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Abstract
High-resolution seismic surveys were carried out at the Paranaguá Estuarine Complex (Southern Brazil) to map the intra-
sedimentary 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 5000 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.

Introduction

Intrasedimentary gas accumulation in marine and coastal envi-
ronments 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 exten-
sive areas in estuaries and bays (Garcia-Gil et al. 2002; Baltzer 
et al. 2005; Felix and Mahiques 2013; Delavy et al. 2016a), 
lagoons (Baltzer et al. 2005; Klein 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 
(Garcia-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), methano-
gens microorganisms survive at temperatures between 0 and 
75 °C (Zeikus 1977; Gang and Jiang 1985). Biogenic gas 
production can occur immediately after the sediment deposi-
tion 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 bound-
ary, whereas it may occur under the sulfate reduction zone 
(Nikaido 1977; Rice and Claypool 1981). High rates of CH4 
generation require abundant organic matter, high sedimen-
tation 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 associ-
ated with fines and compact sediments (Rogers et al. 2006). 
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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 sedi-
ments to the atmosphere via immediate water plumes and 
pockmarks (Judd et al. 1997; Dimitrov 2002; Garcia-Gil 
et al. 2002), there is insufficient knowledge about methane 
dynamics within unconsolidated sediments.

Natural gas-charged sediments are recognizable in seis-
mic 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 seis-
mic profiles, classified into distinct gas signatures. The seis-
mic gas signatures are related to different accumulation and 
seepage types. Their distribution and features can explain the 
sedimentary structures and their characteristic (Garcia-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 stratigra-
phy. 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 mean-
ings. Also, we indicate and discuss the possible source of the 
shallow gas and the sedimentary unit that acts as a sealing.

Settings

The PEC is a microtidal subtropical estuary system located 
in the Paraná state, southern Brazil (Fig. 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 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. 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. 1). To the east of Paranaguá city, 
it comprises a wide coastal plain (Fig. 1). The coastal plain 
is composed of a sand barrier with at last two generations 
of beach/dunes ridge progradation, forming a late Pleisto-
cene 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-level 
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 m (Angulo and Lessa 
1997).

Continental deposits associated with the Alexandra for-
mation occur in low isolated hills (Angulo 2004) and may 
comprise, with their reworked material (Bigarella et al. 
1978), the substrate for Pleistocene and Holocene sedimen-
tation within the PEC (Lessa et al. 1998, 2000). The Alex-
andra 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 shore-
line (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 flu-
vial and continental deposit (Alexandra formation and their 
reworked material) (Fig. 1). According to the authors, the 
sea-level rise resulted in a transgressive mud deposit, prob-
ably associated with a low-energy estuary funnel environ-
ment, 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 sedi-
ments 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.
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Materials and method

Shallow, high-resolution seismic records were acquired in 
two PEC zones, using two CHIRP seismic sources (Meri-
data Finland Ltd) with different frequencies range 2–9 kHz 
and 10–18 kHz. A total of 156 km of the acquisition was 
collected over a three-day 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 con-
version was made with a sound velocity of 1500 m/s for 
both water and sediments; thus, depth in images is approx-
imate. 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 char-
acterizing 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, 2 g of sediment was separated 
from each sample. Afterward, decarbonization was per-
formed 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. 3). 
Because these analyses were initially carried out in another 
research project, organic matter content data for these sam-
ples are 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 using the ArcMap 
software to ascertain the relationship of the bottom sedi-
ments with shallow gas (< 1.5 m). Initially, the surface sedi-
ment samples acquired with a maximum distance of 200 m 
from the seismic lines were separated. Then, the distance 
between these samples and 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 

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

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. 2016a, b; 
Felix and Mahiques 2013; Klein et al. 2005; Weschenfelder 
et al. 2016), and turbidity pinnacles (TP) (Delavy et al. 
2016a, b; Felix and Mahiques 2013; Iglesias and García-Gil 
2007; Klein et al. 2005; Weschenfelder et al. 2016) (Fig. 2). 
Together, these gas accumulation facies cover 60 km of 
the studied area, comprising a total of 38% of the seismic 
profiles (Fig. 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 por-
tion (Fig. 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. 4). However, it is still possible 
to recognize different gas accumulation sectors in this zone 
(Fig. 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. 3).

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. 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. 3). This facies has a poorly defined 
top, although it is possible to recognize the gas front 
(Figs. 4 and 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 sur-
veyed south and southeast region in the Paranaguá zone 
and the central and northern regions in the Antonina zone 

Fig. 2   Intrasedimentary gas 
seismic signatures observed in 
the Paranaguá Estuarine Com-
plex classified with a 2–9 kHz 
CHIRP source and their acous-
tic characteristic. The scale of 
all images is 5 m × 100 m
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(Fig. 3). In the Antonina zone, the gas is shallower, with 
an average sediment cover of about 1.4 m, while in Parana-
guá, 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 predomi-
nantly comprised of the ABD seismic signature (Fig. 3).

ABS facies have a well-defined, flat or inclined top. This 
facies is characterized by an enhanced reflector that com-
pletely masks the data below. ABS facies is frequent in the 
Paranaguá zone, mainly in the basin center (Fig. 3). It is 
usually associated with turbidity pinnacles, fitted between 
the pinnacles (P1 in Fig. 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. 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 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. 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
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Fig. 4   Chirp (2–9  kHz) seismic profiles in the Paranaguá zone (P1, 
P2, P3; see Fig. 1 for location) showing gas accumulation seismic sig-
natures (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 × 500 m 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

Fig. 5   Chirp (2–9 kHz) seismic 
profiles in the Antonina zone 
(A1, A2; see Fig. 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 base-
ment. BS, black shadow; ABD, 
acoustic blanking with diffuse 
top
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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 (Figs. 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. 4a), and may also be 
between ABS and ABD facies (P2 in Fig. 4). This gas fea-
ture is rare in the Antonina zone and concentrated in the 
Paranaguá zone center (Fig. 3). The TP facies appears in all 
depths, deeper than 8 m, and reaching the sediment/water 
limit.

Black shadow (BS)

BS facies cover 8272 m of the seismic profiles, with a maxi-
mum length of 1044 m and a minimum of 59 m (Fig. 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. 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 ABS 
sealing layer due to the absence of the sediment weight. 
Additionally, most of the BS facies shows the presence of 
cloudy turbidity (Garcia-Gil et al. 2002) of lesser or greater 
intensity (P2 and P3 in Fig. 4), indicating possible seeps to 
the water column.

The most extensive BS is at the edge of the surveyed 
area (Fig. 3). In the Paranaguá zone, this facies is usually 
associated with other gas accumulation types (Fig. 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. 3). In this location, the crystal-
line basement appears to be shallow (Fig. 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. 3).

Bottom sediments

Grain size analysis indicates that the PEC bed is predomi-
nantly composed of silt with varying amounts of clay and 
sand. Generally, the mud content decreases towards estua-
rine margins (Fig. 3). Overall, surveyed regions with sub-
surface 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. 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 and 100% (Fig. 3). Graphical analyses also 
showed that the sample locations closest to gas occurrences 
shallower than 1.5 m necessarily have a high mud content 
(Fig. 3b). However, a high concentration of fines does not 
necessarily indicate the presence of shallow gas (Fig. 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 subsur-
face gas were recognized (Fig. 3a), more than 1000 m away 
from shallow (< 1.5 m) gas accumulation (Fig. 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. 3). However, there are seismic lines in 
which the presence of gas has not been recognized (Fig. 3).

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. 4 and A2 in Fig. 5). 
This horizon represents an irregular relief with numerous 
paleochannels (P1 in Fig. 4).

The RH separates two distinct seismic units. The older 
unit (SU1) has no distinguishable reflectors (Fig. 4), or in 
some places, reflectors with a chaotic pattern (Fig. 5). Above 
this horizon, the seismic unit (SU2) presents flat or slightly 
wavy internal reflectors. In the distal portion of the Parana-
guá zone, the internal reflectors of SU2 show progradation 
over RH (Fig. 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. 5a). 
No tectonic structure, such as faults or folds, has been rec-
ognized in the acoustic data.

Discussion

High‑resolution seismic gas signatures

Four types of seismic gas signatures were observed at the 
PEC, with unique spatial distribution and depth. In the 
coastal plain adjacent to the study area, drill-holes reached 
the crystalline basement at depths of about 50 m (Lessa 
et al. 2000). This shallow depth of the basement is hinder-
ing the possibility of thermogenic gas generation within the 
sedimentary section (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 
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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 ter-
minologies are often confusing, having several names for 
similar seismic signatures, or even the opposite, the same 
names for different seismic signatures (Weschenfelder et al. 
2016). For example, despite the consensus to separate gas 
accumulation signatures in acoustic blankets and acoustic 
curtains through their format and lateral extension (Taylor 
1992; Garcia-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 (Garcia-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 differ-
ent 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; Garcia-Gil et al. 2002). The facies extensions are best 
seen through maps (as Fig. 3) and the different shapes of the 
gas curtain—box (Weschenfelder et al. 2016; Weschenfelder 
and Corrêa 2018), Chevron (Garcia-Gil et al. 2002; Frazão 
and Vital 2007), convex (Garcia-Gil et al. 2002), or mush-
room (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 (Garcia-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 loca-
tions provide information on the stages of migration and 
accumulation of shallow gas in the PEC (Fig. 6), discussed 
later in this paper (“Shallow gas migration and accumula-
tion within unconsolidated sediments in PEC” section). It 
is worth to highlight that the seismic signatures found in 
this work refer to the presence of shallow intrasedimen-
tary 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 (water depth, gas 
depth, sediment background) or acquired with other seismic 
sources can vary considerably from those presented here.

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 (Garcia-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 per-
meability 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 seal-
ing layer, generating pinnacles (Figs. 4a and 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 effi-
ciency in the Antonina zone should be lower due to a minor 
mud content caused by the tapered morphology and the flu-
vial 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. 3). This indicates that the 
lowest permeability layers are rarer to form and do not reach 
large extensions, probably due to the heterogeneity of com-
paction (possible sediment reworking or bioturbation) and 
grain-size (similar to the existing surface of the estuary).

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 accumu-
late (Fig. 6b and e) until the forming of acoustic blanking 
facies (Figs. 4a and 6). When associated with ABS facies, 
TP may indicate a rupture in the sealing layer (Figs. 4a and 
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 or heterogeneities of the 
sealing layer. When close to the sediment–water interface, 
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Fig. 6   Evolution model of shallow gas migration and accumula-
tion, showing the changes between seismic gas signatures and their 
relationship with the relative permeability between sedimentary lay-
ers. The gas migrates from the source as turbidity pinnacles (a); the 
pinnacles head encounter a low permeability layer and start to accu-
mulate (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 seal-
ing 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 signa-
ture (f); heterogeneities in the sealing layer permits turbidity pinna-
cles 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 sedimen-
tary layers for didactic means. In the PEC, the amount of layers capa-
ble of retaining the gas, and their relative permeability, varies locally
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the TP gas front can be trapped, forming BS gas accumula-
tion type or, supposedly, the gas should seep into the water 
column (Fig. 6h).

Most TP facies were found in the Paranaguá zone center, 
being scarce in Antonina (Fig. 3). In the latter, gas accu-
mulation occurs at shallower depths, and, thus, gas accu-
mulation must be portrayed as other gas seismic signatures 
closest to the surface or reached the water column (Fig. 6h). 
This pattern is explained by the lower efficiency of the seal-
ing layer in Antonina.

Black shadow (BS)

The BS facies represents the last stage of gas trapping within 
unconsolidated sediments (Fig. 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 seawa-
ter (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 pres-
sure 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 crea-
tion 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. 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. 6g), probably due to a thinner 
seal layer.

Shallow gas migration and accumulation 
within unconsolidated sediments in PEC

The gas migration and accumulation processes are depend-
ent on the gas concentration, pressure gradient, and poros-
ity 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 migra-
tion 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; Garcia-Gil 
et al. 2002). Borges et al. (2016) reported high CH4 con-
centrations 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. 4) (Garcia-Gil et al. 2002).

Along these lines, we propose a migration and accumula-
tion model from the source to the water column of shallow 
gas in the PEC (Fig. 6), which might apply to other coastal 
environments. Worth to note, that this is a preliminary model 
given the current lack of additional data, such as sedimen-
tary column physical properties and composition, which 
could provide different pathways and forms of gas migra-
tion. First, the gas seeps from the source layer, migrating 
upward in the form of pinnacles (Fig. 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. 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. 6c), or it can 
slowly escape into the sealing layer as it accumulates, form-
ing an ABD signature (Fig. 6f). In the PEC, the layers with 
the greatest trapping efficiency are found in greater depth, 
but the sequence of the layers may vary locally, also the 
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quantity of sealing layers. In both cases, the gas accumulat-
ing below the sealing layer can present lateral migration, 
causing an abrupt lateral limit (Fig. 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 pin-
nacles (Fig. 6d), which can also be formed in less efficient 
sealing layers (Fig. 6g). 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. 6i). A small 
amount of upper sedimentary layers in situ local gas pro-
duction 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 bio-
genic methane. However, 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 seep-
age 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. Analyses of the methane concentration in the 
sediments and water would also be relevant for the possible 
quantification of the PEC methane contribution to the atmos-
phere. This would contribute to more robust estimatives of 
gas seepage in estuarine and coastal environments, currently 
underestimated (Borges et al. 2016).

Bottom sediments

The PEC bottom sediments are heterogeneous concerning 
mud content (Fig. 3), probably due to the presence of several 
distributary channels (Fig. 1). West of Paranaguá city, bot-
tom 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 hetero-
geneity 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).

Some studies showed that shallow gas accumulation in 
bays could be related to the mud content of bottom sedi-
ments (Garcia-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. 3). On the other 
hand, samples with a high mud content in the PEC do not 

necessarily indicate the presence of gas (Fig. 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. 6h). Thus, it is related to the bottom sedi-
ments’ 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. 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 cor-
relate 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.

Stratigraphy

The gas accumulated in marine and coastal environments 
interspersed in sediments causes a significant effect on 
the geoacoustic signature (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 paleo-
channels and high amplitude.

The older pre-Holocene unit (SU1) is here interpreted 
as continental deposits formed during low sea-level con-
ditions (Fig. 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 cha-
otic 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 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 Para-
naguá zone, where it is possible to observe the TP coming 
out of this unit (P1 in Fig. 4). Also, the RH reflector in the 
vicinity of TPs that appear to leave SU1 has a greater ampli-
tude than gas-free regions (P1 in Fig. 4), indicating a possi-
ble enhanced reflection related to discrete gas accumulation 
that usually occurs in the edges of more evident gas accu-
mulations (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.
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The younger unit (SU2) represents a prograding sedi-
mentary 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. 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 sur-
face (Fig. 7) with tidal channels (Fig. 4b). The SU2 unit 
is highly heterogeneous, seen through the bottom sediment 
samples (Fig. 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 Figs. 4 and 5). 
These layers, observed in SU2, are responsible for trapping 
the biogenic-derived gas (Fig. 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. 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. 7) (Lessa et al. 1998). Also, in some SU2 mud layers 
rich in organic matter, a small amount of gas can be gener-
ated, 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 porewater (Abegg and 
Anderson 1997; Lee et al. 2005). Also, the Antonina zone 
probably has lower efficient sealing layers due to the dif-
ferent 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. 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; Garcia-Gil et al. 2002; Weschenfelder et al. 2016). 
The basement locations close to the gas accumulation (A1 
in Fig. 5) may indicate lateral migration (Fig. 6h).

Conclusion

High-resolution seismic surveys were carried out at the 
Paranaguá Estuarine Complex to analyze intrasedimentary 
gas accumulation and seismic signatures. The seismic sig-
natures 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 con-
centration. 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. 6).

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.

Fig. 7   PEC sedimentary facies evolution (based on Lessa et al. 1998) and the gas-charged sediments recognized in this work
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Although we cannot determine the gas migration time 
scale, this work indicates intrasedimentary 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 evalua-
tions of CH4 in the water column, which would improve our 
understanding of gas dynamics and gas seepage from coastal 
environments, and help to unravel the role of estuarine bio-
logical methane production on our planet’s climate.
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