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[1] We present seismic evidence of the presence of gas hydrates and free gas in Victoria
Land Basin (western Ross Sea, Antarctica). The occurrence of gas hydrates is inferred
from a bottom simulating reflector (BSR), the first identified in the Ross Sea area.
The gas presence was analyzed through targeted reprocessing of the multichannel
seismic reflection data (3000 m streamer, 120 channels, 60‐fold) acquired in 1990 by the
Italian R/V OGS‐Explora. The seismic data were reprocessed in order to increase the
signal‐to‐noise ratio by adopting a true‐amplitude approach, allowing a subsequent
amplitude variations with offset (AVO) analysis to extract information on both P and
S wave reflectivity. Along a profile from the deeper basin to an intrabasin structural high,
the BSR evolves into crosscutting reflectors (CCRs) and enhanced amplitude reflectors
(EARs). Locally, another seismic event is interpreted to be a second BSR (BSR0),
identified about 150 m below the first BSR and is possibly related to the presence of
a mixture of gases comprising methane and hydrocarbons with heavier molecular
weight and therefore associated with a deeper hydrate stability zone. The presence of faults
controls the upward gas migration, connecting the free gas zone below the BSR and
the mud volcanoes and pockmarks on the seafloor. The modeling of the hydrate
equilibrium zone shows that the observed BSR/BSR0 could be stable at the present
pressure‐temperature conditions.

Citation: Geletti, R., and M. Busetti (2011), A double bottom simulating reflector in the western Ross Sea, Antarctica,
J. Geophys. Res., 116, B04101, doi:10.1029/2010JB007864.

1. Introduction

[2] In this study, the reappraisal of vintage multichannel
seismic (MCS) reflection profiles from the Victoria Land
Basin (western Ross Sea, Antarctica), reveals a double bot-
tom simulating reflector (BSR). The BSR is a subclass of
crosscutting reflectors (CCRs) (e.g., flat spot, bright spot)
often discordant with the local stratigraphic sequences and
is related to geological processes that occur after sediment
deposition. The phase‐inverted BSR is a classical indicator
of gas hydrates and was observed for the first time by Markl
et al. [1970]. The main diagnostic characteristics of a BSR,
indicating the base of a zone of hydrate‐bearing sediments,
are the following:
[3] 1. The BSR normally mimics the seafloor topography,

often crosscutting the local stratigraphy as it follows the gas
hydrate stability field that is controlled by hydrolithostatic
pressure, the seawater temperature and the geothermal gra-
dient [e.g., Shipley et al., 1979].
[4] 2. A high‐amplitude phase‐inverted reflector, which is

characterized by a strong negative acoustic impedance con-
trast at the interface between high‐velocity hydrate‐bearing
sediments above and low‐velocity gas‐bearing sediments

below (a seismic velocity inversion) [e.g., Hyndman and
Spence, 1992; Andreassen et al., 2000; Carcione and
Tinivella, 2000; Gei and Carcione, 2003].
[5] 3. In the prestack seismic analyses of the BSR,

the amplitude variations with offset (AVO) features can be
an important indicator of free gas at this interface [e.g.,
Ostrander, 1984; Carcione and Tinivella, 2000]. A down-
ward transition to sediment‐containing free gas with a low
Poisson ratio, from an overlying sediment with hydrate
having a medium high Poisson ratio, should give negative
reflection amplitudes that become larger with increasing
offset [e.g.,Minshull and White, 1989;Minshull et al., 1994;
Andreassen et al., 1997].
[6] A BSR can also be caused by diagenesis of siliceous

sediments (opal A/opal CT transformation). This diagenesis‐
related BSR results from the positive acoustic impedance
contrast between two forms of opal of dissimilar density
(increasing with depth). Hence, diagenesis‐related BSR shows
a positive polarity as the seafloor reflection event [Hein et al.,
1978; Davies and Cartwright, 2002], in contrast to the nega-
tive polarity associated with the hydrate‐related BSR.
[7] A second difference between hydrate and diagenetic‐

based BSRs is their response to seawater depth. With increas-
ing water depth, the diagenesis‐related BSR has a constant
depth below the seafloor or even decreasing subbottom
depth due to the opal transition pressures occurring at shal-
lower depths [e.g., Bohrmann et al., 1994]. In contrast, the
gas‐hydrate‐related BSR is characterized by an increase
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of depth below the seafloor with greater water depth, as
the added pressure increases the hydrate stability tempera-
ture, allowing hydrate to be stable at greater, warmer depths
[Berndt et al., 2004].
[8] The gas hydrate‐related BSRs are often accompa-

nied by low‐frequency events since the presence of free gas
implies an absorption of the high‐frequency components of
the seismic energy [Taylor et al., 2000; Vanneste et al.,
2002a]. Depending on the geology, the free gas may be
localized in high‐permeability layers, causing a discontin-
uous BSR defined by the abrupt termination of high‐

amplitude sedimentary reflections against an envelope that
coincides with the theoretically expected depth of the base
of the gas hydrate stability zone [Berndt et al., 2004; Bünz
et al., 2003; Mienert et al., 2001].
[9] Gas hydrates are present all over the world, how-

ever little is known about their occurrence offshore Ant-
arctica (Figure 1a). BSRs, inferred to reveal the base of a
zone of gas hydrate, were first identified in the continental
rise of the offshore Wilkes Land [Kvenvolden et al., 1987]
and subsequently on the continental slope of the Antarctic
Peninsula [Lodolo et al., 1993], where the gas hydrate and

Figure 1. (a) The map of Antarctica shows the location of a bottom simulating reflector (BSR) corre-
lated to the presence of gas hydrate at the continental rise of the offshore Wilkes Land [Kvenvolden et
al., 1987] and at the Antarctic Peninsula [Lodolo et al., 1993] and to silica diagenesis at the continen-
tal rise of the Antarctic Peninsula [Volpi et al., 2003], the South Orkney Microcontinent (SOM)
[Lonsdale, 1990], and Prydz Bay [Claypool et al., 2003; Cooper and O’Brien, 2004]. Evidence of
hydrocarbon gases in the Ross Sea was reported by geochemical analyses in DSDP wells [McIver, 1975].
(b) Tectonic sketch map (modified after Salvini et al. [1997] and Rossetti et al. [2006]) and bathymetry
(modified after Davey [2004]) of the western Ross Sea showing the position of the studied multichannel
seismic profiles collected by OGS in 1990. Inside the Victoria Land Basin (VLB), the development of the
north‐south Terror Rift (TR) occurred due to the overprinting of the extensional phase by right‐lateral
strike‐slip tectonics, with down faulting of the Discovery Graben (DG) and doming of the Lee Arch (LA)
[Cooper et al., 1987; Salvini et al., 1997]. The recent magmatic activity of the McMurdo Volcanic Group
is present both onshore and offshore in volcanic islands.
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Figure 2. Reprocessed and migrated multichannel seismic profiles (a) IT90AR‐65S, (b) IT90AR‐64S,
and (c) IT90AR‐63S, collected by OGS in 1990 across the tectonically active Terror Rift in the Victoria
Land Basin (see Figure 1 for location). The Terror Rift is subdivided into the Discovery Graben and the
Lee Arch, both of which are affected by intense faulting and folding. Reprocessing of the profiles
(see text) shows the bottom simulating reflector (BSR), crosscutting reflectors (CCRs), enhanced‐
amplitude reflectors (EARs), and a discontinuous BSR (BSR0). The seafloor morphology is characterized
by mounds, mud volcanoes, and pockmarks.

GELETTI AND BUSETTI: BSRS AND GAS HYDRATE IN THE ROSS SEA B04101B04101

3 of 15



free gas content has been extensively studied [Tinivella
et al., 1998; Tinivella and Accaino, 2000; Lodolo et al.,
2002]. However, BSR evidence in both areas appears on
the continental rise in water depths ranging from 1000
to 4800 m. Offshore Antarctica, the occurrence of BSRs
related to silica diagenesis, in particular, the diagenetic
alteration of a biogenic opal–A to opal CT [Kvenvolden and
Cooper, 1987], was found on the South Orkney Micro-
continent [Lonsdale, 1990], in the sediment drifts of the con-
tinental rise of the Antarctic Peninsula [Rebesco et al., 1997;
Volpi et al., 2003], and on the continental slope of Prydz
Bay [Claypool et al., 2003; Cooper and O’Brien, 2004].
Despite the fact that gas hydrate was not found in the Ross
Sea, McIver [1975] and Rapp et al. [1987] hypothesized its
occurrence.
[10] For the first time, this paper reports the presence

of BSRs in the Ross Sea, occurring in the three east‐west
MCS profiles collected in 1990, in the central part of the
Victoria Land Basin (VLB) (Figure 1b). We present seis-
mic evidence of BSRs after detailed reprocessing to pre-
serve true amplitude; this MCS data analysis clearly reveals
a strong BSR and below it, a second BSR (BSR0) with
normal polarity, which is not visible in data analyzed using
standard processing.
[11] In some locations, as for instance in the Antarctic

Peninsula [Böhm et al., 1995], Barents Sea and Norwegian
continental margin [Andreassen et al., 1990, 2000], and
Nankai slope [Foucher et al., 2002], the presence of another
BSR was identified below the Base of the Gas Hydrate
Stability Zone (BGHSZ). Generally, this BSR is charac-
terized by a normal‐polarity reflection (not phase‐reversed)
slightly deeper than the BGHSZ. There are several hypoth-
esis about BSR0: (1) A paleo‐gas‐hydrate BSR, i.e., an
event originated from former pressure‐temperature condi-
tions [Andreassen et al., 2000]; (2) a seismic event from
the base of sediments partially saturated with gas hydrates
containing a mixture of gases, i.e., a BSR with a different
stability zone [Andreassen et al., 2000]; (3) a reflection asso-
ciated with mineral diagenesis [Andreassen et al., 2000],
as mentioned before; and (4) a residual BSR, which could
be due to a recent migration of the BGHSZ, in response
to recent sea bottom warming or tectonic uplift [Foucher
et al., 2002]. In the following, a tentative interpretation
identifies the BSR0 with hypothesis 2, since we observe a
similar velocity profile and signal polarity as in the work by
Andreassen et al. [2000].

2. Regional Setting

[12] The Ross Sea is a large embayment on the Ant-
arctica coastline, covering an area of about 750,000 km2,
with an average water depth of ∼500 m. There are five
north‐south sedimentary basins in the Ross Sea, the Victoria
Land Basin (VLB) being the westernmost basin (Figure 1).
The VLB is ∼150 km wide and 400 km long, and is esti-
mated to contain up to 14 km of sediments [Cooper et al.,
1987; Brancolini et al., 1995]. These sediments are Ceno-
zoic fluvial/continental to marine deposits in origin, with
occurrence of diamicton (very poorly sorted sediment depos-
ited by glaciers in moraines) since the Miocene period, indi-
cating an increase of glacial processes relative to climate
cooling [Cape Roberts Science Team, 2000]. Since the Eocene,

the extensional phase overprinted by right‐lateral strike‐
slip tectonics produced, within the VLB, the north‐south
trending Terror Rift, that is composed of two parts, the
down‐faulted Discovery Graben and the adjacent magma-
tically intruded and folded Lee Arch [Cooper et al., 1987;
Salvini et al., 1997].
[13] The study area is located in the central Terror Rift,

the tectonically and magmatically active part of the VLB.
In particular, the MCS profiles cross the faulted eastern
side of the Discovery Graben and the transpressional fea-
tures of the Lee Arch (Figures 1 and 2).
[14] The thermal conditions of the Ross Sea reflect the

active continental‐rifting environment, having high heat flow
values, with a relative geothermal gradient of 76–123°C/km
[Della Vedova et al., 1992] and 98–108°C/km [Blackman
et al., 1987], measured in the upper 4 m of sediment in
the Central VLB (Figures 1b and 2c). This higher geother-
mal gradient measured in shallow sediments in the Central
VLB could be applicable to the upper sediment only. In
fact, the geothermal gradients estimated in wells drilled in
the southern VLB (Figure 1) have lower average values,
ranging from 24 to 40°C/km, and usually a slightly non
linear equilibrium gradient: 24°C/km in the 625 m below
seafloor (mbsf) deep well CRP‐2 [Bücker et al., 2000],
28.5°C/km in the 870 mbsf deep well CRP‐3 [Cape Roberts
Science Team, 2000], 35°C/km in the 227 mbsf deep well
MSSTS‐1 [Sissons, 1980], 37°C/km in the 65 mbsf deep
well DVDP 15 [Bucher and Decker, 1976], and 40°C/km in
the 702 mbsf deep well CIROS‐1 [White, 1989].

2.1. Hydrocarbon on the Continental Margins
of the Ross Sea

[15] In the western Ross Sea, hydrocarbon gases and
heavy h alkanes (hC13 – hC36) were identified in near‐
surface sediments recovered by nine gravity cores (1–3 mbsf)
(Figure 1b), but the low concentrations, for example, 9.6–
13 mL/L of methane, were thought to reflect the back-
ground levels, commonly observed in the oxidizing sedi-
ment of continental margins [Rapp et al., 1987]. Instead, in
deeper Miocene muddy sediments (64–365 mbsf) recov-
ered from DSDP sites 271, 272 and 273, in the eastern
and northwestern part of the Ross Sea (Figure 1a), high

Table 1. Acquisition Parameters of the Multichannel Seismic
Profiles Analyzed in the Paper

Acquisition Parameters Description or Value

Vessel R/V OGS‐Explora
Time period 1989/1990
Source type Air guns (1 × 16 units) – 22.5 L
Operating pressure 140 bars (2000 psi)
Recording system Sercel SN 358 DMX
Record length 6000 ms
Sampling rate 2 ms
Field filters L.C., 8 Hz–18 dB/oct;

H.C., 154 Hz–70 dB/oct
Group interval 25 m
Shot interval 25 m
Number of groups 120
Offset (source/first group) 150 m
Coverage 6000%
Streamer length 3000 m
Streamer depth 8 m
Source depth 6 m

GELETTI AND BUSETTI: BSRS AND GAS HYDRATE IN THE ROSS SEA B04101B04101

4 of 15



contents of total hydrocarbon gas (mainly methane), up to
179,000 mL/L, have been found [McIver, 1975]. Two
gravity cores, collected near the DSDP‐273, have methane
concentrations from 3 to 6.7 mL/L, but concentrations in
sediments at depth at DSPD‐273 ranged from 52,000 to
146,000 mL/L, indicating that high methane content does
not reach the sampled near‐surface sediment [Rapp et al.,
1987]. Both McIver [1975] and Rapp et al. [1987] specu-
lated that the gases may have been immobilized as gas

hydrates, but at that time, evidence of clathrates or BSRs in
seismic profiles was not observed. In the CIROS‐1 well, the
Oligocene to Miocene rocks contain small amount of
organic carbon, hence little hydrocarbon potential, similar to
those of MSSTS‐1 (Figure 1b) [Collen et al., 1989].

3. Reprocessing of the Multichannel Seismic Data

[16] An extensive multichannel seismic survey was con-
ducted by the Istituto Nazionale di Oceanografia e di Geo-
fisica Sperimentale (OGS), in the western part of the Ross
Sea (Figure 1) during the 1989/1990 austral summer, and
multibeam echosounder swath bathymetry data were also
acquired by the OGS in 2006, both with the R/V OGS‐
Explora in the framework of the Italian Programma Nazio-
nale di Ricerche in Antartide (PNRA).
[17] The acquisition parameters of the MCS reflection

profiles (Table 1) were designed for the analysis of the seis-
mic stratigraphy (middle resolution). The multichannel seis-
mic reflection data were processed at OGS in 1992, using a
standard processing flow and the main seismic sequences
were interpreted by Brancolini et al. [1995].
[18] The present study is based on a reprocessing flow

(Table 2) for characterizing BSRs, CCRs and EARs (Figure 2).
The profiles were processed using the software packages

Figure 3. Common depth point (CDP) gather (2910) from profile IT90AR‐63S (see location in
Figure 2c): (a) 60‐fold CDP 2910 gather after AGC and (b) after normal moveout (NMO) correction,
where the strongest BSR is shown; (c) stack on 20 CDP around the CDP 2910; and (d) semblance
velocity analysis and its relationship to the BSR/BSR0 pair. The semblance (low, yellow; high, blue)
represents the coherence of the stacking velocity. The highest semblance peaks are picked to constitute
the velocity function (red line) applied in the stacking process in Figure 3c. The interval velocity function
is the segmented black line in Figure 3d. Numbers on the red line indicate interval velocity (Vi) and
numeric pairs, such as 1432/1532, indicate the two‐way traveltime (TWT) in ms and the root‐mean‐
square velocity (Vrms), respectively, at the point indicated by the cross. In the CDP (Figures 3a and 3b),
the BSR signals show an increase of negative amplitude with increasing offset, and the BSR0 signals are
present only in the middle far‐offset range. However, the BSR and BSR0 evidence in the stack profile is
different according to the mute curve (magenta line in Figure 3b) and velocity functions used. The
velocity inversions are present at 1360 and 1820 ms TWT, and the last one corresponds to the BSR with
a velocity drop from 2050 to 1360 m/s. The shallower velocity drop is probably related to occurrence of
free gas in the sediment below the mud volcano (see Figures 2c and 4). This may happen at locations
where the mud volcano penetrates the gas hydrate layer, since faults may have caused a leak of a free gas
to the seafloor.

Table 2. Flow Chart of the Main Processing Sequence Applied to
the Multichannel Seismic Profiles Analyzed in This Paper

Sequence Description

1 Spherical divergence correction
2 Sort (60‐fold common midpoints)
3 Preliminary velocity analysis
4 DMO correction procedure
5 Velocity analysis
6 NMO correction using optimum stacking velocities
7 Targeted top muting to include the far offset of the

BSR events (maximum 35% of stretch)
8a Stacking (fold 6000%)
8b Extraction of AVO attributes
9a Time migration using a smoothed version of the

optimum stacking velocity field
9b P and S wave reflectivity section

GELETTI AND BUSETTI: BSRS AND GAS HYDRATE IN THE ROSS SEA B04101B04101

5 of 15



Focus® and GeoDepth® by Paradigm®. The MCS acqui-
sition geometry, such as the length of the streamer, the trace
offset (the BSR events in the CDP gathers have the highest
negative amplitudes range from 1500 to 2900 m along the
offset; see Figures 3 and 5), the 6000% fold (spacing between
CDPs is 12.5 m), and the frequency range and power of the
source array allowed us to highlight the BSR features.
[19] The effects of geometrical spreading have been cor-

rected by using the stacking velocities, and the relative
amplitude of the seismic data has been preserved as well as
possible in the prestack analysis, with accurate gain curve
application to identify amplitude variations with offset. The
true amplitude recovery is very important as it constitutes a
diagnostic element for the BSR identification in the AVO

analysis using the P and S wave reflectivities. A qualitative
AVO analysis, hence an estimate of the S wave reflectivity
image, was obtained with the commercial software Geo-
Depth®, which is based on a linearization of Zoeppritz’s
equations (Figure 6).
[20] An advanced stacking velocity analysis on each

horizon of interest (i.e., the BSRs) including dip move out
(DMO) correction was performed. The detailed velocity
estimation was derived from semblance analysis with stack
test sections of 30 CDP each (Figure 3) and applied every
30 CDPs (375 m), where the geological features are com-
plex (Lee Arch) to 100 CDPs (1250 m) in the basin. The
DMO brings the dipping events close to their real position
[Yilmaz, 2001], hence emphasizing the BSR continuity

Figure 4. (a and b) The seismic character of the BSR and BSR0 compared to the seafloor reflection
(see location in Figure 2c). The velocity trend in the sediment affects the polarity of the signal: the
increase of interval velocity with time yields a normal polarity, while its decrease yields a negative
polarity. The seafloor response has a positive polarity with the signal characterized by two negative lateral
lobes and a main positive lobe (Figure 4b), as the sediment velocity at the seafloor (about 1650 m/s) is
higher than that of water (∼1480 m/s). A classical BSR is characterized by a negative polarity with two
lateral positive lobes and a main negative lobe (Figure 4b), due to the drastically decreasing seismic
velocity in the underlying layer, related to the gas presence. The negative polarity event (with respect to
the seafloor), the velocity inversion and the crosscutting of the local stratigraphy (Figures 4a and 4b) are
the main diagnostic characteristics of a BSR. The BSR0 has a normal polarity that could be caused by a
thin layer of gas, with drop of velocity before it increases again, providing an overall reflection with a
positive polarity rather than the reversed polarity of a standard BSR. (c) The frequency content of the
three signals (seafloor, BSR and BSR0) is shown as a plot of power spectrum as a function of time
[Yilmaz, 2001]: the seafloor has a wider spectrum, ranging from ∼6 to ∼75 Hz, with maximum amplitude
at ∼30 Hz, the BSR has the maximum amplitude at ∼22 Hz, and the BSR0 has the maximum amplitude at
∼15 Hz. SR refers to “stratigraphic reflectors,” and the dashed white curve is the peak frequency trend
versus TWT for water‐saturated sediments (sediments without free gas).
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when crosscutting the geological features, and improving
the determination of the velocity related to the BSR rather
than the velocity of the stratigraphic horizons. In addition,
we applied a targeted top muting, to preserve the shallow
high‐amplitude reflections (related to the BSR) occurring
in the CDP gathers at offset between 1500 and 2900 m
(Figure 3b).
[21] The dominant poststack frequency is 25–75 Hz,

while the BSR signal has a main frequency of around 15 and
25 Hz (Figure 4c). The latter frequencies are anomalously
low at this depth (down to 700 ms below the seafloor)
compared to those of the stratigraphic reflectors (sr) at the
same traveltime. The seismic source, 16 air guns with a
frequency range between 10 to 120 Hz, was suitable to
generate reflections from those interfaces.
[22] As mentioned above, the seismic data were reprocessed

in order to increase the signal/noise ratio by adopting a
“true‐amplitude” approach, which preserved the real ampli-
tudes of the reflection signals (Figure 5), allowing a succes-
sive AVO analysis and the calculation of the P and S wave
reflectivity profiles (Figure 6) [Stewart, 1990].
[23] Complex seismic trace attributes, reflection strength

(also known as instantaneous amplitude or envelope ampli-
tude) and instantaneous frequency [Taner and Sheriff, 1977],
were extracted to highlight the free gas occurrence (Figures 7
and 8). The reflection strength depends on the contrast of
seismic impedance (i.e., velocity times density), and it is
independent of the effects of phase distortion in the stacked
seismic section. The seismic compressional (P wave) velocity
decreases when there is gas filling the pores, even for small
saturations [Domenico, 1977], and produces strong reflec-
tion events, called “bright spots.” Hence, a high‐reflection
strength is often associated with gas accumulations [Taner
et al., 1979, 1994]. According to the principle that gas occur-
rence attenuates high frequencies [Taner et al., 1979, 1994;
Carcione and Picotti, 2006], the data were displayed as
an instantaneous frequency section that produces a “low

frequency shadow” over the region of inferred free gas
(Figure 8b) [Taylor et al., 2000, Vanneste et al., 2002a].

4. Results

[24] Reprocessing the multichannel seismic data highlighted
the occurrence, within the Miocene/Oligocene sediment, of
four types of high‐amplitude reflectors, with negative or
positive polarity and low‐frequency events associated with
velocity anomalies. The four reflector types have been
identified as follows:
[25] 1. BSR “proper,” according to the definition of

Berndt et al. [2004], is characterized by very high ampli-
tudes, a phase inversion relative to the seafloor reflection
event, and a tendency to parallel the seafloor topography
while crosscutting the local seismic stratigraphy (Figures 2,
4, and 8). The BSR is present in the eastern side of the
Discovery Graben only, and it is cut by faults. It occurs from
500 to 700 ms below the seafloor (∼400–600 mbsf). Above
the BSR, the interval velocities are about 1900–2050 m/s,
and below it they drop to about 1360 to 1400 m/s. The main
frequency of the BSR is about 20 Hz, lower than the 25 Hz
of the stratigraphic reflectors occurring at the same time
window (Figure 4c). In the prestack analysis, the negative
amplitude of the reflectors increase with offset, as the neg-
ative main lobe of the signal has an amplitude approxi-
mately 10 times greater in the far offset (in particular
between 1575 and 2825 m) than in the near offset (Figures 3
and 5). In the AVO analysis of the P and S wave reflectivity
sections, the BSR shows high amplitude in the P wave
section while is not evident in the S wave reflectivity
(Figure 6).
[26] 2. A second BSR (BSR0), according to the inter-

pretation of Andreassen et al. [2000], occurs as a reflection
segment almost 200 ms (∼150 m) below (and parallel to)
the BSR but is characterized by an amplitude lower than
that of the BSR and by a normal polarity. This event can

Figure 5. Absolute amplitude CDP gather obtained by a “true‐amplitude” approach that preserves the
real amplitudes of the reflection signals showing the high amplitude of the BSR at the far offset.
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only be seen in the southern line in the Discovery Graben,
where the BSR appears as the strongest event (Figure 2c).
Above the BSR0, the interval velocities range from 1360 to
1400 m/s and below the BSR0 they increase to about 2000
to 2100 m/s. Qualitatively, this is a similar velocity profile
to that reported by Andreassen et al. [2000]. The main
frequency of the BSR0 is about 10–15 Hz, lower than that of
the stratigraphic reflectors (25 Hz) occurring at the same
time window (Figure 4).
[27] 3. Crosscutting reflectors (CCRs), according to the

definition of Berndt et al. [2004], have the same seismic
characteristics of the BSR proper, but they do not mimic the
seafloor. They are present in the western side of the Lee
Arch only in the southern profile (Figures 2c and 8a), rising
up from 300 to 150 ms in correspondence with a 1.5 km
wide depression in the seafloor. Above the CCRs the

interval velocities are about 2000 m/s, and below they drop
to about 1400 m/s (Figure 8a).
[28] 4. Enhanced‐amplitude reflectors (EARs), according

to the definition of Judd and Hovland [2007], are coherent
seismic reflections. These high‐amplitude reflections, which
are related to the presence of gas, generally are character-
ized by high amplitude, reverse polarity and low frequency.
They are present in the Lee Arch (Figure 2). The domi-
nant frequency is about 22 Hz. Occasionally, the EARs are
identified by a borderline top termination against the BSR
(Figure 7).
[29] A wide and almost continuous area characterized by

low frequencies, between 5 and 20 Hz, crosses the whole
section roughly parallel to the seafloor, rising up and becom-
ing thicker beneath the central portion of the Lee Arch. The
distribution of the low frequencies, termed the “low fre-
quency shadow,” follows the distribution of the BSR,
CCRs, and EARs (see Figure 8).

4.1. Fault and Gas Seep Induced Mud Volcano

[30] The area of BSR occurrence, particularly in the Lee
Arch region, is affected by active tectonism. Fault strands
disrupt the BSRs, the CCRs, and EARs, and are sometimes
associated with mud volcanoes and pockmarks occurring
at the seafloor (Figure 2). The main mud volcano, named
Tergeste Mud Volcano, is 1000 m wide and 80 m high and
located atop one strand belonging to the fault system of the
Lee Arch (Figures 2b and 9). A smaller mud volcano is
located in the Discovery Graben (Figure 2c). Both the BSR
and the BSR0 underlie the mud volcanoes and are dis-
rupted by faults just below the cones. Conduits rising up
from the BSR to the mud volcanoes are visible in the seis-
mic profiles (Figures 4 and 9), and are potentially related
upward migration of gas/fluids.
[31] Moreover, beneath the Tergeste Mud Volcano the

BSRs rise up almost 200 ms, and the thickness between the
BSR and BSR0 of about 130 m (200 ms with low velocity
values of about 1340 m/s) is the maximum observed in the
study area.

4.2. Modeling of the Stability Zone of the BSR

[32] To evaluate whether the observed BSR and BSR0
represent the base of gas hydrate stability, the theoretical
depth of the base of the gas hydrate stability zone was
estimated for a range of methane hydrates and hydrates of
varying composition [Sloan, 1990] (Figure 10). This model
was performed on the part of seismic profile IT90AR‐63S
where the BSR and the BSR0 are strongest and the tem-
perature measurements are available (Figures 1b and 2c)
[Della Vedova et al., 1992]. The average geothermal gra-
dient is about 90°C/km, the seafloor temperature is about
−1.5°C [Della Vedova et al., 1992], and the water depth is
880 m. However, the geothermal gradient is not constant
with depth, and is generally higher in the shallow sedi-
ment, so these values can be considered reliable for about
the upper 50–100 mbsf (B. Della Vedova, personal com-
munications, 2009). The geothermal gradient, calculated
from hundred meter deep wells in southern VLB ranges
only from 24 to 40°C/km. Assuming the BSR and BSR0
represent the base of stability of gas hydrate with different
composition according the curve of Sloan [1990], with pure
methane for BSR and heavier hydrocarbons (96% methane,

Figure 6. Part of line IT90AR‐63S (see Figure 2 for
location) corresponding to a gas‐seeping feature and mud
volcano: (a) P wave reflectivity section where the BSR/
BSR0 are most evident in the whole study area. (b) S wave
reflectivity section weakly images BSR/BSR0.
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Figure 7. Migrated seismic section IT90AR‐65S (a) with velocity functions and (b) the relative reflec-
tion strength section (see Figures 1 and 2a for location). The enhanced‐amplitude reflections (EARs),
disrupted by faults, show phase inversion in Figure 7a and high reflection strength in Figure 7b, and the
velocity drop to about 1350 m/s provides evidence of a free gas zone. The dashed line is the borderline
top of EARs termination that shows a bottom simulating trend and is the continuation of the BSR.
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Figure 8. (a) Stack with true‐amplitude approach and (b) instantaneous frequency section of IT90A‐
63S (see Figure 1 and 2c for location). In Figure 8a the BSR, crosscutting reflectors (CCRs), and
enhanced‐amplitude reflectors (EARs) are present. In the instantaneous frequency section a wide and
almost continuous area characterized by low‐frequency shadow (5–20 Hz), follows the distribution of
the BSR, the CCRs, and EARs. The low frequency is an indicator of the free gas occurrence.
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Figure 9. (a) A 3‐D image of seismic migrated section IT90AR‐64S (see location in Figure 2b) and
multibeam echosounder swath bathymetry data across the Tergeste Mud Volcano. (b) Scan stacks and
(c) relative semblance velocity analysis which highlight the seismic velocity inversion (1360 m/s between
the BSR and BSR0) below the mud volcano. The thickness of this low‐velocity zone is estimated to be
∼170 m (250 ms). The BSR is intensively disrupted by faults, where gas, fluid, and fluidized sediments
migrate upward, building the mud volcano at the seafloor.
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3% ethane and 1% propane) for BSR0, the geothermal gra-
dient calculated is about 36°C/km (Figure 10).

5. Discussion

[33] The existence of the BSR indicates the presence of
free gas and gas hydrate. The BSR is displaced by the fault
strands, where the low‐amplitude reflection suggests a gas/
fluid and fluidized sediment upward migration (Figures 4
and 9). The gas comes mainly from the free gas‐bearing
sediment between the BSR and the BSR0. The gas hydrate
acts as a trap for the underlying gas, but along fractures/
faults the gas can migrate through the shallow sediment up
to the seafloor, forming gas seeps and consequently con-
tributing methane to the ocean and potentially to the atmo-
sphere [MacDonald et al., 2002; Liu and Flemings 2006;
Mau et al., 2006].
[34] The studied data set implies the occurrence of gas

hydrate and free gas, not only from the seismic data anal-

ysis, but also by the occurrence of gas seeping seafloor
morphologies (mud volcanoes and pockmarks), as well as
the modeling of the gas hydrate stability zone.
[35] In the stacked profiles, the BSR seismic character-

istics, including high amplitude, negative polarity, low fre-
quencies (from 25 Hz above to 20 Hz below the BSR),
velocity anomaly (lowering of interval velocity from about
2000 above the BSR to 1400 m/s below), and mimicry
of the seafloor topography, are the typical geophysical
indicators of the base of gas hydrate and top of free gas.
[36] The frequency field has been investigated by power

spectrum panels as a function of time (Figure 4c) and
instantaneous frequency sections (Figure 8b). Both attri-
butes show that the BSR has a low‐frequency character. The
occurrence of free gas below the BSR is associated with the
low frequency below the BSR [Vanneste et al., 2002a].
Wood and Ruppel [2000], who performed spectral model-
ing of single‐channel seismic and vertical seismic profiling

Figure 10. Equilibrium diagram for methane hydrate and for hydrate of varying compositions (curves
1a, 1b, 2 and 3), obtained from the compilation of Sloan [1990]. (a) Transect of depth‐converted seis-
mic profile IT90AR‐63S (see Figure 2c for location), corresponding to the location where the temperature
measurements up to 5 m deep sediment were taken [Della Vedova et al., 1992], the seafloor temperature is
about −1.5°C [Della Vedova et al., 1992], and water depth is nearly 880 m. (b) The gas hydrate equi-
librium zone by the curves with different gas composition [Sloan, 1990] and geothermal gradient: in red
the average geothermal gradient of 90°C/km from Della Vedova et al. [1992] calculated for shallow
sediments from the temperature measurements located in Figure 10a, in orange the 36°C/km estimated
geothermal gradient assuming the presence of gas hydrate of different composition according to curves 1a
(pure methane) and 1b (96% methane plus heavier hydrocarbon) for BSR and BSR0, respectively. The
36°C/km estimated geothermal gradient is similar to those fromwells drilled in southern VLB (24–40°C/km).
(c) Suggested geological model with the distribution of gas hydrate and free gas of pure methane above
and below the BSR and a thin gas layer (q) of 96% methane plus heavier hydrocarbon in corre-
spondence of the BSR0.
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(VSP) data, showed that attenuation does not occur in
the presence of low gas hydrate saturation (3–7% of the
pore space), but it is significant in the free gas zone below
the BSR. An alternative theory by Castagna and Sun [2002],
suggesting that the occurrence of free gas provides addi-
tional reflected energy at low frequencies, rather than atten-
uation of higher frequencies, is also consistent with our
observations.
[37] Another important indicator of free gas at the BSR

interface is the AVO effect [e.g., Ostrander, 1984; Hilterman,
1990]. In fact, a downward transition to sediment contain-
ing free gas, from an overlying sediment without gas,
should give negative reflection amplitudes that become
larger with increasing offset [e.g., Minshull and White, 1989;
Minshull et al., 1994; Andreassen et al., 1997; Carcione and
Tinivella, 2000]. Hence, in the prestack seismic analyses of
the BSR (Figures 3 and 5), the negative amplitude increase
with offset, according to Ostrander [1984] and Hilterman
[1990], suggests the occurrence of free gas. Moreover, the
P wave reflectivity increases with the occurrence of free
gas, while the S wave reflectivity depends on the properties
of the solid matrix only. Figure 6 shows the BSR and the
BSR0 are identified clearly by high‐amplitude reflectors in
the P wave reflectivity rather than in the S wave reflectivity
section where the BSR and BSR0 are imaged weakly. This
result is consistent with the occurrence of free gas below the
gas hydrate zone.
[38] Where the BSR is strongest, the presence of BSR0

is identified about 120–140 ms in the time‐migrated sec-
tion (80–100 m in the depth conversion) below the BSR.
This BSR‐BSR0 pairing occurs as parallel horizons, cross-
cutting the sedimentary reflectors (Figure 4). The low
velocity (a minimum of 1350 m/s between BSR and BSR0
and higher above and below the BSR/BSR0 pair), the high
reflection strength, and the low main frequency of about 15–
20 Hz (Figures 7 and 8) suggest the presence of free gas.
Hence, according to Andreassen et al. [2000], the BSR0
could be caused by a thin layer of gas, providing an overall
reflection with a positive polarity rather than the reversed
polarity of a standard BSR (Figure 10). Alternatively, the
lower reflector could be the base of the free gas reflector
(BGR), as already suggested by some authors [Böhm et al.,
1995; Lodolo et al., 2002; Posewang and Mienert, 1999;
Andreassen et al., 2000], but in our data, the BGR hypoth-
esis is inconsistent with the base of gas being generally a flat
reflection event.
[39] Traversing along the profile, from the basin to the

Lee Arch, the BSR evolves into CCRs and EARs. The
EARs are seismostratigraphic reflectors related to sedi-
ments that likely have higher porosity than the surrounding
media, providing a preferential zone for the free gas accu-
mulation [Judd and Hovland, 2007]. Similar to the stratig-
raphy, the EARs could be faulted and tilted, as occurs along
the profile IT90A‐65 (Figure 7). The top terminations fol-
low the Base of the gas Hydrate Stability Zone (BHSZ), as
reported in the Norwegian margin by Berndt et al. [2004].
The bottom terminations of the EARs, with changing
amplitude, frequency and phase, follow a trend that is dee-
per and subparallel with the BHSZ (see Figures 2a and 7).
An alternate possibility could be that the bottom termina-
tions are determined by how much gas migrates into each
reflector.

[40] In the profile IT90A‐63, the CCR is located about
200 ms below the seafloor event in the Lee Arch, dipping to
about 500 ms below that event, about 3 km westward on the
flank (Figure 8). The CCR occurring in the area of active
faults could not be identified as a BSR proper because of the
depth of the reflectors is offset between each fault segment.
As suggested by Vanneste et al. [2002b], these offsets can
be caused by fluid convection cells which disturb the local
gas hydrate stability conditions.
[41] The transition from BSR to CCRs and EARs can be

related to transitions in the sediment characteristics, geother-
mal gradient, and flow behaviors of fluid and gas. Broadly
speaking, the BSR proper is present in the less active zone,
where pressure, temperature and flow characteristics are
laterally homogeneous. On the other hand, the CCRs and
EARs are present in the most active area, where faults
separate the region into blocks, each with a distinct geo-
thermal gradient, flow characteristics and gas availability.
Hence, the stability field of gas hydrates varies from sec-
tion to section, segmenting the BSR into CCRs and EARs.
[42] Gas/fluid accumulation is elevated in the low‐

frequency shadow, particularly in the Lee Arch where the
tectonic activity is more intense. Moreover, in the Lee Arch,
the low frequencies related to the free gas presence appear
at shallow depth locations and follow the trend of the CCRs.
[43] Further evidence of gas occurrence is the presence

of mud volcanoes, which are necessarily fed by fluids/gas.
In this case, the tectonism drives the fluid migration and
the mud volcano is built up in correspondence to this flow.
A good example is the Tergeste Mud Volcano (Figures 2b
and 9) and the mud volcano occurring in the Discovery
Graben above the BSR/BSR0 pair (CDP 1300, Figure 4). In
both cases the mud volcanoes are fed by chimneys charac-
terized by low seismic amplitude along the conduit, cutting
across the stratigraphy down to the BSR/BSR0 pair. On the
seafloor, overlying the Lee Arch fault system, pockmarks
are also present (Figure 2c). The pockmark features are also
found close to this zone [Lawver et al., 2007]. Other reliefs,
indicated as mounds in Figures 2a and 2b, have no evidence
of gas/fluid escape.
[44] The geophysical evidence of the BSR as the base of

gas hydrate stability zone is confirmed by the modeling of
the gas hydrate equilibrium (Figure 10). The average geo-
thermal gradient implied by the stability of gas hydrates of
different composition, according to the curve of Sloan
[1990], is about 36°C/km, which would be well within the
range of the VLB results. While our multiple composition
model is plausible, it is not unique. We use the BSR stability
curve assuming pure methane hydrate in seawater (curve 1a
in Figure 10b) to derive/calibrate the temperature gradient,
which we then use to deduce the composition for BSR0.

6. Conclusions

[45] The targeted reprocessing and prestack analysis of
the vintage multichannel seismic reflection data acquired in
the Victoria Land Basin (VLB) in 1990 have revealed for
the first time in the Ross Sea, the presence of gas hydrate
and free gas.
[46] The geophysical evidence from seismic data are

(1) the BSR proper, with typical features of a gas‐hydrate‐
related BSR, such as high amplitude and reversed polarity of
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the signal, low frequency, crosscutting stratigraphy, and
mimicry of the seafloor. It is present in the deeper basin of
the Discovery Graben, (2) a second BSR (BSR0) evident
locally in the basin about 100 m below the BSR, appearing
as a high‐amplitude and normal‐polarity seismic horizon
with a distinct increase of velocity below and crosscutting
stratigraphy (the cause of the BSR is most probably the
presence of a second stability zone, discarding the base of
gas (BGR) hypothesis on the basis of the dipping (nonflat,
nonhorizontal) nature of the seismic event), (3) crosscutting
reflectors (CCRs), similar to the BSR proper but without
mimicking the seafloor, which are present in the western
side of the Lee Arch, and (4) enhanced amplitude reflectors
(EARs), with negative polarity, low frequency, and high
amplitude, which are present in the Lee Arch.
[47] The BSR evolves into CCRs and then to EARs

moving along the profile from the basin to the Lee Arch. The
distribution of the low frequencies of the seismic reflec-
tions, indicating free gas occurrence, forms a “low‐frequency
shadow” that follows the BSR, CCRs, and EARs.
[48] The BSR/BSR0 pair is identified strongly in the

P wave reflectivity sections but only weakly in the S wave
section. As the P wave reflectivity increases with the occur-
rence of free gas, while the S wave reflectivity depends from
the properties of the solid matrix only which denotes the
occurrence of free gas below the gas hydrate.
[49] The occurrence of free gas in the sediment is also

revealed by the presence of mud volcanoes and pockmarks,
which are necessarily feed by fluids/gas seeping, mainly
migrating upward along faults.
[50] The model for the hydrate stability zone shows that

a hydrate‐based BSR can exist at the current pressure/
temperature conditions. The average geothermal gradient
necessary for the BSR and BSR0 to represent the base of
hydrate stability is about 36°C/km, which is similar to those
for the southern VLB (24–40°C/km).
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