient to
the source of contamination (NW-SE). The free-pobdzone (FPZ),
which represents the free NAPL “floated” on the tdghe aquifer as a
result of infiltration process, extends beyond dbarce zone affecting a
larger area (bright red area in Fig. 30c). A regbaratio of 43% of
precipitation varies from 36 to 52% on a monthl\siba(Rama et al.,
2018). Groundwater background geochemical conditiware: pH 4.9
+/- 0.2; specific conductance 0.04 +/- 0.008qu§"; redox potential 191
+/- 60 mV, bromide 0.05 +/- 0.03 mg‘land phosphate 0.09 +/- 0.03 mg
L1 Background electron acceptors concentrationsshifts over time
are available in the Apéndice B (Tab.S1).

An adjacent field experiment with E24 (24% ethaant 76%
gasoline v/v) located at a distance of 400 m (Rig)2vas used to provide
insight into the different dynamics undergone bgajel blends with a
different ethanol content (85% and 24%), sourcetiposrelative to the
water table (135 and 0 cm, for E85 and E24 resgalg)i and local flow
field conditions. This experiment started in 1998wthe release of 100L
of E24 blend into a 1.5 x 1.0 x 1.5 m pit (Corsattilal., 2011a). Both
experimental sites were covered with a plastic mmgable canvas
overlaid by coarse uniform gravel to avoid diregnfall infiltration.

The mean hydraulic conductivity values estimateth wlug tests
were 8.81x10-4crg! and 1.1x10-4cns (Corseuil et al., 2011b) at E85
and E24, respectively. The average hydraulic gradieE24 (0.011 +/-
0.0041 m/m) was approximately two times higher theB85 (0.0067 +/-
0.0018 m/m). Saturated effective porosity was C@¢euil et al., 2011b)
and 0.28 (Mdller et al., 2017) at E24 and E85, eetipely. These data
were used to calculate the local seepage velobiiepplying the Darcy's
law.
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Figura 30 - E85 experiment conceptual sketch:éajetrical interpretation of water-
table inclination and groundwater flow directior) (position of 50 multilevel

monitoring wells (circles), source area (red reglenand the mask adopted for the
plume interpolation (grey area); (c) A-A’ transewtith conceptual gasohol

distribution and detailed sketch of monitoring wellith sampling depths

configurations.

3.4.2.3 Physical and geochemical analysis

The E85 biodegradation and migration were monitdatedugh
ethanol and BTEX concentrations and their anaembki@bolites, acetate
and methane. Background groundwater geochemicalittmms were
determined at sampling events conducted at 16Qtarahys before the
release. After E85 was released, 15 sampling eY8&iswere conducted
over 1,540 days: the first 10 SE (sampling intefived 15 days) aimed to
monitor source depletion and mass-transfer mechenighile SE 11 to
15 (sampling interval 6-12 months) focused on plsinmigration.
Oxidation-reduction potential (ORP), pH and dissdlvoxygen were
measured on site using a Micropurge Flow Cell (MR2@l a peristaltic
pump (Millipore Easy-Load model XX80EL00O). Bromidad acetate
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were analyzed by ion chromatography using a Dia@&x3000 equipped
with a conductivity detector (Software Chromeledw ®40), an AS4A-
SC column, with two eluents: sodium carbonate adiusn bicarbonate
(APHA, 1992). BTEX, ethanol and methane were mesabuy gas
chromatography with a HP 6890 Il chromatographempted with a HP
7694 headspace auto sampler and a flame ionizdétector (FID). A
methyl-siloxane capillary column, HP 1 (30 m x OB x 2.65 m) was
used. Samples were collected into capped sterdesglials without
headspace to prevent volatilization losses. Detectimits were as
follows: bromide (0.1 mg.t), acetate (1 mg:t), ethanol (1 mg.t),
methane (10 pg:) and BTEX (1 pg.t). Free-phase NAPL samples or
free-product samples (FPS) indicate water sampshow visible dual-
phase or a BTEX concentration above aqueous satutlahits, and for
this reason were not accounted in the dissolved.mas

Transient hydraulic gradients and directions westareated from
the triangulation of the closest hydraulic headrds in both experiments
to allow a reliable flow field reconstruction oviééme (Fig. 30a). Water
level was monitored by a manual phreatimeter wihiable recording
intervals (1-60 days). Saturated hydraulic condiigtivas estimated
from two slug test campaigns in different seassosfner and autumn).
Bouwer and Rice method was utilized to interpred dhata and to
determine hydraulic conductivity (Butler, 1997).

3.4.2.4 Microbial Analysis

Real-time quantitative polymerase chain reacti®tdR) was used
to estimate the concentration of total Bacteriemaluate bacterial growth
and Archaea (groups Crenarchaeota and Euryarchaedtiah includes
methanogens. A total of 5 sampling events befarekpround) and after
the release (72; 918; 1,161 and 1,532 days aferrdéhease) were
conducted at the E85 site. For DNA extraction, flgmundwater was
collected and samples were subsequently filtereth v 0.22 mm
Millipore membrane filter (Sartorius Stedim BioteclGottingen,
Germany). DNA was extracted using a MoBio Powet™diCarlsbad,
CA) kit, following the manufacturer's protocol. Per sequences and
PCR assays details can be found elsewhere (Ranads 2013). Next-
generation sequencing (16S rRNA gene sequencing eanducted for
E85 experiment (MW-23 at 1,161days after the releaxd MW-25 and
source at 1,532 days) to characterize microbiauladions profile at the
site. Briefly, lllumina Miseq platform was used ftite sequencing of
regions V3 and V4 that were amplified by PCR. Bioimatics was
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conducted by the Quantitative Insights Into Micedliicology (QUIIME,
v1.9.0, http://giime.org/index.html) software antk@&ngenes was used as
database to obtain taxonomic information. Detaiscescribed in Miller
et al. (2017).

3.4.2.5 Hydrogeological and statistical data preices

Different lines of evidences (LoE) were used tocdis the
ongoing predominant biotic and abiotic processetha experimental
sites. Accordingly, in order to associate plume ratign, maximum
concentration occurrences and flow field variatjogeometrical rules
were applied to triangulate information from moné® head records,
simplifying the unconfined aquifer with a plane. depicted in Fig.30a,
the plane was defined by passing through thregptirestablish the dip
angle and direction (strike + 90°), which represém water-table
inclination and the direction of groundwater flongspectively. In
addition, geochemical and microbial analyses werpleyed to evaluate
the different dynamics undergone by E85 and E24dsén groundwater.
An exploratory analysis on concentrations was cotetl for the
conservative tracer (bromide), organic contaminéttsanol and BTEX)
and main metabolites (methane and acetate). Thsetavas previously
transformed to deal with the large amount of datgmed as below the
detection limit (BDL) or non-detected values (ND).

Means and standard deviations for each series wareilated
from a linear regression of expected normal sc{fescores) (Gineval
and Splitstone, 2003). The methodology consistslinear regression of
the known standard concentrations, firstly conwngrthe ranks of the data
into cumulative percentiles. Observations from enad distribution tend
to fall on a straight line when plotted againsitZeScores, even for ND
values. Thus, the fitting line intercept indicalbe tmean of distribution,
while the slope of the line gives the standard atésm. Such values were
used to fix NDs data following the same distribataf the raw data (Fig.
S1 - Apéndice B). Hence, a normal distribution apglied to NDs in the
dataset.

The cosolvency model was applied to distinguishBM&X free-
product from the dissolved-phase in full-scale expents with high-
ethanol blends (Corseuil and Fernandes, 1999; Rosial., 2001). The
model states that ethanol (a hydrophilic compoucal) reduce the
polarity of aqueous phase, modifying the solubibfyhydrocarbons in
groundwater systems and enhancing the saturatiooeatration based
on Raoult’s law. Detailed information about theccdilis of the saturation



166

concentration of BTEX at E85 site is availablehie Apéndice B (Tab.
S2).

The dissolution and persistence of ethanol and BTiBX
groundwater, as well as the production of theiregponding metabolites
(acetate and methane) were graphically depictedhenbreakthrough
curves of concentration (BTC). Plume stability anehd analysis for
bromide, ethanol and BTEX were built using MATLAB &ssess sites
under natural attenuation with a well-establishend aconsistent
monitoring over a given time frame (Ricker, 2008)e method is applied
only to dissolved contaminants and corresponds tmrabination of
graphical and statistical analysis, based on ta#apnterpolation of data
from multilevel monitoring wells in the experimehtsite, aiming to
define isocontour maps for every compound, deptblseand SE. This
allows the calculation of dissolved mass in eveEyb$ summing results
per level. Detection limits (DL) were used to camt@lumes for each
compound. While a 35x30x5.5 m domain was appliedEf4 area, a
33x33x7 m domain was used for the interpolatiorE86 data, both
deploying a regular grid spacing of 0.1x0.1x0.2%\mmask was adopted
to limit extrapolated values out of the monitoréigs (Fig. 30b). Raw
concentration data were log transformed to obtarmal distribution and
reduced coefficient of variation (ratio of standaeliation and mean)
and kriging interpolator was used to plot conto@psn

The zero-order momentum of concentration over tvas used to
estimate total dissolved mass at the site. Plunméraid position was
obtained by the estimation of first-order momenténplume center of
mass represents the centroid of interpolated coplame. Conceptually,
it is a mass weighed-mean of every unit volume @ltiree main
directions (Freyberg, 1986; Dentz et al., 2000)e Hosition of mass
centroid was chosen to represent plume migrati@s leensitive to
heterogeneous spatial distribution of contaminaRisally, neglecting
the local-scale mixing, the estimation of centratand-order spatial
moments provided direct plume-spreading informaiiGirpka, 2002).
Therefore, in order to quantify combined impactsggofundwater flow
and the ethanol cosolvency in both areas, plunfiesptan (normalized
dissolved mass, centroid position, distance to cmuspreading) were
plotted over time. Total accuracy of the method wgsal to maximum
mass recovery of dissolved bromide (about 66%ité&ineleased mass).
The mass losses can be related to experimentalationis, such as
spacing between monitoring wells and depth levgkps between
sampling events or spatial interpolation efficiency
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The linear fitting (zero-order kinetics) of bromideass decrease
was used to represent migration of compounds (folyegroundwater
flow field) beyond the assumed mask. Site-spetifiosport rates were
estimated by dividing bromide zero-order fittingtes for the total
bromide mass released. First-order kinetics are noomy used to
describe BTEX and ethanol degradation rates infaxgi by fitting
dissolved masses versus time to an exponentiaydecdel (Alvarez and
lllman, 2006, Corseuil et al., 2015; Steiner ef 2018). Nonetheless,
these rates do not discern between migration amdielgradation
processes. Thus, biodegradation rates were obtdiyedubtracting
transport rates (bromide advective-dispersive prarigelated) from the
reactive compounds first-order degradation ratésally, ethanol and
BTEX biodegradation rates were determined afteraiheet of ethanol
and BTEX degradation.

3.4.3 Results and Discussion
3.4.3.1 Centroid analysis, plume migration and gdwater flow field

The ethanol content in different gasohol blends pwarkedly
affect aromatic hydrocarbons dissolution into theougdwater.
Accordingly, in E85 plot BTEX compounds exhibited faster and
enhanced dissolution relative to E24 (Fig. 31)sThas attributed to the
cosolvency effect exerted by high dissolved masgtainol ( 50 kg) that
thereby enhanced aromatic hydrocarbons dissolatidresulted in high
BTEX plume concentrationg (20 mg L%). The fast ethanol and BTEX
dissolution into the groundwater was evidencedheypeak of dissolved
mass after 42 and 83 days, respectively (Fig. 3thFRg. 31c). This
implies that high concentrations of dissolved BT&2&f rapidly migrate
away from the source zone, enhancing the poteiglato downgradient
sensitive receptors. In contrast, BTEX compoundssalution and
corresponding agueous average concentrations vggnéicantly lower
in E24 site ( 5 mg LY), as ethanol content was probably not high enough
(less than 15 kg) to exert cosolvency effect. T Bite showed a
typically slow dissolution of aromatic hydrocarbo(@orseuil et al.,
2011a), reaching a maximum dissolved mass at Jage following the
release, which corresponded to the half of the wesgepercentage for
BTEX in E85 plot (Fig. 31c). Thus, although the ambof gasoline
released in E24 (76L) was 2.5 times higher tha&85 (30L), BTEX
compounds exhibited an opposite trend by rapidiffea83 days)
reaching peak dissolved concentrations and disdohass percentage in
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E85 site, due to the cosolvency effect exertechbyhigh ethanol content
in the gasohol blend.

The cosolvency effect was more apparent for thkdrignolecular
weight and less soluble BTEX compounds (ethyl-beazand xylenes),
while benzene presented similar maximum dissohaxdgntage in both
E24 and E85 sites (Fig. 31b). Thus, BTEX plot shabthat 12% of initial
mass was dissolved in E24 while such percentageased to about 20%
in E85 (Fig. 31c). This behavior is justified byethatio of the saturation
concentration (enhanced by the cosolvency) to tiginal compound
solubility (Tab.S2 - Apéndice B). Such a ratio, ethincreased with the
molecular weight, indicates the effect of the ceenty on enhancing the
maximum solubility of the compound and resultsigngicantly higher
dissolved mass for ethyl-benzene (3.7) and xyldi3e8) relative to
benzene (1.9). Hence, the difference in the maxindissolved mass
between E24 and E85 was more pronounced for etytdne and
xylenes than benzene.

Figura 31 - Total dissolved mass (%) over timeethanol, (b) benzene, and (c)
BTEX in E85 and E24 experimental sites.

Contaminant plumes are typically formed after comuis
dissolve into the groundwater and their behavigy. (gosition, geometry)
is highly dependent on the hydraulic regime (Dobsbnal., 2007).
Accordingly, at E85 the BTEX, ethanol and bromidenpes migrated
concomitantly, at similar velocities (between 4/da6.2 myt) and
followed the local groundwater flow direction, mogi faster in
horizontal and downward directions, as evidencedhbyclose position
of centroids (Fig. 32 and Fig. 33). Conversely,E24 the bromide,
ethanol and BTEX plumes followed different migratipathways (Fig.
33). The ethanol plume velocity was similar (3.§#) to bromide (2.6
my™Y) but significantly higher than BTEX (1.2 yn'), which is probably
due to a sorption-related retardation of hydrocast&ig. 32). Therefore,
at E24 the BTEX plume exhibited a limited migratiofiiplume centroid
(5 m away from the source) when compared to E85nf}15luring the
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same timespan (Fig. 32c¢). The different dynamiateugone by BTEX,
ethanol and bromide plumes in E85 and E24 sitexmasistent with the
average seepage velocities (Tab.1l). In additiomiract correlation
between water-table levels and seepage velocityolvasrved for both
experimental sites (Fig. S2 and Fig. S3 - Apénd®e which was
attributed to the periodic increase of hydrauliadients due to the intense
and prolonged rainfall events (Rama et al., 20T8)s led to transient
accelerations in the transport of contaminantt)@gradients are directly
proportional to the seepage velocity. Thus, ethapgarently exerted
influence on BTEX compounds dissolution in the seuzone that was
conducive to high groundwater concentrations, wpllegme dynamics
were predominantly affected by hydraulic effectd groundwater flow.

Figura 32 - Plume centroid migration: (a) bromigg,ethanol, and (c) BTEX in E24
and ES85 sites. Dotted fitting lines represent pluetroid velocity.

The larger variability in groundwater direction ahgdraulic
gradient enhanced transversal spreading of pluAerdingly, despite
the lower seepage velocity at E24, the bromide plwshowed an
enhanced dispersion relative to E85 (Fig. 33a) wlsceflected by more
dynamic groundwater flow (Tab. 8). These findingeead with Bellin et
al. (1996), who showed a plume dispersion affebiedstability of the
hydraulic gradient over time. Likewise, the totahge of directions in
E24 reached 90°, whereas in the E85 site it waelito 30° (Fig.29c).
The E85 site was characterized by a slower shiftoef direction, with
long periods (2-6 months) in which groundwater flgwesented
homogeneous deviations from the average directiom water levels
were highly correlated with negative deviationgfundwater direction,
as opposed to the higher levels that were assdciaith positive
deviations (Fig. S2 - Apéndice B), suggesting aisterce of a low-
conductivity layer in the aquifer, which is probahlipped towards the
east. Comparatively, in the E24 experiment, a npanounced and
quicker variability in the flow direction was obsed (Fig. S3 - Apéndice
B). The data suggests a random rotation of groutetveirection during
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intense rainfall events (with no evident correlatwith hydraulic heads),
which was likely attributed to the position of tleer and, consequently,
less conductive material in the E24 site.

Heterogeneities in permeability along with impuésjrecipitation
and differences in land use led to a differenttiafiion regime and thus,
a local variability in transient groundwater flowettions and recharge.
It is worth highlighting that as little as 10-15%fime material admixture
in a soil profile is enough to confer a low-permégbcharacter of the
porous medium (Mitchell, 1976). Thus, despite itgolggical
homogeneity at regional-scale, the existing clayteot in the site (up to
20%) is sufficient to significantly influence thechl flow field and the
migration of compounds. In addition, the close tieta between small
low-permeability lenses and, hydrodynamic dispersf@verth et al.,
2006) or back diffusion of contaminants (Chapmad Barker, 2005;
Yang et al., 2014) has been shown. This is alssistant with the
enhanced plume spreading in the E24 relative todi85Fig. 33).

Tabela 8 - Groundwater flow characteristics from titansient analysis.

E85 [ E24
Precipitation [mm/y]: Range 1600 - 2200
Recharge [%]: Mean (range) 43% (39 - 55%)
Hydraulic conductivity [cm/s] 8.81x10 1.1x10°
Saturated effective porosit [-] 0.28 0.2
Average water-table leve [m]: Range 1.0-2.9 1.3-3.1
Gradient [m/m]: Mean (std. dev.) 0.0067 (0.0018) 0.0119041)
Direction [degrees]: Mean (std. dev.) 161.2° (10°) 127B3°)(
Seepage velocit [m/y]: Mean (std. dev.) 6.7 (0.8) 2.0 (1.0)

The sharp water-table fluctuations may preventréiention of
dissolved compounds within and above the capilfange. The E85
mass center moved vertically very quickly when carep with the E24
site (Fig. 33). For example, at the E85 site betwa&7 and 506 days from
release, the ethanol centroid moved more than déwmwards and 7 m
in a horizontal direction away from the source, l@HBTEX plume
migrated 1 meter vertically and about 5 m horiztyptaSuch high
velocities of contaminants vertical transport kely due to the sudden
water-table oscillations (recharge-related) thaerdily drag solutes
downward, similar to a natural “vertical flushingf the source zone.
Conversely, in E24 site, the consistently lower crartivity of E24
(relative to E85) limited compounds transport, aislenced by the low
bromide § 1.5 m downwards over 1821 days) and ethanhdl fneter
downwards over whole monitoring period) centroidtieal migration
(Fig. 33). Nevertheless, since the amplitude ofewgdble fluctuations



171

was similar in both sites (Fig. S2 and Fig. S3 €Agice B), the aquifer
in E24 probably discharged laterally the flow rethto the high hydraulic
heads, as is the case for wetlands (Hayashi e2@&§). Thus, the high
variability of groundwater direction at the E24 ntsycaused by a hanged
up “fill and spill” system (Tromp-van Meerveld amdicDonnel, 2006)
with an irregular groundwater connectivity. It iosth noting that the
influence of vertical infiltration from precipitath events was dismissed,
as both sites were covered with plastic impermeeaieas and gravel.
Therefore, the plumes behavior is attributed todbmbined effects of
natural Darcy’'s flow with “bottom-up” variations iwater-table levels.
The field data show that the transient flow regidieectly affected
spreading and position of the contaminants plurBewi§ et al., 1999).
The flow field assessment indicated that the wttble plane in both
experiments rotates in time, depending on the ¢mdiof recharge,
heterogeneities and soil saturation. The faster amate regular
groundwater flow in the E85 site seemed to be maielated to the
precipitation regime, while the highly variableidield in the E24 site
was probably forced to a lateral movement by hargey lenses and
geological heterogeneities.

Figura 33 - Plume centroid position and spreadin@pbromide, (b) ethanol, and (c)
BTEX in E24 and E85 sites. Symbols represent ci&htvertical and horizontal
location (m) relative to source, bars show plariame spreading (m) over time and
numbers above the bars represent the time (dags)thé release.

3.4.3.2 Geochemical footprint of E85 release

The statistical analysis depicted a lognormal ilistion of ethanol
and bromide concentrations at each sampling evefid5 plot (Fig.34).
Violin plots median values showed the faster diggmh of ethanol that
peaked only 5 days after the release, while bromiaeimum dissolution
occurred 83 days after the release. Since bronmidate gasohol blend
were released together, such differences refleet higher aqueous
solubility of ethanol relative to bromide. In addit, violin plots revealed
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a smoother variation of bromide shapes over tineive to the highly
irregular ethanol distribution. This can be atttdalito the conservative
behavior of bromide as opposed to the highly biodadgble ethanol.

Figura 34 - Violin plot with distribution of broméd (salmon) and ethanol (green)
concentrations. Loosely dashed lines represenintiiian, densely dashed lines are
the interquartile intervals, while the shape ofimi® depicts the distribution.

A highly variable water table may enhance BTEX dlisgon from
the source or the free-product zone (FPZ), andstibsequent outcome
would be a vertical downward migration of contamitsaas the water
table descends. In gasohol spills, the dissolMeanet, which “floats” on
the top of an aquifer, can remobilize retained BTiBXhe vadose zone
(McDowell et al. 2003; Falta, 1998). This seembeadhe case of the E85
source area, as the high dissolved concentratfidd$©X coincided with
the increase in water level and the intense reehavgnts (Fig. 35). The
contaminants (ethanol and BTEX) rapidly reacheduter table moving
vertically 1.3 m in one day (Fig. 33). Such fasgration was attributed
to the root channels and other preferential trarispathways (Jarvis
2007), which along with the high solubility of etiw facilitates the
movement. The high amount of ethanol could have asluced the
sorption of hydrocarbons, contributing to the \aatitransfer of BTEX as
well (Da Silva and Alvarez, 2002). During the ialtivater level increase
(between 5 and 6 days after the release), the geverancentration of
BTEX in the aqueous-phase increased about 10 tiwiesreas after 20
days, a pronounced rising of aquifer water tabkulted in a pulse
enhanced concentration up to three-fold. Lastlywwben 42 and 83 days
after the release, average concentrations of BT&¥kkd and maximum
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values per sampling event continued to increasausec of the high
hydraulic head of the aquifer (Fig. 35). Thus, datafirmed a correlation
between rainfall-driven processes (e.g. rechargaemtable variation)
and the increasing dissolved BTEX concentrationsh& source zone
(Tab.S3 - Apéndice B).

Figura 35 - Time series of average dissolved BTkater-table levels (dark and grey
lines) and daily accumulated recharge (blue colyrithin the first 90 days in the
E85 site. The blue diamond markers represent maaes of concentration; errorbars
show the range of concentrations; blue numbersesept the total of BTEX free-
phase samples (FPS) in each sampling event, destidides represent the detection
limit and black numbers correspond to the total@ascollected.

The combined effects of ethanol and aquifer flutitutamust be
carefully accounted in sites impacted by gasohdlssps they can
accelerate dissolution process and may compromisediation plans
based on the slow transfer hypotheses of persistéAPL sources that
generally results in long-lasting contaminationsee~phase product
sample (FPS) occurrences started 18 days afterethase, when the
water table reached 2.25 m above sea level (0.@pthdinderneath the
source), underlining a correlation between aqugaillation and NAPL
migration. Hence, after 42 days, dual-phase sammiscted at 3 m
depth were dragged down with water table descegitven 27 and 42
days). In addition, groundwater samples highligtgedmarkable lateral
migration of NAPL, probably due to the collapse aapillary fringe
exerted by the high amount of ethanol. Twenty-fRRS were detected
between 20 and 83 days after release in differatisWyMW-F, MW-2,
MW-5, MW-7, MW-8, MW-10, and MW-11). If they wereceounted
within the source region, in only 42 days, theiahispill area increased
from 1.5 nt in the vadose zone to at least 5.60hFPZ on the top of



174

saturated zone. These findings suggest that hlggmet content blends
can lead to the fast NAPL mobilization due to etiiadriven cosolvency
and collapse of capillary fringe, resulting in largnd irregular FPZs.
However, despite the complexity of FPZ dissolvetharbl/BTEX
compounds in the E85 site exhibited a comparahimelevolution (Fig.
32 and Fig. 33), showing similar and uniform shapésch is consistent
with Yu et al. (2009) observations. Therefore, data demonstrate that
ethanol content or transiency of groundwater floweres a larger
influence on dissolved plume behavior when compé#oetie geometry
of the contamination source.

Figura 36 - Times series of BTCs along the maiedfion of groundwater flow: MW-
11 (source zone), MW-14 (3.7 m from source), MWES m from source), MW-23
(20 m from source) and MW-28 (14 m from source)tEgraph represents average
concentrations in the vertical profile (n=5) dfi@tol (a), total BTEX (b), acetate (c)
and methane (d).

BTEX mass transfer in the E85 site was similar noeshanol
flushing of the source (Jawitz et al., 2000; Broahsal., 2004). To
exemplify, BTEX was readily transferred to the asugephase (the peaks
occurred between 40 and 85 days) and exhibiteghtngistence, reaching
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concentrations (7gL™) close to remediation goals within 1,600 days
after release. Comparatively, such low source-zmmeentrations were
observed at the E24 site only after 5,000 dayowoilg the release.
Although the highly soluble ethanol generally diges earlier than
BTEX (Corseuil et al., 2011a) as a result of thatied aqueous solubility
of the aromatic compounds, the breakthrough cufB&<€) in E85 plot
showed peak concentrations of both ethanol and BaEXe beginning
of the experiment. As compounds migrated away ftioensource, peak
concentrations of ethanol and BTEX were concomigahétected in the
MWs located in the main groundwater flow directidamonstrating their
concurrent dissolution and migration (Fig. 36). evkse, centroid
locations also indicated a pronounced migratioretbfanol and BTEX
plumes in E85 site (Fig. 32, Fig. 33), which is emnt with compounds
enhanced dissolution exerted by the site hydraffiects and the high
ethanol content of the gasohol blend. The decrigasthanol and BTEX
concentrations was accompanied by the productioth&f anaerobic
metabolites acetate and methane, thus providirdeage of ethanol and
BTEX biodegradation (Fig. 36¢, 36d).

The flow field characteristics can predict the rmatgpn of
dissolved contaminants plumes and thereby supbertiécision on the
most appropriate monitoring strategy. Contaminaaiscentration per
sampling level indicated a sinking process of tissaved compounds in
the E85. The source-zone wells revealed high cantarts concentration
at the upper level (2 m bgs), whereas at distamitoiing wells (MW-23
and MW-28 — located at 10 and 14 m away from thece respectively)
contaminants concentrated on the deeper levelsn(b G@ m bgs).
Likewise, as previously mentioned in Section 2k, 4¢ame phenomenon
was observed for the E24 site, although it was fgesounced. The
vertical drift is directly associated with the IbcHow field that
contributes to a downward movement of the compoubmdaddition, a
plume inspection along a transect located 14 m afnay the source
shows the highest concentrations at 4 m bgs framwibstern boundary
(MW-27 in Fig. 37a) and 6 m bgs from the eastemanigary (MW-31 in
Fig. 37c). This nonhomogeneous distribution of @miations is
probably caused by a low permeability formatiorpaig towards the east
that corroborates the anti-clockwise rotation o thain groundwater
direction during dry periods (Apéndice B). Such ropes in plume
direction could be predicted with a time-serieslysis of the flow field
at contaminated sites. This underscores the impaetaf conducting a
thorough hydrogeological assessment to properlgcsejroundwater
monitoring wells and track contaminants plume ntigra
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Figura 37 - Time series of BTEX BTC along transaétsansect (14 m to source)
from western to eastern boundary: MW-27 (a), MW129 MW-31 (c) organized per
sampling depth to ground (Lv = level in meters bgs)

3.4.3.3 Ethanol and BTEX degradation kinetics

The faster dissolution of BTEX observed in the EB& relative to
E24 was attributed to the higher amount of ethathat exerted
cosolvency effect (Fig. 31). Accordingly, both BTEXd ethanol mass
peaked at 85 days after the release (Fig. 39),dbo®nstrating a similar
dissolution dynamics. Degradation rates were deterdnafter the onset
of ethanol and BTEX biodegradation and, as thekg@aoncomitantly,
similar initial timeframes were considered in thacalations (Tab.9).
Unlike E85, in the E24 site, BTEX concentrationsalgsd after 970 days
and the onset of their biodegradation was obseordg after ethanol
depletion (Fig. 39). It is worth noting that contexperiments with
gasoline alone would be useful to quantitativelgcdin the effects of
ethanol.

The conservative tracer (bromide) zero-order massedse was
used to represent migration of dissolved compoufased by
groundwater flow field at both experimental sitesdato estimate
transport rates. Results revealed a transporthiege times higher in E85
(0.242 y*) than E24 (0.09273) (Tab.10), which coincided with the flow
field analysis (Section 3.1). This difference ingmalecrease transport-
related follows the ratio of seepage velocitiesMeenn the sites, which
can potentially avoid confounding effects in thetireation of
contaminants biodegradation rates, since the aitbafaster flow (E85)
also presented higher fitted decay rates. It watrésssing that fitted mass
degradation values for ethanol and BTEX (Tab.9kedrwith results
reported by other studies that used different nalogies (Corseuil et
al.,2011a; Corseuil et al.,2015; Ramos et al.,2@&t6iner et al.,2018).
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After subtracting specific transport rates from tleactive compounds
degradation, the resulting first-order biodegraatatiates were: ethanol
1.104 y}{ES85) and 1.076%E24), benzene 0.836'E85) and 0.674 Y
(E24) and in average for total BTEX 0.816 (E85) and 0.401¥ (E24)
(Tab.9). These values are consistent with the rarfgeates reported
elsewhere for ethanol and BTEX compounds (Alvarezale 1991;
Corseuil et al., 1998). Therefore, the enhancesbotliion of BTEX in
E8S5 site led to higher biodegradation rates retativBTEX in E24 site.

Tabela 9- Estimation of ethanol, benzene and BI&X first-order degradation
rates, and degradation rates with subtracted tosihsgtes and quality summary for
E85 and E24 sites.

Compound (Site)]  Time frame| First-order degradation rates Degradation rates with| R? n
vy (95% Conf. Bounds) subtracted transport
- rates [y
Ethanol (E85) 0.1-4.2 1.346 (0.551 - 2.141) 1.104 0.959 7
Ethanol (E24) 1.4-4.1 1.168 (0.590 - 1.756) 1.076 0.969 5
Benzene (E85) 0.2-5.2 1.078 (0.891 - 1.266) 0.836 0.997 7
Benzene (E24) 2.7-10.5 0.766 (0.643 - 0.890) 0.674 0.995 10
BTEX (E85) 0.2-5.2 1.058 (0.553 —1.582) 0.816 809 7
BTEX (E24) 2.7-10.5 0.493 (0.403 —0.584) 0.401 .960 10

Tabela 10- Estimation of decay rate of bromide naagsmain parameters summary
for E85 and E24 sites.

Tracer (Site) Timeframe| Zero-Order fitting rate Initial Transport R? n
vy (95% Conf. Bounds) | released masy rate
[0y [a] [y
Bromide (E85) 2.5-5.2 406.6 (203.9 - 609.6) 1,678 0.242 0.974 4
Bromide (E24) 2.7-10.5 61.6 (53.4-69.7) 670 2.09 0.974 10

The higher BTEX biodegradation rates in E85 (re&ato E24 site)
could be attributed to the metabolic flux dilutipglenomenon, as it
predicts that removal rates are proportional tdtthetion of the available
substrates in the mixture (Lovanh and Alvarez, 2084cordingly, the
metabolic flux dilution in E85 was evaluated at oeirce zone (MW-11)
and compared with source zone (SW4) at E24 sites@td et al., 2015).
The enhanced dissolution (and availability) of BTEX E85 site
increased their source zone fraction in the mix{(atbanol/BTEX), as
opposed to the lower dissolved BTEX concentratams corresponding
fraction in the mixture in E24 site (Fig. 38). Thfare, higher
biodegradation rates were observed for BTEX in EB&, which was
likely due to their enhanced fraction in the mixtuelative to E24 site.
This is consistent with metabolic flux dilution tha&onsiders the
simultaneous degradation of multiple substrateb w@mpound-specific
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degradation rates being proportional to their rebaibundance in the
mixture.

Figura 38 - Ethanol (circles) and BTEX (triangley ®tal organic carbon (TOC)
fractions in the mixture for E85 (MW11 — source epand E24 (SW4 — source zone)
experiments.

Figura 39 - Total mass decay obtained from plurterjiolation for E24 and E85 sites:
(a) linear fitting for bromide mass evolution, @ponential fitting for ethanol, (c)
dissolved benzene and (d) total BTEX.
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The higher removal rates observed for the E85asitecoherent
with the stimulation of biomass and specific hydumbon degraders.
Accordingly, after 72 days following the releas¢éatddiomass growth
increased up to 2 orders of magnitude2(5 x 109 gene copiesl)y
relative to the background concentration at thee®aone ( 3 x 107
gene copies 9. This is consistent with the organic compounds
infiltration and dissolution into the groundwatas, they were likely used
as substrates for microbial growth. The migratioh dissolved
contaminants away from the source (Fig. 40 and#iywas reflected by
the decrease in total biomass source-zone contiented 918 days after
the release, reaching a condition similar to thekgeound (2.9 x 107
gene copiesd that was observed until the end of the monitopegod
(4.5 x 107 gene copies @t 1,532 days after E85 release) (Fig. 40). Thus,
although contaminants were partly consumed as raest the transport
was likely the driving force as evidenced by thenpé migration over the
site, which justifies the return towards the orairfunpolluted state)
baseline microbial condition at the source zone.

Figura 40 - Concentration of total bacteria (gevgies ¢') at the source-zone of E85
experiment. Detection limit (dashed red lines)tétal bacteria analysis was 103 gene
copies d¢-.
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Likewise, sequencing results revealed the preseh@omatic
hydrocarbons degraders (Gouta 19, Treponema, WQOMB1-
Kaistobacter, Geobacter, Rhodoplanes, Sphingompnad) the
monitoring wells evaluated (MW-S, MW-23 and MW-Z6Jg. 41A and
Fig. 41B), which is coherent with their exposureBI6EX compounds.

Total bacteria (Gene copies . g7)
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Anaerobic genera dominated wells MW-23 and MW-28iclv was likely
due to the presence of residual concentrationsT&X8(132 and 241
ugL™) that generally depletes the available dissolwegyen and leads
to the establishment of anaerobic zones, as ewdebyg the negative
ORP values (-36 and -1 mV) and methane produc8dnand 4 md. ).
Comparatively, the source-zone microbial profile 18532 days was
mainly composed by aerobic genera which can be astgip by the
absence of BTEX compounds at the source after 1J&888, the positive
ORP value (+ 222 mV) and methane concentrationvbéhe detection
limit (* 10 pgL™).

Figura 41 - (A) 16S rRNA gene relative abundance ¢#shicrobial communities at
E85 experiment at background (unpolluted) well, MBNsource-zone), MW-23 and
MW-25. Charts depict microbial genera with a refatabundance of 0.7%. (B)
Microbial community respiration mode and aromatiditocarbons degraders relative
abundance (%) in MW-S at 1532 days, MW23 at 116F daygl MW25 at 1532 days
(without depicting unclassified genera).
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Detailed information about the metabolism and mesjgin mode
of the microbial genera detected in E85 site idlabke in the Apéndice
B (Tab.S4). These findings provide converging lirdsevidence of
BTEX migration over the site and biodegradationsthindicating that
molecular biology can be used as a complementafyfdo groundwater
pollution monitoring, as communities shift accoiglio the transient flow
and geochemical conditions encountered at the site.

3.4.4 Conclusions

Spills of gasohol blends into phreatic aquifersjacito high
recharge rates and sharp water-table fluctuatiansunidergo enhanced
migration and degradation. Transient variationsginundwater flow
velocity and direction, caused by the changes @hamge as well as
geological heterogeneity, can enhance source digso] resulting in
greater plume spreading and migration. This hasfgignt implications
for effective monitoring of groundwater pollutarasd plume dynamics
and lifespan. In controlled gasohol spills at Reada, Brazil, the sharp
water-table fluctuations observed in E85 site desigthe compounds
downwards, showing a fast vertical migration, witiies effect was less
pronounced in E24 site due to the lower hydrautieductivity and the
position of low-conductivity layers. Specific migien of bromide
plumes showed significant differences in transpates between the E85
(faster) and E24 (slower) sites, despite the faat both sites are located
at neighboring areas (400 m of distance). The mighepage velocity in
E85 relative to E24 resulted in a faster horizomgyration of plume
center of mass (15 and 5 m, for E85 and E24, réispgg, which
underscores the critical influence of local floeldi in contaminated sites
assessment and the importance of subtracting flover rates from the
decay rates obtained by fitting field data to is®liodegradation rates.

The high amount of ethanol in E85 site exerted lvesey effect
on BTEX and thereby enhanced their dissolutionhwii85 days) and
average concentrations (up to 20 rmylin groundwater. The high
concentrations of BTEX led to faster degradatidagaelative to E24 site
and BTEX and ethanol were biodegraded concomitaaglyppposed to
the often observed ethanol preferential biodegrandaf his was likely
attributed to the metabolic flux dilution phenomenas the relative
biodegradability of a compound in a mixture of al&ive substrates is
often concentration-dependent and the degradadies are proportional
to their fraction in the substrates mixture. Theref BTEX and ethanol
were biodegraded at similar rates. ComparativelyE24 site BTEX



182

dissolution was significantly slower (maximum afi€00 days) and the
onset of BTEX dissolution and biodegradation waly avserved after
ethanol depletion. Accordingly, BTEX degradationesawere slower
(0.401 y* relative to 0.816 ¥) and mass depletion was delayed (after
3800 days relative to 1600 days following the redgaelative to E85 site.
Total biomass was stimulated as ethanol and BTEXallied into the
groundwater and shifts in microbial communities evelriven by the
transient flow and geochemical groundwater conagiat the E85 site.
Thus, although the high amount of ethanol (in E85 €nhanced BTEX
dissolution, it led to fast degradation rates tbpeeded up BTEX
compounds biodegradation, while their migration weatermined by the
local groundwater flow.

Overall, the practical implication of this work ithat the
groundwater flow field and high ethanol contengasohol blends can
significantly affect plume dynamics and lifespaspecially at sites under
high recharge rates or fast groundwater flow. Adoagly, E85 site, due
to a faster groundwater flow, showed an increasddration of
contaminants relative to E24 (2.6 times higher),dtso exhibited higher
biodegradation rates (2.0 times higher), whilst B&thonstrated a lower
plume mobility and longer-lasting contamination dicethe reduced
biodegradation rates relative to E85. These factoust be carefully
accounted to estimate the risk for downgradiergptars and to support
decisions on monitoring plans and remedial actioS&mplified
approaches that focus solely on a single compoofetite balance (e.qg.
degradation kinetics) cannot thoroughly assess @lubehavior,
especially in highly fluctuant or heterogeneousifags.
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Resumo

Apesar das melhorias na precisdo dos equipamentass etécnicas de
monitoramento, a compreensdo dos processos na escahmpo continua
sendo uma questdo desafiadora em hidrogeologiar#cterizagdo de um
site € uma atividade cara e demorada que normamestilta em muitas
menos informacgdes das necessarias. No entantamientas numéricas
podem ser aplicadas eficientemente em vérias féseasma investigacao
hidrogeoldgica, auxiliando na construcdo e atuglimade um modelo
conceitual preliminar. Elas fornecem uma estrutguantitativa para
sintetizar informag6es de campo e para verificacgssos hidrogeoldgicos
complexos. Assim, uma boa relacao custo-benefaddamadas de decisdes
em questdes ambientais pode muitas vezes depemdsvdtlos numéricos.
Para abordar esta questdo, este trabalho apresenf@senvolvimento
sistematico de um modelo conceitual para uma badragrafica do litoral
em um clima subtropical Umido, caracterizada pecipitacdes intensas e
variadas, e marés oceéanicas. Um conjunto de expet@® numéricos é
empregado para testar a compreensdo dos procesBosis) e sugerir
campanhas integrativas de campo. Os processosisatelacionados com o
fluxo de aguas subterraneas e o transporte deosahat subsuperficie sdo
verificados a diferentes escalas e incluidos, sepajpdo, no modelo
hidrogeoldgico geral. Por consequéncia, o escoamsubterraneo das
colinas pode ser excluido enquanto a recarga @mecaa como principal
mecanismo do balanco hidrico. Por outro lado, gacduidraulica e suas
flutuacdes nos receptores superficiais (Ex. margrdrenos), confirmaram
ter um impacto significativo no perfil do lencoéético em toda a bacia. Ao
apresentar informacdes detalhadas de configuraffie & desenvolvimento
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dos modelos, séo descritas as aplicacdes e diaswilimitacdes a luz dos
dados de campo disponiveis e dos objetivos espezifie pesquisa.

Abstract

Despite the improvement of the field equipment amcy and site
instrumentation techniques, the understanding otgsses at field scale
remains a challenging issue for hydrogeological liegfions. A site
characterization is an expensive and time-consumaatiyity that normally
results in much less information that is neededvéleer, numerical models
can be applied efficiently at various phases of ydrdgeological
investigation, helping in updating a preliminarynceptual model. They
provide a quantitative framework for synthesiziigjd information and for
verifying complex hydrogeological processes. Thus, cost-effective
decision-making process related with environmertales may often rely on
numerical models. To address this issue, this imiion presents a
systematic development of a conceptual model fwastal hydrogeological
basin in a humid subtropical climate affected hgmsive precipitation and
ocean tides. A set of numerical experiments is eyga to test the
understanding of natural processes and suggesratitee field campaigns.
The natural processes related with groundwater #ad solute transport in
the subsurface are verified at different scalesiaddded, if appropriate, in
the hydrogeological conceptual model. Consequetityy subsurface runoff
from hills can be excluded, when recharge is remsghas main process
affecting the overall water balance. On the otha&ndh a hydraulic head
position and its temporal oscillation at surfaceefors such as sea, river,
and drains confirmed to have a significant impactie water-table elevation
throughout the groundwater basin. By presentingildet setup information
on the model development, applications are showeldl lenitations are
discussed in the light of available field data apdcific research objectives.

Keywords: groundwater flow field, coastal aquifer, tropicgdimate, FEFLOW,
conceptual model

Highlights:
- A step-by-step hydrogeological conceptual modéhefRessacada aquifer

was developed

Importance of a multi-numerical model approachhie tonceptualization

process was underlined

Potential and limitations of FEFLOW in forecastiplyme dynamics in a

variable flow were described

A sensitivity analysis of modified inverse Eldepoplem was presented

Use of steady and transient BCs in transport mingdellas described



189

3.5.1 Introduction

The subsurface, similarly to other natural systeisis, complex
environment. We gain a knowledge about it througtolaservation and
interpretation of information which is collectedng various techniques
from the land surface or under the ground (Chareinal., 2015). The
superficial data include variations in topographetief (Wade 1935),
lithology (Dewandel et al., 2006), soil texture €8kpton, 1953), and
vegetation (Eberhardt and Latham, 2000) or dimerssio surface water
bodies as well as temporal changes of river floar(igton et al., 2013;
Devos et al., 2015). The underground data refelogemlly to spatial
variations in lithology, grain distribution, fracks and karst features,
while hydrologically include water levels, flow welities, pumping rates
and tracer concentrations.

From a methodological point of view, subsurfaceadgat divided
into (a) “hard-core” information obtained from tiseirface and from
boreholes and (b) indirect information from the pgjegsical and
hydrogeological inverse modelling (Linde et al., 18R All of them
supplement each other, but they have their ownatavé&or example,
boreholes are quite expensive to drill and the ige one-dimensional
information only, while the geophysical and hydrolggical techniques,
although capable of providing a two- or three-disienal image of the
subsurface, are often non-unique (Li and Oldenbi®§6; McKenna et
al.,, 2003; Renard 2005). In an aquifer, measurenznhydraulic
attributes and interpretation techniques, typichlged on pumping tests,
provide only averaged values of actual propertiesrad the wells (Riva
et al. 2010; Sanchez-Vila et al. 2006). As a result knowledge of a
geological setting or a groundwater system in thlieeensions is always
uncertain (Nilson et al., 2007; Doherty and WeR640; Randle et al.
2018). Such uncertainty is due to the innate sigaofidata to characterize
a full-scale system, where variables continuouslgying in a not-well
known “continuum” (Bear and Cheng, 2010; Enemarklgt2019). Of
course, uncertainty can be reduced through refinemeapplication of
other techniques of field investigation. Nevertls|esince a management
process is a cost-benefit judgment, additional $uridr a refined
geological prospection (Cherry et al., 1996), gedeical transects
(Kirsch and Yaramanci, 2009) or long-lasting pungpiests (Miotli ski
et al., 2011) may not be available. Therefore, imgdecan be helpful to
gain insight on actual phenomena using availabferimation and
resources. A numerical groundwater model followed donceptual
modelling provides a quantitative framework for thasizing field
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information and verifying complex hydrogeologicabpesses (Barnett et
al., 2012; Anderson et al., 2015).

A conceptual model is a qualitative representatioh a
groundwater system based on geological, geophysipairological,
hydrogeochemical, climatic and other ancillary mfiation (Anderson et
al. 2015). It provides a systematic and internatiypsistent explanation
of boundaries, properties and processes relevdhetesearch question,
linking hydrogeological characterization with nuieal modelling
(Enemark et al., 2019). Therefore, a properly aoieséd conceptual
model includes all available information from aafie site, but may also
drive information from similar settings (Sudicky 88 Motyka, 1998).
For example, a conceptual model can be progreygsiyetlated upon
numerical modelling (Konikow, 2011; Francés et20]14).

A numerical model is a freely selected and appately simplified
version of real phenomena taking place within aaamwhich simulates
the system’s input—output relationships by usingmathematical
formulation (Bear, 2018). This implicates an appiate level of
reduction and idealization of the real world (cenceptualization) where
the most important processes are emphasized andsuberdinate
processes are dropped (Diersch, 2014). For exampiafile model is a
2D vertical slice (simplification) of a real groumdter system, oriented
parallel to a groundwater flow path (Anderson et aD15). Profile
models can be used to study regional groundwaier ifi cross sections
(e.g. Toth, 1962; Cardenas, 2008; Winter, 1976) dmygborheic
interchange beneath a stream (e.g. Woessner, Bo@@ner et al. 2009),
instead of creating complex 3D models. Thus, modglbrocedure can
be organized in three main stage (Diersch, 2014): & model
conceptualization or description of the system, clvhiincludes
assumptions and simplifications; (2) a mathematigatesentation of this
conceptual model in the form of numerical schenmesdiscrete solution
techniques, because mathematical model is often anoénable to
analytical solution; (3) a computational realizatiof the model in the
form of a simulation software. All these steps #riaors and hypotheses
that must be constantly checked.

Models that describe flow and transport in porowelia can be
applied at various phases of hydrogeological ingasbn and have
essentially three main purposes: (i) to organizktast our understanding
of physical mechanisms within a considered domdinedze and
Witherspoon, 1967; Boano et al., 2014); (ii) toefwast future scenarios
(Herckenrath et al., 2011; Guillaume et al., 20&6gbling the prediction
of the specific perturbation-response behavio{d modelling); and
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(iii) to hindcast past conditions (Clement, 2014 etermine significant
properties/parameters through an optimization E®ceat involves
minimization of the deviations between observatians model-based
predictions (backward/inverse modelling or historgtching). This can
be used as basis for cost-effective decision-makingenvironmental
issues, although modelers need to be aware of rsddeltations and

uncertainty, openly informing them to stakeholdgBoherty and

Simmons, 2013). Indeed, not accounting for conadptmodel

uncertainties or limitations can largely undereatientotal uncertainty,
giving false confidence in model results (Bredeh@6D5).

This contribution deals with a step-by-step develept of a
conceptual model of a complex hydrogeological syspplying a multi-
model approach. Thus, an ensemble of different ejgio@lizations (i.e
numerical experiments) is considered in the moakglprocess to verify
assumptions and physical phenomena in the scastigwailable field
data, showing a cost-effective way to deal witldfomplexity. The case
study is a shallow coastal aquifer located in aidwsubtropical climate,
enclosed by mangrove swamps and an estuarine sysbel@r influence
of intensive rainfall events and strong ocean tid@essacada,
Florianopolis, Brazj. A number of conceptual issues are addressed
numerically, including process verification, magpior quantification of
groundwater balance. Following the modelling exs@siwith a detailed
description on model development we show the apiptios and discuss
limitations based on available field information darthe research
objectives.

3.5.2 Methodology

This section concerns a general description onsites field
experiments and modelling software to address Itfective.

3.5.2.1 Site description

The site is located in a flat depositional plainabbut 20 krain
the south-western part of Santa Catarina Islandridflopolis, Brazil
(27°41'06.28"S; 48°32'38.81"0) (Fig.42b). The remgits characterized
by a humid subtropical climate, with high intensityd large variability
of precipitation (1100 to 2700 mm/y between 200& 2017). The aquifer
is of lacustrine and marine depositional environteeoharacterized by
fairly homogeneous deposits with a predominandmefquartz sand and
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the presence of extended silt and clay areasjriohganic matter (Lage
2005). The ground surface in the plain is up to fhralevation, while
peripheral hills of about 100 m are located in $oeith and west. The
average depth to water table varies from 0.3 tar2.8 dense network of
artificial trenches and tidal channels drains tyedf the shallow aquifer.
The surface basin can be divided in two-subdomé#inshe west side of
Tavares River and Farm Creek, a slow curvy estaastem surrounded
by mangrove swamps that drains most of east antth gaut of domain
(Rama et al. 2018), and (2) Tapera Channel, arr@dbenic surface
water system that collects drained water from @iscim the south-west
part of domain and the International Airport arBath surface systems
flow into an Atlantic Ocean channel called Soutty B&arbossa et al.
2014), which surround the whole domain to north aedt.

The hydrological system of Tavares River definest aad south-
east boundaries, and a compact granite comple}®&hcloses the south
(Fig.42c). The coastal unconfined aquifer, 30—4ghiok to crystalline
bedrock, constitutes a quite homogeneous “u-shapexiem surrounded
on three sides by surface water bodies (Rama204T). These receptors
represents groundwater flow boundaries, charaegriby tidal
oscillation and flood event propagation. In addifiperipheral areas in
the domain are covered by mangrove swamps andajgnidwoded with
brackish water. Thus, land use within the plairultssAtlantic forest
(23%), grassland (18.5%), urban area (32%), andgroam swamp
(26.5%). The Ressacada Farm is located in thealgudrt of the plain,
near the International Airport (Fig.42c), covering area of 1.7 km2
where field experiments take place. It is manageddsicultural science
department (CCA) and REMA research group, owned Heyeral
University of Santa Catarina (UFSC). The land usethie Farm is
organized in cultivated and arable lands (41%),rspsaand mangroves
(17%) native vegetation (dense ombrophylous fofet¥), unused land
or pastures (26%) and experimental areas (2%) (QOA5).

Figura 42 - Location of Ressacada Farm Site: (g) ofaBrazil; (b) map of Santa
Catarina Island; (c) study domain at Ressacada Haxperimental Site, with
boundary conditions. Section A=+kdicates a longitudinal transect; (d) Conceptual
scheme along A-A' transect exhibiting principal pbmena in the region; (e)
Detailed map of experimental areas at RessacaglaBjpicting piezometers positions
(black triangles) and designations (e.g. PEO3, P&td.), surface elevation above
mean sea level (light grey isolines and numberstdlic) and monitored field
experiments (grey polygons).



193

3.5.2.2 Field experiment and monitoring

Two large experimental areas (Areal and Area3) raoyeotally
31,000 M in the east part of the Ressacada Farm (Fig.48) wsed to
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carry out controlled experiments of fuel/biofueillspinto the ground.

From 1998, these areas host 11 long-term fieldraxeats on monitored

natural attenuation (MNA) and biostimulation (BAFjg.43). Each field

experiment has common features: (a) a product epueteased as a
single slug into an excavation within the saturaiedtadose zone; (b) a
conservative tracer release (i.e. bromide), spiigith the product; (c)

multilevel monitoring wells with 4-5 sampling legelabout 50 per
experiment); (d) plastic canvas and protective graverlain the whole

experiment area to avoid vertical infiltration amgproximate horizontal
flow conditions in the subsurface. The details lué experiments are
summarized in Supporting Material (Tab.SM1). Th@erinents were

focused on different blends of conventional fuéls. (gasoline, diesel)
and biofuels (i.e. ethanol, biodiesels), investigatcosolvency of

hydrocarbons with ethanol (Corseuil and Fernantie@9; Corseuil et al.

2004), NAPL source weathering (Ramos et al., 2@i8ner et al. 2018)
and degradation rates of dissolved plumes (Corsetuidl. 2011a,b;

Corseuil et al. 2015) at field scale. Rama et 2010) suggested that
hydraulic regime should be spatially and temporalharacterized to
support decisions on appropriate monitoring plash rmedial strategies
for gasohol spills, because groundwater flow véjo@nd transient

processes consistently contribute to plume sprgaatid solute migration
in full-scale experiments.

In the experimental areas, hydraulic head and wegtelity
monitoring has been performed since 1998 using liEemation wells
and piezometers, 27 of which still existing. Thadeneasurements and
samples for water quality are taken at irregultgriral from 1 to 60 days
depending on the phase of a spill. Some piezomatergquipped with
automatic level loggers since 2016. Also, 16 shaldezometers were
installed in the rest of Ressacada Farm since a@drfitoring the water
table shape. Finally in 2016, 3 staff (head) gaugealuminum were
placed in the reservoir ponds to check hydraukelk evolution in the
surface drain network (Fig.43). The complete listhe equipment is
given in Supporting Material (Tab.SM2).

Between 2002 and 2007, to understand the spasiaitdition of
geological features a set of drilling campaignsg@,a2005) along with
geophysical examinations (i.e. Self-potential maniily and Vertical
Electric Soundings) were conducted in ExperimeAtaa 3 (Esteves,
2000, 2002; LEBAC/FUNDUNESP, 2007). In additiomwanber of field
and laboratory tests have been accomplished tohyickeogeological
characterization of the site. Saturated hydraulandactivity was
estimated from four large slug test campaignsingslifferent years and
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seasons (Supporting Material — Tab.SM3). Averagedrduylic
conductivity are in the range of #10* cm/s, varying from 18 to 10°
cm/s. Multiple granulometry and X-ray diffractionalysis were used to
define particle-distribution and grain size in gvexperiment, along with
mineral proportion in the soil. Furthermore, 31l saimples collected at
regular intervals during two deep probes were esudaged and tested to
determine porosity and permeability. Mean totalogdy, measured by
gas permo-porosimeter, is 0.38+0.01 over 31 santhbege 2005). The
effective porosity (e) of the saturated layer is 0.2 (Corseuil et@L1d),
while the moisture content of the unsaturated zooéle varies from 20
to 25% (Lage 2005).

Figura 43 - Use of field data and available infotiora in the development of a
comprehensive conceptual model in the site.

In the center of the plain, around the new termio&lthe
International Airport, 210 independent geotechnstaleys were carried
out in 2010 (Engevix / Infraero). Provided informoatabout perforations
are divided between percussion drillings, cone fratien tests (CPTUSs),
withdrawals from Shelby samplers and infiltratiasts. The material
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includes also geological profiles and stratigragliicimns reaching up to
35 meters deep. Thus, for the purposes of the presgdy such a depth,
which agreed with the PEO6 column within the Famas considered the
horizontal impenetrable bottom of the unconfinedifay.

The sea-level records have been collected sinc& 231 an
OTT/RLS radar level sensor located in a gaugecstati the South Bay
coast, 15 km far from the domain (Fig.43). Thisceried out and
provided by EPAGRI/CIRAM (Agricultural Research aifitktension
Company/Information Center for Environmental Resesr and
Hydrometeorology).

In five streambed sections along the Tavares Rarel Farm
Creeks a bathymetric study was done in 2017. Sfteanvelocity was
measured in every section by an interpolation afuald0-15 punctual
measurements with an ultrasonic propeller curregiem (LaHiMar,
ENS/UFSC). Since the surface water bodies at thia pfe exposed to a
tidal oscillation, the flux inverts twice a day b to about 3 km from the
river outlet. The river/estuarine characterizatiom to define an eastern
boundary condition for the Ressacada aquifer,rim & water level and
flow rate. Since feature changes occur at the nuections, Tavares
River system can be simplified with three pseudoydgeneous traits for
geometry and flow rate: (a) a curvy and slow Tav&suarine trait, with
larger (20 to 40 m) and deeper (more than 5 mjaest(b) a regular
Farm Creek trait with 10-15 m large sections maximti meters deep;
and (c) a small and straight channel trait withrdasing dimensions (5
m large and 1.5 m deep) and increasing ramificatié the Farm Creek
trait, about 300 m far from experimental areas,siindace water system
can be described in average by a Zssaction with a flow rate of 1.5-2
m/s. Information about river system characterizatiom summarized in
the Supporting Material (Fig.SM1).

To define the regional topography, a digital eleratmodel
(DEM) was set up using ArcGis (Johnston et al.,1200rmsby et al,
2004). Coarse elevation model of Ressacada plaibaged on the
integration of detailed aerial surveys (1:10.000hf IPUF (Florianopolis
Urban Planning Institute), a free-access DEM (180) from IBGE
(Brazilian Institute of Geography and Statistics)dadigital maps
(1:50.000) from EPAGRI/CIRAM. Final model is obtath by refining
the central part of the plain where the Ressacaden s located with
other three planialtimetric surveys: (i) a 1:500 pmaf the two
experimental areas in the Farm including 1000 ledgdoints, committed
in 2009 by REMA to LineDraw Topografia; (i) a 1.0 map of 581855
mz in the new terminal area adjacent the Farmudioh 3200 levelled
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points, committed by INFRAERO and executed by Eing&ngenharia
S/A in 2010; and (iii) a GNSS (global navigationtediite system)
campaign of 3500 points in the Ressacada farm dpgdlby Agrarian
Sciences Center (CCA) in 2012 resulting in a 1@&pographic map.
The final result was a DEM with about 20000 poimtggrage resolution
of 1 meter, georeferenced with datum SIRGAS2000 eartbgraphic
projection UTM22S. According with the zero-elevatioeference of
Brazilian Geographical System (SGB) (Resolucdo IBFGER 1/2005),
sea-level gauge of Imbituba/SC is used as vemtafatence.

Quadro 2 - Required information to develop a cotepdenceptual model for the site.

INFORMATION CLASS TYPE SOURCE/METHOD QUALITY =@
. Surface character.

Elevation (DTM) (“hard-core”) Surveys / GIS maps 5

Surface drain network Surface character. Surveys / GIS maps 3

(“hard-core”)

Geology / feature geometry

Subsurface character.

Drilling / Geophysics /

(“hard-core”) Surveys
Hydraulic conductivity Material property Pump Test/ Slug Test /
(flow) Literature
Aquifer Storage Matezlfi:x)roperty Pump Test / Literature

Specific yield / porosity
Groundwater flow
Recharge / Discharge rate

Density distribution

Material property
(flow-transport)
Material property
(flow-transport)

Boundary condition

(flow-transport)
Fluid property

Pump Test / Laboratory /
Literature

Flow meter / Literature

Tracer Test / Monitoring
network / Literature
Field sampling / Laboratory

(transport) / Literature
. - Material property Tracer Test / Laboratory /
Dispersivity (transport) Literature
Organic matter distribution Material property Laboratory / Literature 1
(transport)
Hydraulic heads Monl(tfcl)gwg data Monitoring network / Maps 3
' Monitoring data Field sampling / Laboratory
Water chemistry (transport) / Literature

Product characteristics

Contaminant property

Laboratory / Literature

(transport)
Soil chemistr Material property Field sampling / Laboratory
y (transport) / Literature

a Quiality column indicates an evaluation of availatéga for each class in the site

The precipitation in the region is monitored byngsB different
meteorological stations: (1) a METAR and WMO statiocated at the
International Airport (83899), less than 400 metéas from the
experimental areas, and provided by the Institditédicspace Control
(Ministry of Defense); (2) an INMET and WMO autoncastation in
Florianopolis-Sdo José (86958), 7 Km to the NordstErom the first
station, used to integrate and validate seriespaadshorter time-periods
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(3) a manual rain gauge installed in the RessaEada, supplied by the
CCA technicians.

Non-homogeneity of data sources and field infororatequired a
careful pre-process work to understand of main phwmma governing
groundwater flow and to extrapolate informationha whole plain based
on Ressacada Farm data. Processed information rgenized in
databases developed in a GIS environment, whichuaesl in the
construction of conceptual model proceeding from hole region to
the experimental areas (Fig.43). Focusing in thdetlimg process, raw
data are part of information classes, theoreticatyuired to develop a
complete conceptual model of the aquifer (Quad.2).

3.5.2.3 Groundwater modeling

FEFLOW was used to solve flow and transport prob{Biersch,
2014). This tool is capable of simulating processespartially saturated
porous medium by a multidimensional finite elemewthod (FEM) for
complex geometric and parametric situations incigdvariable fluid
density, variable saturation, free surface, mutisgs reaction kinetics,
non-isothermal flow, and multidiffusive (thermohrad) effects (Diersch,
2014). FEFLOW is a closed and proprietary softwaith a robust
graphical user interface, which is a referencerougdwater modelling
(Trefry and Muffels, 2007).

A FEM was preferred to a finite difference modegjliast Ressacada
for the irregular and complex nature of spatiatditization (e.g. variably
anisotropy, thin clay lenses, complex boundariesaddition, FEFLOW
has an algorithm using a variably saturated fortradathat considers
saturated and unsaturated zone as a continuum awes sthe main
equations for the pressure head (saturation) onwthele domain
(Diersch, 2014). This fact allows to manage ingomous way the free
surface problem (i.e. Ressacada unconfined aqu#erdlting in a more
consistent solution for water table position (Arsder et al. 2015). An
accurate simulation of water table as a free flaiihg surface is
challenging because requires a fine representafiorrtical flow and a
non-linear BC. Furthermore, a consistent boundiary fethod is used
in FEFLOW, accounting for total inflow/outflow tos@mate the water
budget error (Diersch, 2014). Such error shoultebe than 1%, ideally
less than 0.1% (Konikow, 1978), to consider a nicaémodel to be of
acceptable accuracy (Anderson et al. 2015).

The advection-dispersion equation (ADE) in FEFLORY.(19)
results from the transformation of the microscopalance equation
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defined in the continuum to the macroscopic levsing averaging
theorems (Diersch, 2014). Eq.19 is solved for Oh¢emtration), and
depend on D (hydrodynamic dispersion tensor), Vofiy vector),
(first-order degradation coefficient), Cs (sourg#{sconcentration), qs
(specific source/sink flow), and Rd (retardation).

“(Cﬂth) =R(p>Ric) - Rve) - 7c+qc, (19)

In order to find a solution, different boundary ddions (BC) can
be required in the defined domain: Dirichlet tygmegcribed head),
Neumann type (prescribed flux), Cauchy type (pibedrhead and flux),
or Well-type condition. Each BC may have an assedi@onstraint to
limit the use of such condition (Diersch, 2014). &ample is a seepage
face, which acts as the prescribed-head boundamgitoan if hydraulic
head in an aquifer is higher than in the node whth condition, but is
inactive if the hydraulic head in the aquifer ig/&r than in the said node.
Thus, a set of conditions, along with specific mateparameters,
mathematically define a problem formulation thanh ¢& a hyperbolic,
parabolic or elliptic PDE depending on the procegsebe simulated. It
worth stressing that in subsurface transport afitesl most of the cases
result in second-order PDE’s, which can be effetyivsolved by the
standard Galerkin-based FEM (GFEM) developed aniimged in
FEFLOW.

The general mathematical software packages sudhAdad. AB
(https://it. mathworks.com) and Python (https://wyython.org/) were
coupled with FEFLOW to develop specific subroutineso manage and
format field data. PEST (Model-Independent Paramégtimation and
Uncertainty Analysis) was used for the parameténopation (Doherty,
2015). The procedure for parameter optimizatiorhvREST included
absolute levels, temporal variations and spatifiédinces in hydraulic
head. Spatial head differences are useful to eaéhrertical conductivity,
increasing the signal-to-noise ratio of the raweledata (Doherty and
Hunt, 2010, p.13). Temporal head differences, whighmore effective
than absolute hydraulic heads to calibrate trabsmadels, can be
calculated from a singular time-series (Doherty Hodt, 2010, p.13).

3.5.3 Results and discussion

The hydrogeological model of the Ressacada aquifies
developed by a multi-model approach. Thus, manyceptualizations
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with different model complexity were tested, ungihching a mechanisms
ensable that enable an acceptable representatiorthef reality.
Accordingly, a number of numerical experiments wdeveloped to
address particular groundwater uncertainties, mateyy available field
data (Quad.3). The areas of domain varied in eask depending on the

objectives and included phenomena (Fig. 44).

Quadro 3 - A list of numerical exercises towardsagptual model understanding.

Objective Model
Verify the role of anthropic drain network in caoitivater-table level within A
the plain
Create a preliminary groundwater level map A
Assess the effect of physical mechanisms on walanbe in order to exclude A
these of lowest relevance
Determine the role drainffillable porosity (specifield) and its sensitivity in B
water-table head calibration
Calibrate a preliminary regional groundwater floveld using heads B
directions of groundwater flow and travel timesv@ctive particle tracking)
Verify the recharge rate estimated by Water-TahletHation method (Rama c1
etal., 2018)
Determine the influence of vertical recharge arndase receptors levels op c1
water-table shape and position
Evaluate the influence of acetate injection on fifiéld modification and co2
solute transport in the BAA_B20 experiment
Verifying FEFLOW software for a density-driven flamd transport problem 7
with negative density ratio (ethanol)
Explore the viscosity effects and verify the impoite of density ratio in & 7
density-driven flow problem
Determine the differences in plume transport betwsteady and transient D
prescribed-head type boundary conditions
Quadro 4 - FEM model input parameters and assungtio
FEM [uni] Model A ModelB | ModelC1 | ModelC2 | ModelD | ModelZ
parameter
Dimensionality [-] 3D 3D (ve2rtli)cal) 3D (ve2rtiDcaI)
Problem class H Tr:lmsient Transient flow Transient Transient Transient Transient
ow flow transport transport transport
Flow formulation | [] Saturated Saturated Unsatur. Saturated Unsatur. Saturated
(unconf.) (unconf.) (Richards) (unconf.) (Richards) (unconf.)
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Transport H ) : R Convective | Convective Corg/ﬁ(;:tlve
formulation form form )
Divergence
Domain XY [m?3 | 20812000- : (3650x1)- ’ ’ (600x1)-
dimensions - Z[m] 32 15792000-32 32 793600-32 1300-32 600
No of mesh H 1095990 693322 18154 610392 553248 54530
elements (nodes) (592170) (374880) (18526) (320125) (290136) (55008)
No of layers [ 14 14 - 24 32 -
Mesh type [-] Triang. Triang. Quadrang Triang. ga Quadrang.
RMS® error %] 0.001 0.001 0.001 0.001 0.003 0.001
tolerance ° (AB/TR) (AB/TR) (AB/TR) (AB/TR) (FE/BE) (FE/BE)
Simulation  time | 1. 365 365 3653 365 1545 9125
period
Top layers: Top layers:
Kxx = 2.16 Kxx = 0.5
(surface) / (mangrove) / _
KxXX— 8640 (river, | 3.75 (surface) lex _13‘?8 Kox = 1
_ drains) /8000 (river Kxx = 3.2 (layer1) /5 XX =
Saturated Kyy- ! I 2)
= _ drains) (layer1) / (layer. Kxx = 1-11
conductivity Kzz Otherwise: 8.5 (layer2) Kook = K
[mvd] Kxx = 3.9 Otherwise: ' 3):()(22 zz
(sand) Kxx =8
Kxx = (sand)
2Kzz Kxx = 5Kzz
Top layers:
0.05
(mangrove) / 0.067
e 0.13 (surface) |  (layer1) /
Specific yield [ 0.2 /0.08 (river, 013 0.2 0.188 0.2
drains) (layer2)
Otherwise:
0.188 (sand)
Total porosity [ - - - 0.38 0.38 0.38
Specific storage 4 4 4 4 4
coeff. [1/m] 10° 10° 0 10 10° 10°
999793 999793
. . 999793 (variable (variable
3 - - -
Fluid density lo/m?] (constant) with with
concentr.) concentr.)
Density ratio [-] - - - 0 -0.211 -0.05/-0.5
Fluid  viscosity 97.1 70 60 /240
(type) kg/m/d] ) ) ) (constant) (variable) (constant)
Dispersivity R R ; _ _ _
(Long ~Transv.) [m] 1-01 1-01 5-5
Henry constant [-] - - - 0 0 0
Decay-rate [1/d] - - - 0 0-0.003 0/0.003
Molecular 10°
diffusion [ms] - - - 1 1 06/28

PRMS:Root mean square
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Figura 44 - Numerical models describing flow arahsport in the Ressacada Farm.

3.5.3.1 Model A

The model A had the purpose of: (a) developing giorel
groundwater level map of the Ressacada plain,Xplpeng the role of
anthropic drain network in control water-table levand (c) defining
principal mechanisms in the aquifer water balaihed will be included
in transport modelling.

A large-scale 3D transient model of the saturalt@a fvas chosen
to represent the groundwater hydrodynamic withi blasin. However,
the model was calibrated with averaged steady tiondiof water table.
Detailed setup information are in Quad.4. A regionaedel was preferred
to a local one in order to control the role of ghgsboundaries in the
hydrogeological system and the evaluation of waialance. The
boundaries respect the hydrological limits of tijeiter: Tavares River
and Estuary on the east site; South bay on thé,nedst and southwest;
and granite hill group on the south. By organizijgglogical information
described at Section 2.2, five typical geologidalsses or facies with
different parameters were defined in the domair): €inbankment
materials; (2) mangrove swamp soil (silt/sand iichrganic matter); (3)
crystalline bedrock (compact granite); (4) fine gzigetic sand; (5) silt
and clay lenses. The lithological classes are deduin the model as
homogeneous and isotropic layers with irregulaersion and thickness.
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This conceptualization results in a large and cempiodel
incorporating a majority of natural phenomena obsgiat the site. Water
level records of South bay are used to define seadnary fluctuations
over time. Different values of prescribed-head BE set along Tavares
River to characterize flow regime and water el@rain the three pseudo-
homogeneous traits. Spatial and temporal variatidmecharge rate are
applied on a daily basis by using precipitatiorords and defining three
classes of land use (i.e. grass, forest, urbasgeppage face condition (i.e.
prescribed-head BC with a max-flow rate constr&@mpplied along to
the drain streambeds and describes the aquiferatyaiby the anthropic
trench network in the plain. A no-flux boundarysit in the south, with
the exception of the section that receives surfaneoff from emerging
granite hills beyond the boundary (Fig. 42). Dattaf 2014 are chosen
for inform the model with field information and ranl-year case.

Figura 45 - (a) Statistics of the calibration peér Model A in steady-state using
average values of piezometer records; (b) Detaflos¥ field modification (Darcy
flux vectors) caused by surface drain network (agegace condition).

Consequently, although the calibration of hydrabkad gave a
good fit for steady conditions (Fig. 45a), the nuiced model resulted
slow and unstable. The time and cost of designinggss along with the
running time made almost impossible concluding diemt calibration
and parameter optimization. Thus, performance ametainty analysis
with such a complex model are simply unviable duthé computational
effort. In addition, given a strong non-linearitlyfeee surface problem in
an unconfined aquifer, the model showed convergédifiieulties in early
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modelling steps (e.g. steady state runs). Suchdiions were amplified
by a complex geometry and a rushed parameterselfeig. irregular
domain shape, special BCs, pinched layers, lamygeraf conductivity).

Therefore, the set of “assumptions” was inappragtia develop a useful
and manageable model of groundwater flow in there(Bear, 2018).

Figura 46 - Hydraulic head response in differergestation points to tidally-driven
boundary fluctuations (first and third type BC)) [@cation and BCs, (b) head plot.

Nonetheless, the model A underlined the importasiceurface
receptors levels for the water-table position, ewdough direct
perturbation of boundary levels dampen fast anérést a limited
hinterland area. Diurnal fluctuations of sea Ig4€l to 100 cm) affect the
aquifer level at a distance of up to 300 metermftbe coast (Fig. 46).
However, long-term modifications of average sealleshould mainly
influence the groundwater flow in the region. Maren the drainage
network affects the aquifer by: (1) lowering wa@rels up to 2 meters,
(2) changing local direction of groundwater flowig(F45b), (3) reducing
five times the average residence time of watehénexperimental areas.
Conversely, other components of water budget, diclyrecharge from
the hills have a negligible effect on water budgé%o).

Overall, the model A was useful to confirm existet a shallow
water table with a radial groundwater flow from ttlemain center,
mainly driven by recharge and hydraulic levelshet boundaries. The
local water-table shape, and thereby groundwatdocirg, were
controlled by preferential flow through the draieagetwork. This fact
highlights that automatic level monitoring withiatfm Creek system and
total out-flow measures from the drain network veblde crucial
information to integrate monitoring network of tRessacada aquifer.
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3.5.3.2 Model B

The objectives of the model B were: (a) to deteamihe
importance of drain/fillable porosity (i.e. specifiield) and its sensitivity
in the hydraulic head calibration, and (b) to aatb a preliminary
regional groundwater flow using heads and groundmiaavel times.

The model B was a simplified version of the modddyAremoving
from the domain the right side of Tapera Channel toe impervious
granite hills in the south west (Fig.42c). As prdvay model A, this part
resulted with no contribute to the groundwater flatvthe Ressacada
Farm and negligible for the whole water-budget. tiremmore, by
removing the granite feature, a large hydraulicdemtivity contrasts
were avoided and, consequently, numerical stabildg improved. The
Tapera Channel streambed represents the new wéstendary of the
domain, defined by a seepage face condition oriabhdayer and a no-
flux condition on the others layers. This resuitsai groundwater flow
parallel to the western boundary, as expectederre¢hlity. Meanwhile,
seepage face condition allows draining water exe¢ghe top of the
aquifer. In addition, since hills run-off in theugsb showed very little
influence on the flow field in the model A, thisflow BC is suppressed
(Fig. 44). Model B setup is available in Quad.4.

Despite these changes, the model B still runs siowansient
mode, resulting unable to be optimized by an invéosmulation using
PEST. Similar to the model A, the hydraulic headibcation was
obtained for steady averaged levels (Fig. 47a)ltexbdrom a statistical
analysis of piezometer records (Supporting MateralTab.SM4).
Introduced “simplifications” are still in a lack ofecessary conceptual
hypotheses to describe the groundwater flow irsyiséem effectively and
with low computation effort (Diersch, 2014). Howeyvéhe particle
tracking was efficiently deployed during the rures dalibrate flow
direction and velocity in the field experimentsngsa manual trial-and-
error approach. In general, a simple hydraulic fesditbration is not able
to constrain a unique and well-posed saturated fmlution in an
unconfined aquifer. (Anderson et al. 2015). Even ddtrial-and-error
approach, many different field information should bsed during a
calibration process (Hunt et al. 2006), especidlad, fluxes and
residence times (Haitiema, 2006). In this case, ¢heparison of
qualitative information such as plume directionshmadvective particle
tracking in the model allowed calibrating a preliciy flow field in the
region that explained local transport (Fig. 47k)edfic field measures
with flow-meters or a well-to-well tracer test inet experimental areas
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would confirm the flux values obtained with the reb@.003 to 0.018
m/d).

Figura 47 - (a) Statistics of the calibration psscéor Model B in steady-state using
average values of piezometer records; (b) Detafidvective particle tracking in the
experimental areas showing directions and velecitaibrated by qualitative plume
directions in the areas.

In addition, model B showed that the specific yimld sensitive
parameter for the transient position of water taBlgariable increasing-
with-depth porosity was supposed in the model fwraduce apparent
specific yield in the field (Duke 1972; Acharyaat 2012). Thus, grain
distribution along with moisture content into thieint vadose zone
confirmed to be crucial information that requireletailed study on the
site. Especially the behavior of interface betwessturated and
unsaturated layer showed to be widely variable tiwez and space.

Overall, a potenciometric map was developed withdehdB,
highlighting the radial flow within the plain. Thisepresented a
mandatory step to look at water-table fluctuati@hsng longitudinal
cross section, simplifying the conceptualizationhs whole domain.

3.5.3.3 Model C1

The objectives of the model C1 were: (a) verifyhaage rate
values estimated by Water-Table Fluctuation me{fRaina et al., 2018),
and (b) determine the influence of vertical reclbaagd surface receptors
levels on water-table shape and position.
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The model C1 is a profile transient flow model, eleped from
the assumption of a recharge-driven flow in thamplalt is developed
along a longitudinal transect passing through tieagmeters (PE03 and
PMO04) and crossing towards NW-SE the whole domamadel A (Fig.
44). The boundaries are on South Bay and Farm @a&sik, respectively.
Therefore, this model have the advantage to avwidgf a watershed
position, and thereby a natural gradient for thaifeq flow, defining
water-table shape directly from recharge dynampeescribed in-flow
BC), surface receptors level (prescribed head B@d)anthropic ditches
drainage (prescribed head BC with a maximum flote-reonstrain).
Given the importance of vadose zone effects tolsitagharp and sudden
changes in water-table levels, Richard’s equatiais wreferred to the
saturated flow formulation. More details are avaigain Quad.4.

Figura 48 - 2D model verification plot: comparisbetween simulated (solid lines)
and monitored levels dataset (symbols) in a 10-j@ay simulation that used
calibration parameters, for (a) recharge, (b) PE6BPMO4. The red dashed lines
(lower head value reached by simulation in eachqoieeter) show that simulated lines
never decrease under fixed values related to tiee BC, losing accuracy to explain
low groundwater levels. Caption and figure obtaideedctly from Rama et al. (2018).

Model C1 aimed to describe water-table fluctuationsthe
experimental areas, demonstrating their dependenceecharge and
surface drainage. Hydraulic heads are calibratiedje®ntinuous records
from two points over 52 days and verified in tramsi state with
discontinuous records over 10-year (Rama et al.8RO0Additional
qualitative information in the center of Ressachdam are extrapolated
from level records of three piezometer (CCA9 — CCAICCA12), even
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though out from longitudinal transect. Converseglsoundwater fluxes
and velocities was neglected in the calibrationti®iged parameters
were specific yields and conductivities, organiredwo homogeneous
geological layers. In addition, Farm Creek BC (prised-head) was
tested with PEST code, confirming to be a very isi#esnformation for
water-table shape and surface drainage activation.

Numerical results helped to verify typical rechamgge in the
Ressacada Farm (in average 43% over 10 years)stiwith the water
table fluctuation method (Rama et al. 2018). Theewtable shape along
the transect was efficiently characterized, allgviaso to establish
watershed position based on aquifer water buddes. ifformation can
be used to reduce domain extension in the tranppalsiem, positioning
the BC on the watershed instead of the sea. Firia#ycalibration process
underline the role of receptor levels and ditchesasnbed position in the
definition of water-table shape. A detailed fielacacterization of
receptors along with a dense vertical discretinaiio the model are
crucial to reproduce the infiltration front ovemg.

3.5.3.4 Model C2

The main objective of the model C2 was: (a) evaltla¢ influence
of injections on groundwater flow and solute traorsjin the BAA_B20
experiment.

Model C2 was a 3D expansion of the profile mode| @hich
represented its central axis. Thus, a truncatedanpigt with a
guadrangular base was developed by passing thiexgggrimental Area
3 and including eight of eleven field experimemnisthie site. Such 3D
domain have its boundaries at the hydrological vghed in the center of
the plain and at the Farm Creek system, resulting recharge-driven
natural gradient with slightly diverging groundwaflew and no fluxes
through the lateral boundaries. The dense netwdrldimhes was
reproduced by an accurate DTM of about 4125 elemgtioints, along
with the application of a seepage face conditiotheir streambed. Given
its smaller extension, model C2 was consistentlyenedficient and faster
to run than model A, also maintaining the principdlenomena of
groundwater flow in the area. However, given a mmmplex domain
than model C1, saturated flow formulation is prefdrto simulate
transient transport instead of Richard’s equat®echarge was forced
with a 1-year series of precipitation from AprilC8) applying the average
ratio verified with model C1 (43%). Detailed sefoformation of model
C2 are available in Quad.4.
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It worth noting that a simple 2D areal model wasleded to be
incompatible with flow processes in the Ressacadlm f(e.g. intense
recharge, sharp water-table fluctuations, osailtptboundaries). Two-
dimensional areal models use the Dupuit-Forchhein{&-F)
approximation that assumes: (1) a predominantlizbotal flow, and (2)
a negligible vertical hydraulic gradients (Andersral. 2015). Hence, it
is inaccurate near the discharge face and closketavater table, and
thereby, inappropriate tool to establish flow fieldariations in
contaminated areas with shallow aquifers. Hydrahéad results from
areal 2D and 3D models would coincide only at disés greater than
2.5d from a hydraulic feature (e.g. subsurface mhtd, pumping well,
surface receptors) and 5d from a system bounda@) (Bat causes
vertical fluxes (Haitjema, 2006):

d:b Kh (20)
K

v

with b representing aquifer thickness, Korizontal conductivity
and K, vertical conductivity. Whereas d is about 50-60 imnthe
Ressacada, the experiments would have to be manelB0-260 meter
far from any other hydraulic features in the Farm.

By comparing the behavior of dissolved plumes atAMR20 and
BAA_B20 experiments, model C2 delved into the impaaf injections
on the dilution and migration of contaminants. Hypothesis was that
25 Lt of acetate injected as a pulse every wedk/inmultilevel wells,
up-gradient to a B20 source, had a direct impactthen dissolved
contaminants movement, enhancing their migratioandtheless, the
effects of injections in the BAA_B20 area resultedgligible, and
dissolved plumes in both experiments moved at dingesvelocity within
the simulations (Fig. 49b). This fact suggestetiakizer processes should
be used to explain plume behavior in these area$praexample the
distribution of low conductive layers in the sulfage. In addition, the
model C2 was easier to handle than the model Alilyeaalibrated in
transient flow (Fig. 49a), but too complex to beimzed in a transport
simulation using an inverse approach techniquek asdPEST. Indeed,
l-year simulation of transport problem lasted abdutlay to run,
preventing optimization processes based on mang. r@arameters
optimization is conducted for the steady flow pesh| also including
groundwater fluxes and velocities information estied from solute
plume migration in the experiments. Optimized hydicaconductivities
show slightly different values with model C1, relato the adoption of a
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constant specific yield and a different groundwdl@r formulation in
the problem solution. This fact suggests pumpisg appropriateness to
assess the actual long-term storage response auythfer.

Figura 49 - (a) Transient calibration plot for mezeters in the area; (b) plume
transport comparison within experiments MNA_B20 &#dA\_B20.

3.5.3.5 Model Z

The model Z, a two dimensional box model, aimedapverifying
FEFLOW for a density-driven flow and transport desb with negative
density ratio (ethanol), (b) assessing the impagaf density ratio value
in a density-driven flow problem; and (c) explorithg viscosity effects.

The model Z represents a numerical experiment matfield data
to calibrate that investigated the density-drivienvfby an inversion of
modified solute Elder problem (Xie et al. 2010).f&setup details of this
model are available in Quad.4. Model Z aims toF&FELOW simulating
a density—driven flow for an ethanol spill, sinaz prior works assessed
its performance on this problem. Essentially, thisdel represents the
first demonstration of a density-driven problemihmiegative density
ratios and including viscosity effects, developedhin FEFLOW
software. A sensitivity analysis is developed otrer main parameters.
Such information will be used to develop a 3D digndriven model with
an ethanol spill, including recharge dynamics, sewrea at the top of
the model, reactive transport (i.e. first-orderaieand linear diffusion).

Established by Elder (1967) as both laboratory andherical
experiments on thermal convection in porous laytbesElder problem is
a widely accepted example of free convection phemar(Prasad and
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Simmons, 2003). This original formulation was maxlif repeatedly in
order to describe solute transport of salt blokie €€ al. 2010) or reactive
transport (Post and Prommer, 2007). Mainly, theicardomain extent
was increased from 150 m to 600 m (Xie et al. 201®%9 molecular
diffusion coefficient was drastically decreased,d athe fixed-
concentration BC at the bottom of the model wasgkd into a no-flux
BC to represent porous aquifers with limited perilgg and low solute
removal rate through the aquifer base (Post andhier, 2007). The
model Z include all these previous improvements fiipdthe squared
domain over. It was composed by a vertical 2D dontdi 600 x 600
meters with a 300 m source of ethanol within thatee of bottom
boundary and no flux through the boundaries. Theventional
groundwater flow equation (saturated medium) wasdu® solve the
transport problem activated by a concentrationeadrigensity gradient. In
this configuration, the domain represents a homeges and isotropic
medium with a dynamic viscosity as a nonlinear fiomc of ethanol
concentration and density described by a polynonfii@mulation
(Jamshidzadeh et al. 2013). The importance to dechiscosity effects
into a density-driven flow model was highlighted ©phori (1998). A
fine grid (3 x 1.3 m elements) within a 150 m widtand near to the
source allows convergence of the model even chgrfgiid conditions
to test the parameters sensitivity, especially difusion coefficient.
Such grid was designed to produce a low Péclet puifie<1), which
minimizes perturbations from inadequate mesh elésn®e represents a
ratio of convective transport to dispersive/difiisiransport (Voss and
Souza, 1987). The previous work underlined thae fcenvection is
initially characterized by a boundary layer occooe as a result of
diffusion in the source, which reaching a critithickness, becomes
unstable and breaks up into solute fingers (Woqdi®§9; Diersch and
Kolditz, 2002). Therefore, a critical zone for tingmerical stability in the
model Z was the bottom part of the domain neafishsource, which for
this reason was refined. In order to simulate & fnee solute convection,
the dimensionless Rayleigh number (Ra) was useah @&sdicator of the
onset of instabilities. Practically, high Ra valwksfine full-convective
fluid movement, and a constant value within twosrpreserves a constant
fluid speed.

The sensitivity analysis was presented by a vigteghhical
comparison of colored continuous plumes, mainlhcdemg behavior of
density ratio, viscosity effects and molecular whibn coefficient.
Results confirmed that blobs creation and evolusiangly depend on
the density ratio within the domain (Fig. 50), vehiliscosity effects result
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negligible (Supporting Material - Fig.SM2). Dynamigscosity was

tested for 60, 120, and 240 [kg/m/d] encompassingdar range that in
actual ethanol spills. As expected, variationshim diffusion coefficient

affected model stability by modifying fingers antbtis formation and

velocity. Low diffusion values resulted in instatyiloccurrences close to
the concentration interface that spread in the /domain quickly.

Figura 50 - Comparison of density ratio effectgpburme fingering.

Figura 51 - Comparison of fingers behavior with westive and divergence
formulation of ADE solved by FEFLOW.
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Changing the characteristics of the free convegtimeess results
in a variation of the onset of plume generatioe, ridite of plume descent
and the plume dimensions (Post and Prommer, 200igrefore, to test
model with similar blobs velocities, two runs useoastant Ra (of about
9 10°) obtained by proportional changes in density rédi@11 and 4.22)
and hydraulic conductivity (2 and 0.5). Howeversulés exhibit only
unimportant differences in fingers behavior (Supipgr Material —
Fig.SM3), confirming that Ra value controls the sigrdriven flow.
Finally, by testing convective and divergence fooh advection-
dispersion equation (Eq.19), quite different salusi are showed for the
same parameters (Fig. 51). This fact underlinesdhby in absence of
normal advective flux the two solution coincide éBich, 2014), since the
meaning of BC in the two formulation are quite €iffnt. Divergence
form allows the input of the total (advective ansparsive) mass flux at
the boundary while convective form prioritize thevactive flux
(Diersch, 2014).

3.5.3.6 Model D

The model D analyzed reactive and conservativetesatansport
in a highly variable flow field with density andsdosity gradient effects.
Its objective was to determine the differenceslime transport between
steady and transient prescribed-head type bourdegitions.

Model D represents a numerical experiment basedthan
MNA_ES8S5 field experiment conditions. A 3D domairfides a triangular
portion of Ressacada Farm between piezometers FHIR, and PM01
where MNA_E85 experimentis included (Fig. 44).gportion coincides
with domain used to investigate the influence afalge flow conditions
on solutes transport derived from a gasohol sRiéinfa et al., 2019). The
hypothesis was a pseudo-planar water table inriguegular area, which
vertices are defined by hydraulic head records frpiezometers.
Richard’s equation was preferred to simulate floeluding vadose zone
dynamics, while convective formulation of transpprbblem was used
for contaminant migration. More information abouddel D are available
in Quad.4. Head-prescribed type conditions alorgy ttiree boundary
faces of triangular prism describe water-tabletflations and changes in
flow direction during the field experiment (08/004D to 30/11/2014).
These conditions describe actual groundwater flasiations by the
interpolation of piezometers level records over bloeindary nodes of
selected mesh. A Python sub-routine carries ot thsk, creating an
organized temporal series of head records for @lles of boundaries
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(Supporting Material). In order to simulate a prodmass consistent with
a pulse release in the field experiment, soursetigs an initial condition
of concentration in the source nodes. Such coratmtris estimated

previously as a function of source volume (03 and assumed porosity
(0.38). A manual trial-and-error approach is usedcalibrate plume

migration rate and concentration in the multi-lewellls along the main

direction of flow, showing a reasonable accordapesveen field data
and numerical results (Fig.52).

Figura 52 — Comparison of Model D simulatioreq solid lin§ and observed
evolution plack dot3 of total dissolved mass in the field experimeniNA E85
(Rama et al., 2019).

In addition, to assess implications of a choserptaal behavior
of the model on the plume transport, a test wighighary water table is
presented. Such numerical experiment presentsardridCs based on the
average head values in the simulated period, @specting average
water-table gradient and direction. It worth stiegsthat steady-state
models are inherently simpler to create, run andt-poocess than
transient models. They need a single set of cdidwalata and produce
one set of results, while transient models requindtiple calibration data
sets and produce more outputs (Anderson et al.)20A%thermore,
transient models require additional inputs (i.erage parameters, initial
conditions). However, in many cases transient nwoaled clearly required
or need for the modelling objective. In the model Having forcing
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function period of 1 to 5 day (i.e. time-step feak records), a transient
model is required to describe groundwater flow dgita and sure
enough the non-dimensional “aquifer response tiediibits a value of
about 0.6 [-]. This is a simple calculation usedg¢eess when steady-state
conditions can approximate transient system regptungeriodic stresses
(Haitiema, 2006), prescribing for values betweef @nd 1 to use
transient models to describe flow phenomena. Maed\groundwater
system time constant” (Domenico and Schwartz, 1p98/3) showed a
values of 7.7 days, suggesting for stresses ofSldays using transient
flow models. Therefore, this steady test with Mo@elfocus on the
differences in plume migration, conscious that riry aase a stationary
groundwater simplification dropped out importarwil field dynamics,
but perhaps not affecting solute transport.

Results show differences in the dispersion of satea plumes.
Coherently with the averaged values of hydrauladhesed to define the
stationary BCs, both plumes move along a similainntdirection.
Conversely, transport appears to be affected ewerfabt transient
changes in groundwater flow, resulting in a slighdifferent solute
spreading (Fig. 53). Indeed, recurrent changeseadfprescribed BCs
implicate a variable flow field within the domaienhancing plume
dispersion (Bellin et al. 1996; Rama et al. 20X®9wever, the plume
distance in the two runs result less than suppdietly due to the time
of BC stresses to modify the whole domain. Instefd pseudo-planar
water table, the perturbation of levels along tbernlary defines a curve
aquifer surface within the domain that take 1 tdays to stabilize in a
planar water table.

Figura 53 - Comparison of conservative plumes di&pe after 490 days with
transient (a) and steady (b) head boundary comditio
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3.5.3.7 Hydrogeological conceptual model of Reada Aquifer

A multi-model approach was implemented in the depeient of
hydrogeological conceptual model. An ensemble ofmenical
experiments at different scale was used to veidld finformation and
main phenomena affecting aquifer water balanceh Eamdel addressed
specific conceptual issues, reducing total unaastaif final assumptions
on groundwater flow.

Figura 54 — (a) 3D sketch of hydrogeological comgabmodel of the Ressacada
plain. (b) 2D conceptual sketch of a soil trang€c0’) showing active processes
affecting groundwater flow at local scale undefatént groundwater regimes.
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In the model of Ressacada aquifer (Fig.54a), groaiel flow is
a result of a low hydraulic gradient variation @mvby precipitation
recharge. The aquifer flow is radial diverging frtm domain center (i.e.
International Airport area) to the boundaries (f.avares River system
and South Bay). The rapid fluctuation of water¢altdével results
markedly more pronounced in the domain center ffam surface
receptors) even with a uniform recharge stress (48%recipitation).
However, spatial variability of recharge along wjtteferential flow in
the vadose zone and heterogeneity of porous medniails transient
changes in local flow directions (Rama et al. 2088)yface receptors that
represent domain boundaries are constantly subjecttransient
fluctuations of water level (e.g. tidal oscillat®rflood events), which
modify surface-subsurface interactions over theetitn addition, in the
mangrove swamps low permeable layers along withsitledriven
effects of brackish water results in a complex bygnamic of first layers
of soil that affect the water discharge of the &uiConversely, runoff
contribution from outcropping granite hills resudlt@egligible in the
aquifer water budget, having only a local influenecethe hydraulic head.

At local scale, close the field experiment, fourchmenisms and
their variation affect mostly flow field and watbudget in the aquifer
(Fig.54b):

(1) irregular fluctuation of water table even for afonin recharge
in a homogeneous medium. Water-table fluctuationeegse
with the distance to the surface receptors (evgr risea) and
reach their maximum at the aquifer watershed;

(2) transient drainage network activation. impacts Itiafiion
process and local flow net, maintaining water-tgidsition
under the ground and avoiding permanent inundaifotine
plain

(3) recurrent variation of hydraulic head at surfaceptors (e.qg.
seasonal regime, isolated rainfall event). Suchnbaty
fluctuations affects groundwater flow velocitiesdatotal
discharge volumes from the aquifer, mainly for ldagnm
variations

(4) presence of irregular clay lenses with unknowntjmsi These
geological features modifies the local flow net aralises
uncertainty in the measurements of hydraulic hekadvever,
given their heterogeneous nature, lenses are wliffto be
characterized and modelled, requiring for this Highd and
computation efforts.
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3.5.4 Conclusions

A systematic regional conceptual model of Ressaeayéfer is
developed by using field data analysis and numiegigaeriments. It is a
coastal groundwater basin in which a number of derilles were
highlighted, including (a) large water-table fluations, (b) transient
changes in groundwater flow direction, (c) variaioin boundary
conditions, (d) strong reaction to precipitatiochrarge and, (e) surface
drainage networks. The models showed that subsurflaev in the
aquifer is driven by differential recharge over éirand space, surface
receptors levels and anthropic drain activatiore gfoundwater flow is
mainly radial from the center of the plain. Howewbere are significant
local deviations due to the combined effect of ggimal heterogeneities
and transient hydrological processes. More impdstathe modelling
showed that (a) direct influence of tidal oscill@tion water table levels
as well as (b) subsurface runoff from the granille m the south have a
local influence only and do not affect hydrauliamteand groundwater
velocity distribution at the Experimental Farm.

This contribution underlines the importance of dinpumerical
models to verify and summarize our understandingatfiral full-scale
phenomena described by field data. In many prdat@ses, numerical
models represent the key tool to integrate limfteltl data and explore
the processes related with water resources. Howewoenplex models
may be to slow in the transient state, which suggesieed for a proper
problem conceptualization to maintain strictly tlecessary information
and processes. On the other hand, the Model Clremithe importance
of parameter optimization, which is much easiep#oform in simple
models. By developing a 2D vertical model of a litudjnal transect, the
influence of BC levels and ditches streambed toguolgy in the
Ressacada plain is highlighted.

FEFLOW proves to be an effective tool to managesitigriven
flow with negative density ratios (e.g. ethanolllshi despite some
incongruences in pollutant mass estimation dueutilen variations in
the considered water volume. Moreover due to inpdig to define a
fixed mass of contaminant in the source, initiah@entration within the
source nodes have to be prior calculated as aifumet source volume
and total porosity.

Finally, the boundary level fluctuations result andifferential,
although limited, solute plume migration betweesady and transient
run. However, hydraulic head perturbation at bouedawith temporal
series results in a slow propagation towards tinéeecef domain, which
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may be related with hydraulic conductivity valueheTexpectation of
obtaining a ‘pseudo-instantaneous’ change of watde direction in the
model with no transient effects on the velocitiassed by storage volume
was proved to be unrealistic. Thus, it was not ipisgo dissociate
propagation of boundary level information from cootivity value,
which is a calibration parameter affecting solutmsport, and thereby
cannot be freely modified to enhance this propagati
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4 PRINCIPAIS CONTRIBUICC)ES
A partir da revisdo do Capitulo 3.1 foi possivel:

Entender o transporte de solutos em um campo ge Variavel.

Apresentou-se a formulagdo matematica do problenfiuxio

e transporte, e os parametros de interesse

Foram descritos os principais fendbmenos ativosfagedtes
escalas em ambiente subterrdneo e as questdesaqlésps
mais atuais sobre o problema

Destacaram-se as peculiaridades dos aquiferosroesteas
condicbes de elevada variabilidade da hidrodinamica
subsuperficial

A partir do desenvolvimento dos Capitulos 3.2 ef@i.possivel:

Analisar as escalas dos fendbmenos de respostargantes de
precipitacdo e maré do aquifero da Ressacada, uife@xcosteiro,
livre, em clima subtropical tmido (OBJ1 — OBJ2)

0 Avariabilidade na descarga na porcéo investigadeqdifero

da Ressacada foi caracterizada no espac¢o e no tempo
Dois grupos de piezbmetros foram destacados na
Ressacada, mostrando uma variagdo relevante no
comportamento das taxas de rebaixamento do lencol
freatico (em média 47.3 — 87.7 mi)
Uma funcdo exponencial foi usada para explicar as
taxas de descarga no tempo, destacando dois reggmes
fluxo tipicos a partir do ultimo evento pluviométi

0 A recarga do aquifero foi estimada aplicando o d@MYTF

a series de dados descontinuas e tendo em comgidesa

variabilidade no tempo e no espago da infiltracao
Uma abordagem inédita baseada em series
descontinuas de cargas hidraulica e informacgdes
pluviométricas foi desenvolvida e aplicada ao bateo
dados do REMA
O valor de recarga médio na Ressacada foi estimado
com base 10 anos (43%), avaliando ao mesmo tempo
sua variabilidade anual, sazonal e mensal (em média
35.9-51.6%)
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O valor plurianual de recarga foi verificado a pata
construcdo de um modelo numérico de fluxo 2D
calibrado com 10 anos de medi¢bes em 2 piezdmetros,
gue representa um perfil longitudinal do aquifero

A contribuicdo da oscilagdo periodica de maré na
alteracdo dos niveis freaticos na Fazenda foi
considerada desprezivel, por ser da ordem do
centimetro

A partir da analise e das consideragfes do CaBtdifoi possivel:

Descrever os efeitos conjuntos do teor de etadahelocidade local
do fluxo na migragéo e atenuagdo das plumas demdamntes em
aquiferos contaminados com gasolina e etanol (OBJ3)

o Destacou-se uma direta relacdo entre as altasidadatde

etanol na fonte e as concentracdes de BTEX nassagua
subterraneas (5 e 20 rhg, respectivamente nas areas E24 e
E85), cujo contato na fonte foi favorecido pelaternisas

flutuag®es do lencol fredtico (60 cm)

Evidenciou-se que concentracdes elevadas de BTEX

implicaram taxas de degradagdo dos mesmos contaieia
em medias mais altas (respectivamente 0.401 e @816
areas E24 e E85)

Mostrou-se uma relacdo direta entre velocidade labeo f
subterranea e taxa de migracdo dos BTEX dissolyvigos
portanto interessam areas maiores na E85 respERd a

Destacou-se uma forte componente vertical no tratesplas
plumas (até 1.5 m em 250 dias), que deveria sesideEnada
em areas contaminadas

A partir dos resultados apresentados no CapitGléoBpossivel:

Desenvolver um modelo conceitual do escoamentc déesfidmenos
ativos no aquifero da Ressacada, mostrando o usapagimentos
numeéricos na racionalizacdo de dados e no ententbhmeas
dindmicas de campo (OBJ4)

(0]

Investigaram-se as diferentes escalas das forcantes
hidrologicas e das respostas em termos de cargauhah e
velocidade de escoamento
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0 Construiu-se um modelo conceitual hidrogeolégicoedado
gue incluisse os principais fenbmenos que caraatario
balanco hidrico do aquifero e seus efeitos no pets de
compostos na escala local

o0 Destacaram-se potencial e limitagdes do codigo EB#LNa
simulacdo de plumas em um campo de fluxo varidgel c
efeito de densidade e viscosidade

o0 Desenvolveu-se uma rotina em Python de interpolacdo
espacial de series de cargas hidraulicas parasamiem
FEFLOW de condi¢cdes de contorno variaveis no tempo.
Assim, avaliaram-se as diferengas no transportplg®as
entre condi¢Bes de contorno estacionarias e tragsie
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5 CONCLUSOES

O objetivo principal deste trabalho foi analisarelacdes entre a
hidrodindmica do fluxo subterrdneo e o transporée abmpostos
organicos em &reas contaminadas com gasolina el.efapartir deste
objetivo se quis destacar a importancia de umausdizqgcaracterizacéo
hidrogeoldgica das areas contaminadas para esdelttecnologias de
remediacdo especificas. Na pratica se sugeriuegrado de todas as
informag6es disponiveis em uma area para contézduals fenébmenos
locais de circulacdo subterranea adentro da hidéotca e do balanco
hidrico regional. O caso de estudo especifico fmifero da Ressacada,
um aquifero granular ndo confinado de origem dejmsl, localizado
em uma regido costeira de clima subtropical him@otrabalho se
destacou por abranger um amplo conjunto de fateaedefinicdo do
campo de fluxo natural, que podem ser representatie muitas areas
contaminadas no Brasil e no mundo. Este fato daritria diplice
utilidade da pesquisa, que de um lado destacoudwletgias, analises e
aplicacbes inéditas para a setor cientifico (t@@ipor outro vislumbrou
processos na escala de campo importantes na toteadacisdes em
areas contaminadas (pratica).

De um ponto de vista geral, os resultados apresesntzo trabalho
confrmaram a elevada influéncia das condi¢cdes t&of no
comportamento das plumas nas areas contaminadResfacada. As
peculiaridades em termo de clima, maré e circulagftiterranea da
regido contribuiram a qualidade do trabalho, raadlb em um campo de
fluxo fortemente variavel no tempo e no espaco.afstondicbes
permitiram investigar as causas ultimas das vaemdo nivel freatico em
um aquifero costeiro, e com isso as velocidadesc@es e gradientes
hidraulicos. Foram portanto descritos 0s mecanisatioss no subsolo
que podem resultar importantes nas tomadas deddscizara areas
contaminadas (Ex. interacdo entre campo de fluketerogeneidades,
recarga variavel, flutuacdo das condi¢cdes de como© processo de
elaboracgdo culminou na construcéo do modelo caradaib aquifero da
Ressacada, com destaque da influéncia das forgaagemais sobre o
fluxo e o comportamento dos contaminantes na eswedd De fato, a
partir das informac8es disponiveis de carga hidrduldas series
pluviométricas e do mapeamento da rede de drentggam definidos os
mecanismos de recarga e descarga do aquifero, tificagas as
irregularidades no transporte de contaminanteseédes no campo. Ao
mesmo tempo, foram desenvolvidas novas metodolggies estudo e
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gerenciamento de areas contaminadas (Ex. método Mi3éreto,
construtor de harmonicas de maré, taxas de migdgsplumas).

Assim, resultaram atendidos os 4 objetivos espesifilo trabalho
(Capitulo 1.2.2). Ao mesmo tempo, as trés hipotgmdrscipais de
pesquisa (Capitulo 1.1) foram verificadas ao lordm texto. No
especifico, foram relevadas importantes variac8pa@ais e temporais
nas forcantes que influenciaram a carga hidradiicaquifero. Também
foi confirmado que estas variacdes do campo deoflsabterraneo
impactaram a migracdo das plumas de brometo, BTEtarol. Ao
contrario, ndo foi possivel verificar totalmentetesiceira hipétese, a
presencia de “divergéncias significativas na migoag atenuacdo das
plumas simuladas em condi¢bes de fluxo estaciomatiansiente”. De
fato, mostrou-se uma diferencias significativas eoi@ na disperséo
entre as plumas simuladas, enquanto a migracaamexiiltou parecida
nas duas condicbes (Capitulo 3.5). Além disso, fdopossivel
estabelecer em que medida estas diferencias estmezatas a disperséo
numérica devida a propagacédo das condi¢des derporia dependiam
de reais diferencias nos processos fisicos.

Cabe resumir nestas conclusdes os principais ast@édticos do
trabalho, ja discutidos em forma extensa ao lormtedto. Trata-se de
pequenos “tijolos” de conhecimento, que constitaelbase sobre a qual
construir as futuras pesquisas na regido. Por dreimipdemostrado no
texto que o fluxo do aquifero da Ressacada é radiaiculado pelo
processo de recarga e pela carga hidraulica deptares superficiais.
Porém, a eficiéncia da recarga resulta ligada gionge pluviométrico e
constantemente variavel no tempo e no espacgo aratpthnicie. Além
disso, a resposta as precipitacdes em termo da hahgiulica do lencol
fredtico € sempre muito rapida (8-12h) e dependiamigosicdo do poco
respeito aos receptores. O aquifero mostrou enhig@raomportamento
mais uniforme em épocas seca (taxas e velocidad#sxb), resultando
marcadamente impactado em época de chuva pelg&ivia rede de
drenagem superficial. Tratando-se de um aquifesiego, o lencol
fredtico é controlado também pela oscilagdo pesadio nivel do mar
(maré astronémica), mas na ordem de 1 cm em &tén3@o receptor.
Se demostrou que tal perturbacdo de maré entragsél@rio do Rio
Tavares, procedendo ao longo do rio até as argasieentais (3 km de
distdncia do mar). Nestas foi destacado que, sem estudo
hidrogeoldgico com adequada abrangéncia espataahgoral, pode ser
transcurada a componente vertical do transpoajtemdo em tomadas
de decisdes erradas. Portanto, seria importaritérina andlise das areas
contaminadas os fatores que facilitam o contatoeem$ substancias,
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como por exemplo as flutuacdes do lencol freatioo easos de
contaminacao com gasolina e etanol. Por outro |gala, derramamentos
de etanol, o efeito da viscosidade sobre o tratspesultou desprezivel
respeito a variacdo de densidade. O trabalho saliemue ao
desconsiderar a contribuicdo do fluxo na diminuigée concentracdes
(transporte advectivo) pode-se sobrestimar as xasdegradacao dos
contaminantes. Assim, uma tecnologia de remediadgeria ser
escolhida com base no entendimento de migracaogedigdo dos
compostos no local.

Finalizando com algumas recomendacdes para as npasxi
pesquisas na area, se destaca a necessidade messfticionais para
coletas de campo abrangentes e integradas. Visanut melhor
compreensao dos fendmenos naturais, para algumaseis (Ex. carga
hidraulica, velocidade) se sugere 0 uso de equiparp@utomaticos em
lugar da classica coleta manual. De fato a supdside dos
equipamentos automaticos para monitoramento de @éongalientada
no presente trabalho. Assim, na prossecucao dasimgntos citados,
sugere-se a adocdo de acelerébmetros e fluximetrosoatinuo para
monitoramento de series temporais robustas. Ao mewmpo, foi
comprovada a necessidade de obter parametros epfatgos dos
fendbmenos fisicos com boa abrangéncia espaciah gasenvolver
modelos numéricos eficazes. Assim, se auspicaunl@sta capacidade
de armazenamento do aquifero da Ressacada atravéesids de
bombeamento, a caracterizacdo de detalhe da gedtmgil (disposi¢do
das lentes de argila) e o0 monitoramento dos volulresados pelas valas
da Fazenda. Estudos com tracadores e isétopos, ogmuntd ao
monitoramento constante das taxas de drenagemmpfalerecer a
compreensao das condi¢des especificas de ativag@uld de drenagem
nas diferentes condi¢des pluviométricas. Para cammgahtar o presente
trabalho, estudos poderiam avaliar a contribuic& cdmponente
aperiédica de maré (meteoroldgica) na flutuagdo rdasis freéticos.
Também seria util reconstruir em detalhe o sinahde2 ao longo do rio,
para estimar a distancia maxima de propagac¢do dmmd-inalmente, o
estudo das interagfes entre superficie e subselédreas de mangue, e
contextualmente de seus impactos no balan¢o hjaeedribuiriam para
o entendimento geral do escoamento da bacia casteir
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APENDICE A — Electronic supplementary material — Reharge
estimation from discrete water-table datasets in aoastal shallow
aquifer in a humid subtropical climate - Hydrogeolgy Journal

Fig. ESM1 - Transient cumulative groundwater badsn¢a) scenario 1 with transient
Sya for layer 1; (b) scenario 3; (c) scenario 4r&je volume curves exhibit storage
contribution to flow and discharge.
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Fig. ESM2 - Combined plot showing water level fustions in the 51-day period.
Dashed lines represent continuously monitored pireter levels while solid lines are
different scenarios. The bar plots show recordedipitation (dark purple bars) and
daily estimated recharge values (lilac bars). @n@rio 1 with transient Sya for layer
1; (b) scenario 3; (c) scenario 4.
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Fig. ESM3 - Combined plot showing water level flumtions in the 51-day period.
Dashed lines represent continuously monitored pieger levels while solid lines are
the scenario 2. Bar plot shows recorded precipitafdark purple bars) and daily
estimated recharge values (lilac bars)
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APENDICE B — Supporting Information - Flow field dy namics and

high ethanol content in gasohol blends enhance BTEXigration
and biodegradation in groundwater — Journal of Conaminant

Hydrology
Table S1 — Electron acceptors concentrations aver in E85 experimental site.
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&t %)) e SN, | &Y% HWH, ' H%(-
%-$# (% & %).& ( # $%.$ %,)

ND: not detected; NA: not analysed

In order to deal with a large amount of non-de@st@lues (ND) in the
dataset, means and standard deviations for eachparord were
calculated from a linear regression of expectednabscores (Z-Score),
using the methodology by Gineval and Splitston@0®. An example of
application with ethanol concentration series wasased in Fig. S1.

Fig. S1. — The ethanol concentration in a functérthe Z-score (expected normal
value), generated by the statistical procedurerafa)data before the transformation;
(b) ND value transformation with the regression moet (c) probability density
function (pdf) of raw data; (d) pdf histogram of talaafter the ND values
transformation. The inset histograms show that damset became more regular
following the treatment. Ln(Eth) refers to natutagarithm of dissolved ethanol
concentration.

The cosolvency model was described by a logarithauic

where & is the compound solubility in the mixture, is the compound
solubility in water, f is the co-solvent volume dteon (ethanol) and is
the cosolvency energy that accounts for the coesdhcapacity to
solubilize the BTEXs. Detailed information aboukBX at the E85 site
are summarized in Table S1
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Table S2 — BTEX saturation concentrations in E§feexment based on Raoult’'s Law

and cosolvency logarithmic Law.

Compound Solubility | Relative Gasohol Total Initial | Cosolvency Saturation
[mg LY Density Molar Mass [gr] Energy Concentr.
Fraction [mg LY
Benzene 1750 0.8765 0.0113 200 0.7888 3421.6
Toluene 515 0.8669 0.0418 873 1.2144 1445.8
Ethylbenzene 152 0.867 0.0097 234 1.5488 567.0
Xylenes 158 0.865 0.0521 1254 1.5868 608.7

The integration of mass in every sampling eventasgnts the zero-order
moments of concentration. Mathematically, it waBral for the whole
domain as follows:

whereM is the total calculated massis the total porosityJV is the unit
volume andC is the interpolated concentration. Subscripgfers to the
elements with concentrations higher than boundahyes of a plume. It
worth stressing that he ratio between the intetpdlanass and released
mass of conservative tracer (bromide) represemtedatal error of the
method and included interpolation approximatiorasbin laboratory
procedures, degradation processes, and compousitkaffigration.

Table S3 — Detailed comparison of water level, aegh and BTEX concentration in

the source zone during the first 90 days. AMSL éatks elevation above mean sea
level.

SEs Days | N° Accum. | AMSL Water Average N° FPS

from Sampled | Rain Average Table BTEX

spill Wells [mm.d? | Water Table| Variatio | Concentr.

Head [m] n [cm] [ gLy

SE-1 1 12 0.0 1.509 -3.0 266.1 0
SE-2 2 12 0.0 1.486 / 257.9 0
SE-3 5 12 28.3 1.550 +6.9 2264.9 0
SE-4 6 12 0.0 1.580 / 2965.9 0
SE-5 7 12 0.0 1.535 -1.5 1985.4 0
SE-7 20 17 139.2 1.934 +62.0 4388.7 1
SE-8 27 17 24.0 2.057 -4.7 6937.2 3
SE-10 | 42 17 56.9 1.971 +19.3 6731.9 7
SE-11| 61 17 93 1.849 +16.7 8295.0 5
SE-12 | 76-85 20 77 1.789 -17.3 11655.8 9

In order to compare transients of flow field feawrand highlight
differences between E24 and E85 sites, two figwere built on the
temporal analysis of groundwater.
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Fig. S2 — Temporal comparison of flow field featied E85 site: (a) bars shows daily
recharge and numbers represent values above 6Qbhexhibits water-table plane
deviation from average direction, with zero degnefsrring to the North direction;
(c) is instantaneous seepage velocity, obtainenh filee Darcy’'s Law; (d) shows
water-table levels above mean sea level for pierermeaised in the triangulation
process. Sampling events are underlined (blue .dots)

Fig. S3 — Temporal comparison of flow field featiet E24 site: (a) bars shows daily
recharge and numbers represent values above 6qbhrxhibits water-table plane
deviation from average direction in the area, witho degrees referring to the North
direction; (c) is instantaneous seepage velochyained from the Darcy’s Law; (d)
shows hydraulic head records used in the trianigmgirocess. Sampling events are
underlined in (d) plot (blue dots).
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Table S4 - Metabolic characteristics of the micablgenera found in groundwater
source-zone in E85 experimental site.
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APENDICE C — Supporting Material - Numerical modelling as a
tool to develop a conceptual hydrogeological modelUnpublished

Table SM1 — Details of field experiments in the S&&mda Farm

N° MULTI EXP. COLLECT!I
NAME SOURCE AREA o LEVEL SURFac | RELEASE ON
WELLS E EVENTS
MNA_E24 (1x1,5)x1,5m—100 Lt 1 51 460 n? 12/1998 21
MNA _E85 (1x1,5)x0,25m — 200Lt] 3 50 365m  09/2010 18
MNA _D50 (1x1)x1m—40 Lt 1 32 72 nt 12/2000 11
MNA D100 (1x1)x1Im—-20Lt 1 33 72°m 12/2000 15
MNA _B20 (1x1)x1,5m—100 Lt 3 47 310 nt 06/2008 11
MNA _B100 (1x1)x1,5m—100 Lt 3 47 31C n| 06/2008 11
BAA_B20 (1x1)x1,7m—-100 Lt 3 42 310 nt 07/2010 11
BAN_E25 (1x1)x1m-100 Lt 3 65 39C¢ | 12/2004 17
BAS_E10 (1x1)x1,6m-—100 Lt 8 58 585 nt 05/2009 9
BAF_B20 (2x1,5)x1,4m—100 Lt 3 30 186 m  02/2014 7
BFM_B100 (1x2)x1,8m—100 Lt 3 30 180 nt 02/2014 5
Table SM2 — Design information of piezometers i Ressacada Farm

NAME NOMINAL GROUND WELL FILTER MONITOR. POSITION CONDITION/

DEPTH ELEVAT. ELEVAT. (TOP- DATE RELIABILITY

(ATUAL) BOTTOM)

PEO1 4.5 (4.5) 2.83 3.48 25-45m 26/02/2007 Area lll Good
PEO02 4.5 (4.5) 3.23 3.66 2.5-45m 26/02/2007 Alea | Good
PEO3 4.5 (3) 3.36 3.96 2.5-45m 26/02/2007 Area lll Good
PEO4 15 (13.45) 3.37 3.49 12-14 m 30/03/2007 Area Il Partially clogged
PE06 32 (26) 3.05 3.37 21-31m 26/02/2007 Arealll Partially clogged
PEO7 16 (10) 2.73 ?? 11-13 m 13/04/2007 Area lll gGéml/Bury
PMO1 4.5 (4.4) 3.25 3.79 2.5-45m 26/02/2007 Area lll Good
PMO02 4.5 (4.4) 3.32 3.93 2.5-45m 26/02/2007 Atea | Good
PMO03 4.5 (2.95) 3.17 3.73 2.5-45m 26/02/2007 Area lll Damaged
PMO04 4.5 (4.4) 2.42 3.02 2.5-45m 26/02/2007 Atea | Good
PMO05 4.5 (4.35) 3.31 3.88 2.5-45m 26/02/2007 Area lll Good
PMO06 4 (2.65) 2.98 3.11 2-4m 13/04/2007 Area lll rtiadly clogged
PMO7 3(2.16) 2.28 2.58 1-3m 26/08/2016 Area lll Partially clogged
PM10 3(2.5) 3.34 3.52 1-3m 26/08/2016 Area lll @oo
PM18 3(2.15) 2.68 3.02 1-3m 26/02/2007 Area lll Good
Pz01 16 (15) 3.01 3.45 10-15m 26/02/2007 Area ll| oo
Pz02 15 (10.85) 2.96 3.24 5-10 m 26/02/2007 Area lll Good
PZ03 15 (7.3) 3.23 3.18 5-10 m 22/03/2007 Area ll| naged
PZ04 15 (15) 3.26 3.38 10-15m 26/08/2016 Area lll Good
PZ05 2(1.9) 3.08 3.73 ponteira 13/04/2007 Area lll  Clogged/Bury
Pz07 2.5(2.3) 3.09 3.31 ponteira 13/04/2007 Area lll Damaged
PZ08 2(2) 3.04 3.42 ponteira 13/04/2007 Area lll 2gad
RZ:1! 2.5 (2.6) 2.90 3.27 ponteira 02/07/1998 Area | Good
PZ-2 3(2.85) 3.09 3.56 ponteira 02/07/1998 Area | oo
PZ-3 2.5(2.5) 2.38 2.68 ponteira 02/07/1998 Area | Good
Pz-4 15(1.5) 2.38 2.63 ponteira 02/07/1998 Areal Clogged/Bury
PZ-6 2(1.8) 3.22 3.52 ponteira 22/11/2000 Area | Good
PZ-7 1.5 (1.45) 3.16 3.49 ponteira 22/11/2000 Area | Good
PZ-8 1.5 (1.15) 3.00 3.30 ponteira 22/11/2000 Area | Partially clogged
PZ-9 1(1) 2.98 3.30 ponteira 22/11/2000 Area | iBfytclogged
CCA1 1.5 (1.5) 3.171 3.521 ponteira 12/2011 Farm Good
CCA2 1.5 (1.5) 2.451 2.761 ponteira 12/2011 Farm Good
CCA3 1.5(1.5) 2.429 2.759 ponteira 12/2011 Farm Damaged
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CCA4 1.5(1.5) 3.200 3.460 ponteira 12/2011 Farm Good
CCA5 1.5 (1.5) 3.500 3.765 ponteira 12/2011 Farm Damaged
CCA6 1.5 (1.5) 2.800 3.060 ponteira 12/2011 Farm Dpda
CCA7 1.5 (1.5) 3.400 3.690 ponteira 12/2011 Farm Damaged
CCA8 1.5(1.5) 3.083 3.413 ponteira 12/2011 Farm DEda
CCA9 1.5 (1.5) 3.600 4.000 ponteira 12/2011 Farm Damaged
CCA10 1.5 (1.5) 3.500 3.745 ponteira 12/2011 Farm aymd
CCAl1 1.5 (1.5) 3.467 3.777 ponteira 12/2011 Farm Good
CCA12 1.5 (1.5) 3.465 3.865 ponteira 12/2011 Farm apd
CCA13 1.5 (1.5) 3.356 3.626 ponteira 12/2011 Farm Good
CCAl14 1.5 (1.5) 3.300 3.870 ponteira 12/2011 Farm apd
CCA15 1.5 (1.5) 3.306 3.586 ponteira 12/2011 Farm Good
CCA16 1.5(1.5) 3.100 3.470 ponteira 12/2011 Farm dSoo
R1 3P 1.037 3.407° staff gauge = 18/05/2016 Pond Good
R2 3 0.805 3.407 staff gauge 18/05/2016 Pond Good
R-L 3P 0.083 3.407° staff gauge = 18/05/2016 Pond Stolen

2 the equipment elevation for the staff (head) gauig referred to the local elevation referencehim

Ressacada Farm

b the depth represents the nominal length of the ialum staff (3 m) installed in the surface resersoir

Fig. SM1 — Details of Farm Creek characterization

Table SM3 — Complete results of Slug Test campaigns
WELL | 15T CAMP. 2D CAMP.? 3% CAMP.P 4™ CAMP.P
NAME 2004 12/2016 04/2017

- (Hvorsev)  (Bower- (Hvorsev)  (Bower- | (Hvorsev) (Bower-
Rice Rice’ Rice'

PEO1 2.12E-03 1.34E-04 1.00E-04 1.25E-03 1.41E{03 .00EL03 6.70E-04
PEO2 3.92E-03 5.11E-04 4.27E-04 | 1.68E-03 1.83E-03 | 1.52E-03  1.09E-03
PEO3 1.53E-03 4.45E-04 3.70E-04 1.20E-03 1.60E}03 .41B304 6.12E-04
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PEO4 1.76E-03
PEO6 1.85E-03
PEO7 6.93E-04
PMO1 9.55E-04 7.87E-04
PMO02 2.03E-03 1.44E-03
PMO03 1.00E-03
PMO04 8.98E-03 6.64E-03
PMO5 8.56E-04 3.32E-04
PMO06 1.34E-04

Pz01 6.64E-03
Pz02 3.21E-03
Pz03 3.48E-04

3.30E-03  3.60E-03
2.00E-03 2.80E-03
1.20E-03  1.34E-03
6.68E-0¢t 1.48E-03
1.15E-03 | 5.55E-03  7.50E-03
8.08E-04 1.00E-04 1.50E-04
5.84E-03 | 1.10E-02  1.66E-02
2.56E-0¢ 5.50E-04
2.15E-02  3.30E-02
6.93E-04 9.16E-04
1.79E-03  2.45E-03
1.60E-02 1.82E-02
9.55E-03  1.49E-02
2.54E-03 4.12E-08
5.00E-04  8.13E-04
4.82E-03 8.51E-03

1.82E-03 1.53E-03
1.23E-03  9.15E-04
2.00E403 .238-03 9.40E-04
4.81E-03  3.17E-03
1.15E-02  8.85E-03
7.60E104 .42E-04 2.96E-04
9.79E-04  8.60E-04
1.08E-02  9.33E-03

7.27E-05  6.94E-05

2.65E-03 2.05E-03

1.27E-047.72E-05

1.38E-04 1.20E-04

2.73E-03 2.01E-DP3

4.50E-03 3.54E-Q3

o

software (Serendip)

detailed information about equipment and methoddave in Lage (2005)
test executed by the author, employing automatitemlavel loggers and interpreted with Winslug®

Table SM4 - Statistics of hydraulic head recordsfipiezometers

Name N° % Mean Medi Min Max Var. Std. Skewness Kurtosis
val Val. an Dev.

PEO1 834 71 | 1.61+0.01 1.61 0.93 2.26 0.06 0.25 -0.06+0.08 | -0.24+0.17
PEO2 856 72.9| 1.71+0.01 1.69 0.96 2.8 0/09 0.3 440.98 -0.14+0.17
PEO3 871 74.1 | 2.03+0.01 2.01 1.19 2.98 0.12 0.34 0.14+0.08 | -0.31+0.17
PEO4 811 69| 2.49+0.01 2.4 0.62 3.85 013 036  5#0.09 0.10+0.17
PEO06 831 70.7 | 1.80+0.01 1.79 1.03 2.6 0.07 0.27 0.12+0.08 | -0.11+0.17
PEO7 795 67.7| 1.63+0.01 1.64 0.99 2.81 0/06 (.24 0540.09 -0.25+0.17|
PM01 871 74.1 | 2.03+0.01 2.01 0.84 2.98 0.13 0.37 0.14+0.08 | -0.23+0.17
PMO02 866 73.7| 1.70+0.01 1.6 0.97 2.52 0.08 0j28 1340.08 -0.14+0.17|
PMO03 866 73.7 | 1.69+0.01 1.68 0.95 2.54 0.08 0.28 0.08+0.08 | -0.31+0.17
PMO04 831 70.7| 1.59+0.01 1.58 0.91 2.27 0.06 0j25 .01D.08 -0.21+0.17|
PMO05 934 79.5 | 1.97+0.01 1.96 1.14 2.93 0.12 0.34 0.21+0.08 | -0.25+0.16
PMO06 795 67.7| 1.79+0.01 1.78 1.12 2.65 0.07 0j27 3640.09 0.13+0.17|
PM18 831 70.7 | 1.62+0.01 1.61 0.92 2.37 0.07 0.27 0.12+0.08 | -0.21+0.17
Pz01 828 70.5| 1.76+0.01 1.7p 1.04 28 0.08 0j28  5#0D8 0.07+0.17
PZ02 831 70.7 | 1.78+0.01 1.77 1.06 2.65 0.08 0.29 0.21+0.08 | -0.11+0.17
PZ03 817 69.5] 1.97+0.01 1.94 1.04 3.23 013 0/36  6340.09 0.69+0.17|
PZ05 812 69.1 | 2.94+0.01 3.01 2.26 3.66 0.07 0.27 -0.35+0.09 | -0.37+0.17
Pz07 721 61.4| 1.91+0.01 1.8 1.31 3.87 0{14 0[37 934#0.09 1.30+0.18]
Pz08 841 71.6 | 1.70+0.01 1.69 0.89 3.08 0.08 0.28 0.37+0.08 1.24+0.17
PZ-1 954 81.2| 2.35+0.01 2.3p 14 3.06 0.4 0[38 364D.08 -0.59+0.16)
Pz-2 948 80.7 | 2.14+0.02 2.2 0.63 3.42 0.31 0.55 -0.16+0.08 | -0.68+0.16
Pz-3 953 81.1| 1.98+0.01 2.0 0.649 2.54 0.1 0[{31 454D.08 -0.63+0.16
Pz-4 946 80.5 | 1.96+0.01 1.99 -0.09 2.53 0.1 0.31 -0.68+0.08 0.95+0.16
PZ-6 905 77| 2.36+0.01 242 1.09 3(7 0.19 044 DIV -0.36+0.16
Pz-7 875 74.5 | 2.30+0.01 2.29 1.45 3.6 0.12 0.35 0.3240.08 | -0.39+0.17
Pz-8 896 76.3| 2.39+0.01 2.38 08 3.04 0.4 0[{37 264D.08 -0.39+0.16)
PZ-9 847 72.1 | 2.30+0.01 2.26 1.57 2.96 0.07 0.27 0.34+0.08 | -0.11+0.17
CCAl 51 - 2.20+0.01 2.041 2.021L 3.011 0.07 0.460 NaN NaN
CCA2 51 o 1.66+0.01 1.631 1.241 2.381 0.11 0.325 NaN NaN
CCA3 45 - 1.62+0.01 1.569 1.24p 2.399 0.p9 0.293 NaN NaN
CCA4 50 - 2.18+0.01 2.050 [ 1.910 | 3.070 0.08 0.289 NaN NaN
CCA5 45 - 2.43+0.01 2.309 2.24p 3.765 0.10 .319 NaN NaN
CCA6 45 - 1.96+0.01 1.950 | 1.570 | 2.710 0.05 0.232 NaN NaN
CCA7 45 - 2.76+0.01 2.80( 2.17p 3.470 0.15 0.390 NaN NaN
CCA8 45 - 2.45+0.01 2.413 1.903 | 3.063 0.11 0.331 NaN NaN
CCA9 45 - 2.99+0.01 3.02( 2.50b 4.000 0.12 0.346 NaN NaN
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CCA10 45 = 2.75+0.01 2.765 2.230 | 3.565 0.13 0.364 NaN NaN
CCAl11 47 - 2.80+0.01 2.761 2.2717 3.41 0.13 0.361 NaN NaN
CCA12 40 = 2.96+0.01 2.955 2.395 | 3.865 0.16 0.397 NaN NaN
CCA13 50 - 2.79+0.01 2.74 2.17p 3.44 0.14 0.377 NaN NaN
CCA14 45 = 2.87+0.01 2.880 2.370 | 3.870 0.16 0.405 NaN NaN
CCA15 51 - 2.57+0.01 2.561 2.08p 3.37 0.12 0.340 NaN NaN
CCA16 51 ° 2.40+0.01 2.350 1.940 | 3.100 0.11 0.330 NaN NaN

Fig. SM2 — Comparison of dynamic viscosity effemsplume fingering

Fig. SM3 — Comparison of two test with the samer@uwelocity (constant Ra)
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Finally we provide commands, developed in Pythoi, 20
interpolate head time-series from piezometers abangdary nodes in a
3D FEM model, creating a .pow file with BC for eyarode over the
time.
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