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Abstract:

Bottom-simulating reflections (BSRs) identified in seismic data are well documented; and are commonly
interpreted to indicate the presence of gas hydrates along continental margins, as well as to estimate
regional volumes of gas hydrate. A BSR is defined as a reflection that sub-parallels the seafloor but is
opposite in polarity and cross-cuts dipping sedimentary strata. BSRs form as a result of a strong negative
acoustic impedance contrast. BSRs, however, are a diverse seismic phenomena that manifest in strikingly

contrasting ways in different geological settings, and in different seismic data types.

We investigate the characteristics of BSRs, using conventional and high resolution, 2D and 3D seismic
data sets in three locations: the Terrebonne and Orca Basins in the Gulf of Mexico, and Blake Ridge on
the US Atlantic Margin. The acquisition geometry and frequency content of the seismic data significantly
impact the resultant character of BSRs, as observed with depth and amplitude maps of the BSRs.
Furthermore, our amplitude maps reinforce the concept that the BSR represents a zone, over which the
transition from hydrate to free gas occurs, as opposed to the conventional model of the BSR occurring at a

single interface.
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Our results show that a BSR can be mapped in three dimensions but it is not spatially continuous, at least
not at the basin scale. Rather, a BSR manifests itself as a discontinuous, or patchy, reflection and only at
local scales is it continuous. We suggest the discontinuous nature of BSRs is the result of
variable saturation and distribution of free gas and hydrate, acquisition geometry and frequency content of
the recorded seismic data. The commonly accepted definition of a BSR should be broadened with careful
consideration of these factors, to represent the uppermost extent of enhanced amplitude at the shallowest

occurrence of free gas trapped by overlying hydrate-bearing sediments.

1.0 Introduction:

Bottom-simulating reflections (BSRs) identified in seismic data are well documented, and have been used
to indicate the presence of gas hydrates in continental slope environments since they were first identified
at the Blake Ridge in the 1970s (Bryan, 1974; Shipley et al., 1979). BSRs are defined in seismic data as
reflections that sub-parallel the seafloor, cross cut dipping sedimentary strata, and in the case of hydrate
related BSRs, are opposite in polarity to the seafloor (Guerin et al., 1999; Holbrook et al., 1996; Shipley
et al., 1979). The majority of documented BSRs are interpreted to be the result of a negative impedance
caused by the transition from gas hydrate bearing sediments above the base of gas hydrate stability
(BGHS), to free gas bearing sediments below (Haacke et al., 2007; Max and Dillon, 1998; Petersen et al.,
2007; Shedd et al., 2012). The shallowest occurrence of gas is dependent on the local supersaturation of
methane within a local gas stability zone (Xu and Ruppel, 1999). In the literature the term bottom-
simulating reflector is sometimes used, rather than bottom-simulating reflection. A reflector is a physical
boundary at which a reflection occurs; whereas the BGHS or top of free gas is a physical horizon off
which seismic energy reflects, forming a BSR, therefore the term bottom-simulating reflection is more
accurate. In a seismic profile we observe reflections, which can be described in terms of attributes such as

amplitude. Such properties cannot be assigned to a reflector.

Previous studies have proposed several primary geological controls on the presence of free gas below the

BGHS, and therefore the observation of a BSR. These are, the pressure and temperature conditions, the
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rate of tectonic uplift of the seafloor, lithology and the rate of upward fluid flux (Chapman et al., 2002;

Haacke et al., 2007; Shedd et al., 2012; Wood and Gettrust, 2000).

The location of the BGHS is dependent primarily on pressure and temperature conditions, which are
unlikely to vary dramatically across localized scales (Clennell et al., 2000; Wood et al., 2008). Porewater
salinity and gas composition are also controlling factors, and these may vary locally, resulting in the
formation of pluming BSRs, such as are observed in the Gulf of Mexico (Clennell et al., 1999; Liu and
Flemings, 2007; Shedd et al., 2012). Other factors including grain surface effects and pore size may have
a more limited impact on the position of the BGHS (Daigle and Dugan, 2014). The interaction of these
factors determines the thermodynamic state, growth kinetics, spatial distribution and growth state of gas
hydrate (Clennell et al., 1999). Although the definition implies that a BSR must be ‘bottom simulating’, a
BSR will only mirror the seafloor in areas where the temperature conditions (isotherms) are dominated by

conduction, not advection.

Nevertheless, BSRs are commonly used to interpret the presence of gas hydrate and / or free gas in many
different settings (Bunz et al., 2003; Hornbach et al., 2008; McConnell and Kendall, 2013), although the
exact nature of these parameters are often not clearly understood, and gas hydrate occurrences have been
documented in the absence of BSRs (Haacke et al., 2007; Majumdar et al., 2016; Paganoni et al., 2016).
Such complicating factors have motivated this review of the physical nature of the characteristics of
BSRs. As described by Shedd et al. (2012) there are three types of BSR that are attributed to the presence
of gas hydrates and can be characterized in seismic reflection data; continuous (Fig. la and b),
discontinuous (Fig. 1c and d), and pluming BSRs. Continuous BSRs are the classic feature, characterized
by a continuous, coherent event that cross-cuts primary stratigraphy, a typical, well known example
would be the Blake Ridge (Shipley et al., 1979). In some regions continuous BSRs are relatively rare, in
the Gulf of Mexico, for example, the most common is discontinuous. Unlike the continuous BSR, a
discontinuous or segmented BSR is characterized by spaced anomalous seismic events that are generally

parallel to seafloor bathymetry (McConnell and Kendall, 2013; Shedd et al., 2012). Pluming BSRs are
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characterized as a continuous reflection that does not follow seafloor geomorphology, but are bowed
towards the seafloor as a result of significant, locally constrained increases in heat flow related to strong
vertical fluid flux (Shedd et al., 2012). Pluming BSRs occur as small scale, localized anomalies; as such,

these features will not be discussed further in this study.

A fourth type of BSR, known as diagenetic BSRs, form as the result of diagenetic boundaries in siliceous
sediments where sediment density increases with depth, most commonly due to the transformation of
biogenic silica (opal-A) to opal-CT (Berndt et al., 2004; Davies and Cartwright, 2002; Goldberg et al.,
1987). The acoustic impedance associated with the relative change in density results in a prominent
reflection with the same polarity as the seafloor; this reflection follows an isothermal gradient, and
therefore parallels seafloor topography (Davies and Cartwright, 2002; Lee et al., 2003). This is unlike
BSRs caused by free gas and/or gas hydrate, where the reflection is the opposite polarity of the seafloor

reflection.

Herein, we characterize BSRs associated with the presence of gas hydrate in three locations to understand
the impact of hydrate and free gas saturation, geological characteristics, and acquisition parameters of the
seismic data on the appearance of BSRs in marine seismic data. The Blake Ridge on the US Atlantic
margin, although by no means the largest hydrate occurrence worldwide, is perhaps the most well-known,
(e.g. Gorman et al., 2002; Hornbach et al., 2008, 2003; Markl et al., 1970). We selected this site as it is
the textbook example of a continuous BSR, and multiple seismic datasets have been acquired in the area.
Our other two locations, the Terrebonne mini-basin and the Orca Basin, provide classic examples of
discontinuous BSRs in the northern Gulf of Mexico. The Terrebonne mini-basin has been the site of
several previous gas hydrate studies (Boswell et al., 2012b; Frye et al., 2012), most notably the Joint
Industry Project (JIP) Il in 2009, when two wells were drilled and logging-while-drilling (LWD) data
were acquired. Both the Terrebonne mini-basin and the Orca Basin are being evaluated as proposed drill

sites in the Gulf of Mexico Generation of Methane [GOM]® project, currently under review by the
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International Ocean Discovery Program (IODP), and multiple seismic data sets have also been acquired at

each of these sites.

In each of these locations we use 3D seismic data to map out and characterize the BSR, producing depth
and amplitude maps. In addition, at the Terrebonne site, we use high-resolution 2D seismic data to
investigate the differences associated with data acquisition geometry and frequency content on the
characteristics of the mapped BSR. Mapping BSRs in 3D seismic data allows us to determine the
potential areal extent of gas hydrate occurrence, which, in combination with well data, is a valuable tool
in constraining volumetrically the quantity of methane hydrate in a region (Hornbach et al., 2008).
Mapping BSRs using 2D seismic data with a higher frequency content, provides enhanced stratigraphic
detail near the base of hydrate stability, indicated by BSRs that have a distinct character, which also
provides a critical tool for defining the location and disposition of hydrate in sedimentary layers (Haines
et al., 2014). One of the primary factors that determine how a feature is imaged in seismic data is the
frequency content of the data, and the corresponding resolution. The resolution of seismic data refers to
the minimum separation of two features at which they can be resolved as multiple interfaces (Bulat, 2005;
Hyndman and Spence, 1992; Wood et al., 2008). The lateral resolution of the data, commonly referred to
as the Fresnel zone, is defined for vertically travelling waves as the area within which the reflected waves
interfere constructively, resulting in energy being averaged and coherently reflected back towards the
receiver (Wood et al., 2008; Yilmaz, 2001). The size of the Fresnel zone is dependent on the wavelength
of the seismic signal and the depth to the reflector. In this study, we refer to conventional 3D data, with a
typical frequency content in the 10-80 Hz range and high-resolution data in the 80-250 Hz range

(Chapman et al., 2002; Petersen et al., 2007; Wood et al., 2002; Wood and Gettrust, 2000).

We present maps of BSRs derived from 3D seismic data, including previously unpublished amplitude
maps. The results highlight the significant influence that seismic acquisition geometry and frequency
content have on the resultant BSR characteristics, and call into question the widely accepted definition of

a BSR. The BSRs in our study areas do not fit the definition as they do not consistently follow seafloor
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bathymetry, and depending on the resolution of the seismic data, they are not characterized as discrete

reflections.

1.1 Geological setting

The seabed morphology of the northeast Gulf of Mexico is characterized by salt-bounded mini-basins,
typically infilled by Miocene-Pleistocene strata (Diegel et al., 1995; Frye et al., 2012; Pilcher and
Blumstein, 2007). The geomorphology of these mini-basins is due to the coeval processes of relative salt
rise on the flanks, and subsidence at the center (Diegel et al., 1995; Worrall and Snelson, 1989). The
Terrebonne and Orca Basins are salt bounded mini-basins in the Walker Ridge (WR) protraction area in
the Gulf of Mexico, lying in water depths of 1500-2000m (Boswell et al., 2012b; Frye et al., 2012) (Fig.
2). Both the Terrebonne and Orca Basins have been infilled by a sedimentary sequence consisting of
increasingly mud rich units with occasional interbedded thin sands of Miocene to Pliocene age(Boswell et

al., 2012b; Frye et al., 2012; Haines et al., 2014).

The Blake Ridge is a large contourite drift deposit, located ~450 km off the coast of the Carolinas in
water depths of 2000-4000 m (Fig. 2) (Holbrook et al., 2002; Hornbach et al., 2008, 2003; Wood and
Gettrust, 2000). This region has been extensively studied with regards to gas hydrate, due to presence of a
clear, prominent BSR. In addition, the geology of the Blake Ridge is relatively homogeneous; the ridge
consists of near uniform fine silts and mudstones, and correlation of well data to seismic data has shown

limited lateral variation in lithology across the area (Clennell et al., 2000; Hornbach et al., 2008).

2.0 Methods

2.1 Seismic data acquisition

We use data acquired by five different surveys (see Appendix A for details of seismic acquisition), two of
these surveys, at Terrebonne and Orca, are industry acquired conventional 3D seismic surveys. In
addition, we use 2D data and pseudo-3D acquired by research cruises at Terrebonne, Orca Basin and

Blake Ridge.
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2.2 Seismic data processing

The onboard processing sequence for both conventional 3D data sets used in this study included:
geometry definition and correction, trace editing, receiver motion compensation, navigation merge,
application of a 6.25 x 60 m grid and noise attenuation (Janos and Zhang, 2012; Waughman and
O’Connor, 2007). Further processing included: 3D generalized surface multiple prediction (GSMP) and
least squares adaptive subtraction, residual multiple attenuation, seismic interference noise elimination,
residual anomalous amplitude attenuation, water velocity correction, residual wavelet shaping and
migration data preparation. The processed conventional 3D data were also subsampled prior to
interpretation. For the Orca Basin data, a high-resolution Kirchoff sediment flood migration was then
conducted, followed by multi-azimuth sediment tomography, subsalt tomographic velocity updates and
depth migration (Janos and Zhang, 2012). For the Terrebonne data, a wavefield extrapolation migration
was conducted. We converted the depth volume at Terrebonne back to a time volume using a 3D velocity

model in IHS Kingdom®.

The high-resolution pseudo-3D volume at Blake Ridge was created using bin sizes of 37.5 m (inline) and
75 m (crossline). Stacking velocities were determined using semblance analysis, these velocity picks were
then used to create a 3D velocity model (Hornbach et al., 2008). An initial pre-stack depth migration of
the volume was generated, followed by band pass filtering and normalization of traces (Hornbach et al.,

2008).

Conventional seismic data processing techniques were applied to 2D high-resolution seismic
data acquired at Terrebonne. Processing steps for the 2D data included: raw data loading,
geometry definition using shot-receiver geometry and real shot coordinates, trace editing/muting,
f-k dip filtering, inline sorting, velocity analysis and 2D prestack Kirchoff time migration (See

Appendix B for details of processing).

2.2.1 Mapping in 3D
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At each of the three locations, the available 3D processed seismic data were used to map the BSR on a
line-by-line basis. Examination of the data at Terrebonne and Orca Basin showed that the BSR was most
readily identified on crosslines and inlines respectively; these were therefore primarily used for mapping
of the BSR. Only inlines and crosslines are used for mapping due to the presence of minor vertical
artifacts in arbitrary lines. At Blake Ridge, the quality of the crossline data is very poor due to the pseudo-
3D nature of the data; therefore only inlines were used for mapping the BSR. Mapped horizons were then

used to generate maps of each horizon.

3.0 Results

At each location we present structural depth and amplitude maps of the seafloor and the BSR, mapped
from the 3D seismic data, in addition to seismic profiles showing the typical appearance of the BSR. The
bathymetry of the Blake Ridge region is characterized by large sediment drift deposits to the west of the
area, gradually sloping to the east where the geomorphology is relatively flat (Fig. 3). The strata tend to
dip at a low angle of ~2-6° where they intersect the BSR. In these high-resolution data, the BSR at Blake
Ridge is characterized as a ‘continuous’ BSR across the majority of the area; however, it deteriorates into
a more discontinuous BSR to the east (Fig. 3) as previously identified by Hornbach et al., (2008). This
change in the nature of the BSR correlates to a change in the geomorphology of the basin, moving away

from the sediment wave field in the east.

The seafloor geomorphology of the Terrebonne and Orca Basins is typical of salt bounded mini basins in
the Gulf of Mexico. Bathymetric highs mark the position of salt-cored ridges that bound the basins, while
the sediments of the infilled basins are gently dipping. The BSR at Terrebonne and Orca Basin is a
discontinuous BSR, clearly visible in the conventional 3D seismic data as a reflection that parallels the
seafloor geomorphology. At Terrebonne, the BSR is associated with an amplitude change and phase
reversal of dipping sedimentary units as they cross the BSR (Fig. 4a and 5). Unlike Terrebonne, however,
the BSR at Orca is not always associated with a phase reversal in the dipping sediment reflections (Fig.

4d and 6).
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At Terrebonne, the BSR is readily identifiable in crosslines of the conventional 3D volume, that are
oriented NW-SE and cross-cut the dipping sedimentary units along strike (Fig. 4a). However, in the
orthogonal inlines, the BSR is difficult to identify as these lines are oriented NE-SW along the strike of
the sedimentary units. The BSR therefore does not cross-cut the sediments clearly as they are sub-
horizontal in this orientation. The sediments in the Terrebonne Basin dip at an angle of ~11-19° where
they intersect the BSR. At Orca, as at Terrebonne, the BSR is more readily identified in one orientation
than the other: it is clearly visible in seismic inlines oriented NE-SW as these lines cross cut the
sediments perpendicular to strike (Fig. 4d and 6a). The strata in the Orca Basin dip at an angle of ~12-26°

where they intersect the BSR.

The structure of the BSR at both Gulf of Mexico locations closely follows that of the seafloor, with an
average depth of ~900 mbsf at Terrebonne, and ~590 mbsf at Orca (Fig. 4). The amplitude of the BSR is
most prominent in bands around the basins (Fig. 4a and 4b). At Terrebonne, these bands correlate to
where the BSR crosses known coarse grained units (Frye et al., 2012) producing a distinct BSR where it
can be mapped as a reflection (Fig. 4a and b). Although we do not have amplitude data at Blake Ridge
(Fig. 3), it is possible to see the contrast between this location and the Gulf of Mexico sites, with a much
patchier distribution of the mapped BSR at Terrebonne and Orca (Fig. 4b and 4c). The greatest distance
across which the BSR can be imaged as a continuous feature at each location is 1) 26.54 km Blake Ridge,

2) 6.97 km Terrebonne and 3) 11.51 km at Orca Basin.

The Blake Ridge seismic data is a pseudo-3D volume (Hornbach et al., 2008), and we find that the
amplitude values in the seismic data are inconsistent across lines. Therefore we are unable to produce
amplitude maps of the BSR and seafloor at this location. The geomorphology of the BSR closely
resembles that of the seafloor at Blake Ridge, dipping gradually to the east, with an average depth of ~520

mbsf. In the southwestern area of the data set, the BSR reflects the undulating topography of the seafloor

(Fig. 3).
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At Terrebonne there is a strong contrast in the nature of the BSR in conventional 3D seismic data relative
to high-resolution 2D seismic data (Fig. 5). In 2D data, the BSR can be identified by the same
characteristics as in the 3D data: phase reversal of the dipping sediments and increased amplitude of these
units below the BSR (Fig. 5e and f); however, the finer vertical and lateral resolution of the 2D data
results in more discontinuous reflections along a seismic line. Even though discontinuous BSRs appear as
aligned terminations of stronger amplitudes on conventional 3D seismic profiles along the base of the
hydrate stability zone (BGHSZ) (Fig. 4a and 4d), the high-resolution 2D data show finer details of the
strata where discontinuous BSRs are observed. Used in conjunction with the conventional 3D seismic
data, high-resolution 2D data provide additional information on the BSR morphology and a better
understanding of the finer structure of the hydrate stability field within the sedimentary column. Unlike
Terrebonne, the BSR is readily identified in the 2D data at this site (Fig. 6¢); however, the 2D data at this
location have a much lower frequency content in comparison to the high-resolution 2D data at

Terrebonne.

4.0 Discussion

The current definition of a BSR implies a continuous reflection, but the examples presented here
demonstrate that, when observed in a wider spatial context, these features are in fact discontinuous at
basin scales. Further, even at Blake Ridge, possibly the most well-known example of a continuous BSR,
the BSR at this location is clearly fragmented across the extent of the data set (Fig. 3b), and when
observed in ultra-high resolution data, becomes inconsistent and patchy (Wood et al., 2002; Wood and
Gettrust, 2000). Likewise, the discontinuous BSR at Terrebonne becomes even more discrete when
observed in high frequency 2D data (Fig. 5). We therefore argue that all BSRs are more accurately
described as discontinuous in nature due to the complex interaction of the factors controlling them.
Features defined as continuous BSRs are only imaged as such across limited spatial extents due to the

comparatively low resolution of the data in which they are observed.
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It is commonly assumed that the position of a BSR coincides with the base of gas hydrate stability
(BGHS), and that a BSR can be interpreted as the depth at which hydrate is no longer stable due to
increased pressure and temperature (Biinz et al., 2003; Paganoni et al., 2016). At this interface, free gas
accumulates beneath the hydrate layer, creating a strong acoustic impedance that is imaged in seismic
data as a BSR (Haacke et al., 2007; Holbrook et al., 1996; Max and Dillon, 1998). In reality, it is more
accurate to say that, rather than a step-change from hydrate above, to free gas below, the BSR marks the
first occurrence of free gas and is not a discrete plane, but a phase boundary interval of finite thickness, or

transition zone (Clennell et al., 1999; Guerin et al., 1999).

In addition, the assumed requirement that free gas exists at BGHS has been shown to not be necessary,
and gas hydrate may not be present near the base of gas hydrate stability (Daigle and Dugan, 2014; Xu
and Ruppel, 1999). Free gas may occur near the BGHS, or even deeper, depending on the relationship
between fluid flux and the local solubility threshold. In this case, the BSR may not coincide with the
thermodynamic base of hydrate stability, but still represents the shallowest free gas (Guerin et al., 1999).
As discussed by Xu and Ruppel (1999), hydrate can only accumulate where the mass fraction of methane
remains in excess of local methane solubility, therefore the relative positioning of the BSR (shallowest
free gas), actual hydrate occurrence and the BGHS is dependent on; 1) the methane flux rate, 2) the
solubility of methane and localized conditions of grain scale saturation, 3) porosity and 4) permeability.
Below the BSR, in the transition zone, there may be either hydrate and free gas co-existing in patchy
distribution (Guerin et al., 1999; Liu and Flemings, 2007), or water saturated sediments in which neither
free gas or hydrate are present (Xu and Ruppel, 1999). Previous publications have proposed that under the
right conditions, a BSR could form in the absence of free gas, possibly as a result of gas hydrate bearing

sediments overlying water saturated sediments (Holbrook et al., 1996; Hyndman and Spence, 1992).

If the transition zone is thin, such as an abrupt change from gas hydrate to free gas, it may be imaged as a
discrete BSR in most datasets. However, if this zone is more extensive and diffuse, then the BSR may be

imaged as a distinct horizon in lower resolution data, but in high-resolution data it may be resolved into a
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series of lower amplitude units (Boswell et al., 2012b; Chapman et al., 2002; Guerin et al., 1999; Lee et
al., 1994; Petersen et al., 2007; Shedd et al., 2012; Wood et al., 2002). The vertical scale of this transition
zone is predominantly controlled by regional pressure and temperature conditions, and such factors are
unlikely to vary over localized scales. Other factors such as hydrate distribution and lithology may vary
across small scales, particularly where sediments are dipping. There may be irregularities in the lateral
stability boundary as a result of perturbations in fluid and heat flux, pore size, lithology etc. (Liu and
Flemings, 2007). This is clearly illustrated in the amplitude maps of the BSR at Terrebonne and Orca
Basins (Fig. 4b and 4c), which show distinct lateral variability in the appearance and amplitude of the

BSR.

The nature of the BSR is dependent on the complex interaction of numerous factors. The key factors that
we address here are gas hydrate and free gas saturation, formation characteristics such as lithology and
permeability, seismic acquisition geometry and corresponding survey resolution, and the orientation of
the survey lines relative to the geomorphology of the strata in which hydrate occurs. These factors are
intrinsically linked, as the formation characteristics are a primary factor in controlling the volume and rate
of hydrate formation, the supply of methane to the formation, and the volume of gas accumulating below
the BSR (Guerin et al., 1999). Further, factors related to seismic survey design may have a large impact
on the characterization of the BSR. The variation in the seismic acquisition geometry and acquisition
frequency of surveys discussed in this study is summarized in Fig. 7. All of these aspects of the seismic
acquisition must be taken into account when designing a survey, and subsequently interpreting the

acquired data.

4.1 Formation characteristics

The sediments at Blake Ridge in which hydrates have been identified are relatively homogeneous
contourite drift deposits, primarily composed of near-uniform fine grained silt and mudstones (Holbrook
et al., 1996; Hornbach et al., 2008; Paull et al., 1996), whereas, the two sites in the Gulf of Mexico are

characterized by distinctly heterogeneous sedimentary sequences. At Blake Ridge, the relative
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homogeneity of the lithology (and associated hydrate occurrence) is likely contributing to the extensive,
uninterrupted sections of BSR observed in our dataset (Fig. 3). In contrast, the sedimentary sequence
infilling the Terrebonne Basin consists of interbedded muds and sands, with increasingly mud rich units
moving up through the sequence (Frye et al., 2012). The deeper sand units are interpreted as channel-
levee systems with ponded sands deposited in a closed basin setting (Boswell et al., 2012b; Frye et al.,
2012). Similarly, the sediments infilling Orca Basin are interpreted as interbedded sand and mud rich
units of variable thicknesses, based on correlation to industry well data. Several sand units were identified
in well data from the west of the survey area in WR143-001 and WR143-003. It is in these thicker sand
units in both Gulf of Mexico locations that the BSR is most clearly imaged in the conventional 3D
seismic data. The BSR appears as a strong reflection where it cross-cuts high amplitude reflections that
correlate to proven sand rich units from well data at Terrebonne. A similar pattern is seen in the high-
resolution 2D data at Terrebonne (Fig. 4), although the BSR is less convincing than observed in the
conventional 3D data, it is clearest where it crosses the sand units. This suggests that the lithology at these

sites has a significant influence on the formation and imaging of the BSR.

4.2 Gas hydrate and free gas occurrence

The results of drilling and sampling Blake Ridge and LWD at Terrebonne revealed that the gas hydrate
system is dramatically different at both locations. As only a few industry well logs were available in our
Orca dataset, we focus on Terrebonne and Blake Ridge in this discussion. At Blake Ridge, previous
studies by Guerin et al. (1999) and Ecker et al. (2000) estimate the saturation of free gas below the GHSZ
to be 1-5% of pore volume below the BSR. This is consistent with studies elsewhere that have shown that
minimal concentrations of free gas may be sufficient to cause a drop in compressional velocity, and
therefore result in the formation of a BSR (Andreassen et al., 1995; Murphy et al., 1993; Wood et al.,
2008). Guerin et al. (1999) provide an estimate of 5-10% hydrate saturation, based on LWD data from
ODP Site 995. This value is corroborated by a piston core sample from the same location with a hydrate

saturation of 8%, and is consistent with estimates from other studies (e.g. Holbrook et al., 1996).
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In contrast to Blake Ridge, LWD data at Terrebonne revealed substantially higher saturations of gas
hydrate, albeit focused in specific units. Using LWD data from the JIP Il wells at Terrebonne it is possible
to estimate the gas hydrate saturation in the GHSZ. Frye et al. (2012) estimate that 4.4 x 10° m® of gas in
hydrates is present in the GHSZ within thick sand bodies, with hydrate saturations of 75-90% (Boswell et
al., 2012a). Lower saturations of hydrate are present in thinner sand units (~60%), and in the mud rich
fractured unit in the upper stratigraphy (2-8%) (Cook et al., 2014). The average gas concentration in
hydrates across the basin is estimated to be 1.183 x 10° m® km? where sands are present, and 0.32 10° m®
km? where sands are absent (Frye et al., 2012). The JIP Il wells did not drill into the gas leg underlying
the BSR due to the risks associated with drilling free gas using a riserless drill ship; however, we would
expect there to be a similar saturation of free gas below the BSR as there is of gas in hydrate above the
BSR. The results of the JIP Il expedition revealed significant volumes of gas present in hydrate within the
GHSZ at Terrebonne; therefore it is likely that the saturation of hydrate and free gas is a controlling factor

in the formation and imaging of the BSR at this location.

The relatively low saturation of hydrate estimated at the Blake Ridge, in addition to the homogeneity of
the sediments, indicates that hydrate and free gas saturation are among the primary factors controlling the
extensive, uninterrupted sections of the BSR at the Blake Ridge. The estimated hydrate and free gas
concentrations at Terrebonne are higher than that at Blake Ridge, however, at these locations the lithology
is the dominant factor in controlling the appearance of the BSR, as this in turn controls where the greatest
accumulations of free gas occur, resulting in the appearance of a more distinct BSR in coarse grained

units.
4.3 Orientation of seismic lines

The orientation of seismic lines relative to the geomorphology of hydrate bearing sediments may be a key
factor in the imaging of a BSR where sediments are dipping. The seismic data set presented in this study
at Blake Ridge, and used in previous work by Hornbach et al. (2008, 2003) and Gorman et al. (2002), is a

pseudo-3D survey, resulting in relatively high-resolution imaging of sub-surface features. Due to this
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pseudo-3D nature, however, only the inlines were used for mapping the BSR as the quality of the data in
the crosslines is poor. Previous work published by Hornbach et al. (2008) shows that additional 2D
seismic lines acquired roughly parallel to the crosslines of the pseudo-3D survey provide a clear image of

the BSR (Hornbach et al. 2008 — their Fig. 6).

The BSR is most readily identified on seismic lines of one orientation; those that cross cut dipping
sediments parallel to dip. At Terrebonne these are the crosslines (Fig. 4a), whereas at Orca the BSR is
best imaged in the inlines (Fig. 6). It is harder to image the BSR on lines of the opposite orientation due to

the sub-horizontal nature of the strata, particularly towards the center of these two basins.

At Blake Ridge, orientation of seismic lines is not a significant factor in imaging the BSR, which may be
due to the sub-horizontal nature of the strata. Whereas at the Terrebonne and Orca sites where strata dip at
11-26°, highlighting the impact that seismic survey line orientation may have on the imaging of the BSR,
in particular where strata are dipping. If the geomorphology of the strata is not understood prior to
running the survey, it feasible that a BSR could be missed if the survey lines are oriented the wrong way.
Whilst this is not an issue for 3D data, it is of concern for finer scale, 2D surveys where limited survey

lines are acquired and not all intersection angles are covered.

4.4 Source Frequency

Seismic acquisition and the resultant resolution of the survey are a significant component in the imaging
of a BSR, as demonstrated by Wood et al. (2008) and Chapman et al. (2002). Previous surveys at Blake
Ridge utilized very high frequency data acquired with a deep-towed acoustic / geophysics system
(DTAGS) (Wood et al., 2002; Wood and Gettrust, 2000). The DTAGS array is towed ~300 m above the
seafloor, with source frequencies of 250-650 Hz, almost an order of magnitude higher than that of the
conventional seismic data used in this location (Fig. 7) (Wood et al., 2002; Wood and Gettrust, 2000).
The high-frequency source used in DTAGS produces seismic data with high vertical and lateral

resolution, resulting in a very different image of the BSR with relation to the comparatively conventional
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data used elsewhere. Seismic data at Blake Ridge published by Wood et al. (2002) (their Fig. 4c), shows
that in the ultra-high-resolution DTAGS data, rather than being imaged as a cross cutting reflection, the
BSR is characterized by a reflective zone of enhanced reflectivity, conformable with the strata. This is
due to the decreased size of the Fresnel zone in the DTAGS data, allowing resolution of the strata
containing free gas accumulations trapped below the hydrate bearing sediments (Chapman et al., 2002;

Hyndman and Spence, 1992; Wood et al., 2002; Wood and Gettrust, 2000).

The availability of two seismic data sets at Terrebonne provides a valuable opportunity to compare and
contrast the imaging of a BSR using seismic data acquired with different geometries and source
frequencies. The conventional 3D seismic data set used in this study was recorded at a much lower source
frequency in comparison to the high-resolution 2D seismic data set (Fig. 7), resulting in a much larger
Fresnel zone. As shown in the results (Fig. 5), the BSR is stronger in the conventional 3D seismic data
than in the high-resolution 2D seismic data due to the data acquisition parameters and seismic resolution.
At Terrebonne the BSR resulting from focused accumulations of free gas in sands is clearly imaged as a
coherent, discontinuous reflection in the 3D data, with a correspondingly large Fresnel zone, in contrast to

the 2D data with a relatively small Fresnel zone.

At the Blake Ridge, the shallower depth to the BSR (~520 mbsf), and greater water depth (~2000-4000
m), in comparison to Terrebonne (~900 mbsf, 1500-2000 m), plays a significant role in the lateral
resolution of the data, because the size of the Fresnel zone is partly dependent on the depth to the
reflector. As a consequence, the BSR at the Blake Ridge is averaged over a greater lateral area, which
increases amplitude and lateral continuity of the reflection, particularly for the pseudo-3D data. As
discussed by Wood et al. (2008), the BSR at Blake Ridge is more clearly imaged as a cross cutting
reflection using high-resolution 2D data, rather than the ultra-high-resolution DTAGS data. The DTAGS
data, however, shows the stratigraphic and lithologic disposition of hydrate in these sediments with more

detail due to the decreased Fresnel zone size and increased lateral resolution of the data.
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The conventional 3D seismic data at Orca Basin have a similar source frequency to the conventional 3D
seismic data at Terrebonne (Fig. 4), and as at Terrebonne, the BSR is resolved as a clear and distinct
reflection. In addition, the 2D seismic data at Orca Basin have a similar source frequency to the
conventional 3D data, and the BSR is readily identifiable in these data as well (Fig. 6b). As there is no
high-resolution seismic data available at this site, we cannot compare this to a higher source frequency
data set. However, based on the geological similarities to Terrebonne, high-resolution seismic data at

Orca would likely clarify the finer details of the BGHSZ.

Guerin et al. (1999) and Holbrook et al. (1996) proposed that the BSR represents the first appearance of
free gas, rather than the transition from gas hydrate to free gas. At Terrebonne and Orca Basin, the
conventional 3D data suggest the BSR is a discrete reflection; the high-resolution 2D data, however,
indicate that the BSR may occur in the transition zone from hydrate to free gas, being resolved into a
series of discontinuous reflections in the high-resolution seismic image (Fig. 8). As shown in Fig. 5, it is
possible to identify the BSR in the high-resolution 2D data at Terrebonne; however, the BSR is no longer
characterized as a cross-cutting reflection. Rather, it can be identified as the uppermost extent of

enhanced amplitude negative polarity strata.

Through examining extensive data sets with variable source frequencies, and resultant resolutions, we
demonstrate the significant impact of source frequency on the imaging of BSRs. Even the textbook
continuous BSR at Blake Ridge becomes fragmented across the extent of the pseudo-3D data set, and
when imaged using ultra-high resolution DTAGS data, is shown to be discontinuous. Similarly, at
Terrebonne, high resolution 2D data reveals the BSR as increasingly inconsistent in comparison to the

lower resolution conventional 3D data.

4.5 Summary of discussion

The key points of the discussion are summarized in Table 1. The data presented in this study highlight the

multitude of interlinked factors that influence the formation and imaging of BSRs in seismic data. Based
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on these observations, conventional seismic methods are useful to determine the regional distribution of
the BSR and associated gas hydrate anomaly zones. More detailed, high-resolution seismic methods are
useful in local hydrate studies that follow conventional seismic acquisition, or in advance of drilling, as
this provides critical details about the BSR morphology, BSR patterns, and other geological features
within the hydrate stability field. The differences in seismic image resolution complement one another
well and are especially useful in target areas for exploration (production) drilling as well as for research

(landslide, fluid flow, volume) studies.

Table 1: Summary of factors influencing the formation and imaging of the BSR in the two regions

presented in this paper.

Blake Ridge

Gulf of Mexico
(Terrebonne and Orca Basins)

Formation
characteristics

Homogeneous lithology has limited
control on BSR formation.

Heterogeneous lithology of interbedded
muds and sands has significant impact
on BSR formation. Primary physical
control factor.

Gas hydrate & free gas
occurrence

Low saturation required to produce
significant acoustic impedance,
therefore is a primary control on
BSR formation. Main physical
control factor.

Variable saturation (controlled by
lithology), plays a significant role in
BSR formation, but is linked primarily
to formation characteristics. Secondary
control factor.

Orientation of seismic
lines

Sub-horizontal strata results in
limited impact of line orientation on
imaging of the BSR.

Uniformly dipping strata results in
significant impact of line orientation on
how the BSR is imaged.

Source frequency

High resolution pseudo-3D data —
imaged as a continuous BSR across
much of the area, but fragmented
across wider extent. Ultra-high
resolution DTAGS data — imaged
as a discontinuous BSR.

Low resolution 3D data and 2D data —
imaged as a fragmented, discontinuous
BSR. High resolution 2D data
(Terrebonne) — BSR further
disintegrates into a patchy, inconsistent
feature.

Conclusions

We use seismic data of varying source frequencies to precisely map BSRs in 3D at three locations,
highlighting the impact of heterogeneous lithology and geomorphology on controlling the distribution of

gas hydrate and free gas. We find that acquisition geometry and source frequency are critical factors for
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interpreting BSRs imaged in marine sediments, and therefore, are fundamental controls on characterizing

the presence of gas hydrates from seismic data.

We argue that all BSRs are in fact discontinuous in nature; however, whether they are imaged as such,
depends on the resolution of the seismic data. Provided that there are high enough resolution seismic data
to resolve the strata containing the BSR, the BSR will be resolved as an upper extent of reflective
sediments below the base of gas hydrate stability, rather than an unconformable, cross-cutting reflection.
As a result, the acquisition geometry and resolution of seismic data becomes a principle factor in imaging
BSRs and characterizing gas hydrates. This is particularly significant in a complex setting where
numerous other elements, such as lithology and free gas saturation, play a role in the formation of a BSR.
This may help to explain why we occasionally encounter hydrates in areas where a BSR has not been

identified in seismic data.
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Fig. 1 Examples of continuous and discontinuous bottom simulating reflections (BSRs). (a) Continuous
BSR at Blake Ridge. The BSR is clearly distinguished as a laterally continuous reflection following the
geomorphology of the seafloor, with opposite polarity to the seafloor. (b) Enlarged section of (a) to show
phase reversal at the BSR of the horizon marked in orange. (¢) Discontinuous BSR at Terrebonne. The
BSR is distinguished by spaced negative polarity events. (d) Enlarged section of (c) showing polarity

reversal at BSR of the horizon marked in red.
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area. To the east the BSR deteriorates into a more discontinuous BSR. The mapped BSR covers 72.96%

of the data set area. Data source: USGS.
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Fig. 4 (a) Seismic profile (Crossline 28685) showing the typical characteristics of the BSR in 3D
conventional data at Terrebonne. Position of Crossline 28685 as shown in (b) below. (b) Amplitude map
of the BSR at Terrebonne. Note the high amplitude stripes correlating to the position of coarse grained

sand units. The mapped BSR covers 16.49% of the data set area. (c) Amplitude map of the BSR at Orca
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Basin. The mapped BSR covers 30.76% of the data set area. The locations of existing well sites are
indicated on the maps, as are the locations of seismic lines included in this study. (d) Seismic profile
(Inline 5269) showing the typical characteristics of the BSR in 3D conventional data at Orca Basin.

Position of Inline 5269 as shown in (c) above.
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Fig. 5 Comparison of a bottom simulating reflection (BSR) imaged in conventional 3D and high-
resolution 2D data at Terrebonne. (a) Arbitrary 3D seismic line along same path as 2D line WR229c¢. The
minor vertical artifacts in the seismic data are due to this being an arbitrary line drawn across the 3D
volume. The BSR is clearly defined by spaced, high amplitude reflections where the BSR crosses dipping

sand units (indicated by red arrows). These units are associated with increased amplitudes below the BSR
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(b) and phase reversal as they cross the BSR (c). The base of gas hydrate stability (BGHS) is indicated by
a red dashed line. (d) 2D prestack Kirchoff time migration of the 2D high-resolution data, line WR229c,
for line location see Fig. 4b. In contrast to the 3D data, the BSR is less apparent; however, finer details of

the sedimentary strata are visible and the BSR can be traced. As with the 3D data, the BSR is

characterized by phase reversal of dipping sand units (e) and increased amplitudes below the BSR (f).
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Fig. 6 Comparison of a bottom simulating reflection (BSR) imaged in 3D and 2D data at the Orca Basin.
() Crossline 35001. The BSR is identifiable as a discontinuous, patchy reflection. (¢) 2D seismic line

WLS87-430A. The BSR is visible as a faint, negative amplitude reflection that can be traced laterally

across the section. For location of seismic lines, see Fig. 4c.
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Fig. 7 Schematic diagram to show the variation in acquisition systems and frequency content of the
different seismic data types discussed here. (a) Conventional seismic survey, parameters detailed here are
those used in the acquisition of 3D conventional data at Terrebonne. (b) High-resolution seismic survey,
parameters detailed here are those used in the acquisition of 2D data at Terrebonne. (¢c) DTAGS system

used to acquire ultra-high-resolution, after Chapman et al. (2002).
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Fig. 8 Schematic diagram to show the impact of different seismic frequencies when imaging a BSR. (a)
P-wave velocity curve (black) from a site west of Svalbard (Westbrook et al., 2005), indicating a thick
sub-BSR free gas zone (FGZ) with a downward decreasing concentration of free gas. In comparison, the
dashed blue line is an empirical velocity curve for soft terrigenous muds. (b) Illustration of a submarine
sedimentary section containing gas hydrate (above) and free gas (below) the base of gas hydrate stability
(BGHS). This reflector denotes the base of the gas hydrate stability zone (GHSZ) (after Haacke et al.,
2007). (c) Section of a 3D seismic line at Terrebonne, seismic trace overlaid. (d) Section of a 2D seismic
line at Terrebonne, seismic trace overlaid. The position of the interpreted BSR is indicated by red

triangles.
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Appendix A: Acquisition details for seismic data.

Table A.1 Summary of seismic data acquisition (Gorman et al., 2002; Haines et al., 2014; Holbrook et al.,

2002; Hornbach et al., 2008, 2003; Janos and Zhang, 2012; Triezenberg et al., 2016; Waughman and

O’Connor, 2007).

Survey Area Date  Type Vessel(s) Source Receiver
Terrebonne 2006- 3D M/V Western 4 Tuned Bolt airgun 2 X (10 x 7 km)
2007 Neptune, M/V arrays, comprised of 5 streamers, 120 m
Ocean Odyssey, sub-arrays per array, 8 separation between
M/V Geco Tau  guns per sub-array at 8 streamers, 558 groups
and M/V m separation. per streamer, towed at 12
Western Regent  Configured at 8475 in® m below sea surface.
per array. Towed at Sample rate 2 ms.
10 m below sea surface
with 8 m separation.
Shot interval 37.5 m.
2013 2D* R/V Pelican 2 Gl air guns, Geometrics GeokEel oil-
configured at filled digital hydrophone
105/105 in* (harmonic streamer. Nine 50 m
mode) or 45/45 in® (Gl sections, each with 8
mode), with a separation  channels at 6.25 m group
of 2 m, towed at a depth  spacing (72 channels
of 3 m. Shot interval of  total). Towed at a depth
25 s in harmonic mode,  of 3m.
10 s in GI mode.
Orca Basin 2009- 3D WG Columbus, 4 Tuned Bolt airgun 10 x 7 km streamers, 120
2010 M/V Western arrays, comprised of 5 m separation between
Regent, M/V sub-arrays per array, 8 streamers, 558 groups
Western guns per sub-array at per streamer, 12.5 m
Snapper, M/V 8 m separation. group interval, towed at
Geco Tau and Configured at 8475 in® 12 m below sea surface.
M/V Ocean per array. Towed at 10
Odyssey m below sea surface
with 8 m separation.
Shot interval 37.5 m.
1987 2D WesternGeco Airgun source. 24 channel streamer.
Blake 2000 2D/ R/V Maurice 2 high frequency Gl air 4 km streamer, 324
Ridge 3D Ewing guns, configured at channels grouped in 12.5
105/105 in®. Towed at m intervals, towed at 5
5 m below sea surface, m below sea surface at 5
shot spacing of 37.5m.  knots.
* Note: 2D high-resolution seismic data were collected aboard R/V Pelican (Haines et al., 2014). A
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global DGPS and navigation system was utilized during expedition. A 450 m-long digital streamer with
6.25 m group spacing was used to acquire seismic data. Data were collected with various record length up
to 10 s for different profiles and the sample rate was 0.5 ms. An air gun array including two Generator-
Injector (GI) type air guns was used as an energy source in harmonic mode (105+105 or 45+45 cubic
inches) which has generated sharp signal between 10 — 300 Hz frequency band. Air guns were
simultaneously fired at every 25 sec. for 105+105 in® mode and at every 10 sec. for 45+45 in3 mode
along different profiles. The streamer was towed 3 m below sea surface using GeoSpace bird depth

controllers, the gun array was also towed at 3 m.
Appendix B: Processing of the high-resolution 2D data at Terrebonne

Bad channels with large spikes in the shot gathers were killed, although some shot gathers still
contain interferences from nearby seismic exploration activities. Such interference is separable
using f-k dip filtering when the reflection has reverse dip from the original data; interferences
from reflections with the same dip is inseparable. Surgical mutes were also applied to some shot
gathers to minimize data loss from these effects. Coherent noise, including tail buoy noise, bird
noise, and mechanic streamer noise were also eliminated using f-k dip filtering. After filtering,
shot gathers were transformed to CDP gathers with maximum fold between 3 and 9 depending
on the shot interval along different profiles. Supergathers were generated from CDP gathers (9
each) for semblance velocity analysis and the resultant velocity analysis was smoothed to create
a 2D velocity field for each profile. After this analysis, a prestack Kirchoff time migration was

applied to the CDP gathers using the smoothed 2D velocity model.

The results from reprocessing of the 2D high-resolution multichannel seismic data allow for finer
scale interpretations of the seismic images in the vicinity of the BSR. Nevertheless, these data

still contain spikes, noise, and seismic interference from other nearby exploration activities.
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Haines, et al. (2014) also discuss some inherent limitations in the processing and interpretation of
these data due to the geological complexity of the region. Such limitations may result from: i)
unrectified vertical offsets between intersecting profiles due to off-line received energy,
especially for deeper reflections, ii) side sweeping energy during acquisition due to the direction
of recording on migrated profiles, and iii) low CDP fold due to short streamer offsets and
variable CDP fold due to variable shot intervals along different profiles. Maximum fold
decreases substantially for shot intervals > 25 m. Combined, these acquistion and geometric
factors are critical in determining the resolution of 2D seismic data and the nature and character

of the BSR on seismic images.



