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ABSTRACT. The Amazon fan contains a gas hydrate province known from a bottom-simulating reflection (BSR) 
that lies within an upper slope compressional belt. In this study, the extent and character of the BSR and its relation 
to thrust-fold structures is examined using a grid of 2D and 3D seismic data. We show the BSR to comprise a series 
of elongate patches up to 16 km wide that are present along 300 km of the slope in water depths of 750-2250 m and 
extend over a total area of 6800 km2. The elongate BSR patches show a strong spatial correspondence with the arcuate 
crests of thrust-fold anticlines. In profile, the BSR patches exhibit convex forms and/or locally irregular relief that 
rises toward the seafloor. In plan, 3D seismic horizon maps reveal columnar BSR elevations up to 1 km wide, which 
rise beneath seafloor mounds and depressions, up to 0.5 km wide and 30 m in relief, interpreted as small mud 
volcanoes and possible pockmarks. The elongate BSR patches are interpreted to record the structurally-controlled 
rise of warm, gas-rich fluids into the crests of thrust-folds and their leakage into the gas hydrate stability zone, and 
in places to seafloor, through a near-surface system of faults, hydrofractures and vents. 

Keywords: marine 2D/3D seismic; bottom-simulating reflection; thrust-fold anticlines; gas hydrates; fluid vents. 

 

INTRODUCTION
Gas hydrates are ice-like compounds of water and gas 
molecules that are stable in the relatively high pressures 
and low temperatures of deep-marine settings and are 
commonly encountered within continental slope 
sediments where there are thermogenic or microbial 
sources of natural gas (Sloan, 2003). An understanding 
of the extent of frozen deposits of gas hydrate on 
continental margins has broad implications for global 
carbon budgets (Archer et al., 2009), for regional 
geohazards (Maslin et al., 2010), and for assessments of 
unconventional resources (Boswell and Collett, 2011). 
The most common indicator of the presence of submarine 
gas hydrate is a bottom-simulating reflection (BSR), 

inferred to correspond to the phase boundary separating 
an upper interval, in which gas hydrate is stable, from a 
lower interval containing free gas (Shipley et al., 1979; 
Hillman et al., 2017). Comparisons to drilling data 
indicate that BSRs primarily result from the impedance 
contrast due to even small amounts (1%) of free gas and 
are poorly correlated to the presence of gas hydrate 
bearing intervals, which moreover may be present in the 
absence of a BSR (Holbrook et al., 1996; Majumdar et al., 
2016). BSRs are typically discontinuous or ‘patchy’ over 
a range of scales to a degree that depends in part on the 
characteristics of the seismic data used, but also reflects 
variations in the properties of the host formation and 
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the saturations of gas and gas hydrate (Shedd et al., 
2012). At basin scale, a BSR is understood to be a useful 
minimum indicator of the distribution of gas hydrate 
(Hillman et al., 2017), the full extent of which remains 
to be determined. 

Gas hydrate provinces have been identified from 
BSRs in two main areas of the Brazilian continental 
margin, on the Rio Grande cone of the Pelotas Basin in 
the south and on the Amazon fan of the Foz do Amazonas 
Basin in the equatorial region (Manley and Flood, 1988; 
Fontana and Mussumeci, 1994; Sad et al., 1998). 
Whereas the Rio Grande cone is characterised by a BSR 
that extends continuously across the continental slope 
over an area of 45,000 km2, on the much larger Amazon 
fan, a discontinuous BSR has been recognised within a 
28,000 km2 area of the upper slope (Sad et al., 1998; 
Tanaka et al., 2003; Melo et al., 2008). The area of the 
Amazon fan BSR coincides with a compressional belt 
resulting from the gravitational collapse of the fan (Melo 
et al., 2008) (Figure 1), and a number of studies have 
presented one or more seismic profiles showing the crests 
of thrust-fold anticlines cross-cut by a BSR of varying 
amplitude and continuity (Sad et al., 1998; Tanaka et al., 
2003; Melo et al., 2008, 2009; Reis et al., 2010; Berryman 
et al., 2015; Ketzer et al., 2018; Aguiar et al., 2019).  

The extent of the Amazon fan BSR was first 
mapped by Manley and Flood (1988), who used a set of 
single-channel profiles acquired along the main canyon 
to trace a BSR across an area of ca. 2500 km2 above 
water depths of 1700 m, noting its association with 
what they referred to as diapir-like structures. 
Subsequently, a regional grid of multichannel seismic 
profiles (Figure 1) was used to identify multiple BSR 
patches across the upper slope in water depths of 900-
2500 m, each up to tens of kilometres in extent and with 
no clear orientation (Tanaka et al., 2003). These 
authors showed the BSR patches to coincide in part 
with faults and compressive structures, and also 
observed small-scale relief of the BSR and of the 
suprajacent seafloor, which together were suggested to 
indicate structurally-controlled seafloor venting of 
hydrocarbons from deep sources (Tanaka et al., 2003). 

Seafloor venting of gas from the compressive belt 
was confirmed by multibeam imagery acquired in 2016 
across part of the upper fan (Figure 1), which revealed 
dozens of gas flares rising from low (10-20 m) seafloor 
mounds, most located along seafloor lineaments 
identified as faults (Ketzer et al., 2018). The flares lie 
in water depths of 650-1800 m, within the methane 
hydrate stability zone and along its upper edge, which 

is estimated from water column temperatures to lie in 
depths of 500-670 m (Ketzer et al., 2018, 2019) (Figures 
2 and 3). Gas hydrates cored from two sites on the upper 
fan (Figure 3) were shown to contain methane 
isotopically consistent with biogenic sources (Ketzer et 
al., 2018). Downslope of the compressive belt, indirect 
indications of gas hydrate are available from several 
ODP drill sites on the central to lower Amazon fan 
(Figure 1) in the form of low chlorinity pore waters, 
honeycomb structures and elevated sonic log velocities 
(Flood et al., 1995, 1997), but no BSRs or venting 
features have been reported. 

The aim of this contribution is to examine the 
extent and character of the BSR across the upper slope 
of the Amazon deep-sea fan, based on systematic 
mapping using a regional grid of 2D and 3D 
multichannel seismic reflection data (Figure 1). The 
results show for the first time that the BSR consists of 
elongate patches (Figures 2 and 3) and provides new 
information on their relation to subjacent 
compressional structures as well as to seafloor fluid 
vents, including venting features newly identified from 
3D seismic data (Figures 3, 4 and 5). Our findings offer 
insights into the relation of discontinuous BSRs to 
structurally-controlled fluid flux within collapsing 
deep-sea depocenters. 

REGIONAL SETTING 
The continental margin of equatorial Brazil dates 
from the opening of the Central Atlantic in the Early 
Cretaceous (Matos, 2000). During the late Neogene, 
Andean uplift and associated intraplate tectonism 
culminated in the development of a transcontinental 
Amazon River (Hoorn et al., 1995, 2010; Figueiredo 
et al., 2009). The Amazon River has among the 
world’s largest discharges of water, sediment and 
organic matter (Damuth and Kumar, 1975; Richey et 
al., 1980) and culminates in one of the world’s largest 
deep-sea fans, which extends from the mouth of the 
Amazon River to water depths of at least 4500 m 
(Figure 1). Stratigraphic correlations of offshore 
seismic to well data indicate the Amazon fan records 
increased sediment supply from the late Miocene 
onwards, resulting in the progradation of a shelf-
slope prism up to 10 km thick (Silva et al., 1999; 
Cobbold et al., 2004; Reis et al., 2010; Hoorn et al., 
2017; Cruz et al., 2019).  

The growth of the fan has been accompanied by 
gravitational collapse above shale detachments at 
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depths of up to 10 km. forming paired extensional and 
compressional belts across the outer shelf and upper 
slope (Silva et al., 1999; Perovano et al., 2009; Reis et 
al., 2010, 2016) (Figure 1). The paired structural belts 
extend NW-SE along 300 km of the shelf and slope 
above water depths of 2500 m (Figure 2). They are 
divided into asymmetric structural compartments, 
separated by the main Amazon canyon: the NW 
compartment is >200 km wide and characterized by 
extensional faults and complex thrust-structures 
rooted on detachments at depths of up to 10 km, 
whereas the SE compartment is narrower (<100 km) 
and contains fewer faults that root on a single deep 
detachment (Cobbold et al., 2004). In both 
compartments, thrust-folds are present across the 
upper slope in water depths greater than about 500 m; 
they include buried structures as well as seafloor 
features up to 500 m in relief in the NW compartment 
(Perovano et al., 2009; Reis et al., 2010, 2016). 

Tectonic movements within the upper fan 
compressional belt have been proposed to be 
responsible for the triggering of slope failures 
throughout the late Neogene, recorded within the 
stratigraphic succession of the Amazon fan by stacked 
megaslides up to hundreds of metres thick that extend 
up to hundreds of kilometres across the central to lower 
fan (Reis et al., 2010, 2016). Scientific drilling of four 
megaslides on the central fan during ODP Leg 155 
(Figure 1) indicated their emplacement from source 
areas on the upper fan over the last 45 ka during 
periods of rapidly falling or rising sea level (Flood et al., 
1997; Maslin et al., 1998). The results were argued to 
be consistent with triggering of failure by changes in 
sedimentation rates and, for two cases of falling sea 
levels, by associated changes in gas hydrate stability 
(Maslin et al., 1998).  

DATA AND METHODS 
This study is based on a regional grid of multichannel 
seismic reflection (MCSR) data acquired for 
hydrocarbon exploration that includes 2D profiles 
acquired over several decades, as well as extracts from 
a 3D seismic volume on the upper Amazon fan acquired 
in 2004  (Figures 1 and 2). The quality of imaging varies 
between individual surveys due to differences in 
acquisition geometry, frequency content and 
processing. In general, the MCSR data were acquired 
over recording windows of 6-10 s and were processed 
using standard sequences of deconvolution, stack and 
post-stack time migration. Broadband frequency 

contents <100 Hz correspond to vertical resolution of up 
to a few tens of metres in the near-surface interval of 
interest (<1 s below seafloor). All data were visualised 
and interpreted in a workstation environment.  

The spacing of data within the regional grid is 
higher in the alongslope direction, varying along the 
upper slope from 5-10 km in the NW to 10-30 km in the 
SE (Figure 2). The highest density of data is available 
from the 3D seismic extracts, which consist of three 
strips 1-2 km wide and 84-96 km long, covering a total 
area of 465 km2 in water depths of 223-2206 m (Figure 
3). The 3D seismic data have an in-line CDP spacing of 
6.25 m and a cross-line bin spacing of 12.5 m. These 
data were used to pick the seafloor reflector along each 
in-line, in order to generate seafloor bathymetric maps 
(converted from TWT at 1.5 km/s) with a grid resolution 
of 10 m, and to pick the BSR along selected in-lines to 
generate depth maps with a grid resolution of 100 m. 

RESULTS 
We first present the seismically-mapped distribution of 
the BSR, which is seen to consist of a series of elongate 
patches closely aligned with gravity structures within the 
upper slope compressional belt (Figures 2 and 3). We then 
consider the character of the BSR patches on seismic 
profiles and show they include irregular relief, rising in 
places towards seafloor (Figure 4). Finally, we present 
their relation to seafloor fluid vents, including features 
newly identified from 3D seismic data (Figure 5). 

BSR patches in map view 
The BSR extent mapped from the seismic dataset is 
presented in Figure 2, together with that of extensional 
and compressional structures of the NW and SE 
structural compartments. The axes of thrust-fold 
anticlines were modified for this study from those 
mapped by Perovano et al. (2009).  

The BSR is seen for the first time to form a series 
of elongate patches, up to 16 km wide, that extend along 
300 km of the upper slope in water depths of 750-2250 
m (Figure 2). The axial continuity of the BSR patches 
(and of the thrust-fold axes) is less well constrained in 
the SE compartment due to lower data density. As 
mapped, the BSR patches cover a total area of 6800 
km2, or less than 25% of the upper slope BSR area 
indicated in previous studies (Sad et al., 1998; Melo et 
al., 2008). Consistent  with these regional studies, no 
BSR is recognised in greater water depths across the 
middle to lower fan.
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Figure 1: Location of the Amazon deep-sea fan on the equatorial margin of Brazil (shaded-relief bathymetry 
from GEBCO 2008), and the available grid of 2D multichannel seismic reflection data (black lines). Arcuate 
colored lines on the shelf and upper slope correspond to the seafloor traces of paired belts of extensional (blue) 
and compressional (magenta) faults resulting from gravitational collapse of the fan above deep detachments 
(from Perovano et al., 2009). Yellow dots denote ODP leg 155 drilling sites, several of which provided indirect 
indications of the presence of gas hydrates on the mid- to lower slope (Flood et al. 1995, 1997). The dashed 
box shows the area of multibeam hydroacoustic data presented by Ketzer et al. (2018). 

The elongate BSR patches form an arcuate belt that 
shows a close spatial relationship to the axes of thrust-fold 
anticlines, in trend, extent and number (Figure 2). Each 
BSR patch coincides, along all or part of its length with at 
least one anticline axis, and the numbers of patches and 
anticlines both decrease from the NW to SE structural 
compartments. In the NW compartment, where seismic 
data density is higher, up to five BSR patches are 
recognised across the slope in depths of 750-2250 m, in 
association with seven anticlines; the BSR patches are 
seen to merge or diverge along their lengths to form an 
interconnected network, in places following thrust-fold 
axes and in others crossing from one axis to another 

(Figures 2 and 3). In the SE compartment, two BSR 
patches in water depths of 750-1250 m coincide with the 
inner of four anticlines; the BSR patches are of uncertain 
axial continuity but are tentatively shown to extend 
downslope beyond the thrust-fold belt into an area of 
extensional faults in water depths of up to 2000 m 
(Figure 2). The two BSR patches are drawn to follow the 
orientations of these extensional faults, which previous 
studies have interpreted to be slope-transverse (Tanaka et 
al., 2003; Perovano et al., 2009). However, low data density 
in this area makes it difficult to be sure of the orientations 
of either the faults or the BSR patches, either of which 
might alternatively be drawn as slope-parallel.  
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Figure 2: BSR distribution across the upper Amazon fan (location shown in Figure 1) as mapped from 
the regional grid of seismic data, relative to that of structural features mapped by Perovano et al. 
(2009); the axes of thrust-fold anticlines at seafloor or in the subsurface have been modified for this 
study. Bathymetric contours derived from GEBCO (2008) The 550 m contour approximates the upper 
limit of the MHSZ - methane hydrate stability zone (see Ketzer et al., 2019). Area of multibeam data 
coverage from Ketzer et al. (2018). Data extracts are available from the 3D seismic area (see Figure 3).  

BSR patches in profile
On seismic profiles, the BSR is recognised as a negative 
polarity reflection that cross-cuts dipping stratal reflections 
at depths below seafloor (bsf) of 80-780 ms (Figure 4). The 
BSR varies in amplitude and continuity within the patches, 
which in places contain short gaps, some coincident 
with faults within the anticlines (Figure 4). The BSR fades 
out laterally at the edges of patches (Figure 4), the limits 
of which were generally consistent between adjacent 
seismic profiles, although variations in extent were noted 
in places due to differences in source data characteristics 
or profile orientation (cf. Hillman et al., 2017). 

The BSR is mainly observed within or above the 
crests of thrust-folds and extends to one or both sides of 
them over distances of a few kilometres, fading out within 
the more gently dipping strata of intervening ‘piggy-back' 
basins (Figure 4). However, in the NW compartment, the 
innermost BSR patch can be traced in two areas up to 20 
km from the nearest thrust-fold axis as a weak reflection 
that cross-cuts upper slope strata, and extends to within 

10 km of the pinch-out of the gas hydrate stability zone 
(Figure 3). In addition, in the SE compartment, the two 
BSR patches are inferred to extend downslope beyond the 
thrust-fold belt into an area of extensional faults, although 
low data density makes the orientations of the BSR 
patches and faults tentative, as noted above (Figure 2). 

In cross-section, many BSR patches exhibit an 
overall convex form, rising gently towards the seafloor in 
their central parts, even in the absence of corresponding 
seafloor relief (Figure 4a). The BSR in these and other 
places may also exhibit irregular relief of smaller scale, 
in which it rises steeply towards the seafloor (Figures 4b 
and 4c) in a manner comparable to what have been 
referred to elsewhere as ‘pluming BSRs’ (Shedd et al., 
2012). Within the 3D seismic dataset, maps of BSR depth 
in two such locations show that the irregular relief 
corresponds to a series of columnar elevations with 
diameters of up to 1 km, within which the BSR rises by 
as much as 200 ms (Figures 5x’ and 5y’).
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Figure 3: Detail of BSR distribution in the NW compartment of the Amazon fan (see legend in Figure 2). 
Coloured strips show seafloor bathymetry obtained from 3D seismic in-line extracts 1-2 km wide; seafloor 
depths in metres below seafloor (bsf) based on a velocity of 1.5 km/s. It is also shown within the 2016 
multibeam survey area (see Figure 2; Ketzer et al., 2018) the locations of water column gas flares (red 
symbols) and of gas hydrates sampled in sediment cores (yellow symbols). 

Seafloor fluid vents
In some areas of irregular BSR relief, bathymetric maps 
constructed from 3D seismic data (Figure 3) reveal the 
seafloor to include semicircular mounds and depressions, 
which we interpret as fluid vents, comparable to 
assemblages of mud volcanoes and pockmarks observed 
above BSRs on other margins (e.g. Benjamin and Huuse, 
2017; Serié et al., 2017). Two such areas of irregular BSR 
relief along Figure 4 are mapped and compared to 
seafloor relief in Figure 5.  

Figure 5x shows an area in water depths of 750-
950 m, where the seafloor includes a variety of 
semicircular features, including mounds, mounds that 
lie within depressions, and depressions, up to 0.5 km 
wide and up to 30 m in relief. Figure 5y shows an area 
in water depths of 1120-1220 m, where the seafloor 
includes subcircular mounds up 0.5 km wide and 20 m 
high, some of which occupy depressions, as well a 
depression up to 30 m between mounds. In both areas, 
some of the mounds include distinctive crater-like 
depressions at their summits (Figures 5x and 5y). 
Seismic profiles across the mounds and depressions 

show they form the top of unstratified columns that 
extend downward over 1 km into the thrust-folds (e.g. 
Figures 4b and 4c).  

The mounds are consistent in their morphology 
and subsurface character with extrusive features, i.e. 
relatively small mud volcanoes recording seafloor 
sediment extrusion from subsurface plumbing 
networks that extend to depths of kilometres (Dimitrov, 
2002; Kopf, 2002; Deville et al., 2010; Benjamin and 
Huuse, 2017). Some of the mud volcanoes contain 
calderas at their summits, while others occupy larger 
caldera-like depressions; the caldera formation is 
consistent with localised subsidence due to loss of fluid 
pressures and/or extrusion of sediment from shallow 
mud chambers within or beneath the mounds (Henry et 
al., 1996; Planke et al., 2003). Isolated depressions 
observed in both areas (Figures 5x and 5y) could also 
correspond to subsidence depressions, or alternatively 
to large pockmarks, which may occur peripherally to 
mud volcanoes (e.g. Dimitrov and Woodside, 2003; 
Samoza et al., 2012; Benjamin and Huuse, 2017). 
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Figure 4: BSR patches observed in profile along a 3D seismic in-line (location in Figure 2): a) cross-slope 
profile showing thrust-fold anticlines associated with four BSR patches (gaps correspond to intervals where 
the BSR cannot be traced); b, c) details of two BSR patches, each of laterally varying amplitude and 
continuity, displaying convex cross-sections and irregular small-scale relief beneath features of seafloor 
venting (see 3D seismic horizon maps in Figure 5). MV = mud volcanoes. 

In both areas, maps of BSR depth show it 
includes irregular relief, including columnar 
elevations up to 1 km wide that rise towards seafloor 
(Figures 5x’ and 5y’). These BSR elevations all 
coincide with seafloor mounds and/or depressions (cf. 
Figures 5x and 5y). Interestingly, however, some 
seafloor features do not coincide with BSR elevations 
(compare top and bottom panels of Figure 5). 

DISCUSSION 
The results presented above provide a new picture of 
the extent and character of the discontinuous gas 
hydrate BSR on the upper Amazon fan and its 
relationship to structures within the compressional 
belt. Previous studies have noted the association of the 
BSR with thrust-fold anticlines, and with possible 
evidence of seafloor gas venting (Tanaka et al., 2003; 
Melo et al., 2008; Reis et al., 2010; Ketzer et al., 2018). 
Our results provide the first clear demonstration of a 
strong spatial correlation between elongate BSR 

patches and the crests of thrust-folds within the 
arcuate structural belt (Figures 2, 3 and 4), and 
provide strong evidence that both the lateral 
discontinuity and irregular relief of the BSR patches 
are related to upward fluid migration through the 
thrust-folds (Figures 4 and 5). 

BSR patches formed by structurally-
controlled fluid flow 
BSRs are discontinuous at varying scales, and the 
term ‘patch’ has also been applied to features having 
short gaps of <1 km, which may reflect lateral 
heterogeneities in lithology and/or in the supply of gas 
(Shedd et al., 2012; Hillman et al., 2017). The elongate 
BSR patches on the upper Amazon fan provide a 
distinctive example of BSR discontinuity on a larger 
scale (101-102 km), clearly linked in extent and trend 
to subjacent thrust-folds (Figures 2 and 3). The BSR 
patches on the Amazon fan are comparable to those 
observed on the deep-water Niger delta, which also  
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Figure 5: 3D seismic horizon maps of seafloor bathymetry (top) and BSR relief (bottom) in two areas 
(locations X and Y shown in Figure 3; dashed lines correspond to trace of seismic in-line shown in Figure 
4. The seafloor bathymetry has been converted to metres below sea level (bsl) for a water velocity of 1.5 
km/s; BSR depths are in milliseconds (ms) two-way travel time below seafloor (bsf). In both areas, the 
seafloor exhibits mounds and/or depressions interpreted as seafloor fluid vents; note that the subjacent 
BSR rises towards seafloor beneath some (but not all) fluid vents. MVs = mud volcanoes. 

coincide with the crests of shale anticlines forming the 
tops of deeply-rooted thrust-folds (Hovland et al., 1997; 
Cunningham and Lindholm, 2000; Sultan et al., 2011). 
In places on the Niger delta, elongate BSR patches are 
associated with seismically-interpreted features of fluid 
venting to seafloor, which together with the BSR are 
proposed to record the upward migration of fluids 
containing hydrocarbon gases by a combination of 
focused and diffuse flow (Hovland et al., 1997). Although 
not mapped or described as patches, BSRs that are 
laterally discontinuous on a kilometric scale are also 
recognised at the crests of anticlines in the NW Borneo 

thrust-fold belt and linked to upward fluid migration 
through the structures (Laird and Morley, 2011; Morley 
et al., 2014; McGiveron and Jong, 2018). In general, these 
studies show that thrust-fold belts are associated with 
the migration from depth of overpressured fluids, via 
structural and stratal pathways that promote a 
confluence of fluids at the crests of anticlines, and their 
leakage to surface through faults and hydrofractures that 
develop at shallow (<1 km) depths (Morley et al., 2014).  

In the Amazon fan, fluid overpressures to drive 
gravitational collapse have been proposed to arise from 
hydrocarbon generation at thermogenic depths beneath 
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the fan (Cobbold et al., 2004). However, basin modelling 
suggests that thermogenic fluids remained trapped in 
strata beneath the fan, within which structurally-
compartmentalised overpressures arise due to a 
combination of disequilibrium compaction and clay 
mineral transitions (Gonçalves Souza et al., 2020). The 
presence of seafloor mud volcanoes within areas of BSR 
occurrence (Figures 4 and 5) provides clear evidence 
that, in places within the fan, overpressured fluids are 
rising from depth by focused flow through the thrust-
folds. However, the mud volcanoes form point-source 
features within BSR patches that extend across the 
crests of the anticlines over distances of up to 16 km 
and along their axes for distances >100 km (Figures 2 
and 3). The overall continuity of the BSR patches 
across such distances can be explained in terms of 
broad zones of near-surface leakage at the crests of the 
anticlines, in which gas-rich fluids are released by 
diffuse flow through systems of seismically observable 
faults and subseismic fractures (cf. Hovland et al., 
1997; Morley et al., 2014). It is interesting to note that 
seismically-observed faults coincide in places with 
short gaps in the BSR patches (Figure 4), consistent 
with a structural compartmentalisation of fluid flow 
and near-surface leakage within the anticlines. In an 
analogous manner, the lateral fading out of the BSR 
patches could be understood in terms of a reduced 
supply of gas-rich fluids away from the thrust-folds, 
until it becomes insufficient to give rise to a BSR (cf. 
Haacke et al., 2007).  

BSR relief controlled by heat flux 
Several factors may influence the depth of a BSR, 
including variations in the velocity and thermal 
transmissivity of near-surface sediments, topographic 
effects on conductive heat flow, heat transport by fluid 
advection, and the composition of pore fluids and gas 
(e.g. Riedel et al., 2010). Within thrust-folds, the 
presence of older strata with higher velocities and 
transmissivities might cause the BSR to rise; at the 
same time, where thrust-folds have seafloor expression, 
heat dispersion from positive relief might cause the 
BSR to deepen. However, the association of small-scale 
BSR elevations with seafloor fluid vents (Figure 5) 
strongly points to a dominant influence of fluid 
advection and heat transport on BSR depth (e.g. Shedd 
et al., 2012; Serié et al., 2017). The rise of warm fluids 
may also involve changes in fluid and gas compositions, 
such that the advection of saline pore fluids or of higher 

hydrocarbons could significantly decrease or increase 
gas hydrate stability, respectively (Sloan, 2003). 
However, there is no evidence for evaporitic deposits in 
or beneath the Amazon fan (Cruz et al., 2019) and, 
while basin modelling confirms the potential for 
thermogenic hydrocarbon generation and migration 
beneath the basal detachment of the collapse system 
(Gonçalves Souza et al., 2020), gas hydrates cored at 
two venting sites on the upper fan (Figure 3) are 
composed predominantly of microbial methane (Ketzer 
et al., 2018). 

The convex and/or irregular relief observed 
within individual BSR patches (Figures 4 and 5) can 
thus be interpreted in terms of spatial variability in 
the upward flux of warm fluids, with highest (focused) 
flux through the conduits feeding mud volcanoes. A 
varying fluid flux also implies variations in the supply 
of gas, and it is interesting to note that changes in 
BSR depth in places correlate with variations in 
amplitude and continuity, including short gaps 
(Figure 4). Studies in areas with drilling data provide 
evidence of a clear correlation between BSR 
elevations, heat and fluid flux and gas hydrate 
concentrations (Hornbach et al., 2012). The morphology 
of the BSR patches thus suggests that the Amazon fan 
gas hydrate province may include rich concentrations 
of gas hydrates. 

The BSR is observed to rise beneath some 
seafloor fluid vents, but not all of them (Figure 5). 
Assuming BSR depth is controlled by heat transport, 
this could indicate that some seafloor features are 
associated with on-going or recent fluid advection, 
while others are inactive or have not recently been 
active. This would be consistent with the behaviour of 
mud volcanoes and pockmarks, both of which are 
inherently episodic in their emissive activity (Kopf, 
2002; Planke et al., 2003; Deville et al., 2010). The size 
range of the mud volcanoes observed on 3D seismic 
data (Figure 4) encompasses that of seafloor mounds 
previously observed on multibeam data acquired in 
2016 across the upper Amazon fan, from some of 
which gas flares were observed rising into the water 
column at 23 locations (Ketzer et al., 2018) (red stars 
in Figure 3). Comparison with the BSR distribution 
shows that most of the degassing mounds lie above 
thrust-fold anticlines and within BSR patches (Figure 
3), which were thus venting gas through the seafloor 
at multiple sites in 2016. Interestingly, however, none 
of the features observed on 3D seismic data were 
venting gas to the water column (Figure 3).  
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CONCLUSIONS 
Systematic mapping of a BSR across the upper Amazon 
fan using a regional grid of 2D and 3D seismic data 
shows for the first time that it consists of elongate 
patches, up to 16 km wide, that show a strong spatial 
correspondence with the arcuate crests of thrust-fold 
anticlines within an upper slope compressional belt. In 
cross-section, the BSR patches exhibit in places convex 
forms and/or irregular relief, while in plan 3D seismic 
horizon maps reveal columnar BSR elevations beneath 
seafloor fluid escape features (small mud volcanoes, 
possible pockmarks). The BSR patches are interpreted 
to provide evidence of the rise of warm gas-rich fluids 
through the thrust-folds and their leakage into and 
through the gas hydrate stability zone via a near-
surface system of faults, hydrofractures, and fluid 
vents. This process may have resulted in the formation 
of concentrated gas hydrate deposits. 
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