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RESUMO 

O gás metano é um dos principais gases do efeito estufa, porém suas fontes e sumidouros 
ainda não são totalmente compreendidas. Entre elas os sistemas estuarinos se destacam 
pois são locais de deposição de uma grande quantidade de matéria orgânica vindo dos 
continentes a qual é degrada por microrganismos formando, em última instancia, o 
metano. O trabalho tem como objetivo o gás metano presente nos sedimentos estuarinos. 
Dois sistemas foram estudados: O Complexo Estuarino de Paranaguá (CEP) – Paraná / 
Brasil – e o Delta Santee (DS) – Carolina do Sul / EUA. Dados de sísmica de alta 
resolução foram utilizados para mapear a presença de bolhas de metano presentes nos 
sedimentos desses ambientes devido seu alto contraste de impedância acústica e 
reverberação do sinal acústico. Os dados acústicos foram utilizados também para entender 
a dinâmica do gás dentro da coluna sedimentar através de reconhecimento de diferentes 
tipos de assinaturas sísmicas do gás. Os resultados mostraram que o acúmulo de gás é 
dinâmico dentro da coluna sedimentar na qual é possível reconhecer estruturas de 
migração. Amostras sedimentares foram coletadas em ambos os ambientes, sendo que no 
CEP as amostras são limitadas a superfície enquanto no SD foram adquiridos testemunhos 
sedimentares que alcançaram, e em alguns casos ultrapassaram, os acúmulos de gás na 
coluna sedimentar. Análises granulométricas e de matéria orgânica foram realizadas para 
caracterização sedimentar da região com e sem presença de bolhas. No DS foram 
realizadas a descrição dos testemunhos e cálculo de porosidade. Os dados indicaram que 
as facies sedimentares, em especial as facies reconhecidas por unidades sísmicas, não são 
suficientes para explicar a variação espacial do gás nos estratos sediemntares, tendo em 
vista que as propriedades sedimentares medidas aqui não apresentam diferença 
significativa entre as regiões com e sem gás. O trabalho investiga também a influência 
dos acúmulos de gás raso na quantidade de metano dissolvido na água e seu fluxo para a 
atmosfera. Amostras de água superficial e de fundo, bem como amostra de ar atmosférico 
e de fluxo, foram adquiridos no CEP. Os dados indicaram que não existe uma diferença 
significativa de concentração de metano entre as regiões com e sem acúmulo de gás 
metano. Os resultados indicaram também que o CEP possui pouco metano dissolvido e é 
um estuário de baixo índice de emissão de metano. 

 

Palavras-chave: Gás metano, gás raso em sedimentos, sistemas estuarinos, Complexo 

Estuarino de Paranaguá, Delta Santee.  

  



ABSTRACT 

Methane gas is one of the main greenhouse gases, but its sources and sinks are still not 
fully understood. In this context, estuarine systems stand out because they are places of 
deposition of a large amount of organic matter coming from the continents, which is 
degraded by microorganisms, ultimately forming methane. The work aims to investigate 
methane gas present in estuarine sediments. Two systems were studied: the Paranaguá 
Estuarine Complex (PEC) - Paraná/Brazil - and the Santee Delta (SD) - South 
Carolina/USA. High-resolution seismic data were used to map the presence of methane 
bubbles in the sediments of these environments due to their high contrast of acoustic 
impedance and acoustic signal reverberation. Acoustic data were also used to understand 
the gas dynamics within the sedimentary column through recognition of different types 
of seismic signatures of the gas. The results showed that the gas accumulation is dynamic 
within the sedimentary column in which it is possible to recognize migration structures. 
Sedimentary samples were collected in both environments, in the PEC the samples are 
limited to the surface while in the SD were acquired sedimentary cores that reached, and 
in some cases surpassed, the gas accumulations in the sedimentary column. 
Granulometric and organic matter analyzes were performed to characterize the 
sedimentary region with and without the presence of bubbles. In the SD, the description 
of the cores and porosity calculation were performed. The data indicated that the 
sedimentary facies, especially the facies recognized by seismic units, are not sufficient to 
explain the spatial variation of the gas in the strata, considering that the sedimentary 
properties measured here show little or no variation between the regions with and without 
gas. The work also investigates the influence of shallow gas accumulations on the amount 
of methane dissolved in water and its flow into the atmosphere. Surface and bottom water 
samples, as well as atmospheric and flow samples, were acquired at the PEC. The data 
indicated that there is no significant difference in methane concentration between regions 
with and without methane gas accumulation. The results also indicated that CEP has small 
amounts of dissolved methane and is an estuary with low methane emission. 

 

Keywords: Methane gas, gas-charged sediments, estuarine systems, Paranaguá 

Estuarine Complex, Santee Delta.  

  



RESUMO EM LINGUAGEM ACESSÍVEL 
 

O metano é um gás importante para o clima do nosso planeta, sendo ele um dos 
principais gases que geram o aquecimento global. Porém, ainda não compreendemos 
completamente como é sua dinâmica ao redor do globo. Esse trabalho investiga o metano 
que é formado na lama do fundo dos estuários. Dois estuários foram estudados: O 
Complexo Estuarino de Paranaguá (CEP), no Paraná – Brasil, e o Delta Santee (DS), na 
Carolina do Sul – EUA. Para mapear o gás metano foi utilizado ondas de som que refletem 
nas bolhas de gás presas na lama. O resultado do mapeamento mostrou diferentes 
formatos desses depósitos de gás no CEP indicando que ele é dinâmico, se movimentando 
em alguns locais e preso em outros. Amostras da lama também foram coletadas nas 
regiões com e sem o gás. Os resultados indicaram que não existe uma diferença 
significativa entre essas amostras. O trabalho investigou também a influência desses 
depósitos de bolhas na quantidade de metano dissolvido na água e seu escape para a 
atmosfera. Para isso foram coletadas amostras de água e de ar, além de usar câmaras 
flutuantes para medir as emissões de metano. Os resultados indicaram que a quantidade 
de metano na água e sua emissão para a atmosfera não parece estar correlacionada com 
esses depósitos de bolhas. Os dados indicaram também que o CEP é um estuário com 
baixa quantidade de metano na água e baixa emissão para a atmosfera.  

  

 

 

Highlights: 

 Gás metano biogênico formado nos sedimentos de estuários 
 Geração, migração e acúmulo de gás metano em sedimentos inconsolidados 
 Acúmulo e decomposição de matéria orgânica em estuários 
 Gás metano no Complexo Estuarino de Paranaguá 
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INTRODUÇÃO 

O metano, constituído por um carbono e quatro hidrogênios (CH4), é um gás nobre 

e o hidrocarboneto mais leve e mais abundante na atmosfera. O CH4 tem meia-vida de 9 

anos na atmosfera com um complexo caminho de oxidação que afeta os radicais ozônio 

e hidroxila na troposfera (Hartmann et al., 2013). Além disso, o CH4 é o segundo gás de 

efeito estufa mais importante depois do gás carbônico (CO2), com um potencial de 

aquecimento global 28 vezes maior em um horizonte de 100 anos (Ciais et al., 2013). A 

concentração do CH4 na atmosfera quase triplicou desde a Revolução Industrial (Stocker 

et al., 2013).  

O gás metano encontrado na natureza pode ter origem biótica ou abiótica. O CH4 

abiótico é formado por reações químicas relacionadas a processos magmáticos ou 

interações gás-água-rocha (Etiope & Schoell, 2014); enquanto o CH4 biótico é gerado a 

partir da alteração da matéria orgânica por processos termogênicos ou biogênicos. O CH4 

termogênico é gerado na coluna sedimentar em profundidades e temperaturas elevadas ao 

longo de milhões de anos, sendo associado a formação de outros hidrocarbonetos 

(Horsfield & Rullkotter, 1994; Rooney et al., 1995). Enquanto o CH4 biogênico é formado 

por decomposição microbiana (Gang & Jiang, 1985; Rice & Claypool, 1981). Mais de 

85% das emissões anuais de metano são produzidas biogenicamente por metanogênese 

em diversos ambientes (Reeburgh, 2007; Valentine et al., 2004). Os oceanos emitem entre 

10 e 30 Tg CH4 yr−1 (Kirschke et al., 2013), onde cerca de 75% dessa quantidade é 

associada as zonas costeiras (Bange, 2006). 

Entre esses ambientes, os sistemas estuarinos se destacam por serem locais de 

grande aporte e acúmulo de matéria orgânica provinda dos continentes. A geração, 

acúmulo, escape e impacto do metano formado nesses ambientes têm sido foco de 

diferentes estudos (p.e., Borges & Abril, 2012; Rao & Sarma, 2016; Rosentreter et al., 

2018; Upstill-Goddard & Barnes, 2016). Por meio de dados acústicos, grandes depósitos 

de gás raso foram mapeados em sistemas estuarinos ao redor do mundo como no Mar 

Báltico (Jaśniewicz et al., 2019; Thießen et al., 2006; Tóth et al., 2014), Mar Mediterrâneo 

(Lastras et al., 2004; Vardar & Alpar, 2016), Mar da China (G. Lee et al., 2014; Zhang & 

Lin, 2017), Atlântico Norte (Brothers et al., 2012; Cauchon-Voyer et al., 2008; Garcia-

Gil et al., 2002) e Atlântico Sul (Bravo et al., 2018) incluindo trabalhos no Brasil (Delavy 

et al., 2016; Felix & Mahiques, 2013; Frazão & Vital, 2007; Pezza Andrade et al., 2021; 

Weschenfelder et al., 2016). Porém, a variabilidade espacial dos depósitos de gás na 
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coluna sedimentar dentro desses sistemas, bem como sua migração dentro da coluna 

sedimentar e escape, ainda está em debate.  

Algumas características sedimentares são necessárias para que ocorra a 

metagênese e o acúmulo de bolhas de gás na coluna sedimentar em ambientes costeiros e 

estuarinos, como por exemplo: altas taxas de sedimentação (Sobek et al., 2012); elevado 

conteúdo de matéria orgânica (Rice, 1993); e baixa permeabilidade para retenção do CH4 

gerado (Katsmans, 2019). No entanto, ainda não se sabe qual é o limiar dessas 

características e como elas se relacionam para que ocorra a saturação do CH4 e nem como 

suas variações em diferentes escalas espaciais afetam o e o acúmulo de bolhas. Além 

disso, a distribuição espacial dos depósitos de gás dentro dos sistemas estuarinos pode ser 

complexa, apresentando diferentes formas e profundidades, e normalmente, limites 

abruptos dentro da coluna sedimentar. Ademais, não se sabe qual é a influência desses 

depósitos nas concentrações de CH4 na coluna d’água e nas emissões de sistemas 

estuarinos. O avanço do conhecimento nesse sentido é necessário para promover uma 

maior compreensão das emissões dos ambientes estuarinos e sua influência no balanço 

global do metano. Além disso, essa compreensão é necessária para prever o impacto das 

alterações antropogênicas nas emissões de CH4 desses ambientes. 

Os estuários apresentam uma ampla variação nas emissões de CH4 e nas 

concentrações deste no sedimento e na água (Rao & Sarma, 2016; Upstill-Goddard & 

Barnes, 2016; Weschenfelder et al., 2016, Sturm et al., 2016), devido, principalmente, 

por diferentes graus de impactos antropogênicos no sistema (Borges & Abril, 2012;

Myllykangas et al., 2019 Rosentreter et al.). Tendo isso em vista, o presente trabalho 

investiga a formação de gás natural em dois sistemas estuarinos distintos: O Complexo 

Estuarino de Paranaguá e o Delta Santee. O Complexo Estuarino de Paranaguá (CEP) é 

um estuário subtropical possuindo 551,8 km² de superfície de corpo d'água com 136 km² 

de planície de maré e 295,5 km² adicionais de áreas inundadas com vegetação (Noernberg 

et al., 2006). O CEP é um dos maiores estuários do Brasil e vêm sofrendo alterações 

antropogênicas substanciais e danosas para o meio ambiente e para o bem-estar humano 

da região. O Delta Santee (DS) é um delta de energia mista com uma área de 

aproximadamente 100 km2, localizado na Carolina do Sul, é o único delta fluvial da costa 

leste dos Estados Unidos (Hughes et al., 1995). O delta é alimentado pelo rio Santee, que 

flui 160 km até o Oceano Atlântico Norte, sendo um sistema fluvial de drenagem do 

Piemonte e o segundo maior rio ao longo da costa leste dos EUA. Similar ao CEP, o DS 
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sofreu várias modificações antropológicas (Long, 2020) mudando drasticamente a 

descarga de água doce e o fluxo de sedimentos do rio Santee (McCarney-Castle et al., 

2010).  

 

OBJETIVO E HIPOTESES 

O objetivo geral da presente tese é investigar a variabilidade espacial dos 

depósitos de bolhas de gás metano, sua correlação com parâmetros sedimentares e sua 

influência na quantidade de metano dissolvido na coluna d’água e seu fluxo para 

atmosfera. Para isso, o presente estudo investiga as seguintes hipóteses: 

i. As assinaturas sísmicas do gás e as unidades sísmicas observadas em 

dados acústicos proporcionam informações sedimentares e indicam a 

origem e migração do metano nos substratos estuarinos. 

ii. Os limites, tanto verticais como horizontais, dos acúmulos de gás na 

coluna sedimentar, apresentam variação litológica e/ou de parâmetros 

sedimentares. 

iii. Os depósitos de bolhas de metano localizados no limite sedimento-água 

influenciam a quantidade de metano dissolvido na coluna d’água e do 

fluxo para a atmosfera de um sistema estuarino. 

 

DELINEAMENTO DA TESE 

A presente tese foi estruturada em três capítulos em formato de artigo científico:  

O Cap. I intitulado “Shallow gas high‑resolution seismic signatures in a 

subtropical estuary”, publicado na revista Geo-Marine Letters (ISSN 1432-1157; IF 

2,267; Qualis CAPES A2), aborda a hipótese i da tese e aplica dados sísmicos e 

sedimentares na caracterização da presença de acúmulo de gás raso no CEP.  

O cap. II intitulado “Distribution of and sedimentary control on shallow gas 

accumulation in the Santee River Delta marsh (South Carolina, U.S.A.)” aborda a 

hipótese ii da tese e conta com dados sísmicos e testemunhos sedimentares para 

caracterização do controle sedimentar na formação do gás metano. Pretende-se publicar 
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esse capítulo na revista Estuarine, Coastal and Shelf Science (ISSN 0272-7714; IF 3,229; 

Qualis CAPES A2).  

 O Cap. III intitulado “Influence of sedimentary shallow gas on methane 

concentrations and emissions in a subtropical estuary” aborda a hipótese iii da tese e 

conta com dados de metano dissolvido na coluna d’água e o fluxo de metano para 

atmosfera do CEP. Pretende-se publicar esse capítulo na revista Estuaries and Coasts 

(ISSN 1559-2731; IF 3.246; Qualis CAPES A2).  
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CAPÍTULO I 

Shallow gas high‑resolution seismic signatures in a subtropical estuary 

Assinaturas sísmicas de alta resolução de gás raso em um estuário subtropical 

Authors: J. F. Pezza Andrade1; M. A. Noernberg1; R. H. Nagai1. 

¹ Federal University of Paraná, Campus Pontal do Paraná - Center for Marine Studies, 

Brazil. 

Geo-Marine Letters (2021) 41:38 - https://doi.org/10.1007/s00367-021-00705-8. (ISSN 

1432-1157; IF 2,267; Qualis CAPES A2) 

 

Abstract 

High-resolution seismic surveys were carried out at the Paranaguá Estuarine Complex 
(Southern Brazil) to map the intrasedimentary shallow gas. The seismic signatures 
representing gas accumulation were separated according to the upper gas boundary 
characteristics in acoustic blanking with sharp top, acoustic blanking with diffuse top, 
turbidity pinnacles, and black shadows (gas accumulation at the water/sediment 
boundary). The main source of the gas has been recognized here as Pre-Holocene 
continental deposits. These deposits were capped by a seismic unit interpreted as a 
regressive mud deposited over the last 5,000 years. This seismic unit is quite 
heterogeneous, the gas being trapped in its different internal layers. Each gas signature 
represents the efficiency of the sealing layer and has specific locations and burial depths. 
The results point to different phases of gas migration along with the sedimentary layers. 
Thus, we proposed a gas migration and accumulation model based on acoustic data and 
sedimentary inferences within the Paranaguá Estuarine Complex. 

Keywords: Paranaguá Estuarine Complex; gas seismic signatures; biogenic gas; 
methane. 

 

Resumo 

Levantamentos sísmicos de alta resolução foram realizados no Complexo Estuarino de 
Paranaguá (sul do Brasil) para mapear o gás raso intrassedimentar. As assinaturas 
sísmicas que representam o acúmulo de gás foram separadas de acordo com as 
características do limite superior do gás em branquemanto acústico com topo abrupto, 
branqueamento acústico com topo difuso, pináculos de turbidez e sombras negras 
(acumulação de gás no limite água/sedimento). A principal fonte do gás foi reconhecida 
aqui como depósitos continentais do Pré-Holoceno. Esses depósitos foram cobertos por 
uma unidade sísmica interpretada como uma lama regressiva depositada nos últimos 
5.000 anos. Esta unidade sísmica é bastante heterogénea, estando o gás aprisionado nas 
suas diferentes camadas internas. Cada assinatura de gás representa a eficiência da 
camada de vedação e possui localizações e profundidades específicas. Os resultados 
apontam para diferentes fases de migração de gás junto com as camadas sedimentares. 
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Assim, propusemos um modelo de migração e acumulação de gases baseado em dados 
acústicos e inferências sedimentares no Complexo Estuarino de Paranaguá. 

Palavras-chave: Complexo Estuarino de Paranaguá; características sísmicas de gás; gás 

biogênico; metano. 

 

1 Introduction 

Intrasedimentary gas accumulation in marine and coastal environments has been 

recognized in seismic records for decades (Emery and Hoggan 1958; Schubel 1974; 

Taylor 1992). The presence of shallow gas in seismic data can totally or partially mask 

the stratigraphical information (Judd and Hovland 1992). Within unconsolidated 

sediments, gas may accumulate in extensive areas in estuaries and bays (García-Gil et al. 

2002; Baltzer et al. 2005; Felix and Mahiques 2013; Delavy et al. 2016a), lagoons (Baltzer 

et al. 2005; Klein et al. 2005; Weschenfelder and Corrêa 2018), and shallow marine 

regions (Okyar and Ediger 1999; Missiaen et al. 2002; García-García et al. 2007).  

 Gas in sediments can derive from biogenic processes, as a product of organic 

matter microbial decomposition (Rice and Claypool 1981; Gang and Jiang 1985), or 

thermogenic degradation (Rice and Claypool 1981; Horsfield and Rullkotter 1994). The 

latter is associated with petroleum generation, mainly developed during the catagenesis 

and metagenesis stages (Horsfield and Rullkotter 1994; Rooney et al. 1995). In marine 

environments, methane (CH4) is the main gas produced by biogenic decomposition 

(Claypool and Kaplan 1974; Floodgate and Judd 1992) and during the post-mature 

metagenesis thermal stage (Horsfield and Rullkotter 1994), which differs from biogenic 

methane through a heavier methane carbon isotope ratio (Rice and Claypool 1981; 

Rooney et al. 1995).  

The biogenic processes are the primary source of gas accumulation in coastal 

environments (Lee et al. 2005; García-García et al. 2007; Visnovitz et al. 2015; Vardar 

and Alpar 2016), normally associated with a shallow basement (García-Gil et al. 2002; 

Missiaen et al. 2002; Weschenfelder and Corrêa 2018). While thermal gas production 

needs high temperatures and considerable burial depths (Schoell 1988; Horsfield and 

Rullkotter 1994; Littke et al. 1999), methanogens microorganisms survive at temperatures 

between 0-75°C (Zeikus 1977; Gang and Jiang 1985).  Biogenic gas production can occur 

immediately after the sediment deposition in inland water bodies (Gang and Jiang 1985).  

However, in marine and coastal environments, the presence of sulfate inhibits the 

production close to the sediment/water boundary, whereas it may occur under the sulfate 
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reduction zone (Nikaido 1977; Rice and Claypool 1981).  High rates of CH4 generation 

require abundant organic matter, high sedimentation rate, and enough interstitial space 

for methanogens (±1 μm) (Missiaen et al. 2002; García-García et al. 2007).  Also, 

accumulation requires a sealing layer, generally associated with fines and compact 

sediments (Rogers et al. 2006). In the right conditions, the biogenic methane can 

accumulate in large amounts and is responsible for more than 20% of the world's 

discovered gas reserves (Rice and Claypool 1981).  

Methane is the second most important greenhouse gas after carbon dioxide (CO2), 

with 28 times global warming potential over one hundred years (Ciais et al., 2013). Still, 

there is uncertainty in the estimates of its natural sources and sinks and how its variations 

can affect the growth rate of atmospheric CH4 (Borges et al., 2016). Although some 

studies estimate the CH4 flux from coastal gas-charged sediments to the atmosphere via 

immediate water plumes and pockmarks (Judd et al. 1997; Dimitrov 2002; García-Gil et 

al. 2002), there is insufficient knowledge about methane dynamics within unconsolidated 

sediments.   

Natural gas-charged sediments are recognizable in seismic records by an abrupt 

decrease of acoustic velocity with possible phase inversion and signal reverberation 

through bubble resonance (Gorgas et al. 2003; Baltzer et al. 2005). The gas can appear in 

various shapes and geometries in seismic profiles, classified into distinct gas signatures. 

The seismic gas signatures are related to different accumulation and seepage types. Their 

distribution and features can explain the sedimentary structures and their characteristic 

(García-Gil et al. 2002; Baltzer et al. 2005; García-García et al. 2007). 

The present paper aims to map and describe seismic gas signatures in the 

Paranaguá Estuarine Complex (PEC) and discuss their dynamics linked to the regional 

stratigraphy. This study suggests a gas migration and accumulation model based on 

acoustic data. It is important to incorporate information about the gas dynamics within 

unconsolidated sediments, seismic gas signatures, and stratigraphic meanings. Also, we 

indicate and discuss the possible source of the shallow gas and the sedimentary unit that 

acts as a sealing.   

 

2 Settings  

The PEC is a microtidal subtropical estuary system located in the Paraná state, 

southern Brazil (Fig. I.1). The system comprises two main water bodies, Paranaguá Bay 

and Laranjeiras Bay. The estuarine complex has a 551.8 km² water body surface with 136 
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km² of tidal flat and 295.5 km² of vegetated flooded areas  (Noernberg et al., 2006). The 

PEC mean depth is 5.4 m, and the maximum depth is around 33 m at the mouth zone (Fig. 

I.1) (Lana et al. 2001). This estuarine system is partially stratified with asymmetric tides 

(Knoppers et al. 1987). The tidal range is about 2.7 m, and the maximum flood and ebb-

tidal current is about 1.2 m/s and 1.4 m/s, respectively (Lamour et al. 2007). The tide 

intrusion is about 12.5 km (Lana et al. 2001) with a tidal prism of 1.34 km3, and the 

freshwater flow rate is about 200 m3/s (Lessa et al. 1998).  

The estuarine system is embedded in a coastal plain bordered by the Serra do Mar 

mountain range. The Serra do Mar mountain range, which reaches over 1500 m (Lana et 

al. 2001), displays steep slopes and has high erosive potential (Noernberg, 2001). West 

of Paranaguá city, the estuary morphology is characterized as a drowned, narrow, incised 

paleo-valley (Fig. I.1). To the east of Paranaguá city, it comprises a wide coastal plain 

(Fig.I.1). The coastal plain is composed of a sand barrier with at last two generations of 

beach/dunes ridge progradation, forming a late Pleistocene and a Holocene strand plain 

(Lessa et al. 2000; Angulo 2004). These sedimentary facies were formed during the two 

transgressive/regressive cycles related to the last sea-levels maximum at Pleistocene and 

mid- to late-Holocene (Angulo and Suguio 1995; Lessa et al. 2000). Since the last one, 

the sea level gradually decreased by 3.5 meters (Angulo and Lessa 1997).  

  Continental deposits associated with the Alexandra formation occur in low 

isolated hills (Angulo 2004) and may comprise, with their reworked material (Bigarella 

et al. 1978), the substrate for Pleistocene and Holocene sedimentation within the PEC 

(Lessa et al. 1998, 2000). The Alexandra formation comprises Miocene arkosic sands and 

muds with lesser gravels and clays (Angulo and Suguio 1995). Sedimentary facies were 

interpreted as braided channels, dense underwater flows, and gravitational flow 

deposition, suggesting a depositional system of alluvial fans associated with small 

aqueous bodies (Angulo 2004). The crystalline basement under the coastal plain is 

reached at depths of about 50 m landward and about 100 m close to the shoreline (Lessa 

et al. 2000). Also, gravimetric data investigation along the shoreline indicates a maximum 

depth of 160 m (Castro et al. 2008). Under the estuarine system, Lessa et al. (1998) 

suggested a shallower depth of the basement, between 20 to 30 m, corroborated by several 

small rocky islands within the PEC.  

The paper by Lessa et al. (1998) is the only publication about the stratigraphic 

evolution of the PEC. Using seismic data and several core samples, the authors interpreted 

four Holocene sedimentary units overlying a pre-Holocene fluvial and continental deposit 
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(Alexandra formation and their reworked material) (Fig. I.1). According to the authors, 

the sea-level rise resulted in a transgressive mud deposit, probably associated with a low-

energy estuary funnel environment, followed by transgressive sand. The sand unit 

overlaid a Tidal Ravinament Surface (Catuneanu 2006), which eroded almost completely 

the transgressive mud west of Paranaguá. The subsequent highstand system tract includes 

a regressive mud, which comprises most of the recent superficial sediments in the central 

zone of the estuary, and regressive sand restricted to the estuary head. Noteworthy, the 

authors did not mention the presence of gas. However, they recognized non-penetration 

seismic signal layers, which were tentatively interpreted in different ways. 

 

 

Fig. 1: The Paranaguá Estuarine Complex bathymetric map, and Pleistocene evolution 
(based on Lessa et al., 2000), with the position of the seismic lines analyzed in this study 
(P1, P2, P3 in Fig. II.4; A1, A2 in Fig. II.5). a – Antonina city; b – Paranaguá city; c – 
Paranaguá Bay; d - Laranjeiras Bay. 
 

3 Materials and method 

Shallow, high-resolution seismic records were acquired in two PEC zones, using 

two CHIRP seismic sources (Meridata Finland Ltd) with different frequencies range 2-9 

kHz and 10-18 kHz. A total of 157 km of the acquisition was collected over a three-day 



24

survey, one in April and two in July 2019 (Fig. 1). Data were processed and interpreted 

with the Meridata MDPS software. The time to depth conversion was made with a sound 

velocity of 1500 m/s for both water and sediments; thus, depth in images is approximate. 

Vertical mean resolution is about seven cm for the lower frequency and three cm for the 

high frequency. The facies were primally classified with the lowest frequency of the 

CHIRP source (Fig. 2) due to its higher penetration in the sediment layers. Although the 

characterization was done mainly with the 2-9 kHz frequency, the 10-18 kHz CHIRP 

source was used to assist in the mapping and characterizing the facies and stratification. 

Superficial sediment samples were performed with a Van Veen Grab sampler in 

about fifty PEC locations (Fig. 3). For grain size analysis, 2g of sediment was separated 

from each sample. Afterward, decarbonization was performed with 10% hydrochloric 

acid (HCl) and the removal of organic matter with 10% hydrogen peroxide (H2O2). 

Grain-size analyses were then performed with a Malvern Mastersizer 2000 through laser 

diffraction. The data were processed with the Sysgran 3.2 Software (Camargo 2006), later 

separated by the mud content (silt and clay) (Fig. I.3). Because these analyses were 

initially carried out in another research project, organic matter content data for these 

samples is not available. However, other studies show that, in the PEC, fine sediments 

generally have a higher organic matter content (Cattani, 2012). 

Near-distance analyses were performed in the ArcMap software to ascertain the 

relationship of the bottom sediments with shallow gas (<1.5 m). Initially, the surface 

sediment samples acquired with a maximum distance of 200 m from the seismic lines 

were separated. Then, the distance between these samples the gas accumulation covered 

by a sedimentary layer less than 1.5 m was analyzed. The 1.5 m value was picked due to 

a good statistical correlation between the shallow gas presence and fines content in the 

Arousa estuary (Diez et al. 2007). Finally, the results were plotted on a graph of distance 

versus mud content. 

 

4 Results 

At the PEC, the gas signatures found were classified as acoustic blanking (AB) 

(Judd and Hovland 1992; Lee et al. 2005; Lodolo et al. 2012; Visnovitz et al. 2015; 

Weschenfelder et al. 2016; Jaśniewicz et al. 2019), black shadow (BS) (Baltzer et al., 

2005; Delavy et al., 2016; Felix and Mahiques, 2013; Klein et al., 2005; Weschenfelder 

et al., 2016), and turbidity pinnacles (TP) (Delavy et al., 2016; Felix and Mahiques, 2013; 
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Iglesias and García-Gil, 2007; Klein et al., 2005; Weschenfelder et al., 2016) (Fig. I.2). 

Together, these gas accumulation facies cover 60 km of the studied area, comprising a 

total of 38% of the seismic profiles (Fig. I.3). 

The uppermost portion of the estuary, the Antonina zone, presents a gas signature 

sector, where the BS facies is on the sides, and the AB facies is frequent in the central 

portion (Fig. I.3). In the Paranaguá zone, gas accumulation is mainly concentrated in the 

central region, where the gas accumulation represents different gas seismic facies types 

along the seismic lines (Fig. I.4). However, it is still possible to recognize different gas 

accumulation sectors in this zone (Fig. I.3). The seaward limit of the gas is evident, 

enabling us to recognize the gas accumulation boundaries in all seismic lines east of the 

Paranaguá city (Fig. I.3). 

  

4.1 Acoustic blanking (AB) with sharp (ABS) or diffuse top (ABD) 

The AB facies was separated according to the type of reflection at the top, which 

were either sharp (ABS) or diffuse (ABD) (Fig. I.2). ABD facies are the most common 

in the surveyed area, more than 30 km of total extension, with a maximum continuous 

extension of 6300 m and a minimum of 15 m (Fig. I.3). This facies have a poorly defined 

top, although it is possible to recognize the gas front (Fig. I.4 and I.5). It was recognized 

in water depths ranging from 1.6 m to 16.7 m, with sedimentary coverage between 0.7 m 

and 6.2 m. This facies covers a large part of the surveyed south and southeast region in 

the Paranaguá zone and the central and northern regions in the Antonina zone (Fig. I.3). 

In the Antonina zone, the gas is shallower, with an average sediment cover of about 1.4 

m, while in Paranaguá, the average sediment cover is two times thicker. Also, except for 

BS, the shallower portion of the gas (<1.5 m of sedimentary cover) found in the study 

area is predominantly comprised of the ABD seismic signature (Fig. I.3).  

ABS facies have a well-defined, flat or inclined top. This facies is characterized 

by an enhanced reflector that completely masks the data below. ABS facies is frequent in 

the Paranaguá zone, mainly in the basin center (Fig. I.3). It is usually associated with 

turbidity pinnacles, fitted between the pinnacles (P1 in Fig. I.4) or on their lateral limits, 

and in conjunction with the ABD facies. This facies covers 8761 m of the seismic profiles, 

having a minimum extension of 5 m and a maximum of 768 m (Fig. I.3). The ABS facies 

are under 2.2 m to 10.3 m of water and a sediment layer between 0.8 m and 8.5 m with a 

mean value of 4 m. Like ABD, the ABS is much shallower within the sediments in the 

Antonina zone than in Paranaguá, with an average difference of more than 4 m sediment 
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cover between them. Also, there are locations where the ABS signatures are shallower in 

the Antonina zone than 1.5 m in the sedimentary layer.  

 

 

Fig. 2: Intrasedimentary gas seismic signatures observed in the Paranaguá Estuarine 
Complex classified with a 2-9 kHz CHIRP source and their acoustic characteristic. The 
scale of all images is 5 m x 100 m. 
 
 
4.2 Turbidity pinnacles (TP) 

TP covers about 12 km from the surveyed area. It can be found in isolation or 

large groups, reaching extensions of almost 1 km (Fig. I.3 and 4). TP is often associated 

with changes in the depth of the gas accumulation, related to the change of the gas sealing 

layer (Fig. I.4a), and may also be between ABS and ABD facies (P2 in Fig. I.4). This gas 

feature is rare in the Antonina zone and concentrated in the Paranaguá zone center (Fig. 

I.3). The TP facies appears in all depths, deeper than 8 m, and reaching the sediment/water 

limit. 
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Fig. 3: Location map of the different intrasedimentary gas seismic signatures observed in 
the Paranaguá Estuarine Complex (seismic data acquisition lines in black) and surficial 
sediment (0 – 3 cm) mud content (silt + clay) distributions. Black contour in color lines 
indicate gas presence under less than 1.5 m of sediment cover. Near distance analysis 
graphic represents the closest distance between shallow gas accumulation (< 1.5 m), 
comprising the BS and portions of the ABS and ABD marked by the black contour.  
 

4.3 Black shadow (BS) 

 BS facies cover 8272 m of the seismic profiles, with a maximum length of 1044 

m and a minimum of 59 m (Fig. I.3). A strong reflector characterizes the BS facies almost 

in the contact between water and sediment located at depths between 2.3 m and 14.2 m. 

(Fig. I.2). The difference between the BS and ABS types of gas accumulation is that, in 

the former, it is generally not possible to recognize the sealant sediment layer between 

the gas accumulation and the water column. The BS sealing layer is less compact than the 
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ABS sealing layer due to the absence of the sediment weight. Additionally, most of the 

BS facies shows the presence of cloudy turbidity (García-Gil et al. 2002) of lesser or 

greater intensity (P2 and P3 in Fig. I.4), indicating possible seeps to the water column. 

The most extensive BS is at the edge of the surveyed area (Fig. I.3). In the 

Paranaguá zone, this facies is usually associated with other gas accumulation types (Fig. 

I.4). On the other hand, in the Antonina zone, the BS facies covers much of the southwest 

region, appearing in isolation of other gas accumulation types (Fig. I.3). In this location, 

the crystalline basement appears to be shallow (Fig. I.5a). Similarly, a BS in the north 

margin of the Paranaguá zone also presents close to the shallow basement, inferred by the 

proximity of a rocky island (Fig. I.3). 

 

4.4 Bottom sediments  

 Grain size analysis indicates that the PEC bed is predominantly composed of silt 

with varying amounts of clay and sand. Generally, the mud content decreases towards 

estuarine margins (Fig. I.3). Overall, surveyed regions with subsurface gas present 

surficial sediment with more than 60% of mud. This pattern has an exception at the north 

of Paranaguá city, where, above the ABD facies surface, sediments present 30.7% of mud 

(rhombus symbol north to Paranaguá city in Fig. I.3), here the gas is covered by a 

sediment layer of about 3 m thickness. 

The presence of gas shallower than 1.5 m correlates with the sampled sites with 

the highest concentration of mud, between 80-100% (Fig. I.3). Graphical analyses also 

showed that the sample locations closest to gas shallower occurrences than 1.5 m 

necessarily have a high mud content (Fig. I.3b). However, a high concentration of fines 

does not necessarily indicate the presence of shallow gas (Fig. I.3b). Two sampling sites, 

at the northwest part of the Antonina zone and at the southeastern part of the Paranaguá 

zone, with more than 80% of mud on seismic lines without subsurface gas were 

recognized (Fig. I.3a), more than 1000 m away from shallow (<1.5 m) gas accumulation 

(Fig. I.3b). There are also two locations, at the southeast of the Paranaguá zone and at the 

southeast of the Antonina zone, where the samples closer to the gas accumulation have a 

mud content of less than 40% (fig. I.3). However, there are seismic lines in which the 

presence of gas has not been recognized (Fig I.3). 
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Fig. 4: Chirp (2-9 kHz) seismic profiles in the Paranaguá zone (P1, P2, P3; see Fig. I.1 
for location) showing gas accumulation seismic signatures (TP, BS, ABS, ABD) and the 
two seismic units (SU1, SU2) separated by a regional reflector (RH). Detailed zoom 
images (a, b, c with 10 x 500m scale) indicate a gas accumulation baseline change, 
paleochannel (Ch), and downlap termination. TP - Turbidity pinnacles; BS - Black 
shadow; ABS - Acoustic blanking with a sharp top; ABD - Acoustic blanking with diffuse 
top. 
 

4.5 Stratigraphy 

Although the PEC gas features cover more than a third of the surveyed area, it is 

possible to recognize some stratigraphic characteristics. A regional horizon (RH) is 

recognized in most stratigraphic windows (P1 in Fig. I.4 and A2 in Fig. I.5). This horizon 

represents an irregular relief with numerous paleochannels (P1 in Fig. I.4). 

The RH separates two distinct seismic units. The oldest unit (SU1) has no 

distinguishable reflectors (Fig. I.4), or in some places, reflectors with a chaotic pattern 

(Fig. I.5). Above this horizon, the seismic unit (SU2) presents flat or slightly wavy 

internal reflectors. In the distal portion of the Paranaguá zone, the internal reflectors of 
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SU2 show progradation over RH (Fig. I.4c). In the Antonina zone, there are places with 

the absence of SU1 where it is possible to observe direct contact of the basement with the 

SU2 unit (Fig. I.5a). No tectonic structure, such as faults or folds, has been recognized in 

the acoustic data. 

 

 

Fig. 5: Chirp (2-9 kHz) seismic profiles in the Antonina zone (A1, A2; see Fig. I.1 for 
location) showing gas accumulation seismic signatures (BS, ABD) and the two seismic 
units (SU1, SU2) separated by a regional reflector (RH). Detailed zoom image indicates 
a stratigraphic window with a shallow basement. BS - Black shadow; ABD - Acoustic 
blanking with diffuse top. 
 

5 Discussion 

5.1 High-resolution seismic gas signatures 

Four types of seismic gas signatures were observed at the PEC, with unique spatial 

distribution and depth. As mentioned before, in the coastal plain adjacent to the study 

area, wells reached the crystalline basement at depths of about 50 m (Lessa et al., 2000), 

hindering the possibility of thermogenic gas generation (Rice and Claypool, 1981). Thus, 

even though this study did not perform a chemical analysis of the gas (i.e., isotopic 

measurements), it is highly probable that PEC gas-charged sediments result from organic 

matter degradation by biogenic activity.  

There are several terminologies for the different seismic signatures caused by gas 

accumulation. However, these terminologies are often confusing, having several names 

for similar seismic signatures, or even the opposite, the same names for different seismic 

signatures (Weschenfelder, 2018). For example, despite the consensus to separate gas 
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accumulation signatures in acoustic blankets and acoustic curtains through their format 

and lateral extension (Taylor 1992; García-Gil et al. 2002; Klein et al. 2005; Vardar and 

Alpar 2016), there is a discrepancy as to the type of the top of the gas occurrence. Acoustic 

curtains are smaller, with a concave shape, while the blankets are flatter and cover large 

areas. However, some works indicate that acoustic curtains have a main top reflector and 

blankets have a diffuse top, without the presence of a strong reflector (Taylor 1992), or 

conversely, where the curtain has a less sharp upper gas boundary (García-Gil et al. 2002; 

Frazão and Vital 2007). More usually, works indicate that both have a high amplitude 

reflector at the top (Baltzer et al. 2005; Vardar and Alpar 2016; Weschenfelder et al. 

2016). 

The separation of the curtain and blanket facies was not used here, as this 

separation does not seem to imply different properties from the type of gas accumulation, 

such as gas quantity by volume or a different permeability of the sealing layer. These 

properties are better related to the upper boundary seismic signature of gas accumulations 

(Taylor 1992; García-Gil et al. 2002). The facies extensions are best seen through maps 

(as Fig. I.3) and the different shapes of the gas curtain – box (Weschenfelder et al. 2016; 

Weschenfelder and Corrêa 2018); Chevron (García-Gil et al. 2002; Frazão and Vital 

2007); convex (García-Gil et al. 2002); or mushroom (Karisiddaiah et al. 1993). This 

feature characterizes either the sealing layer topography or of the lateral decrease in 

seismic wave speed caused by the gas (García-Gil et al. 2002), which can also occur on 

the sides of the acoustic blanket and other gas accumulation types ("pull-down"; Judd and 

Hovland, 1992; Lee et al., 2005; Vardar and Alpar, 2016).  

Gas accumulation types were classified here mainly in terms of their top, in sharp 

(ABS), diffuse (ABD), and highly diffuse (TP). Black shadows were also separated for 

their unique characteristics. Each seismic signature represents a specific feature of the gas 

accumulations in the sediments. The different seismic signatures and their depths and 

locations provide information on the stages of migration and accumulation of shallow gas 

in the PEC (Fig. I.6), discussed later in this paper (section 5.2). It is worth to highlight 

that the seismic signatures found in this work refer to the presence of shallow intra-

sedimentary gas observed in a shallow bay. This gas is trapped by a Holocenic 

sedimentary unit with a high content of fines and imaged by CHIRP type acoustic source 

(2-9 kHz and 10-18 kHz). Therefore, the seismic signatures associated with gas 

accumulation from different coastal environments with other environmental parameters 
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(water depth, gas depth, sediment background) or acquired with other seismic sources can 

vary considerably from those presented here. 

 

5.1.1 Acoustic blanking (AB) with sharp (ABS) or diffuse top (ABD) 

We interpret the difference between ABS and ABD gas accumulation type due to 

the efficiency of the sealing layer. This efficiency is represented by the permeability 

contrast of the source and sealing layer (García-Gil et al. 2002) and gas (Taylor 1992). 

The results showed that ABS facies is, on average, at greater buried depths. This aspect 

highlights the importance of pressure for forming this facies, as greater depths accentuate 

sediment compaction, decreasing the permeability of the sealing layer (Nooraiepour et al. 

2019).  The sealing layer can retain the gas for a longer time, increasing the gas 

concentrations. The amount of gas can increase up to a limit, after which gas seeps into 

the low permeability sealing layer, generating pinnacles (Fig. I.4a and I.6d). This aspect 

explains the almost absence of ABS facies at the Antonina zone and its presence at the 

Paranaguá zone center, where gas is observed in greater depths. Also, sealing layer 

efficiency in the Antonina zone should be lower due to a minor mud content caused by 

the tapered morphology and the fluvial influence. Despite this difference, both ABS and 

ABD facies portray high gas accumulation, sufficient to mask the acoustic data (>30 

ml/L; Whelan et al., 1977). 

Additionally, at the PEC, ABS facies are smaller and less common than ABD 

facies (Fig. I.3). This indicates that the lowest permeability layers are rarer to form and 

do not reach large extensions, probably due to the heterogeneity of compaction (possible 

sediment reworking or bioturbation) and grain-size (similar to the existing surface of the 

estuary).  

 

5.1.2 Turbidity pinnacles (TP) 

TP facies indicate an upward migration of the gas without an efficient and 

relatively homogeneous sealing layer. Due to this characteristic, TP can be found at any 

depth in the sedimentary strata. The heads of TP facies may eventually find a low 

permeability layer, where the gas will accumulate (Fig. I.6b and I.6e) until the forming 

of acoustic blanking facies (Fig. I.4a and I.6). When associated with ABS facies, TP may 

indicate a rupture in the sealing layer (Fig. I.4a and I.6d). In contrast, when associated 

with ABD facies, a less common association in the study area, TP must indicate a 

differentiated gas migration, probably associated with the difference in the amount of gas 
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or heterogeneities of the sealing layer. When close to the sediment-water interface, the 

TP gas front can be trapped, forming BS gas accumulation type or, supposedly, the gas 

should seep into the water column (Fig. I.6h). 

Most TP facies were found in the Paranaguá zone center, being scarce in Antonina 

(Fig. I.3). In the latter, gas accumulation occurs at shallower depths, and, thus, gas 

accumulation must be portrayed as other gas seismic signatures closest to the surface or 

reached the water column (Fig. I.6h).  This pattern is explained by the lower efficiency 

of the sealing layer in Antonina. 

 

5.1.3 Black shadow (BS) 

The BS facies represents the last stage of gas trapping within unconsolidated 

sediments (Fig. I.6). The close to the surface in situ gas production hypothesis (Baltzer et 

al. 2005) does not apply here due to the influence of sulfate-rich seawater (Nikaido 1977; 

Rice and Claypool 1981; Gang and Jiang 1985). However, we cannot exclude the 

possibility of gas generation locally near the lower limit of the sulfide reduction zone, 

which can migrate to the sediment-water boundary. 

Noteworthy, the BS facies were located even at small depths, little more than 2 m. 

Therefore, the hydraulic pressure is not a limiting factor for the formation of the BS. Also, 

it is impossible to observe the thickness of the sealant sediment layer, implying that this 

layer is very thin or, more likely, being passed through. Thus, we argue that grain-size 

must be the main factor that allows or hampers the creation of BS, not being able to have 

significant bioturbation or reworking of the superficial sediments. The dependence on 

grain-size may explain the maximum BS facies size observed in this work. Worth noting 

that there is substantial heterogeneity in the bottom sediments (Fig. I.3).  

In PEC, regions where the basement is shallow, gas accumulates as BS, and no 

other gas seismic signature is observed. We suggest that these regions have a thinner seal 

layer or layers, so it is easier for the gas to migrate upward and concentrate at the 

sediment/water boundary. If the BS facies does not have an active gas source, it should 

disappear over time due to the gas seepage to the water column. In this sense, BS facies 

are probably not stable seismic signatures. In the Paranaguá zone, where BS facies is 

associated with other facies, it may be increasingly charged with gas from below. In the 

Antonina zone, upward gas migration must be at an advanced stage (Fig. I.6g), probably 

due to a thinner seal layer.  
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5.2 Shallow gas migration and accumulation within unconsolidated sediments in 

PEC 

The gas migration and accumulation processes are dependent on the gas 

concentration, pressure gradient, and porosity of the surroundings, which controls the gas 

migration velocity (Zhou et al. 2018). Due to the strong sedimentary heterogeneity in the 

PEC, at least in the Holocene unit west of Paranaguá city (Lessa et al. 1998), the estuary 

is a great natural laboratory to observe different gas migration features, which these 

driving forces are locally variable. Also, there is no evidence of neotectonics or faults in 

the sedimentary layers in the PEC region. In the absence of a significant impermeable 

structural trap, the gas generated within PEC unconsolidated and mostly flat sediment 

layers should be in constant and slow movement by diffusion and advection. Therefore, 

the types of gas signatures found at different depths may indicate phases of migration and 

gas accumulation from its source to the water column associated with differential 

sedimentary proprieties  

The CH4 seepage to the water column and eventually to the atmosphere is little 

known, as the current works are restricted to recognizing gas plumes in the water column 

or pockmarks (Judd et al. 1997; Dimitrov 2002; García-Gil et al. 2002). Borges et al. 

(2016) reported high CH4 concentrations in surface waters of the Belgian coastal zone 

associated with the presence of shallow gas in sediments. However, in that region, no 

plumes or pockmarks were recognized, but noises were reported in the water column 

close to the seabed (Missiaen et al. 2002). Similarly, noises were recognized in the PEC, 

mainly above BS. These noises may indicate a methane gas seepage, a minor version of 

the cloudy turbidity recognized in the water column (P2 and P3 in Fig. I.4)(García-Gil et 

al. 2002). 

Along these lines, we propose a migration and accumulation model from the 

source to the water column of shallow gas in the PEC (Fig. I.6), which might apply to 

other coastal environments. First, the gas seeps from the source layer, migrating upward 

in the form of pinnacles (Fig. I.6a). Eventually, this gas encounters layers with low 

permeability that trap the gas. When the pinnacles ’head’ encounters these layers, the gas 

begins to accumulate (Fig. I.6b, e) and starts to present an acoustic blanking seismic 

signature. Depending on the trapping efficiency of the sealing layer, the gas is completely 

trapped, generating an ABS signature (Fig. I.6c), or it can slowly escape into the sealing 

layer as it accumulates, forming an ABD signature (Fig. I.6f). In the PEC, the layers with 

the greatest trapping efficiency are found in greater depth, but the sequence of the layers 
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may vary locally, also the quantity of sealing layers. In both cases, the gas accumulating 

below the sealing layer can present lateral migration, causing an abrupt lateral limit (Fig. 

I.6b, c, e, f). When the gas is effectively trapped (ABS), it accumulates to a limit when 

local “breaks” occur in the sealing layer, again forming pinnacles (Fig. I.6d), which can 

also be formed in less efficient sealing layers (Fig. I.6 g). Finally, when the gas reaches 

the sediment-water interface, it can be exhumed to the water column or accumulate one 

last time, forming the BS (h), where the gas should eventually leak (Fig. I.6 i). A small 

amount of upper sedimentary layers in-situ local gas production cannot be ruled out. 

However, it should follow the same migration and accumulation patterns mentioned 

above. 

The gas occurring in the PEC sediments consists of biogenic methane due to the 

basement configuration, but it is impossible to differentiate and quantify the current in-

situ production and the deep gas migration. Thus, through the current PEC data, the 

temporal variation of the gas contained in the sediments and its seepage to the water 

column is unknown. Continuous acoustic surveys should be employed to observe 

temporal or seasonal variations of the gas accumulation in sediments to recognize the gas 

dynamics' time scale and the influence of its in-situ production. Analyzes of the methane 

concentration in the sediments and water would also be relevant for the possible 

quantification of the PEC methane contribution to the atmosphere. This would contribute 

to more robust estimatives of gas seepage in estuarine and coastal environments, currently 

underestimated (Borges et al. 2016). 

 

5.3 Bottom sediments 

The PEC bottom sediments are heterogeneous concerning mud content (Fig. I.3), 

probably due to the presence of several distributary channels (Fig. I.1). West of Paranaguá 

city, bottom sediments are associated with the top of the regressive mud (Lessa et al. 

1998). Sediment core analyses indicate that the fines content of the regressive mud ranges 

from 30% to 91%, and the organic matter content ranges from 2.2% to 20% (Lessa et al. 

1998), indicating that sedimentary heterogeneity seen in the bottom sediments is also 

present in all SU2. In PEC, bottom sediments with a high content of fines are related to a 

higher organic matter content (Cattani, 2012). There is no gas accumulation downstream 

of the Paranaguá zone, where sandy bottom sediments (Lamour et al. 2004) are associated 

with a transgressive sand layer (Lessa et al. 1998). 

 



36

 

Fig. 6: Evolution model of shallow gas migration and accumulation, showing the changes 
between seismic gas signatures and their relationship with the relative permeability 
between sedimentary layers. The gas migrates from the source as turbidity pinnacles (a); 
the pinnacles head encounter a low permeability layer and start to accumulate (b); the gas 
accumulates forming an acoustic blanking with a sharp top (c); eventually, the gas seeps 
to the low permeability layer forming pinnacles (d); again the heads of pinnacles 
encounter a sealing layer, and de gas start to accumulate (e); this time the sealing layer 
has low traping efficiency and thus the gas slowly seeps when it accumulates forming an 
acoustic blanking with diffuse top signature (f); heterogeneities in the sealing layer 
permits turbidity pinnacles locally formation (g); the pinnacles reach the sediment-water 
interface and can accumulate as a black shadow or seeps to the water column (h); finally, 
the gas slowly seeps from the black shadow to the water column (i).  Note that the model 
above has only two sedimentary layers for didactic means. In the PEC the amount of 
layers capable of retaining the gas, and their relative permeability, varies locally. 
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Some studies showed that shallow gas accumulation in bays could be related to 

the mud content of bottom sediments (García-Gil et al. 2002; Diez et al. 2007; Jensen and 

Bennike 2009). In the PEC, the presence of gas shallower than 1.5 m seems to have a 

strong correlation with a high mud content in surficial sediments (Fig. I.3). On the other 

hand, samples with a high mud content in the PEC do not necessarily indicate the presence 

of gas (Fig. I.3b). This observation reinforces the idea that the presence of mud close to 

the bottom decreases permeability and traps gas from below and does not consist of a gas 

source. 

The occurrence of the BS facies is dependent on a low permeability (Fig. I.6h). 

Thus, it is related to the bottom sediments' mud and sand contents (Merckelbach and 

Kranenburg 2004; Nooraiepour et al. 2019). The sample with low mud content close to 

the BS (rhombus symbol south of Antonina zone in Fig. I.3) may indicate that the bottom 

sand content increase defines the southern limit of this facies. 

We state that gas below 1.5 m of sediment does not correlate with the bottom 

sediments due to the variation of the sedimentary facies in depth. Although samples over 

the region with a gas presence generally have greater that 60% mud content, there are 

very few sampling sites in this region. The high mud content in the center of the basin is 

correlated with the Holocene regressive mud and not necessarily with gas presence in the 

subsurface. 

 

5.4 Stratigraphy  

 The gas accumulated in marine and coastal environments interspersed in 

sediments causes a significant effect on the geoacoustic behavior (Weschenfelder et al., 

2016). In this study, over one-third of the acoustic data obtained in the PEC was covered 

by gas-associated features. Still, we recognized two very distinct seismic units (SU1 and 

SU2) separated by an RH reflector. The RH shows several paleochannels and high 

amplitude.  

The oldest pre-Holocene unit (SU1) is here interpreted as continental deposits 

formed during low sea-level conditions (Fig. I.7), the Alexandra Formation (Angulo 

1995; Lessa et al. 1998). This formation has high mud contents and is characterized by 

deposits interpreted as debris flows (matrix-supported conglomerates), mudflows, or even 

small swamps (Angulo 1995, 2004). The characteristics of the chaotic seismic pattern 

recognized in this unit can be associated with debris flows, which have large sparse blocks 

observed in the Alexandra Formation portion (Angulo 1995, 2004). Similarly, the 
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transparent seismic pattern can be associated with mudflows (muds and sandy muds). 

However, this study does not include wells to confirm these assumptions. This unit 

represents the main source of gas, at least in the Paranaguá zone, where it is possible to 

observe the TP coming out of this unit (P1 in Fig. I.4). Also, the RH reflector in the 

vicinity of TPs that appear to leave SU1 has a greater amplitude than gas-free regions (P1 

in Fig. I.4), indicating a possible enhanced reflection related to discrete gas accumulation 

that usually occurs in the edges of more evident gas accumulations (Iglesias and García-

Gil, 2007; Judd and Hovland 1992). However, we cannot discard the hypothesis of a small 

amount of gas generation in some mud layers of the SU2.  

The youngest unit (SU2) represents a prograding sedimentary body. Considering 

Lessa et al. (1998) work, this unit should represent Holocene regressive muds deposited 

over the last 5000 years (Fig.7). These authors recognized this unit directly with 

continental deposits or with a sandy layer associated with transgressive marine sand (Fig. 

I.7). According to Lessa et al. (1998), the contact between these two facies results from a 

transgressive tidal ravine and tidal diastem associated with the estuary tapering (Fig.7). 

We believe that the HR reflector represents this erosion surface (Fig. I.7) with tidal 

channels (Fig. II.4b). The SU2 unit is highly heterogeneous, seen through the bottom 

sediment samples (Fig. I.3) and previous studies (Lessa et al. 1998). Changes in bottom 

water currents due to freshwater outflow and climatic oscillations, or other oceanographic 

forcings over the past millennia, have resulted in layers with different physical properties 

(internal reflectors in SU2 Fig. I.4 and I.5). These layers, observed in SU2, are responsible 

for trapping the biogenic-derived gas (Fig. I.7). The gas slowly migrates within the SU2 

(TP), accumulating in the lower permeability layers (ABD and ABS), until it reaches the 

sediment-water interface, where, if the right conditions exist, the gas may be trapped one 

last time (BS) (Fig. I.6). At the same time, gas trapping by SU2 is corroborated by the 

absence of gas east of Paranaguá city, where regressive muds are absent (Fig. I.7)(Lessa 

et al. 1998). Also, in some SU2 mud layers rich in organic matter, a small amount of gas 

can be generated, following the same migration pattern and accumulation mentioned 

above. 

In the Antonina zone, the gas is trapped closer to the sediment-water interface. 

This shallower gas may be due to a smaller sealing efficiency in internal sedimentary SU2 

layers or in-situ generation of gas close to the water column. A smaller water depth and 

a thin SU2 unit in this region generate low gravitational pressure. With less pressure, the 

efficiency of the sealing layer decreases, and the gas is more easily saturated in sediment 
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porewater (Abegg and Anderson 1997; Lee et al. 2005). Also, the Antonina zone probably 

has lower efficient sealing layers due to the different environmental settings. This zone 

has greater fluvial influence, where coarser sediments derived directly from the fluvial 

course are deposited, increasing its permeability (Nooraiepour et al. 2019). Another 

explanation is that the gas source in the Antonina zone is shallower, associated with SU2 

muddy layers deposited when the sea level was at its maximum at the mid-Holocene 

(Angulo et al. 2006). The crystalline basement appears to be shallower in the Antonina 

zone, and it is possible to see the contact between the SU2 unit and the basement (Fig. 

I.5a). However, possibly the SU1 unit was preserved in the basement troughs, which is 

not visible in seismic due to the gas presence. Other studies indicated that the source of 

shallow gas is associated with pre-Holocene units preserved in paleo-valleys (Judd et al. 

1997; García-Gil et al. 2002; Weschenfelder et al. 2016). The basement locations close 

to the gas accumulation (A1 in Fig. I.5) may indicate lateral migration (Fig. I.6h).  

 

 

Fig. 7: PEC sedimentary facies evolution (based on Lessa et al. 1998) and the gas-charged 
sediments recognized in this work. 
 

6 Conclusion 

High-resolution seismic surveys were carried out at the Paranaguá Estuarine 

Complex to analyze intrasedimentary gas accumulation and seismic signatures. The 

seismic signatures were separated into acoustic blanking with a diffuse top (ABD) or 

sharp top (ABS), turbidity pinnacles (TP), and black shadow (BS). These features 

represent distinct gas accumulation types associated with the efficiency of the sealing 

layer relative to the permeability and gas concentration. As the gas is in constant and slow 

migration in unconsolidated, mostly flat, sediments layers, seismic gas signatures in the 

PEC are unstable. Hence, a model of gas migration and accumulation, and its seismic 

signatures is proposed for the PEC (Fig. I.6). 
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In PEC, the main gas source is associated with the pre-Holocene continental deposits of 

SU1 unit. While Holocene regressive muds, unit SU2, trap the gas and may have some 

local layers generating small amounts of biogenic gas. This unit is highly heterogeneous 

with layers of low permeability that trap the gas at different levels. 

Although we cannot determine the gas migration time scale, this work indicates 

intra-sedimentary shallow gas dynamics in coastal environments. We suggest that future 

work may include continuous seismic surveys to monitor gas accumulation types within 

sediments and the evaluations of CH4 in the water column. Which would improve 

ourunderstanding of gas dynamics and gas seepage from coastal environments, and help 

to unravel the role of estuarine biological methane production on our planet's climate. 
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Abstract 

The presence of sedimentary deposits rich in free gas (bubbles) in estuarine systems strata 
is recognized worldwide. However, the factors that control the sediment-dependent 
spatial distribution of the shallow gas within these environments are poorly understood. 
The main objective of this study is to map gas-charged sediments in the Santee River 
Delta (central South Carolina, U.S.A.) and investigate its spatial and sub-bottom 
appearance variability. High-resolution seismic data, physical (grain size and porosity), 
and chemical (organic matter content) properties, were analyzed on five sedimentary 
cores taken from two different marsh environments: a widened estuarine river bay (North 
Santee Bay/NSB) and a marsh creek system (Alligator Creek/AC). The seismic data 
shows that deposits hosting abundant free-gas are sparsely distributed in the NSB, where 
data indicate that the sedimentary facies succession restrict the gas accumulation, with a 
high free-gas concentration in channels around a sand shoal due to the concentration of 
organic-rich muds deposits. We speculate that sediment permeability has a main role in 
this case.  AC strata, in contrast, contain gas bubbles that are concentrated at a certain 
depth horizon within the sediment column, but their distribution does not show an obvious 
dependence on sedimentary parameters that can explain its stratigraphy appearance. We 
speculate in the latter case that reactivity of organic matter and sedimentation rate along 
the young seismic unit controls the stratigraphy windows in the creek. 

Keywords: Santee Delta; high-resolution seismic; biogenic gas; gas-charged sediments. 

 

Resumo 

A presença de depósitos sedimentares ricos em gás livre (bolhas) em estratos 
sedimentares de sistemas estuarinos é reconhecida mundialmente. No entanto, os fatores 
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sedimentares que controlam a distribuição espacial do gás raso dentro desses ambientes 
são pouco compreendidos. O principal objetivo deste estudo é mapear sedimentos 
carregados de gás no delta do rio Santee (Carolina do Sul, EUA) e investigar sua 
variabilidade espacial de sub-fundo. Dados sísmicos de alta resolução e propriedades 
físicas (tamanho do grão e porosidade) e químicas (conteúdo de matéria orgânica) foram 
analisados em cinco testemunhos sedimentares retirados em dois ambientes diferentes: 
uma baía estuarina (North Santee Bay/NSB) e um sistema de canal pantanoso (Alligator 
Creek/AC). Os dados sísmicos mostram que os depósitos de gás livre abundante estão 
esparsamente distribuídos no NSB, onde os dados indicam que a sucessão de fácies 
sedimentares restringe o acúmulo de gás, com os depósitos de gás livre em canais ao redor 
de um banco de areia devido à concentração de depósitos lamosos ricos em matéria 
orgânica. Especulamos que a permeabilidade do sedimento tenha um papel principal neste 
caso. Os estratos AC, em contraste, contêm bolhas de gás que se concentram em um 
determinado horizonte dentro da coluna sedimentar, mas sua distribuição não mostra uma 
dependência óbvia de parâmetros sedimentares que possam explicar sua aparência 
estratigráfica. Especulamos, neste último caso, que a reatividade da matéria orgânica e a 
taxa de sedimentação ao longo da unidade sísmica recente controlam as janelas 
estratigráficas no canal. 

Palavras-chave: Delta Santee; Sísmica de alta resolução; Gás biogênico; Sedimentos 
carregados de gás. 

 

1 Introduction 

Methane gas has been in the focus of various studies due to its significance in 

planetary climate regulation (e.g., Judd, 2003; Reay, 2010; Schaefer, 2019). Discoveries 

of large methane deposits in sediments, both in shallow and deep waters, have marked 

the last decades of coastal and marine exploration (Borges et al., 2016; Judd and Hovland, 

1992), indicating that there may be an even greater emission of methane gas from coastal 

and marine environments than the 33.2 ± 37.6 Tg CH4 yr−1 estimative (Rosentreter et al., 

2021). Also, there is a high spatial and temporal variability in CH4 emission 

misconducting statistical analyses (Rosentreter et al., 2021) which can explain recent 

emissions estimates that adds global marine CH4 budget (Al-Haj & Fulweiler, 2020; 

Rosentreter et al., 2021) by more than 60% from previous studies (Weber et al., 2019). 

Recent studies have also shown that climate warming can accelerate both the release of 

this sediment-trapped gas into the water column and the significant generation of this gas 

from the buried organic matter in these coastal environments (Egger et al., 2018; 

Wallenius et al., 2021).  

Seismo-acoustic reflection methods are the most efficient tool for mapping the 

accumulation of methane gas in the sedimentary sub-bottom (Judd and Hovland, 1992; 
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Pezza Andrade et al., 2021). When the amount of methane reaches a certain threshold 

within a deposition succession, depending on production rate as well as the ambient 

pressure and temperature, through Henry's Law (Serra et al., 2006; Wilhelm et al., 1977), 

the previously dissolved gas crosses the stage of over-saturation and forms free-gas 

bubbles. After reaching a certain abundance, these bubbles generate a sharp contrast of 

acoustic impedance, reflecting most of the seismo-acoustic signal, which results in both 

a high-amplitude horizon and an effective masking of the underlying strata. 

Increasingly, seismo-acoustic surveys in estuaries and bays indicate that these 

environments are rich in shallow accumulations of methane gas (e.g., Borges and Abril, 

2012; Garcia-Gil et al., 2002; Pezza Andrade et al., 2021; Weschenfelder et al., 2016). 

Due to the high production, rapid deposition, and efficient burial of large amounts of 

organic matter in these coastal environments, the estuarine deposits produce biogenic 

methane at high rates through microbial decay (Borges and Abril, 2012; Rice and 

Claypool, 1981). However, great spatial variability of gas accumulation, detected in 

seismo-acoustic surveys, is still a matter of debate: While some studies indicate a 

preference for gas accumulation inside paleo-topographic lows due to the preservation of 

transgressive muddy infilling packages (Flury et al., 2016; Weschenfelder et al., 2016), 

other relate the distribution pattern to specific sedimentary facies that constitute the 

source and seals of gas-charged deposits (Frazão and Vital, 2007; Garcia-Gil et al., 2002). 

In addition, seismo-acoustic data suggest that most bubble accumulations are defined by 

sharp lateral boundaries (Pezza Andrade et al., 2021; Toth et al., 2014), thus seem not to 

correlate with specific, laterally extensive sedimentary facies. 

Methanogenesis is the last step of organic matter decomposition in the 

sedimentary column, occurring in the oxygen-free zone after nitrate reduction, Fe/Mn 

oxides, and sulfate (Loyd et al., 2012; Rice and Claypool, 1981). Microbially mediated 

methanogenesis requires a depositional environment with specific characteristics, such as 

an open interstitial pore space of at least ±1 μm  (Gang and Jiang, 1985; Rice and 

Claypool, 1981). Additionally, sedimentation rates need to be relatively high, and a large 

amount of available organic matter is required as a primary source for methanogenesis. 

For the entrapment of free methane, the sedimentary stratum permeability must be limited 

so that the amount of methane generated and rising can both exceed the saturation 

threshold and accumulate at a certain depth (Katsmans, 2019). However, these pre-



44

conditions do not help to explain the sharp lateral boundaries of gas accumulations shown 

in seismo-acoustic data within most estuarine and coastal zones. 

In this sense, the present study combines high-resolution sub-bottom echosounder 

data with physical and chemical properties obtained from sedimentary cores to unravel to 

what extent changes in sedimentary facies, lithology, and parameters control the vertical 

and lateral distribution of gas-charged deposits. For this purpose, we mapped the spatial 

distribution of gas-charged deposits in two environments the Santee River Delta (North 

Santee Bay/NSB and Alligator Creek/AC; South Carolina), and evaluated physical (grain 

size, porosity) and chemical (organic matter content) sediment properties that may have 

control on gas bubble formation and concentration within the sedimentary column. The 

results presented here may help to unravel controlling factors of free-gas availability 

within the estuarine systems.  

 

2 Settings 

The Santee River Delta (Fig. 1) is a mixed-energy estuarine river delta, located in 

South Carolina, with an area of approximately 100 km2 (Hughes et al., 1995; Long et al., 

2020). This coastal system is fed by the Santee River, which is a Piedmont-draining 

fluvial system, the second largest river along the US east coast, with a drainage area of 

37,000 km2 and an average annual discharge of 311 m3/s (Hughes et al., 1995; Long, 

2020; Torres, 2017). On the innermost part of the delta plain 23 km apart from the coast, 

the Santee River bifurcates into the North Santee River and the South Santee River (Fig. 

1). Both rivers split further into an estuarine channel network and significantly widen in 

proximity to the mouth, where the tidal range is approximately 1.16 m (Torres, 2017).  

The Santee River Delta is placed on a limestone basement, which was incised by 

the 8 km wide buried Santee valley, and it is partly exposed at the bottom of fluvial 

channels at approximate depths of 10 meters below modern sea level (Eckard, 1986; 

Long, 2020; Payne, 1970; Weems & Lewis, 1997). The incised valley is filled with 

Pleistocene fluvial deposits overlain by Holocene delta-plain deposits that are bound by 

Pleistocene beach ridges (Long, 2020). The mid-Holocene sea-level highstand was 

marked by a freshwater floodplain environment covered by estuarine tidally influenced 

deposits that formed over the past 3.6 cal ka BP (Eckard, 1986; Long, 2020; Weems & 

Lewis, 1997). 
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The Santee River Delta has undergone several anthropogenic modifications 

(Lewis, 1979; Long, 2020; Miglarese & Sandifer, 1982). Two major dams along the lower 

reach of the river, built in 1941, dramatically reduced the freshwater discharge and 

sediment flux of the Santee River (McCarney-Castle et al., 2010). Also, an artificial canal 

(Atlantic Intercoastal Waterway) was constructed in the 1930s that connects naturally not 

connected hydrographic systems of the Winyah Bay estuary to the north, the Santee 

system, and the Cape Romain barrier island region to the south (Fig. 1). Currently, the 

Atlantic Intercoastal Waterway is approximately 3 m deep and 120 m wide and affects 

tidal currents, salinity, and sediment transport (Hockensmith, 2004). In addition, rice 

cultures from the 18th to the early 20th century led to a region-wide conversion of river 

swamps and freshwater marshes into patties with dense canal networks, embankments, 

artificial levees, and flood gates. Long (2020) showed that this modification has strongly 

influenced the distribution of modern depositional facies due to a reduction of tidal flats, 

channels, and banks stabilization, isolation of channels and floodplain environments, and 

alteration of the tidal prim of the back barrier system. 

Marsh that composes most of the Santee Delta (Fig.1) has about 10% of organic 

content (Settlemyre & Gardner, 1977), and are dominated by Spartina alterniflora, a 

perennial rhizomatous grass native to the North America Atlantic and Gulf coasts 

(Broome et al., 1973; Hughes et al., 1995; Wang et al., 2006). Spartina biomass 

production in the SD is between 280 to 1550 g/m2year (Broome et al., 1973; Settlemyre 

& Gardner, 1977). Also, the marsh platform channel creeks have a fast headward erosion 

of ~2m/year (Hughes, 2010; Hughes et al., 2009) enhanced by degradation of the Spartina 

roots and rhizomes biomass associated to crab bioturbation (Wilson et al., 2012). 

Two locations in the Santee River Delta were chosen for this study (Fig. 1). North 

Santee Bay (NSB) is a 1 km wide, and 3 m shallow bay located near the mouth of the 

North Santee River (Fig. 1, 2a). The northwestern area of the bay is shallower than the 

margins due to the existence of a diagonal sand shoal that is bound by two channels 

between this shoal and the marsh edges which lies at approximately 10 cm water depth 

during spring low tides (Long, 2020). This bar extends over 2 km and has a vertical 

elevation of approximately 2.5 m with a maximum width of 500 m (Fig. 2a; Long, 2020). 

The second location, Alligator Creek (AC) is a 2 m deep and 25 m wide natural tidal 

channel of the South Santee River with a predominantly muddy seabed (Fig. 1, .3a). 

 



46

 
Fig. 1: The Santee River Delta with the two study areas: The North Santee Bay and the 
Alligator Creek. Black lines indicate the seismo-acoustic survey coverage. 

 

3 Material and Methods 

Approximately 800 km of high-resolution sub-bottom echosounder data was 

analyzed to trace down the appearance of shallow sub-bottom gas accumulations in the 

Santee River Delta (Fig. 1). The data were collected in 2016 and 2017 using a 3200 sub-

bottom profiling system with a CHIRP source providing a frequency range of 2 – 4 kHz 

(Long, 2020). These data sets were processed and interpreted using the software IHS 

Kingdom SuiteTM. Seismo-acoustic gas signatures were identified where high-amplitude 

horizons that also led to a masking of the underlying and adjacent strata were present 

(Pezza Andrade et al., 2021; Weschenfelder et al., 2016). Based on this identification, 
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NSB and AC sites that showed a significant free gas concentration were selected for 

sedimentary core retrieval. 

Five sediment cores were acquired using a hand-operated piston corer, of which 

three were taken in the NSB (Fig. 2) and two in the AC (Fig. 3). After core retrieval, the 

transparent PVC liners were cleaned immediately onboard, and all visible bubbles were 

outlined with a permanent marker pen. In the lab, the marked bubble positions were 

sketched and digitalized. The bubbles were classified into three specific size categories, 

which were most representative of the overall size variation spectrum observed in the 

cores: <5 mm, 5 – 20 mm, and > 20 mm. The sediment cores were opened in the 

laboratory, and their lithological characteristics were visually described. Lithological 

units were separated mainly by color variations.  

Using 10 ml syringes with a cut tip, 4 ml of sediment was extracted at step 

intervals of 5 cm. Each sample was divided in half; 2 ml of sediment was used for 

determining porosity and total organic matter content (TOC) analysis, and 2 ml was used 

for granulometric analysis. 

 Dry bulk density and porosity were acquired using the drying technique. The 

samples were weighed before and after drying in an oven at 105°C for at least 48 hours 

for measurements of dry mass and water content. The dry mass was divided by the sample 

volume for calculating dry bulk density. The water volume was calculated through the 

water content (1ml/g) and then divided by the sample volume for the porosity (Boyce, 

1973). For TOC measurement, the same samples were heated up to 550 °C for 5 hours 

and weighed again (Loss-On-Ignition Method; Schulte 1996). The granulometry samples 

were pretreated with 30% hydrogen peroxide to remove organic constituents and aid 

particle deflocculation and boiled off after 24 hours. Carbonate removal was done by 

adding 2-3 mL 10% hydrochloric acid to each sample overnight which was then removed 

by centrifugation. Lastly, 3 ml dispersant (Calgon) was added and boiled off for 2 

minutes. The grain-size analysis was performed using a 1090 CILAS laser refractometer. 

The granulometric data was analyzed using the Sysgram software to determine mean 

grain size and to separately display clay, silt, and sand contents (Camargo, 2006). 

Comparison of physico-chemical properties of the sediments between cores 

section with and without bubbles presence were performed with the non-parametric 
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Mann-Whitney test. Significance was set at p<0.05. Statistics were performed in the 

PAST 4.03 software. 

 

4 Results 

4.1 North Santee Bay (NSB) sub-bottom profiles 

NSB sub-bottom echosounder data shows three isolated patches of shallow-gas 

accumulation recognized via the presence of a high amplitude horizon (Fig. 2): one patch 

of about 1,180 m2 is located where the river channel begins to widen into the bay; the 

second sits north of the sand shoal with an area of approximately 1,540 m2; and the most 

extensive third gas zone of about 2,400 m2 at the southern margin of the bay, half on the 

sand shoal and half in the tidal channel along the marsh edge (Fig. 2b). The main gas area 

shows its top reflection halfway down within the channel filling unit. The sub-bottom 

profiles indicate that the internal reflectors within the sand shoal dip towards the south 

(Fig. 2d) and is possible to differentiate seismo-acoustic signature characteristics of free 

gas in the form of an enhanced reflector and a local pinnacle (Fig. 2c). Noteworthy, the 

top of the gas horizon follows the bottom topography (Fig. 2d).  

 

Fig. 2: The North Santee Bay study area. a) Location of the sub-bottom echosounder lines 
(black lines), core sites (blue dots), and gas-charged deposits (red lines); b) A closer view 
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on the most extensive gas zone at the southern margin of the bay chosen for the NSB1 
and NSB2 core sites; c) Echosounder profile with gas signatures and cores; d) A closer 
view on the gas signature and cores position. 
 

4.2 NSB Sediment cores 

Core NSB1 was retrieved from the gas-charged deposits located close to the 

southern margin of the bay, while for comparison Core NSB2 was recovered from a gas-

free zone 50 m north of the lateral gas limit (Fig. 2b). 

 

Tab. 1: Studied sediment cores (ID; see Fig. 2 and 4 for core sites), geographic 
coordinates, water depth (m), sediment recovery (cm), indication of gas deposits 
presence, depth of gas signature top in the seismic data (cm), shallower and deeper depth 
of bubble occurrence (cm) and thickness (cm) 

 

 

4.2.1 Sediment core NSB1 

Core NSB1 comprises two distinct lithological units separated by a sharp contact 

(Tab. 1; Fig. 3a). The older unit (162 – 132 cm) is composed of light gray mud (mean 

diameter 9.96 μm) with several grass fibers throughout. TOC varies between 12.2% to 

16.3% (median 14.6%). Porosity ranges from 70.8 and 80.9% (median 74.6%). The 

younger unit (132 – 0 cm) is composed of dark gray sandy mud and mud (mean diameter 

10.97 μm), with two bivalve shell fragments at 37 and 118 cm depth. TOC values are 

between 6.7 and 19.5%, with a median value of 15.7%. Porosity is slightly higher than in 

the older unit ranging between 69.9 to 87.9% with a median of 81.4%. Gas bubbles are 

mainly present in the older unit with a density of 4 to 5 bubbles per 10 cm where half of 

the bubbles are bigger than 20 mm in diameter. Upwards the bubbles decrease in 
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abundance and size with a mean density of 1 to 2 bubbles per 10 cm and ¾ of them are 

less than 5 mm in diameter, until completely disappearing above 80 cm sediment depth. 

Within the bubble depth interval, TOC is always above 12.5% around a median value of 

15.8%. At 80 cm, the last few isolated gas bubbles occur in relatively coarser sediment 

(10% sand) of lower porosity (60.9%) and TOC (6.7%) (Fig.3). There are no significant 

differences between porosity, TOC, and clay and silt contents in sections with and without 

bubbles (Tab. 2). However, core section with bubbles showed significant less sand 

content (Tab. 2). 

 
Fig. 3: North Santee Bay sediment cores (a) NSB1 and (b) NSB2 showing the free-gas 
bubbles detected through the transparent PVC pipes and separated in three sizes; organic 
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matter content (TOC) in percentage (%); porosity in percentage (%); mean grain size 
(μm); clay-silt-sand contents. 
 
4.2.2 Sediment core NSB2 

Core NSB2 comprises 175 cm of sediment separated into three distinct 

lithological units, mainly by color variations, with gradual contacts with each other (Tab. 

1; Fig. 3b). The older unit (175 – 85 cm) is composed of olive gray silt (mean diameter 

16.63 μm) with shell fragments. This older unit shows two big wood fragments at 128 

and 170 cm, a bivalve shell at 100 cm, and a 2 cm thick shell hash layer at 137 to 135 cm. 

TOC varies between 2.6 and 10.8% (median 6.2%) and porosity ranges between 46.6 and 

73.8% (median 64.5%). The middle unit (85 – 50 cm) is composed of gray silt with few 

plant fragments throughout and no shells/fragments present. This unit has the highest 

TOC and porosity values with median values of 8.9% (max. 11.3%, min. 6.7%) and 

68.4% (max. 74.8% and min. 60.9%), respectively. The young unit (50 – 0 cm) consists 

of dark gray to black sandy silt with sparse shell fragments and a 2 cm shell hash close to 

the surface (4 – 6 cm). TOC ranges between 1 to 8.4% with a median value of 4.1% and 

porosity between 47.5 to 70.6% with a median of 57.3%. 

 

4.3 Alligator Creek (AC) sub-bottom profiles 

 The AC sub-bottom profiles show a high amplitude and irregular horizon that 

masks the underlying stratigraphy (Fig. 4d). This seismo-acoustic signature is associated 

with the concentrated presence of free gas within the deposit. Although this horizon 

appears laterally irregular, it displays a rough correlation with the channel bottom 

topography (Fig. 4d). Between the gas-charged zones, the stratigraphic windows over a 

stretch of about 500 meters allow for an insight into at least two main seismo-acoustic 

units (AC-SU2 and AC-SU1 in Fig. 4d). The younger unit shows undulating parallel near-

horizontal reflectors of low to moderate amplitude (Fig. 4d). The older unit is 

characterized by a high-amplitude top reflector and sets of southward-dipping internal 

reflectors (Fig. 4d). Along and around these stratigraphy windows, five laterally confined 

areas of gas are present within the younger unit, of which three are less than 20 m in 

extent. The main gas area is 1645 m wide (Fig. 4a and d). The top of the gas reflection of 

each of these five gas-containing areas is positioned below the upper third of sediment 

within the younger unit.  
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Tab. 2: P values of the Mann-Whitney comparison of porosity, TOC, clay, silt, and sand 
contents between core sections with and without bubbles presence. Significant 
differences occur when p < 0.05 (bold values). 

 

 

4.4 AC Sediment cores 

Two sediment cores, AC1 and AC3, were taken in the eastern portion of the gas-

charged deposits, 18 and 80 m apart of the to the stratigraphy window respectively (Fig. 

4). Core AC2 was taken in the western region of the stratigraphy window, between the 

main gas-charged area (26 m apart) and an isolated gas spot right north of it (20 m 

apart;Fig. 4). The cores are aligned with distances of 64 m between AC1 and AC3, and 

46 m between AC3 and AC2 (Fig. 4b).  

  

4.4.1 Sediment core AC1 

Core AC1 comprises 185 cm of the sediment column (Tab. 1; Fig. 5). It is possible 

to distinguish four lithological units with gradational contacts. The lower unit (185 – 145 

cm) is composed of light yellowish mud (mean diameter 4.39 μm) with a 2 cm thick 

wood-fragment layer at 180 cm. TOC ranges from 14.0 to 19.3% (median 15.8%) and 

porosity between 67.1 and 79.5% (median 73.4%). The second unit (145 – 72 cm) consists 

of olive brow mud (mean diameter 4.88 μm) showing faint dark gray lamination 

becoming more visible with increasing depth. This unit shows 14.5 to 18.0% in TOC 

(median 15.6%) and a porosity between 70.3 and 85.3% (median 79.6%). The third unit 

(70 – 20 cm) is a black to dark gray mud (mean diameter 4.49 μm) layer with a TOC 

between 14.9 and 20.2% (median 16.1%) and a porosity of 76.3 to 86.0% (median 

79.8%). The youngest unit comprises gray mud (mean diameter 4.91 μm) with median 

TOC and porosity values of 17.3 and 82.3%, respectively. Core AC1 contains a gas 

bubble horizon at 160 to 40 cm sediment depth, stretching from the central part of the 

lower unit across the second unit and up into the central part of the third unit. The 

abundance of bubbles between 160 and 130 cm is about 4 bubbles per 10 cm with sizes 
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always bigger than 5mm and half of it is bigger than 20mm, it decreases in the section of 

130 to 90 cm with densities of about 1 bubble per 10 cm with sizes between 5 to 20 mm, 

and it increases again between 90 and 40 cm with a mean density of 5 bubbles per 10 cm. 

There are no significant differences between porosity, TOC, and clay, silt and sand 

contents in sections with and without bubbles (Tab. 2). 

  

 

Fig. 4: The Alligator Creek study area. a) Location of the sub-bottom echosounder lines 

(black lines), sediment core sites (blue dots), and gas-charged deposits (red lines); b) A 

closer view on the stratigraphy window chosen for Core AC2 and nearby gas zone chosen 

for Cores AC1 and AC3; c) Sub-bottom profile with gas signatures and core sites; d) A 

closer view on the gas signature and cores locations. 

 

4.4.2 Sediment core AC2 

Core AC2 has a recovery of 120 cm, comprises four distinct lithological units, and 

does not contain any gas bubbles (Tab. 1; Fig. 5). The lower unit (120 – 108 cm) 

comprises a light yellowish-brown mud (mean diameter 4.55 μm), which is faintly 

laminated, with median TOC and porosity of 15.9% and 73.8%, respectively. The second 
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unit (108 – 90 cm) is separated by a sharp contact from the underlying unit and consists 

of olive brow mud (mean diameter 4.61 μm). This unit contains a 3-cm thick organic 

layer at 96 cm and displays median TOC and porosity values of 15.8% and 74.8%, 

respectively.  The third unit (90 – 55 cm) is composed of olive brow mud (mean diameter 

4.43 μm) with a wood fragment at 84 cm and is separated by a gradual contact from the 

above and underlying units. TOC ranges from 14.8 to 16.0% (median 15.4%) and porosity 

from 78.3 to 81.3% (median 79.6%). The youngest unit (55 – 0 cm) is composed of black 

to dark gray mud (mean diameter 4.55 μm) with a wood fragment at 33 cm. TOC unit 

varies between 14.1 and 18.2% (median 15.2%) and porosity between 69.1 and 90.4% 

(median 82.1%). Small plant fragments and fibers are abundant throughout the entire 

core.  

 

4.4.3 Sediment core AC3 

Core AC3 has a length of 200 cm and comprises four lithologic units with gradual 

contacts with each other (Tab. 1; Fig. 5). The lower unit (200 – 120 cm) is composed of 

light yellowish-brown mud with a great abundance of small wood fragments and a detrital 

organic layer at 177 cm. This unit shows the lowest porosity across the core ranging from 

65.7 to 77.0% (median 72.7%) and a slightly lower TOC ranging from 12.9 to 17.2% 

(median 15.7%). The second unit (120 – 95 cm) displays a strikingly laminated olive-

brown and gray mud. TOC varies between 14.6 and 17.3% (median16.1%) and porosity 

between 67.9 and 82.5% (median 76.9%). The third unit (95 – 31 cm) consists of gray to 

dark gray mud with a layer of organic detrital fragments at 38 cm. TOC spans 15.3 to 

20.4% (median 16.2%) and porosity 74.3 to 87.3% (median 79.8%). The youngest unit 

(31 – 0 cm) is composed of black to dark gray mud with faint lamination. TOC varies 

from 15.7 to 17.4% (median 15.9%), except for a maximum of 24.3% within the surface 

sample. The median porosity in this unit is 84.5%, ranging from 75.5 to 88.5%. The core 

shows a well-defined gas bubble layer between 140 cm and 40 cm with the higher 

abundance observed in this study of about 10 bubbles per 10 cm. Noteworthy, the 20 cm 

of the gas layer on top and the bottom shows bigger bubbles with about 2/3 of the bubbles 

being between 5 to 20 mm and 1/3 being bigger than 20 mm. There are no significant 

differences between porosity, TOC, and clay, silt and sand contents in sections with and 

without bubbles (Tab. 2). 
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Fig. 5: Alligator Creek sediment cores (a) AC1, (b) AC2, and (c) AC3 showing the gas 
bubbles recognized in the cores through the transparent PVC pipes and separated in three 
sizes; Organic matter content (TOC) in percentage (%); Porosity in percentage (%); Mean 
grain size (μm) Clay-silt-sand content. 
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5 Discussion 

5.1 Horizontal variability of free gas in the Santee Delta 

Shallow gas formation and accumulation in submerged sedimentary deposits 

occur under a regime of significant organic matter input associated with fine-grained 

lithic material (Grasset et al., 2021; West et al., 2012; Bergamaschi et al., 1997). In coastal 

zones, free-gas presence is normally related to Holocene mud facies (Garcia-Gil et al., 

2002; Lee et al., 2002; Pezza Andrade et al., 2021) that became preserved within paleo-

topographic lows (Weschenfelder et al., 2016). As in these specific accumulation settings, 

the hosting mud deposit is thick enough for the local amount of methane to exceed 

saturation limit in the porewater (Jensen and Bennike, 2009; Thießen et al., 2006; Tóth et 

al., 2014), resulting in free gas deposits (Abbeg 1997). In this sense, both studied areas 

(AC and NSB) meet the prerequisites as bubbles deposits were recognized in the two 

locations. However, the NSB is a wide bay where the gas accumulation is restricted to 

few locations and the AC is a narrow creek dominated by gas with few stratigraphy 

windows (Fig. 1). 

Our data indicate an apparent relationship between gas-charged sediment zones 

with the NSB morphology as the presence of the sand shoal restricts the deposition of 

fine sediments in the NSB margins. Mud deposits containing free gas are spatially 

restricted to paleo-reliefs associated with channel fill facies (Weschenfelder et al., 2016). 

Our core results together with previous mapping of the sand shoal (Long, 2020) indicate 

that the sedimentary facies distribution in NSB is an important factor in the spatial 

restriction of gas-charged sediments (Brothers et al., 2012; Frazão and Vital, 2007; 

Garcia-Gil et al., 2002) as it is associated with the muddy facies (Weschenfelder et al., 

2016). However, the reason of the three preferred locations of gas deposits formation is 

beyond the results presented here as it would be necessary to evaluate a larger number of 

cores to investigate sedimentary differences along the side channels of the sand shoal. 

On the other hand, the AC bottom morphology shows no singular characteristic, 

and its seismic units are apparently constant along the channel. our results indicate that 

the youngest seismic unit (AC-SU2) comprises the gas source and sealing, has a relatively 

flat bottom, and probably extends to most of the AC. The stratigraphy window of the AC-

SU2, where the AC2 core was retrieved, is associated to a bathymetric low, thus it is in a 

thinner section of the AC-SU2 (Fig. 4). Variation in thickness of the sedimentary stratum 
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corresponding of the CH4 source were associated to the presence of bubbles since it 

promotes higher rates of methanogenesis and a shallowing of sulfate-methane transition 

zone (SMTZ) (Flury et al., 2016), which may explain the lack of bubbles. However, this 

do not seem to be the case as northward of the AC2 the AC-SU2 get thicker again, and 

no gas is recognized in the acoustic profile (Fig. 4d).  

Additionally, TOC, porosity, and grain-size sort are similar between the gas-

charge sediments and the stratigraphy windows which results in a similar acoustic 

impedance and thus a single seismic unit (Hamilton, 1971; Wang et al., 2021).  However, 

AC coring results showed different lithologic units composing the AC-SU2 that may 

reflect in distinct sedimentation rates, and thus oxygenation during the deposition 

(Canfield, 1993), and organic matter reactivity along the AC-US2, which is directly 

correlated to methane production (Sobek et al., 2012; West et al., 2012).  Therefore, 

although the variation of thickness of the AC-SU2 do not appear to control the horizontal 

distribution of the gas, the undulated characteristic of its internal reflector and the 

different units retrieved in the cores indicated important sedimentary variations along the 

AC-SU2.  

Results showed that in both locations (NSB and AC) the gas deposits spatial 

distribution is associated to muddy channel fill facies. However, although sedimentary 

facies can restrict the gas deposit spatial distribution, the same depositional environment 

can display location with and without free gas. We speculate that variation of 

sedimentation rates and organic matter reactivity within the AC-SU2 along the extension 

of the AC is responsible by the spatial distribution of the stratigraphy windows. In the 

NSB, same variations should occur along the sand shoal side channels infill in the deep 

source unit and, also, changes in sediment grain size sort along the channel younger unit 

which should change permeability.  

 

5.2 Vertical variability of free gas  

The seismic data showed high-amplitude horizons interpreted as gas accumulation 

in the sub-bottom sediments of the Santee Delta (Fig. 2 and 4). This interpretation was 

evidenced by the presence of bubbles in the sedimentary records at similar depths to the 

high-amplitude horizons in the seismic profiles (Tab.  1). The accumulation of bubbles in 

the sedimentary column can form by in-situ saturation of CH4 (Li et al., 2016) and 
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upwards migration of CH4 bubbles (Katsman, 2019; Pezza Andrade et al., 2021). The 

NSB1 core result showed an increase in bubbles density downward and seismic profiles 

displayed a pinnacle signature which indicate migration (Iglesias and García-Gil, 2007; 

Klein et al., 2005; Pezza Andrade et al., 2021; Weschenfelder et al., 2016). On the other 

hand, AC core results showed that in the AC the bubbles deposit has only about 1 m tick 

and thus should be formed by in-situ saturation.  

The saturation of methane and formation of bubbles depends on the salinity, 

temperature, pressure, and amount of methane (Abegg & Andersonb, 1997; Yamamoto 

et al., 1976). Along the acoustics profiles the temperature and salinity should be similar 

due the small length of the profiles and pressure in the pores of shallow unconsolidated 

sediments is associated with the water column weight (normal pore pressure; Zhang, 

2011). Therefore, methane saturation in the studied areas depends mainly on the amount 

of methane and the depth. However, seismic profiles indicate that gas top horizon seems 

to follow the bottom topography rather than to the water depth (Fig. 3 and 5). 

Additionally, the amount of methane depends on production and consumption 

rates (Barnes & Goldberg, 1976; Crill & Martens, 1983). Methanogenesis in the 

sedimentary column occurs in the oxygen-free zone after the reduction of nitrate, Fe/Mn 

oxides, and sulfate (Loyd et al., 2012; Rice and Claypool, 1981). Thus, salinity and sulfate 

content are important factors regulating the dynamics of methanogenic communities in 

coastal environments (Torres-Alvarado et al., 2013), since it affects the depth of the 

SMTZ coupled with the anaerobic oxidation of methane (AOM;  Borges and Abril, 2012; 

Sawicka and Brüchert, 2017; Treude et al., 2005). The gas top horizon in AC seismic data 

roughly follows the bottom topography being around half a meter under the bottom 

surface (Fig. 4d). This characteristic may indicate that this free gas zone top limit is 

associated with the SMTZ (Baltzer et al., 2005; Boetius et al., 2000; García-Gil et al., 

2011). The NSB free gas also has a gas top horizon that follows the bottom topography 

getting deeper in the deepest section of the channel. However, different than the AC, 

internal reflectors in NSB acoustic profiles dip to the channel center (Fig. 3). 

In the NSB the free-gas zone has similar TOC values (Tab. 2) of the above no-gas 

zone. However, bubbles starts with low density between 80 to 130 cm (Fig. 5), where the 

sand content significantly decreases (Tab. 2) which should decrease the permeability 

(Bryant et al., 1975; Dasgupta & Mukherjee, 2020). The high density of bubbles 

concentrates in the lower muddy unit (Fig. 5). There is no significant difference in TOC 
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(Mann-Whitney test, p = 0.4530) and grain size (Mann-Whitney test, p = 0.0564) between 

the free gas section of the upper and lower units that justify the increase of bubbles (Tab. 

2; Fig. 3). However, data shows significant less porosity (Mann-Whitney test, p = 0.0127) 

and a considerable increase of the dry bulk density (measured for porosity calculations) 

that can be associated to a high compaction degree since TOC and grain size maintained 

similar values (Fig. 6). As compaction increases for the old unit it generates a decrease in 

the unit permeability (Bourg & Ajo-Franklin, 2017; Dasgupta & Mukherjee, 2020) 

elevating the free gas retention capacity. Also, methanogenesis and CH4 concentration 

decreases close to the surface due the SMTZ ((Martens et al., 1998; Rice & Claypool, 

1981). On the other hand, in the AC there is no threshold of inferred compaction degree 

associated to the bubbles accumulation (Fig. 6).  

 

 

Fig. 6: Cross-plot of total organic carbon (TOC) and Dry Bulk Density of the lithologic 
units (color bar, top to bottom colors represent units sequence) retrieved in the 
sedimentary cores.   
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In addition, the bottom boundary of the free gas deposits in the AC is about 1 m 

tick. The vertical size of the bubble deposit is hard to compare to other locations since 

most studies don’t recognize the thickness of the gas deposits due high resolution seismic 

data and most cores are restricted to the upper part of it (Flury et al., 2016; Gorgas et al., 

2003; Jensen and Bennike, 2009; Thießen et al., 2006). The bubbles accumulation in the 

AC seems to be limited by the lower yellowish unit. At depth, organic matter is older and 

presents lower reactivity, being more difficult to be degraded (Meister et al., 2013). Also, 

variations in the source of organic matter and accumulation rates over time can result in 

different reactivities (García-García et al., 2007; Zander et al., 2020). In addition, the 

yellowish color at the bottom of the cores may indicate a lower sedimentation rate and 

thus enhanced oxygenation during the deposition (Giosan et al., 2002; Pantin, 1969).  

Therefore, we speculate that the main factor that controls the top boundary of the 

free-gas deposits in the AC is the SMTZ. On the other hand, the retention capacity of the 

sediments has an important role in the location of the top boundary of the free-gas in the 

NSB where the upwards migration of bubbles occurs.    

 

Conclusion 

Acoustic data is the most powerful tool to map free-gas deposits as it showed 

similar results to the direct sampling of the cores. However, sedimentary facies with 

similar elastic properties, indicated in sub-bottom profiles as seismic units, for itself are 

insufficient to explain the presence of free gas formation in the sediments. The results of 

this work indicate that, although sedimentary facies distribution can restrict the locations 

of free gas deposits, slight changes in sediment proprieties should affect the bubbles 

presence in the same depositional environment.  

The AC cores results showed different lithological mud units along the seismic 

unit with similar TOC, grain size sort and porosity. The color differences probably 

indicate variation in age and sedimentation rate that can be correlated with organic matter 

reactivity, and thus with methanogenesis rate. The difference of thickness of units 

between cores and the undulate characteristic of internal reflector in the AC-SU2 indicate 

important horizontal variations which should be responsible by the stratigraphy windows 

locations. These variations can also occur in the NSB deeper source unit. Also, in this 

locations, small variations in grain size along the shoal side channel can change 
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permeability and thus the gas retention capacity. We speculate that the top boundary of 

the bubbles accumulation in the NSB is associated to changes in sediment permeability. 

On the other hand, in the AC, the top boundary probably can be associated to the SMTZ. 
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Abstract  

Estuarine systems are an important source of methane (CH4) to the atmosphere.  Large 
shallow bubbles deposits in estuarine sediments are a common feature. However, the link 
between shallow gas-charged sediments and CH4 concentration in the water column and 
water-atmosphere CH4 fluxes is poorly understood. This work aims to investigate how 
the presence of gas-charged sediments affect dissolved CH4 concentrations and emissions 
of CH4 in the subtropical Paranaguá Estuarine Complex (PEC). Gas-charged sediments 
were mapped with high-resolution seismic and CH4 dissolved concentrations were 
measured at the near-surface and near-bottom of the water column in sites with and 
without the presence of free-gas. CH4 water-atmosphere fluxes were obtained with 
floating chambers and through calculation using the dissolved concentrations data and 
gas transfer velocity parameterizations. Dissolved CH4 concentrations in PEC are low, 
ranging from 10.52 to 49.92 nmol L-1. The dissolved CH4 concentrations were always 
oversaturated with respect the atmosphere, indicating a permanent weak source of CH4 to 
the atmosphere. The CH4 water-air fluxes measured with the chambers were between 0.25 
and 0.33 μmol m-2d-1. In contrast, the computed fluxes were two orders of magnitude 
higher, between 11.65 ± 5.76 and 30.73 ± 16.60 μmol m-2d-1 above CH4 bubbles deposits 
and between 16.94 ± 13.23 and 23.98 ± 8.73 μmol m-2d-1 above sites without gas. Our 
results suggest that the CH4 concentrations and emissions are not significantly affected 
by the presence of bubble accumulations. However, high dissolved oxygen values in the 
water column with the smaller values above the bubble deposits, probably due its 
consumption, point to an important role in the aerobic oxidation of methane in PEC. 
Ebullitive fluxes were not recognized.   

Keywords: Sediment gas bubbles; Estuarine CH4 emissions; Aerobic oxidation of 
methane; Seismic Black Shadows. 
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Resumo  

Os sistemas estuarinos são uma importante fonte de metano (CH4) para a atmosfera. 
Grandes depósitos de bolhas rasas em sedimentos estuarinos são uma característica 
comum. No entanto, a ligação entre sedimentos rasos carregados de gás e concentração 
de CH4 na coluna de água e fluxos de CH4 da água para a atmosfera é pouco 
compreendida. Este trabalho tem como objetivo investigar como a presença de 
sedimentos carregados de gás afeta as concentrações de CH4 dissolvido e as emissões de 
CH4 no subtropical Complexo Estuarino de Paranaguá (CEP). Os sedimentos carregados 
de gás foram mapeados com sísmica de alta resolução e as concentrações de CH4 
dissolvido foram medidas perto da superfície e perto do fundo da coluna de água em 
locais com e sem a presença de gás. Fluxos de CH4 da água para a atmosfera foram obtidos 
com câmaras flutuantes e através de cálculos usando os dados de concentrações 
dissolvidas e parametrizações de velocidade de transferência de gás. As concentrações de 
CH4 dissolvido no PEC são baixas, variando de 10,52 a 49,92 nmol L-1. As concentrações 
de CH4 dissolvido sempre foram supersaturadas em relação à atmosfera, indicando uma 
fonte fraca permanente de CH4 para a atmosfera. Os fluxos de CH4 água-ar medidos com 
as câmaras estavam entre 0,25 e 0,33 μmol m-2d-1. Em contraste, os fluxos calculados 
foram duas ordens de grandeza maiores, entre 11,65 ± 5,76 e 30,73 ± 16,60 μmol m-2d-1 
acima de depósitos de bolhas de CH4 e entre 16,94 ± 13,23 e 23,98 ± 8,73 μmol m-2d-1 
acima de locais sem gás. Nossos resultados sugerem que as concentrações e emissões de 
CH4 não são significativamente afetadas pela presença de acúmulos de bolhas. No 
entanto, altos valores de oxigênio dissolvido na coluna d'água e com os menores valores 
acima dos depósitos de bolhas, provavelmente devido ao seu consumo, apontam para um 
importante papel na oxidação aeróbica do metano no CEP. Fluxos ebulitivos não foram 
reconhecidos. 

Palavras-chave: Bolhas de gás em sedimentos; Emissões estuarinas de CH4; Oxidação 
aeróbica do metano; Sombras Negras sísmicas. 

 

1 Introduction 

Methane (CH4) is a key gas in planetary climate regulation (Canadell et al., 2021). 

It is the second most important anthropogenic greenhouse gas, contributing with about 

18% of the global warming (Canadell et al., 2021; Cheng & Redfern, 2022). The global 

warming potential (GWP) of CH4 is 28 for a 100 yr time horizon, meaning that a molecule 

of CH4 is more efficient in trapping radiation than a molecule of carbon dioxide (Stocker 

et al., 2013). Oceanic CH4 emissions range between 9–22 Tg CH4 per year (Canadell et 

al., 2021), with coastal systems responsible for approximately 75% of this amount 

(Bange, 2006). 

Previous investigations showed a wide range of dissolved CH4 amount in 

estuarine systems (Cotovicz et al., 2016; Jacques et al., 2021; Song & Liu, 2016; Ye et 

al., 2019). There are different sources of CH4 in estuaries, including the allochthonous 

sources such as riversfluvial, mangroves, tidal flats, sewage discharge, and the 
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autochthonous sources such as the internal production in sediments and water column 

(Cotovicz et al., 2016; Maher et al., 2015; Rosentreter et al., 2018; Sturm et al., 2016). 

The diffusive flux of methane from estuarine waters to the atmosphere can also vary 

significantly; a compilation of European (Upstill-Goddard & Barnes, 2016) and Indian 

(Rao & Sarma, 2016) estuaries estimate an atmospheric CH4 release between 10 to 9100 

and 0.06 to 17482 CH4 mg m-2yr-1, respectively. 

In estuarine sediments, organic matter is consumed by different aerobic and 

anaerobic processes. The balance between CH4 production (methanogenesis) and 

consumption (methanotroph) controls the CH4 concentration in estuaries, and depend on 

several factors, including the amount of organic matter deposited in sediments, 

availability of electron acceptors, hydrodynamic, hydrostatic pressure, salinity, and 

temperature (Borges & Abril, 2012; Loyd et al., 2012; Martens et al., 1998; Rice & 

Claypool, 1981). When the amount of CH4 reaches a certain value, it saturates, forming 

bubbles in the sedimentary column (Serra et al., 2006; Wilhelm et al., 1977). These 

bubble-charged sediments in estuaries floor can be investigated through acoustic 

methods. High-resolution seismic surveys in estuarine systems show massive deposits of 

CH4 occurring in different sedimentary column depths and with diverse shapes (Garcia-

Gil et al., 2002; Pezza Andrade et al., 2021; Weschenfelder et al., 2016). Also, some 

seismic signatures indicate migration patterns within the sediment column (Pezza 

Andrade et al., 2021; Taylor, 1992). There is evidence that the CH4 accumulated in these 

deposits can escape the sediments which generate plumes in the water column, registered 

in seismic profiles as water plumes (Diez et al., 2007; Garcia-Gil et al., 2002; Lee et al., 

2005), and pockmarks in the estuary’s bottoms (Brothers et al., 2012; Rogers et al., 2006). 

Noteworthy, bubble accumulation can occur very close to the sediment-water interface in 

estuaries, within the firsts few centimeters of the sedimentary column, below the 

resolution limit of most high-frequency seismic equipment (Baltzer et al., 2005; Pezza 

Andrade et al., 2021). 

Nevertheless, most of the studies of CH4 in estuarine systems sediments apply two 

separate approaches, one focusing on biochemistry features and the other on 

sedimentological and geological features. The later focus on studying methane 

accumulation in sediments using acoustic methods concerning paleo morphology of the 

estuary bottom (Flury et al., 2016; Weschenfelder et al., 2016), sea-level variation 

(García-García et al., 2007), and sediment types (Diez et al., 2007; Pezza Andrade et al., 
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2021). On the other hand, the biogeochemical approach aims to study methane 

concentration in the water, inferring methane sources and sinks, and its flux to the 

atmosphere (Cotovicz et al., 2016; Matoušů et al., 2017; Rosentreter et al., 2018). Most 

of studies focusing biochemistry ignore acoustic mapping of gas charge sediments, even 

when using incubation data (Sturm et al., 2016; Wells et al., 2020) and sampling 

sediments for methane analyses (Sawicka & Brüchert, 2017). Therefore, few studies have 

reported the effects of substrate heterogeneity in dissolved CH4 concentrations and 

emissions of estuarine systems. 

 In this context, this study investigates the relationship between shallow methane 

gas accumulation heterogeneity in the estuarine sediments and CH4 concentration in the 

water column and water-atmosphere flux in the Paranaguá Estuarine Complex (PEC), a 

subtropical estuary located at the Southern coast of Brazil. We hypothesize that the spatial 

distribution of extensive gas deposits in contact with the estuary bottom affect the 

methane dynamics in estuarine system enhancing CH4 concentrations and emissions.  

 

2 Settings  

The PEC is a subtropical estuarine system in south Brazil that encompasses a water 

body area of approximately 552 km² and about 287 km² of mangroves and salt marshes 

(Noernberg et al., 2006). The average depth is about 5.4 m (reaching 33 m maximum), 

and it harbors around 1.4 km3 of water with a residence time of 3.49 days (Lana et al., 

2001). The estuary is characterized as a coastal plain estuary with the presence of tidal 

deltas (Lessa et al., 1998) comprising two main segments (Fig. 1), one with an East-West 

axis and another on a North-South axis. The first comprises the sampling sites of this 

work and can be divided into three sectors: upper zone, central zone, and mouth zone 

(Fig. 1) (Lessa et al., 1998). Fluvial processes mainly dominate the upper zone with 

predominantly sandy sediments in river mouths, decreasing sediment diameter gradually 

to fine silt in distal regions (Cattani & Lamour, 2016; Lamour et al., 2004). The central 

zone, where fine sediments are deposited, encompasses the turbidity maximum zone. This 

zone plays a significant role in the PEC sedimentary dynamics due to the high 

concentration of suspended sediments, and the continuous mixture of river and marine 

waters (Cattani & Lamour, 2016; Noernberg, 2002). The mouth zone has a more 
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considerable marine influence with sandy sediments brought by alongshore currents 

(Martins et al., 2015). 

 

 

Fig. 1: Map of the Paranaguá Estuarine Complex (PEC) with the sampling sites for 
dissolved CH4 concentrations and floating chambers measurements, the seismic lines 
interpreted for the presence of gas (based on Pezza Andrade et al., 2021), the navigation 
channel from the Paranaguá Port to Antonina Port, and mean grain size distribution (from 
Paladino et al., 2022).  

 

According to Pezza Andrade et al. (2021), the PEC has, at least, 50 km of free gas 

deposits within its sedimentary column. Sismo-acoustic data showed different depth of 
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the gas top horizons ranging from 0 to 8 m. Free gas deposits in contact with the sediment-

water interface are denominated Black Shadows (BS) due their unique seismic signature 

and signal characteristics (Baltzer et al., 2005; Klein et al., 2005; Weschenfelder et al., 

2016). In PEC, BS were recognized in 8,2 km of seismic profiles and comprises 16% of 

PEC gas mapped charged sediments (Pezza Andrade et al., 2021). 

 

3 Method 

3.1 Sampling strategy 

Sampling sites were chosen based on the presence/absence of gas seismic 

signatures interpreted by Pezza Andrade et al. (2021). The sampling campaign occurred 

in September 2021 during neap tide to avoid water disturbances from strong currents. A 

total of 10 sites were selected: five sites located near the surface bubble accumulation 

zone (Black Shadow seismic signatures; Pezza Andrade et al., 2021), four located where 

there is no free gas, and one located in a bubble accumulation zone 3 m below the water-

sediment interface (Acoustic Blanking; Pezza Andrade et al., 2021) (Fig.1). At each site, 

one surface sediment (0-3 cm), one atmospheric air and six water samples were retrieved. 

Three water samples were retrieved at 0.5 m below the water surface, and three at 0.5 m 

above the estuary water-sediment interface. Five of the ten sites were chosen for floating 

chamber sampling to perform the water-atmosphere methane flux estimates (diffusive 

and ebullitive) (Fig.1).  

 

3.2 Water and sediment physical parameters analysis  

Temperature and salinity measurements were performed along the water column 

using a handheld CDT (SonTek CastAway) launched at each sampling station. Dissolved 

oxygen (DO) was measured using an AT 170 Alfakit oximeter with a Clark Cell at the 

surface and bottom water samples.  

Sediment samples (0-3 cm) were carried out with a Van Veen sampler for grain 

size and organic matter content (OMC) analysis. An aliquot of 2g of sediment was 

submitted to 10% hydrochloric acid (HCl) and 30% hydrogen peroxide (H2O2) for 

calcium carbonate and organic matter removal, respectively. Grain size was obtained by 

laser diffraction with a Malvern Mastersizer 2000 and raw data were processed with the 
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Sysgran 3.2 Software (Camargo, 2006). OMC was obtained by weight difference before 

and after HCl attack. 

 

3.3 Dissolved and atmospheric CH4 concentration analyses 

For dissolved CH4 concentration estimates, six water samples were retrieved at 

each sampling site with the aid of a Niskin bottle, three replicates at 0.5 m below the 

water surface (near surface), and three replicates at 0.5 m above the estuary water-

sediment interface (near bottom). A total of 30 ml of water sample was transferred to a 

syringe, another 30 ml of atmospheric air was added to the headspace, and samples were 

shaken vigorously for 2 minutes. Next, the sample from the syringe headspace was 

transferred to a 20 ml glass vial sealed with an aluminum cap and silicone septum with a 

vacuum. For each station, an atmospheric air sample was also collected to calculate 

dissolved CH4 concentrations and for the validation procedure of the floating chamber 

samples (Marani & Alvalá, 2007). Dissolved CH4 data was also used for estimating water-

atmosphere fluxes for all sites as described in item 3.4. 

For floating chamber-based CH4 flux estimates, samples were retrieved in sites 1, 

3, 6, 7, and 9 (Fig. 1) using the technique described by Khalil et al. (1998) and Marani & 

Alvalá (2007). At each site, six samplings were performed, using three floating chambers. 

The floating chamber is a cylindrical chamber made of PVC with a diameter of 30 cm 

and a height of 20 cm supported by foam floats with a Teflon® tube connected to a 

syringe (half-height) with a three-way faucet (Luer lock type) to retrieve air samples. In 

the field, with the boat anchored, chambers were carefully placed on the water's surface 

to avoid water perturbation. Sampling occurred in low wind conditions (< 7 km/h) for 18 

min, one air sample was collected in the first minute, to verify possible disturbance and 

linearity, and three other air samples were collected every 6 minutes. Each air sample on 

the syringe was transferred to a 20 ml glass vial with a vacuum.  Floating chambers fluxes 

were validated if the initial CH4 concentration was close to the measured atmospheric air 

concentration and if the linear correlation between the change in mixing ratio and the 

elapsed time had R2 greater than 0.90 (Marani & Alvalá, 2007; Sass et al., 1992). If only 

the second criterion is not met, the data was analyzed for peaks indicating ebullitive flux. 

Dissolved and atmospheric CH4 concentrations samples were analyzed using a 

gas chromatograph TRACE 1310 Series GC (Thermo Scientific) equipped with a flame 
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ionization detector (FID) at the Environmental Biogeochemistry Laboratory of the 

National Institute for Space Research (INPE) of Brazil. Dissolved CH4 concentration 

estimates for each sample were obtained using Henry’s law and Bunsen solubility from 

Wiesenburg & Guinasso (1979) as a function of water salinity and temperature.  

 

3.4 Water-atmosphere CH4 flux calculated based in CH4 dissolved concentrations 

 Water-atmosphere CH4 fluxes were also estimated through calculations based in 

CH4 dissolved concentrations and gas transfer velocity according to the following 

equation (Cotovicz et al., 2016): 

F(CH4) = kg ,T * Δ CH4  (1) 

Where, F(CH4) is the diffusive flux, kg,T  is the gas transfer velocity of a specific gas (g) 

at a given temperature (T), Δ CH4 (CH4w - CH4eq) is the CH4 concentration gradient 

between the water (CH4w) and the water at equilibrium with the atmosphere (CH4atm).  

We considered the CH4 atmospheric partial pressure of 1.8 μatm corresponding to CH4 

concentrations (CH4eq) in the range of 2.3–2.4 nmol L-1 due to variations in water and air 

temperature, and salinity (Cotovicz et al., 2016). 

The gas transfer velocity kg,T was computed with the following equation 2 (Jahne 

et al. 1987):  

kg,T = k600 * (600/Scg,T )n (2) 

with k600 the gas transfer velocity normalized to a Schmidt number of 600 for CO2 at 

20°C, Scg,T the Schmidt number in function of the gas type and temperature, and n equal 

to 2/3 for wind speed < 3.7 m s21 or equal to 0.5 for higher wind speed (Jahne et al. 1987; 

Guérin et al. 2007, Cotovicz et al. 2016). 

In this study, we used four empirical equations to derive the k600 values in order 

to provide ranges of estimations: the parameterization as a function of wind speed by 

Raymond and Cole, 2001 (RC01); McGillis et al., 2001 (M01); Jiang et al., 2008 (J08); 

and Wanninkhof, 2014 (W14). The computed wind speeds were a mean value of several 

measurements along the campaign day with a hand anemometer model LM-8000. 

The parameterization of Raymond and Cole (2001) is computed by the follow equation: 
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k600(RC01) = 1.91exp0.35U10  (3) 

M01 = (3.3 + 0.026  U3) (4) 

J08 = (0.314  U2 − 0.436  U + 3.99) (5) 

W14 = 0.251  U2 (6) 

where k600 is the gas transfer velocity normalized to a Schmidt number of 600, and U10 is 

the wind speed at 10 m height. 

 

 3.5 Statistical analyzes. 

 To compared physico-chemical properties of the water and sediment, CH4 

concentrations, and the gas deposits presence or absence data was submitted to statistical 

analysis. First, normality was tested by Shapiro–Wilk test and homogeneity of variance 

with Levene's test. Comparisons of data between zones with BS and no gas were carried 

out using the parametric t test. Comparison between data that fail in the normality test 

were performed with non-parametric Mann-Whitney test. Comparisons between same 

parameters at near-bottom and near-surface measurements were carried out with the 

paired Wilcoxon test. Pearson test was applied for identify significant correlations 

between variables. Significance was set at p<0.05. Statistics were performed in the PAST 

4.03 software.  

 

4 Results 

4.1 Water and sediment physical parameters 

Grain size analyzes show that the bottom sediments are composed of sandy silt with 

high mud content, between 62.4% and 85.4%. Site 8 is an exception comprising silty sand 

sediments with 54.6% sand content (Tab. 1). The clay content in the samples varies 

between 5 and 10%. The OMC varies between 2.7% at point 8 and 6.0% at point 2, with 

an average of 4.9% (Tab. 1). Statistical results showed that is a positive correlation 

between fine sediments and OMC (Tab.2)  

DO concentration varied between 4.1 and 9.9 mg/L with a median of 7.1 mg/L, 

representing oxic waters in all sampling sites (Tab. 1). Near-bottom DO is lower than 
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near-surface, with significant difference (Mann-Whitney test, p = 0.0019), with values 

ranging from 4.1 to 8.7 mg/L and 7.0 to 9.9 mg/L, respectively. Additionally, near-bottom 

samples retrieved above BS, present OD ranging from 4.1 to 5.2 mg/L, lower than those 

from sites without free-gas in sediments, where it ranges from 5.5 to 8.7 mg/L.  

 

Tab. 1: PEC’s near-surface and near-bottom water dissolved oxygen concentration (DO, 
mg/L), and surface sediments (0-3 cm) gran size (sand, silt, and clay percentages), and 
organic matter content (OMC). 

 

 

Most temperature and salinity profiles indicate stratified water that becomes warmer 

and saltier with depth (Fig. 2). Salinity varied between 20.61 and 26.28 at the surface and 

between 25.68 and 29.67 at the bottom. Differences in salinity between near-surface water 

and at the bottom average 3.90 with a maximum difference of 7.23 (site 2). Statistical 

results showed no correlation between salinity and CH4 concentration in both near-bottom 

and near-surface data (Tab. 2; Fig 3). The temperature varied between 23.15 and 24.26 

°C at the surface and 21.13 and 22.80 °C near the bottom, with an average difference of 

2 °C. 
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Fig. 2: Vertical profiles of water temperature (gray lines) and salinity (black lines) in the 
sampling sites during the sampling campaign (September 27 and 28, 2021 from 9 am to 
3 pm). 
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4.2 Dissolved CH4 concentrations 

Dissolved CH4 concentrations range from 10.52 to 49.92 nmol L-1 (Tab. 3; Fig. 3). 

Near-surface dissolved CH4 ranged between 12.90 to 30.51 nmol L-1, generally smaller 

than near-bottom concentrations in most sampling sites, except for sites 1 and 6 (Tab. 3, 

Fig. 3). The CH4 concentrations in PEC near-bottom waters ranged from 10.52 to 49.92 

nmol L-1, with the higher concentration is in site 4 (49.92 nmol L-1) followed by site 5 

(34.90 nmol L-1), both above BS (Tab. 3, Fig. 3). The lowest value of near-bottom CH4 

is in site 6 (10.52 nmol L-1; Tab. 3; Fig. 3), in an AB zone (Fig. 1). The difference between 

near-bottom and near-surface in the sites ranges from -13.05 nmol L-1at site 6 to 20.3 

nmol L-1 at site 4, with mean differences of 3.78 nmol L-1 (Tab. 3). However, there is no 

significant difference between dissolved CH4 near-surface and near-bottom values (t test, 

p = 0.1602). Also, statistical results indicate that there is no significant difference between 

CH4 dissolved in zones with and without BS, both in near-bottom and in near-surface 

water (Tab. 4). 

 

Tab. 3: Seismic gas signatures interpretations, average concentrations (±SD) of dissolved 
CH4, average water-atmosphere fluxes calculated and with floating chambers (±SD) with 
minimum and maximum values. Sites with no floating chamber samples (NS) or with no 
validated results (NR) are indicated.   
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4.3 CH4 water-atmosphere flux  

In the PEC, the CH4 water-atmosphere flux based on near-surface dissolved CH4 

concentrations presented a mean value of 21.49 ± 13.03 μmol m-2d-1 (Tab.  3). Site 5 has 

the highest flux (30.73 ± 16.6 μmol m-2d-1), followed by sites 4 and 1, 30.03 ± 9.97 μmol 

m-2d-1, and 27.68 ± 14.51 μmol m-2d-1, respectively (Tab. 3). The lowest calculated flux 

was obtained for site 3 (16.94 ±13.23 μmol m-2d-1), followed by sites 2 and 7, 13.46 ± 

7.24 μmol m-2d-1, and 11.65 ± 5.76 μmol m-2d-1, respectively (Tab. 3).  

 

Fig. 3: Boxplot of sites dissolved CH4 near-surface and near-bottom, and fluxes. Cross-
plot of near-surface and near-bottom dissolved CH4 concentrations. 

 

The floating chambers results did not recognize an ebullitive flux, which was not 

considered in this study. Validated floating chambers methane flux analysis (1 and 7) 

shown in Table 3, reveal a CH4 water-atmosphere flux two orders of magnitude smaller 

than those based on near-surface dissolved CH4 concentrations. Floating chamber CH4 

water-atmosphere fluxes for sites 1 and 7 are 0.25 ± 0.006 and 0.33 ± 0.09 μmol m-2d-1, 

respectively.  
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Tab. 4: P values from comparison between CH4 concentrations, physical and chemical 
variables of the water and sediments measured near-surface (ns) and near-bottom (nb) in 
the sites above BS (sites 1, 2, 3, 4, and 5) and without gas (sites 6, 7, 8, 9, and 10). T test 
was used for comparison of normal distribution data and Mann-Whitney test for 
comparison between data that fail in normality test. P value <0.05 (bold values) indicate 
a significant difference between the parameter measured in sites above BS and sites 
without gas presence.  

  

5 Discussion 

5.1 Sediment and water physicochemical parameters associated to the Black 

Shadows 

The PEC bottom sediments have a typical grain size distribution in which fine 

sediments comprise the central estuary and get coarse oceanward (Paladino et al., 2022). 

Our sampling sites are located in the turbidity maximum zone (TMZ), where sediments 

have a mean grain size between fine silt to very fine sand (Fig.1; Paladino et al., 2022). 

However, estuarine sediments are normally mosaics with characteristics varying on 

smaller spatial scales (Meade, 1969). Our selected sites’ bottom sediments are 

predominantly sandy silts with a high concentration of mud (Tab. 1).  It is expected that 

within the sedimentary column, CH4 bubbles accumulation is associated with muddy 

layers (Weschenfelder et al., 2016), due to the positive relationship between fine 

sediments and organic matter (Bergamaschi et al., 1997), resulting in a higher capacity of 

bubble retention (Liu et al., 2016) and methane production (Borges & Abril, 2011). 

Nevertheless, our results show that there is no significant difference between grain size 

or OMC in samples from BS and no gas zones (Tab. 4). Therefore, the spatial distribution 

of the BS in PEC does not appear to be delimited by fine sediments and high OMC surface 

sediments. 

 During the survey, it was noticed that sampling sites in the BS zone are located within 

the Antonina and Paranaguá ports navigation channel. The channel is about 120 m wide 

(Fig. 1) and can reach 20 m depth (Mayerle et al., 2015) with rapid sedimentation (0.81 

± 0.06 cm y−1; Combi et al., 2013) and is under constant dredging activity  (Mayerle et 

al., 2015), where about 4,000,000 m3 of sediment are removed every year (Rutyna et al., 
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2021). The sedimentation rate has a major role in the CH4 production as a rapid 

sedimentation favors metagenesis due to a better preservation of reactive organic matter 

(Borges & Abril, 2012).Therefore, the high sedimentation rate associated to the 

navigation channel may be responsible for the formation of BS in PEC. 

Also, with exception of DO, results showed that sites water parameters do not have 

significant difference between sites with and without CH4 bubbles. DO data showed high 

values and has a negative correlation with the presence of BS (Tab. 3). Aerobic methane 

oxidation (AOM) in the water column plays a strong role in controlling CH4 dynamics 

and emissions in the coastal environments significantly reducing CH4 concentrations 

(Fenchel et al., 1995; Matoušů et al., 2017). Indeed, around 60%–90% of CH4 can be 

oxidized by methanotrophs in oxic layers (Le Mer & Roger, 2001).  In addition, our study 

area is located within the PEC TMZ, where high suspended particulate matter 

concentration occurs, reaching almost 445 mg L-1 in the rainy season (Zem et al., 2007), 

which can favor AOM (Abril et al., 2007). Previous study documented that high 

concentration of suspended particulate matter can favor the methane oxidation due to the 

methanotrophs present in the TMZ that were able to create even undersaturated conditions 

(Abril et al., 2007). Thus, the consumption of oxygen by the methanotrophs in the water 

column close to the free gas deposits is a plausible explanation for the lower concentration 

of oxygen close to the BS. 

 

5.2 Sediment and water physicochemical parameters associated to CH4 

concentrations.  

Our results show that dissolved CH4 concentration in the PEC is low and there is 

no significant difference between near-surface and near-bottom values (t test, p = 0.1602). 

The similarity of near-bottom and near-surface dissolved CH4 concentrations might be 

associated to intense water column mixing in the TMZ.  

Also, no measured water parameters correlated to CH4 concentrations in PEC 

(Tab. 2). Typically, dissolved CH4 concentrations in estuarine systems have a salinity 

gradient related to the fluvial inlet, where the CH4 concentrations decreases downstream 

with lowest values close to the estuarine mouth (Li et al., 2021; Rosentreter et al., 2018). 

Our results didn’t recognize a salinity gradient along the studied area and, therefore, there 

is no correlation of salinity and dissolved CH4 (Tab. 2).  
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Sediments grain size distribution and OMC also did not correlate to CH4 

concentrations, but there is a positive correlation between OMC and silt content (tab. 4). 

Also, mud content, mainly clay, can be correlated positively with sediment permeability, 

and thus affect CH4 diffusion rate (Stranne et al., 2019). The site 4 has the lowest values 

of clay and silt content behind site 8, and thus should have a higher permeability. 

However, site 4 has a similar OMC of others BS sites and has sufficient permeability for 

the formation of the BS. We speculate that this relative higher permeability facilitates the 

diffusion of methane into the water column, explaining the high concentration of 

dissolved methane at this site, more than twice the average of the other sites.  

 

5.3 Black Shadows influence in CH4 water concentration and emission. 

 Methane concentration in porewater of surface sediments varies significantly, 

within 3 orders of magnitude (Sturm et al., 2016). Also, sediment-water methane fluxes 

in estuaries are variable, with common reported range of 2 and 250 μmol m-2d-1 (Abril & 

Iversen, 2002; Borges & Abril, 2012; Martens et al., 1998; Sansone et al., 1998; Sturm et 

al., 2016; Zhang et al., 2008), and reaching more than 1000 μmol m-2d-1 in some recent 

studies (Myllykangas et al., 2020; Sawicka & Brüchert, 2017). Within the sediment 

column in coastal and oceanic environments, the reduction of sulfate plays a strong role 

in reducing methane concentrations close to the sediment-water interface, above the 

methane-sulphate transition zone (Martens et al., 1998; Rice & Claypool, 1981).  

However, CH4 in surface sediments can reach more than 100,000 nmols L-1 (Sturm et al., 

2016) and be the main source of CH4 into the water body of estuaries (Myllykangas et al., 

2020). Indeed, several studies showed that high dissolved CH4 and sulfate concentrations 

in pore waters can overlap in surface sediments without a significant reduction in CH4 

concentration (Brüchert et al., 2009; Thang et al., 2013). We did not analyze the pore 

water for CH4 and sulfate concentrations, however, the BS presence implies in high 

concentration of methane in surface sediments since CH4 bubbles are located few 

centimeters apart of the sediment surface and the observation of the overlap of the 

diagenetic zones in the sediments were where no CH4 saturation was reached 

(Myllykangas et al., 2020; Sturm et al., 2016). In addition, the methane concentration 

gradient can be altered by rising bubbles within the sediment (Haeckel et al., 2007). 



79

Despite the presence of gas deposits indicating a high sedimentary methane 

accumulation, our results indicated that the BS are not associated to a higher 

concentration of methane dissolved in the water, and therefore, a higher diffusive 

emission, as the results showed no significant differences between sites with and without 

shallow bubbles deposits (Tab. 4). This result was not expected since it has been shown 

that diffusive sedimentary fluxes should be enhanced by bubbles as it makes sediment 

more porous (Flury et al., 2015). This result probably occurs because methanogenesis, 

although probably more intense, is not restricted to the points of bubble presence, being 

much broader and generalized in the study area. High sediment-water flux values, 

between 10 and 2400 μmol m-2d-1, were observed without saturation of methane (Sawicka 

& Brüchert, 2017) Also, AOM together with water circulation tends to balance the local 

methane concentration.  

Also, ebullitive flux was not recognized in this study. The floating chambers data 

showed that, during the sampling campaign, no ebullitive flux of methane into the 

atmosphere related to the escape of bubbles from the BS was recorded. Pezza Andrade et 

al. (2021) showed high-resolution seismic profiles that display noises in the water column 

over the BS in the PEC. Other studies also recognized noises above bubbles deposits in 

coastal waters which were interpreted as a possible escape of gas bubbles (Garcia-Gil et 

al., 2002; Missiaen et al., 2002).  

The bubbles escape of gas-charged sediment is mainly due to a drop in hydrostatic 

pressure (Liu et al., 2016) associated with tidal variations in coastal environments (Boles 

et al., 2001). The results presented here do not exclude this possibility, we hypothesize 

that an ebullitive flow was not recognized for two reasons: (1) the sampling area is 

restricted compared to the BS area, a few centimeters in diameter of the chambers for 

several meters in length linear of the BS; (2) data collection was carried out at neap tide 

and low wind conditions to avoid current and thus analyses errors in diffusive flow and 

dissolved CH4 concentrations. In this sense, substantial CH4 bubbling release (that is, 

ebullition) would occur only under water-level drawdown. As the depths in the black 

shadow area are relatively high (>7m), the hydrostatic pressure is supposed to block 

significant ebullition in the area. Storm and tidal-associated fluctuations of hydrostatic 

pressure can induce bulk gas-driven ebullitions (Chanton et al., 1989; Lohrberg et al., 

2020). We did not sample during low tidal under spring tide conditions, when the water 
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level is at the lowest level and the variation in hydrostatic pressure can triggers CH4 

ebullition, and this should be better investigated. 

Results showed that the floating chambers method was not efficient for measurements 

of the water-atmosphere diffusive flux since only about 16.5% of the chambers sampling 

displayed reliable flux values in this study. The floating chambers with valid flux (R2 > 

0.90) seems to be related to the wind speed during the samplings. The samplings from 

sites 1 and 7 occurred with low wind speed, an almost imperceptible breeze about 0.2 m/s 

wind speed. On the other hand, the other sites samplings with the floating chambers were 

carried out with winds between 0.8 and 1.9 m/s. Also, the few validated fluxes were two 

orders of magnitude smaller than the calculated fluxes (Tab.3; Fig. 4). Therefore, due to 

the several limitations pointed out for the floating chamber method, we considered that 

the most representative fluxes are the diffusive fluxes calculated with the distinct models 

of gas parameterizations (Tab. 3).  

The calculated water-atmosphere CH4 flux indicated that the first and second 

maximum fluxes observed were above BS (sites 3 and 2). However, statistical analysis 

showed no significance difference between CH4 dissolved concentrations, and therefore 

water-atmosphere fluxes, in sites with and without bubbles deposits (Tab. 4). A 

significant relationship between diffusive water-air flux and bubbles deposits (BS) in 

PEC wasn’t expected due the water circulation that can be complex in the TMZ of the 

PEC (Mayerle et al., 2015) and the methane oxidation in the water column (Fenchel et 

al., 1995; Abrilet al, 2007; Matoušů et al., 2017) that are enhanced by high concentrations 

of suspended particulate material (Abril et al., 2007). Also, the flux was computed with 

dissolved CH4 results which did had no significant difference between sites with and 

without gas (Tab. 4).  

 

5.4 PEC in the context of estuarine emissions around the world 

Our results indicate that the PEC has a low rate of CH4 diffusive emission compared 

to other estuaries around the world (Fig. 4) (Matoušů et al., 2017; Rosentreter et al., 2018; 

Upstill-Goddard & Barnes, 2016). The diffusive CH4 water-atmosphere flux calculated 

in PEC have lower values than most estuarine systems in Europe (3 – 1554 μmol/m2d), 

considered strong CH4 emitters (Upstill-Goddard & Barnes, 2016). In addition, PEC 

diffusive CH4 water-atmosphere calculated flux values are similar to the low range of 
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CH4 emissions observed for Australian estuaries (7 – 2603 μmol/m2d) (Rosentreter et al., 

2018). Compared with Indian estuaries (0.01 – 156 μmol/m2d), PEC calculated diffusive 

fluxes are relatively higher (Rao & Sarma, 2016). The floating chamber flux 

measurements displayed values much lower than most of the studied estuarine systems, 

comparable only to a few Indian estuaries (Rao & Sarma, 2016). Our floating chamber 

results probably are associated with the lack of significant wind, which is an important 

factor in CH4 emissions (Abril et al., 2009; Raymond & Cole, 2001). 

 

 

Fig. 4: Comparison between CH4 water-atmosphere flux of this study and diverse 
estuaries in Europe (Upstill-Goddard and Barnes, 2016), Australia (Rosentreter et al., 
2018), and India (Rao and Sarma, 2016). 

 

Estuaries with a high rate of human alteration present higher values of CH4 emission 

to the atmosphere than estuaries with low urbanization (Wells et al., 2020). In some 

polluted Brazilian coastal bays and lagoons, a few hundred kilometers north of the PEC, 

the calculated flux are a hundred times greater than in the PEC (Cotovicz et al., 2016, 

2021).. A similar difference occurs in other estuaries located close to large urban centers 

(Li et al., 2021; Matoušů et al., 2017). Also, low emission values of Indian estuaries are 

associated to low density human settlement along the riverine banks (Rao and Sarma, 

2016). In this sense, the PEC low CH4 concentration and water-atmosphere flux are most 

likely related to its relatively high preservation conditions (Angeli et al., 2020; Gurgatz 

et al., 2023; Ribeiro et al., 2013), as this estuary is largely bordered by preservation areas 

protected by Brazilian federal law. 
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 Additionally, TMZ are characteristically estuarine region with the highest 

accumulation of organic matter, suspended particulate material, and sedimentation rates 

(Geyer, 1993). The methanotrophs can be associated to the suspended particulate material 

(Abril et al., 2007).  Tidal estuaries in France showed a sharp decrease of methane 

concentrations, from ~600 to only ~30 nmol L−1 in a month, and the authors attributed 

this decline to the high concentration of suspended particulate matter (exceeding 100 mg 

L-1) associated to methane oxidation in the TMZ (Abril et al., 2007). PEC showed 

concentrations of suspended particulate material exceeding 400 mg L-1 (Zem et al., 2007), 

therefore, the enhancement of methane oxidation in the TMZ associated with low CH4 

emissions is likely to occur. Therefore, the values of CH4 concentrations and flux 

presented in this study (Fig. 4), focused on the central estuary in the TMZ location, cannot 

be generalized to the estuary. 

This study discussed an important feature of CH4 accumulations within estuarine 

systems and its impact in its dissolved concentrations thought an interdisciplinary 

approach including geophysical and physicochemical data. However, we include only 

data from one survey campaign, and therefore did not include temporal variations. 

Estuarine temporal hydrodynamics variations corresponding to the seasons and tides 

affect the CH4 dynamics (Abril et al., 2007; Li et al., 2021). During a spring tide cycle, 

the interaction of salty and fresh waters can affect CH4 concentration and flux. Water 

horizontal advection during low tides introduces low salinity and high CH4 waters to the 

estuarine systems (Li et al., 2021). Also, the PEC has an area of about 280 km² of 

mangrove (Noernberg et al., 2006). Mangrove-derived surface waters, normally, have 

CH4 concentration because these waters are enriched in by-products of organic matter 

degradation that takes place in mangrove soils where significant rates of methanogenesis 

can occur (Al-Haj & Fulweiler, 2020; Rosentreter et al., 2018). Also, CH4 concentration 

in estuaries are affected by seasonality, where in rainy periods, and consequently greater 

influx of fresh water, methane concentration tends to rise (Rao & Sarma, 2016). In this 

sense, we suggest more studies of CH4 dynamics along different seasons and tides in the 

PEC for better comprehension of the temporal variations since this study focus on the 

relationship between the gas deposits and the CH4 dynamics and thus it was performed in 

neap tides in sequential days. 
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6 Conclusion 

The presence of large deposits of methane gas bubbles in the sediment in contact with 

the water column (Black Shadows) mapped by acoustic methods apparently does not 

indicate an influence on the dissolved concentrations and emissions of CH4 to 

atmosphere. High DO values in the water column in the study area and slight smaller 

values above BS due its consumption suggest that aerobic methane oxidation is a key 

factor in the CH4 dynamics in the PEC. Indeed, the Black Shadow is in the ZMT, where 

the high concentration of suspended particulate material can enhance the methane 

oxidation.  Ebullitive fluxes were not recognized in this study. However, the data 

presented here do not rule out this possibility due to and a restricted area of the floating 

chambers and a period of hydrostatic pressure stability during the survey as the bubbles 

release normally is trigged by tides oscillations and storms events. Despite the presence 

of these methane gas deposits in the sediments, the PEC has a relative low level of 

methane dissolved in the water and atmosphere-water flux compared to other estuaries 

around the world due to relatively low urbanization and large pristine areas. 
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CONSIDERAÇÕES FINAIS 

Com auxílio de dados sedimentares e de sísmica de alta resolução, foi possível 

mapear e caracterizar uma grande quantidade de gás raso no CEP e no SD. A Baia de 

Paranaguá e Antonina apresenta acúmulos de gás que somam mais de 50 km lineares 

observados em perfis sísmicos. Provavelmente, o CEP como um todo deve apresentar 

uma quantidade ainda maior de gás em seu assoalho devido a restrição espacial dos 

levantamentos sísmicos aqui apresentados. Como visto no Cap. I o gás preso nos 

sedimentos do CEP apresenta diferentes assinaturas sísmicas sendo possível observar 

estruturas de migração do gás tanto lateralmente como verticalmente. 

Em contrapartida, o DS apresenta uma quantidade muito inferior de gás 

acumulado em seu assoalho. Os dados indicam que o gás no DS é mais raso e 

praticamente não é possível observar características de migração. Essas distinções se dão 

provavelmente pela diferença ambiental dos dois sistemas estuarinos, sendo que o SD é 

muito menor e estreito, com morfologia e hidrodinâmica diferenciadas associado a um 

clima caracterizado por eventuais tornados. Dessa forma, a NSB no SD apresenta somente 

alguns pontos separados de acúmulo de gás devido a uma morfologia diferenciada com a 

presença de um baixio e um fundo mais arenoso do que no CEP. Já o canal AC, mais 

restrito e lamoso, possui gás em quase toda sua extensão. Como visto no Cap. II, as paleo-

superfícies e as facies seismo-estratigráficas observadas pelos dados acústicos não são 

suficientes para caracterizar o controle e a variação espacial do acúmulo de gás em 

ambientes estuarinos.  

A presença desses depósitos de gás natural não parece ter um impacto significativo 

na concentração de metano dissolvido e seu fluxo difusivo para atmosfera. Como visto 

no Cap. III, amostras de água e ar no CEP indicaram que os valores medidos não 

apresentam diferença significativa entre os pontos com e sem a presença dos depósitos de 

bolhas de metano. Fluxo ebulitivo (escape de bolhas) não foi reconhecido no CEP, porém 

essa hipótese não foi descartada devido a área restrita dos coletores e a condição de maré 

de quadratura durante a amostragem. Apesar do presente estudo ter mapeado uma grande 

quantidade de depósitos de gás no CEP (Cap. I), os resultados do Cap. III indicaram que 

o CEP é um estuário bem preservado com baixa emissão e concentração de metano. 

Tendo em vista que esses acúmulos de gás podem influências tanto obras de 

engenharia como a ecologia local e o clima do nosso planeta. Sugerimos que trabalhos 
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futuros incluam mais dados relativos a parâmetros químicos, físicos e biológicos (i.e., 

tipo e reatividade de matéria orgânica; taxa de sedimentação; oxigenação no momento de 

deposição; entre outros) para maior compreensão e caracterização dos acúmulos de gás 

raso em ambientes estuarinos. Sugerimos também que futuros estudos incluam as 

variações temporais em diferentes escalas para compreender a dinâmica do metano em 

relação aos ciclos de maré e estações do ano. 
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