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This article provides new constraints on gas hydrate and free gas concentrations in the sediments at the
margin off Nova Scotia. Two-dimensional (2-D) velocity models were constructed through simultaneous
travel-time inversion of ocean-bottom seismometer (OBS) data and 2-D single-channel seismic (SCS)
data acquired in two surveys, in 2004 and 2006. The surveys, separated by w5 km, were carried out in
regions where the bottom-simulating reflection (BSR) was identified in seismic reflection datasets from
earlier studies and address the question of whether the BSR is a good indicator of significant gas hydrate
on the Scotian margin. For both datasets, velocity increases by 200e300 m/s at a depth of approximately
220 m below seafloor (mbsf), but the results of the 2006 survey show a smaller velocity decrease (50
e80 m/s) at the base of this high-velocity layer (310e330 mbsf) than the results of the 2004 survey
(130 m/s). When converted to gas hydrate concentrations using effective medium theory, the 2-D
velocity models for both datasets show a gas hydrate layer of w100 m thickness above the identified
BSR. Gas hydrate concentrations are estimated at approximately 2e10% for the 2006 data and 8e18% for
the 2004 survey. The reduction in gas hydrate concentration relative to the distance from the Mohican
Channel structure is most likely related to the low porosity within the mud-dominant sediment at the
depth of the BSR. Free gas concentrations were calculated to be 1e2% of the sediment pore space for both
datasets.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Gas hydrates contain significant amounts of hydrocarbon gas,
and so the identification and mapping of gas hydrate occurrences
are important to define a potential massive energy resource.
Bottom-simulating reflections (BSR’s), first identified in seismic
reflection data at the Blake Ridge (Tucholke et al., 1977), have been
used as an indirect indicator for the presence of gas hydrate and
underlying free gas. Ruppel et al. (2011) conclude that the presence
of a BSR usually indicates that some gas hydrate, most commonly at
low saturation, occurs near the base of the gas hydrate stability
zone (GHSZ). BSRs are common in the accretionary sedimentary
prisms of active margins but are less common for passive margins.
An important question is whether this difference represents much
less hydrate on passive margins or only less prominent BSRs.
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A few areas may host gas hydrate without a visible BSR, such as
portions of the Blake Ridge (Holbrook et al., 1996) and the Gulf of
Mexico (Dai et al., 2004; GOM 2009). Studies by Xu and Ruppel
(1999) show that a missing BSR in a gas hydrate-prone area
might be due to low methane flux into GHSZ. Other possibilities
include local perturbations in temperature, salinity and/ormethane
flux (Ruppel et al., 2011). However, Haacke et al. (2007) argue that
passive margins without an observable BSR are unlikely to contain
significant quantities of gas hydrate. We therefore have focused on
areas with a clear BSR with some data extending to where the BSR
is not clear.

The passive margin off eastern Canada was widely mapped
during the past 40 years by the hydrocarbon exploration industry.
In 1998/9 the Geological Survey of Canada (GSC) collected a total of
34,000 km of two-dimensional (2-D) multi-channel seismic (MCS)
data on the Scotian Slope. Therefore, an extensive database of
seismic reflection lines exists for the east coast of Canada. The data
were recently used byMosher (2011) to estimate the distribution of
gas hydrate based on the area where a BSR can be identified
es on the Nova Scotian margin to estimate gas hydrate and free gas
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confidently. However, estimates of gas hydrate concentration are
poorly constrained e no gas hydrate has been recovered on the
Canadian Atlantic margin, and there has been limited interpreta-
tion of hydrate occurrence based on geophysical downhole logs
(Thurber Consultants Ltd.; Neave, 1990) that has not been
confirmed or calibrated by analysis of recovered hydrate.

Important constraints on gas hydrate concentrations are derived
from seismic velocities determined from recordings of wide-angle
reflections and refractions on ocean-bottom seismometers (OBS)
and long-offset MCS streamer systems. Recent one-dimensional (1-
D) velocity-depth profiles were obtained from waveform tomog-
raphy on a 45 km long MCS profile (Delescluse et al., 2011). Mosher
(2011) reported velocity results from four OBS surveys on the
Atlantic margin, based on 1-D interpretations of individual OBSs.
However, in only one survey (LeBlanc et al., 2007) were seismic
velocities converted to gas hydrate and free gas concentrations,
using an effective medium model (Dvorkin et al., 1999) to obtain
estimates of 2e6% bulk gas hydrate and less than 1% free gas in the
pore space.

In this paper, we provide improved constraints on gas hydrate
and free gas concentrations and volumes on the Atlantic margin of
Canada, through careful determination of seismic velocities in the
region of the Mohican Channel (Fig. 1) where a prominent BSR was
identified. For two surveys, in 2004 and 2006, we constructed 2-D
models of velocity through simultaneous inversion of travel-times
from arrays of OBSs and from 2-D single-channel seismic (SCS)
profiles.

2. Seismic data acquisition and processing

2.1. Ocean-bottom seismometer and single-channel seismic data

In July 2004, an OBS array of nine instruments was deployed
on the Scotian slope in approximately 1550 m water depth in the
vicinity of the Mohican Channel (Fig. 1), in a region where the
Figure 1. Location of the study area (box within the smaller map) on the Scotian margin in th
2004 (triangles), and 2006 (diamonds and stars) are shown. The 2-D single-channel seism
discussed in this paper.
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BSR was identified in 2-D MCS reflection data (Mosher et al.,
2004). Additional 2-D single-channel seismic reflection (SCS)
data and high resolution Huntec DTS sparker data were acquired
in the same survey to provide information about the shallow
seismic stratigraphy (Mosher, 2004). The research vessel CCGS
Hudson towed an array of two generatoreinjector (GI)-guns
(Seismic System Inc.; 1.7 L generator volume; 1.7 L injector
volume) at a depth of approximately 2 m. The shots were fired by
distance at an interval of 20 m; the average ship speed was
4.5 knots. The OBS instruments were aligned in a 2-D profile with
a horizontal separation of approximately 100 m. Shots were fired
to offsets of 4.5 km to the south and 6. 3 km to the north. A SCS
reflection line was collected simultaneously for a total length of
w12 km (Fig. 1).

In August 2006, a second OBS survey was carried out in an area
w5 km south of the 2004 survey on the Scotian Slope in the vicinity
of theMohican Channel. A total of 19 instruments were deployed in
two independent arrays in an approximate water depth of 1650 m,
with nine stations in awestern profile and ten stations in an eastern
profile. The arrays extended from an area in the west, near the
south-eastern sidewall of the Mohican Channel where the BSR was
identified in the 2-D MCS reflection data (Cullen et al., 2008), to an
adjacent area in the east where no BSR is apparent. Within this
survey the same OBS instruments and GI-gun array as for the 2004
survey were used. However, the shot interval was 15 m and the
spatial OBS separation averaged 900 m. The length of the shot line
and the coincident 2-D SCS reflection line above the western OBS
array was 12 km from west to east. The shot line was repeated for
the eastern OBS array. However, only the data from the western
OBS array were analysed in this paper.

The OBS data of both surveys (2004 and 2006) were sampled at
an interval of 1 ms up to 200 Hz with a dominant frequency of
45 Hz. However, prominent low-frequency noise of unknown
originwas present at 8 Hz in both datasets. Thus, a simple bandpass
filter from 10 to 200 Hz was applied to improve the data quality.
e vicinity of the Mohican Channel. The three different deployments from 2002 (circles),
ic (SCS) data and OBS data from 2004 and 2006 (diamonds only) are modelled and

es on the Nova Scotian margin to estimate gas hydrate and free gas
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Figure 2. (a) 2-D SCS reflection profile (2004) shows the positions of the nine OBS
stations (triangles) with w100 m instrument separation. Travel-times for the eight
identified reflections were inverted simultaneously with travel-times for reflections
and refractions from the OBSs. The BSR (reflection 6) was identified at approximately
350 ms two-way-travel-time (TWT) below the seafloor. (b) 2-D SCS reflection profile
(2006) shows the positions of the nine OBS stations (diamonds) used in this study with
an instrument separation of approximately 900 m. The eight identified horizons on the
2-D SCS profile were used for the seismic travel-time tomography simultaneously with
the travel-times for reflections and refractions from the nine OBSs. The BSR (reflection
7) is identified at approximately 350 ms TWT below the seafloor.
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2.2. Relocation of the OBS instruments

The OBS positions, clock drifts and the shot locations need to be
knownprecisely in order to get a good velocitymodel. Although the
OBS deployment and retrieval positions could be determined
accurately with the ship’s Global Positioning System (GPS), the
instruments could drift by several hundred metres from the point
of deployment while sinking to the seafloor. Therefore, the actual
seafloor position of an instrument depends on the local water
depth and the current speed. Since the internal clocks also drift, an
approximate clock drift measurement is made when the OBS is
recovered by comparing the OBS clock time to an accurate satellite
time. The shot positions recorded from the ship also have an
uncertainty of the order of tens of metres (e.g. Zykov, 2006).

The OBS and shot relocation is an inverse problem in which the
objective is to find the seafloor location of the OBS, the shot posi-
tions, and a time correction that minimizes the error between the
observed and calculated travel-times of the seismic signal through
the water column. For this study the source-receiver localization
(SRL) scheme of Zykov (2006) was used. It provides a solution for
the shot and receiver positions and solves for the GPS clock drift.
The SRL is ill-conditioned, because of the small area where the OBS
instruments are located in comparison to the shot geometry (Zykov,
2006). The azimuths from far offset shots to the OBSs are concen-
trated in a narrow region and this causes instability in the solution.
Thus, the method uses a regularized inversion approach, by incor-
porating a priori estimates of shot and receiver positions and their
uncertainties into the solution (Zykov, 2006).

Direct arrival seismic travel-times were used for the source-
receiver localization for both OBS arrays (2004 and 2006). After
four iterations, the root-mean-square (RMS) travel-time residual
misfit for the 2004 OBS instruments was between 2 and 4 ms, close
to the sampling interval. Misfit results for the 2006 OBS instru-
ments were generally less than 2 ms, comparable to the direct
arrival travel-time picking uncertainties. The average horizontal
drifts during the instrument drop to the seafloor were between 50
and 100 m to the south for the 2004 OBS stations, and 100e200 m
to the west for the 2006 OBSs.

3. Data characteristics

3.1. Seismic reflection data

Within the20042-DSCS reflectionandOBSdata, reflectedarrivals
were identified to 800 ms below the seafloor/direct arrival. The sub-
seafloor structure is fairly uniform with reflections that are mostly
continuous across the section. A strong amplitude reflection identi-
fied on the 2-D SCS reflection data, at w370 ms below the seafloor
(bsf) (Fig. 2a), is recognized as the BSR, consistent with the conclu-
sions ofMosheret al. (2004). However, the expected phase reversal of
the BSR, relative to the seafloor reflection, is difficult to identify.

The 2006 2-D SCS reflection data (Fig. 2b) shows a similar set of
main reflections as the 2004 2-D SCS reflection data, including the
BSR atw370ms below the seafloor reflection. The phase of the BSR
is still ambiguous in the 2006 2-D SCS reflection data, but at some
locations a phase reversal can be tentatively identified.

A 3-D multi-channel seismic dataset acquired and processed by
EnCana Ltd. (not shown in this paper) was examined to confirm
that the most significant reflections in the 2-D SCS datasets were
also identified in the MCS data (Cullen et al., 2008).

3.2. OBS wide-angle reflections and refractions

On some of the 2004 OBS data, refracted arrivals emerging from
the direct arrivals were identified over the offset range from
Please cite this article in press as: Schlesinger, A., et al., Seismic velociti
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approximately 4.5 kme5.1 km (Fig. 3a). In the 2006 OBS data, two
first-arrival refracted phases were identified. On almost all OBS
instruments, one phase extended over an offset range fromw4 km
to nearly 6 km (Fig. 3b); a second phase, identified on only four
OBSs, extended an additional distance of w750 m (Fig. 3b), and its
amplitude decreased with distance. Despite the long shot profiles
in both surveys (2004 e 12 km, 2006 e 10.5 km), shot-receiver
offsets were still not long enough to record refracted arrivals
from deeper horizons.

For both the 2004 and 2006 OBS data, near-offset reflections
were compared to reflections selected in the 2-D SCS data, to
identify themost prominent reflections that are consistent between
the two datasets (Fig. 3). The reflected arrivals typically converged
and emerged from the direct arrival at an offset of w4 km, arriving
shortly after the first-arrival refractions. Most reflections could be
picked confidently only for offsets less than w3 km.

4. Modelling of refraction and reflection travel-times for
P-wave velocities

We utilized the seismic travel-time inversion algorithm of Zelt
and Smith (1992), which has been widely applied in gas hydrate-
es on the Nova Scotian margin to estimate gas hydrate and free gas
petgeo.2012.03.008



Figure 3. (a) Example of the 2004 data (OBS 2) with a hyperbolic move-out correction to flatten the seafloor using 1480 m/s. The first-arrival refraction (enhanced box e left) and
the eight main reflections including the BSR were used for the seismic travel-time tomography in the 1-D and 2-D modelling schemes. (b) Example the 2006 data (OBS 6) with
a hyperbolic move-out correction to flatten the seafloor using 1480 m/s. The first-arrival refractions (enhanced box e left) and the eight main reflections including the BSR were
used for the seismic travel-time inversion. The second refraction was only identified on four OBSs and was not further used for the seismic travel-time modelling. (Solid lines for
both datasets show the picked reflected and refracted arrivals.)

A. Schlesinger et al. / Marine and Petroleum Geology xxx (2012) 1e114
related studies (e.g. LeBlanc et al., 2007; Jaiswal et al., 2006; Lopez
et al., 2010; Chabert et al., 2011). The algorithm uses ray-tracing for
forward modelling followed by damped-least-squares inversion.
Within the inversion step, the model parameters (velocity and
depth) are modified to minimize the difference (misfit) between
the observed and the predicted travel-times.

To obtain an appropriate starting model for the 2-D travel-time
inversion using all nine OBSs in the 2004 survey, 1-D velocity
profiles were obtained for each OBS individually (Fig. 4). Starting
with the water layer, layer-stripping was used in which the top
layer was modelled first and then held fixed. Forward modelling
and inversion were iteratively repeated until the solution
converged with a c2 value less than or equal to 1, i.e., the root-
mean-square (RMS) travel-time misfit fell to 10 ms which is
comparable to the pick uncertainty.

The1-Dverticalprofileswereusedtoformastartingmodelfora2-
D analysis. Seismic travel-times from the SCS vertical incidence
reflectionsandfromwide-anglereflectionsandrefractionsidentified
on the OBS data were all modelled simultaneously, using the tomo-
graphic inversion scheme of Zelt and Smith (1992). The wide-angle
reflections and refractions control the velocities of themodel, while
reflections from the vertical incidence data provide additional
control on the interface depths and detailed subsurface structure.

Similar to the 2004 data analysis, wide-angle reflections and
refractions of the OBS data from the 2006 survey were modelled
simultaneously with the SCS travel-time data.

The ray-coverage for the shallower layers (<100 mbsf) is much
sparser for the 2006 data (Fig. 5), which means that the shallow
velocities are essentially 1-D profiles. This is because the instru-
ment spacing was much wider in 2006 than in 2004 (900 m vs
Please cite this article in press as: Schlesinger, A., et al., Seismic velociti
concentrations, Marine and Petroleum Geology (2012), doi:10.1016/j.mar
100m). The actual length of the profile that could bemodelled with
the 2006 data is also much greater than the 2004 modelled profile
(8 kmvs 2 km). Since the ray-coverage and path lengths over which
velocities are calculated increase with depth, the constraints on
average velocity for the deeper region are also improved.

The final 2-D velocity model based on the OBS and SCS data is
shown in Figure 6 for the 2004 survey and in Figure 7 for the 2006
survey. The velocity contrast modelled with the 2004 OBS data
appears to be larger than that modelled with the 2006 data, even
though the ray-coverage is highest for the deeper layers (layer 7 e

Fig. 5). The velocity contrasts likely represent real structural
differences between the two regions that are only w5 km apart.
5. Results

5.1. 2004 OBS data: 1-D velocity models

Since the seismic reflection data show that the sediment
structure is relatively uniform laterally with near-horizontal
layering, the 1-D velocity models for the nine OBSs of the 2004
survey provide meaningful information on the vertical velocity
structure. However, all 1-Dmodels are independent and treat noise
and local structure complexity individually. The velocity profiles
show a velocity increase of 210e450 m/s at a depth of
200e250 mbsf at most locations, with the exception of OBSs 4 and
5 which have smaller velocity contrasts (Fig. 4), probably related to
the local structure underneath. Velocity decreases by about the
same amount at depths of 310e360 mbsf (corresponding to
reflection 6 e Figs. 2 and 6) at the expected depth of the BSR
es on the Nova Scotian margin to estimate gas hydrate and free gas
petgeo.2012.03.008
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(Fig. 4 e dashed line). At greater depths, modelled velocities
generally increase uniformly.

5.2. 2004 OBS and SCS data : 2-D models

Wide-angle reflection and refraction travel-times from all nine
OBS stations of the 2004 data, plus travel-times from the 2-D SCS
reflection data, were modelled simultaneously to create a 2-D
Figure 5. Comparison of ray-tracing and travel-time inversion models for reflections from in
Ray-coverage for the 2006 OBS data is sparser than for the 2004 data due to the acquisition
seismic travel-time picks (datae red bars) of the OBSs. Bothmodelled and original data are dis
2004 data (c) and 2006 data (d). Plots showseismic travel-time inversion results (modele blac
data are displayed with a reduced velocity of 1820 m/s. (For interpretation of the references

Please cite this article in press as: Schlesinger, A., et al., Seismic velociti
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velocity model (Fig. 6). In comparison to the 1-D profiles, the 2-D
velocity structure has less variability along the profile. As well,
rays travelling from the shots to the receivers constrain the velocity
structure over a total profile length of w2.5 km, much wider than
the 900 m length of the OBS array where the 1-D velocity profiles
are located. The 2-D velocity model is smoothed over a range of
200e400 m; therefore, locally occurring, complex structures and
noise are smoothed as well.
terface 3 at a depth of approximately 150 mbsf for the 2004 data (a) and 2006 data (b).
geometry. Plots show seismic travel-time inversion results (model e black dots) versus
playedwith a reduced velocity of 1820m/s. Reflections from interface 7 are shown for the
k dots) versus the seismic travel-time picks (datae red bars). Bothmodelled and original
to colour in this figure legend, the reader is referred to the web version of this article.)

es on the Nova Scotian margin to estimate gas hydrate and free gas
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In the 2-D velocity model shown in Figure 6, the most prom-
inent feature is a high-velocity layer between interfaces 5 and 6,
with a thickness of w110 m and an average velocity of 1900 m/s.
Refractions produced at the top of this layer are observed on almost
all OBSs. The velocity of the layer is significantly higher than the
average velocity (1600m/s) between the seafloor and the top of this
layer (w220 mbsf). The base of this high-velocity layer, at
Figure 7. 2006 2-D velocity model from travel-time tomography using arrivals from the ni
profile. The travel-time inversion results show a small velocity contrast at the BSR depth. Ref
by 200 m/s. The unshaded area indicates the region of ray-coverage, where the travel-time
this figure legend, the reader is referred to the web version of this article.)

Please cite this article in press as: Schlesinger, A., et al., Seismic velociti
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310e320 mbsf, corresponds to the BSR identified on the SCS
reflections sections (Fig. 2a e reflection 6) and the 2-D MSC
reflection data (Mosher et al., 2004).

Below interface 6, a velocity decrease of w130 m/s was
modelled for a layer that has almost the same thickness as the layer
above (w100 m) (Fig. 6). The results are similar to those obtained
from the 1-D velocity models (Fig. 4), except that the 1-D velocities
ne OBS stations (diamonds) of 2006 and the corresponding 2-D SCS vertical incidence
ractions are produced below interface 5 at 210e220 mbsf, where the velocity increases
arrivals provide control on velocities. (For interpretation of the references to colour in

es on the Nova Scotian margin to estimate gas hydrate and free gas
petgeo.2012.03.008



A. Schlesinger et al. / Marine and Petroleum Geology xxx (2012) 1e11 7
are less consistent laterally since each OBS was modelled inde-
pendently. The velocity contrast at the BSR depth, achieved in the
1-D velocity models, is larger (w300 m/s) than the contrast
modelled in the 2-D approach with the same data (w130 m/s).

Below interface 7, the velocity slowly increases to 1800 m/s for
layer 8 at a depth of 400 mbsf. With deep reflections on some of the
OBSs, layer 9wasmodelledwith a velocity of 1900m/s and a base at
w850 mbsf. No vertical incidence data are available to provide
additional constraints on the depth of this layer.

5.3. 2006 OBS and SCS data: 2D models

The final 2-D velocity model of the 2006 data simultaneously
incorporated seismic travel-time arrivals from the nine OBSs and
the 2-D SCS vertical incidence profile (Fig. 7). The velocity increases
gradually, from 1490 m/s near the seafloor to 1650 m/s at
w210 mbsf. At that depth, the modelled rays refract at the top of
a layer in which the velocity increases sharply to 1820 m/s in the
central part of the profile, with indications of higher velocities
(>1900 m/s) at the western and eastern ends. This layer has
a thickness of only 30e40 m, so its velocity is poorly constrained.
However, beneath that interval a thicker (100 m) layer was
modelled with similar velocities (1810e1840 m/s), so the
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transition to higher velocities over this depth range is well-
established. The high-velocity layer extends downward to inter-
face 7 at a depth of w330 mbsf, corresponding to the BSR as
identified in the 2-D SCS and 2-DMCS sections (Mosher et al., 2004)
(Fig. 2b). Below interface 7, the velocity model shows a small
velocity decrease of 50e70 m/s that contrasts with the larger
velocity decrease modelled in the 2004 data.

5.4. Sensitivity analysis for layers above and below BSRs

An analysis of sensitivity of the results to perturbations in
selected velocity model parameters was performed for the 2004
and 2006 data using the method of Katzman et al. (1994). LeBlanc
et al. (2007) used the same method to constrain their error esti-
mates. Velocities are perturbed for a single layer of the final model
and then they are held fixed while inverting for the corresponding
depth values. The perturbations are made larger until the travel-
time residual values increase significantly above the value of the
starting model.

For the higher velocity zone above the BSR (Fig. 8a), sensitivity
results show that velocities can vary by �3e5% (�60e100 m/s) for
the 2004, but only �3% (�60 m/s) for the 2006 data. For the low-
velocity region below the BSR, the results (Fig. 8b) show that
velocities may vary by up to �3e6% (�50e100 m/s) for the 2006
model, but only up to �3% (�50 m/s) in the 2004 model.

6. Discussion

6.1. Identification of reflected and refracted arrivals

The most significant reflected arrival is identified at the top of
the high-velocity region, where the first-arrival refracted waves
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Figure 9. 1-D velocity-depth profile (thick blue line) obtained by averaging the 2004
2-D velocity model at constant depth below the seafloor, with approximate error
estimates (grey shaded area) and error bars for the interval velocities based on the
sensitivity analysis (Fig. 8). The high-velocity region is more prominent for the 2004
model than for the 2006 model (thin green line) or for the model of LeBlanc et al.
(2007) based on a 2002 OBS survey (purple dashed line); OBS 2 from this survey
was located 2 km south of the 2004 array. The velocity drop of w300 m/s at a depth of
w310 m below seafloor indicates the base of the gas hydrate stability zone (GHSZ). The
red dashed line is the reference velocity profile calculated with the parameters of
Table 1 (Mosher, 2008) and standard rock-physics modelling (Dvorkin et al., 1999;
Helgerud et al., 1999) assuming no gas hydrate and free gas in the pore space of the
sediments. The orange dashed line is a reference velocity profile with the same
physical parameters including 10% gas hydrate in the sediment. However, results of the
2004 model suggest even higher values, about 13 � 5% (pink dashed line). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Figure 10. 1-D vertical velocity-depth profile obtained by averaging the 2006 2-D
velocity model at constant depth below the seafloor (thick blue line) with approxi-
mate error estimates (grey shaded area) and error bars for the interval velocities are
shown. The profile is compared with the vertical velocity-depth profile of OBS 1 from
the 2002 survey (purple dashed line, LeBlanc et al., 2007) and one vertical velocity-
depth profile of Delescluse et al. (2011) that is close to the middle section of the
2006 OBS array (thin green line). Velocities from the region above the recognized BSR
are within the 10% bound (orange dashed line) of gas hydrate in the sediment. The
velocity contrasts of the 2002 and 2006 model are similar to those achieved by
Delescluse et al. (2011); however, the contrasts are smaller than those achieved with
the 2004 data (Fig. 9). The red dashed line is the reference velocity profile calculated
with the parameters of Table 1 and standard rock-physics modelling (Dvorkin et al.,
1999; Helgerud et al., 1999) assuming no gas hydrate and free gas in the sediments.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 1
Sediment parameters for the Nova Scotian margin environment modified
from Mosher, 2008.

Porosity at seafloor (%) 60
Compaction factor lambda (m) 1000
Composition of Quartz (%), Clay (%) 15, 85
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occur (reflection 5 e 2004, reflection 6 e 2006, Fig. 3). Although
this reflection occurred on all the OBS instruments, it was only
picked over a limited offset range of 1e1.5 km from the OBS posi-
tion, since we followed a conservative picking approach to reduce
the picked time-error.

The almost non-reflective nature of the area of the high-velocity
region, between the top reflection and the BSR (reflection 6e 2004,
reflection 7 e 2006, Fig. 3), could indicate that gas hydrate cements
the sediments and makes them more uniform, as suggested by
Katzman et al. (1994) on the Blake Ridge. However, our amplitude
decrease above the BSR (Fig. 2) is not as strong as on the Blake Ridge,
where there is probably a higher degree of gas hydrate cementation.
Largemass-transport depositswere also identified in areas adjacent
to the study locations (Campbell et al., 2010) and can possibly be
linked to the lower reflectivity of these sediment packages.

6.2. Velocity features: high- and low-velocity layers

A prominent feature in the final 2-D models for the 2004 and
2006 surveys is a high-velocity layer inwhich the velocity increases
by 200e300m/s (Figs. 9 and 10). With a thickness of approximately
90e110 m, the top of the layer occurs at 220 mbsf, and the base at
310e330mbsf. Beneath this layer, the velocity decreases by 130m/s
in the 2004 model, but only by 80 m/s in the 2006 model. The
velocity decrease occurs at the interface identified as the BSR on 2-
D seismic reflection sections (Fig. 2). Thus, we interpret the high-
velocity layer as a region of increased gas hydrate concentration.
The low-velocity layer beneath the inferred hydrate zone is inter-
preted to correspond to a zone in which free gas is present.

To compare the final 2-D model results from the 2004 and 2006
datawith the results from LeBlanc et al. (2007) and Delescluse et al.
(2011), velocities for each interface were averaged with a constant
spatial sampling of 100 m across the 2-D velocity profiles (Figs. 9
Please cite this article in press as: Schlesinger, A., et al., Seismic velociti
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and 10). Error estimates on the velocities obtained from the
sensitivity analysis (Fig. 8) are shownwith error bars for each layer.
The grey shaded area represents the confidence intervals for the
velocities determined by the sensitivity analysis. The averaged 1-D
velocity profiles (2004 and 2006) are comparable to results from
two OBS stations (OBSs 1 and 2) from the 2002 data of LeBlanc et al.
(2007), although there are some distinct differences.

The velocity model of OBS 2 (2002) (Fig. 9 e purple line), which
is closest (2 km to the south) to the 2004 OBS array, shows an
increase in P-wave velocity of 70 m/s at 230 mbsf. This velocity
increase is significantly lower than the one modelled with the 2004
data (300 m/s) for the high-velocity zone above the BSR. However,
the 100 m thickness of this high-velocity zone is comparable to the
thickness modelled with the 2004 data. Below the BSR, a velocity
decrease was modelled with both datasets (2002 and 2004).
However, the thickness and velocity values for this layer are
significantly different in the two models. The P-wave velocity
decreases to 1730 m/s in the 2002 model and the thickness of this
layer is about 260 m (LeBlanc et al., 2007). The layer thickness
modelled with the 2004 data is only approximately 100 m, and
the velocity drop is larger (w130 m/s) than for the 2002 data
(w75 m/s).

The velocities modelled for OBS 1 of the 2002 data (Fig. 10 e

purple dashed line), which is closest to the 2006 OBS array (1 km
north of OBSs 3 and 4), show similar results to OBS 2 of the 2002
survey. The velocity increases by an average of 150m/s at a depth of
230mbsf, but drops only by 50m/s at approximately 360mbsf. This
is comparable to the final model of the 2006 OBSs, where the
velocity increases by 130 m/s and decreases by only 50e80 m/s
below the high-velocity layer. Hence, the thickness of the high-
velocity zone is approximately 120 m for the 2002 data and 2006
data. However, the thickness of the low-velocity zone is much
greater for the 2002 OBS 1 (150 m) than for the 2006 data (30 m).

The vertical velocity profile GXT-5300-B (Fig. 10 e green line),
which is located approximately in the middle of the 2006 OBS
array, was obtained from Delescluse et al. (2011) and is generally
consistent with the velocity profile of the 2006 OBS survey. The
velocity increases by an average of 130 m/s at 230 mbsf, and drops
by only w70 m/s at a depth of 350 mbsf.

Overall, the velocity contrasts for the 2002 models, for the
inferred gas hydrate (high-velocity zone) and free gas layers (low-
velocity zone), are closer to the results achieved with the 2006 data
and smaller than the velocity contrasts from the 2004 data.
6.3. Gas hydrate concentrations

6.3.1. Calculations and errors
To convert the P-wave velocity to hydrate concentration, the

simplest methods basically use just the porosity at a given depth,
and require an empirical estimate of the velocity for non-hydrate-
bearing sediments (e.g. Lee et al., 1993; Hyndman et al., 1993;
Jarrard et al., 1995). The resulting concentrations are directly
dependent on the no-hydrate velocity for which the uncertainty is
difficult to evaluate.

For the velocity models presented in this study, we used the
effective medium theory of Helgerud et al. (1999) to calculate the P-
es on the Nova Scotian margin to estimate gas hydrate and free gas
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wave velocity for a given gas hydrate concentration. Chand et al.
(2004) evaluated a number of different effective medium theo-
ries, in which they calculated sediment physical properties from
estimates of the porosity, clay-content and quartz-content. The
models predicted similar variations of P-wave velocity with hydrate
concentration, but the most consistent values for the no-hydrate
velocity were found using the theories of Helgerud et al. (1999)
and Jakobsen et al. (2000). The calculations were validated by
comparisons with velocities determined from drill holes using
independent methods. The geological environments tested
included both sand-rich sediments (Mackenzie Delta) and clay-rich
sediments (Blake Ridge, where sediment compositions are similar
to those on the Nova Scotia margin). In our calculations on the
Scotia margin, the sediment parameters were taken from LeBlanc
et al. (2007) (Table 1). Using effective medium theory, we calcu-
lated a reference velocity profile corresponding to no gas hydrate or
free gas in the pore space (Figs. 9 and 10 e fine red dashed line),
plus two other profiles inwhich the bulk gas hydrate concentration
is 10% and 15% (Figs. 9 and 10).

The calculated gas hydrate concentrations for the 2006
modelled velocities are approximately 2e11% of the pore space.
These values are slightly larger than the 2e6% concentrations
of bulk gas hydrate estimated from the nearby OBS 1 in the study
of LeBlanc et al. (2007). However, the modelled velocities for the
2004 data are higher, corresponding to a greater gas hydrate
concentration of approximately 8e18% in the pore space. This is
our best estimate of the concentration range for the 2004 data,
corresponding to an approximate velocity uncertainty of �75 m/s;
however, a larger range cannot be excluded since our sensitivity
analysis provides only a rough velocity uncertainty of
�50e100 m/s.

The reference profile for no gas hydrate is not explicitly included
in the error estimate above, which deals with just velocity uncer-
tainties. The concentration is also dependent on specific physical
parameters of the sediments, such as the seafloor porosity and the
compaction factor, which defines the rate of the depth-dependent
porosity decrease (Table 1). For example, if the seafloor porosity
is decreased by 3%, the calculated reference velocity profile for no
gas hydrate increases by w50 m/s, so it is near the upper bound of
our confidence limit for the no-hydrate region above 220 mbsf.
Hence, the calculated gas hydrate concentrations would show
a decrease of 2% compared to the ranges calculated above. In
contrast, increasing the seafloor porosity by 3% decreases the
average reference velocities by 30 m/s, but the calculated values for
gas hydrate concentration increase by w10%. Therefore, we feel
that our selected seafloor porosity of 60%, based on LeBlanc et al.
(2007), represents a conservative estimate for gas hydrate
concentrations.

6.3.2. Lateral variation in hydrate concentration
The OBS sites of this study are located near the eastern sidewall

of the Mohican Channel (Fig. 1). The 2004 OBS array, oriented north
to south, is parallel and very close to the channel wall, whereas the
2006 OBS array is oriented west to east, perpendicular to the
channel wall and extending away from it. In the final 2-D velocity
models, velocity values and calculated gas hydrate concentrations
for the layer above the BSR are significantly higher for the 2004
data than for the 2006 data. That is, gas hydrate concentrations
generally appear to decrease with distance from the Mohican
Channel. This pattern is consistent with the 2e6% gas hydrate
concentrations derived for the 2002 data for OBS 1, located east of
the channel (LeBlanc et al., 2007). Here, the decreasing gas hydrate
concentrations with increasing distance from the channel is
explained as an effect of lower porosity within the mud-dominant
sediment at the depth of the BSR.
Please cite this article in press as: Schlesinger, A., et al., Seismic velociti
concentrations, Marine and Petroleum Geology (2012), doi:10.1016/j.mar
A similar pattern was observed in the 2-D reflection seismic
datasets, for which BSRs occur in patches distributed over the
Scotian margin, and are mainly located where channel structures
appear (Cullen et al., 2008; Mosher, 2011). Although most of the
Scotian margin sediments are fine-grained, glacially-derived,
marine sediments with a high percentage of clay (Mosher, 2008),
coarser grained deposits were probably transported in the outwash
channels (e.g. Mohican Channel) and deposited over the sidewalls
and foot of the channel.

Mosher (2011) stated that most of the recognized BSRs are
within large sedimentary drift deposits that were transported
during the Miocene and Pliocene (Campbell et al., 2010). Recent
studies show that the Pleistocene-to-recent Mohican Channel cuts
through these deposits, exhibiting various episodes of cut-and-fill
during this period (Campbell et al., 2010; Mosher, 2011). The
occurrence of gas hydrate is likely linked to grain-sorting and
porosity changes that establish potential reservoir rocks along the
Mohican Channel.

Recent studies from the Svalbard margin by Chabert et al. (2011)
show similar results, where the formation of gas hydrate is
controlled by lithology, which varies downslope from glacial-
marine sediments to finer hemipelagic sediments. According to
Chabert et al. (2011), gas hydrate concentrations in glacial-marine
sediments are too small to produce a prominent increase in P-
wave velocity. Estimated gas hydrate concentrations within the
sediment frame, modelled using effective medium modelling
(Helgerud et al., 1999) amongst others, range between 5% and 12%
(Chabert et al., 2011). Another study from the mid-Norwegian
margin by Bünz et al. (2005) shows a discontinuous BSR along
the margin at the Storegga slide. Gas hydrate estimates are within
a range of 3e6% of the pore space assuming hydrate as
a component of the sediment frame using effective medium
modelling (Bünz et al., 2005).

A key feature of the gas hydrate distribution on the passive
Scotian margin, based on the seismic velocity analyses, is that the
hydrate is distributed in the w100 m thick region just above the
BSR, with no indications of gas hydrate occurring between the
seafloor and the top of that layer (w220 mbsf). Malinverno et al.
(2008) presented modelling results from the Cascadia margin to
show that this could be produced, either by low sedimentation
rates or by low rates of diffusive upward fluid flow. On the passive
Scotian margin, the low fluid flux rates are likely the dominant
factor in restricting gas hydrate to the layer above the BSR.

6.4. Free gas concentrations

Laboratory studies (e.g. Lee, 2004) show that very small
concentrations of free gas in the pore space can have a large velocity
effect. Concentrations as small as 1% can reduce the P-wave velocity
by more than 5%, or approximately 90 m/s (LeBlanc et al., 2007).
Those free gas concentrations were calculated based on the rock-
physics models presented by Helgerud et al. (1999) and Dvorkin
et al. (1999). Similar velocity decreases of 50e80 m/s, as modelled
with the 2006 dataset, and 130 m/s, modelled with the 2004
dataset, correspond to concentrations of 1e2% gas in the
sediments at depths of 310e330 mbsf. The modelled thickness for
this low-velocity layer beneath the BSR is approximately 30e150m.

Our results for gas zone thickness are consistent with Xu and
Ruppel (1999) and Haacke et al. (2008), who argue that a thick
free gas zone is associated with passive margins with low rates of
methane flux (<few tenths mm/yr, Haacke et al., 2007) and slower
seafloor uplift, in contrast to active margins where a thin free gas
zone (w10e30 m) is produced with high rates of upward directed
fluid flux (>few tenths of mm/yr, Haacke et al., 2007) and high rates
of seafloor uplift (e.g., accretionary wedges).
es on the Nova Scotian margin to estimate gas hydrate and free gas
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The 1-D vertical velocity profiles obtained by Delescluse et al.
(2011) show smaller contrasts between the two velocity zones at
the BSR depth with increasing distance from the Mohican Channel.
In addition to the velocity profile GXT-5300-B (Fig. 10), Delescluse
et al. (2011) modelled another vertical velocity profile that is
located several kilometres to the west of the 2006 OBS array, at the
edge of the Mohican Channel. The results show a velocity decrease
of 200 m/s below the BSR depth. The lower velocity is most likely
a result of higher gas concentrations within the sediments that are
closer to the Mohican Channel.

6.5. OBS surveys

As the final velocity models of both surveys (2004 and 2006)
show, the geometry for OBS surveys is crucial to the obtained
results. Choosing the appropriate instrument spacing (<500 m) is
essential for modelling the velocity contrasts produced by even
small amounts of gas hydrate in the pore space of shallow sedi-
ments. Large shot offsets (>5 km) to both sides of the instruments
are also necessary to detect refracted and wide-angle reflected
arrivals from below the BSR that constrain the velocities in these
deep regions.

7. Conclusions

The velocity structure beneath the Scotian margin off eastern
Canada was modelled in a travel-time inversion approach using
ocean-bottom seismometer and single-channel seismic data.
Careful analysis and modelling permitted the small velocity
anomalies associated with low concentrations of gas hydrate and
free gas to be resolved. A high-velocity zone, occurring over the
depth range of w220e330 mbsf with a modelled velocity increase
of 200e300m/s, is interpreted as a gas hydrate layer. Depending on
the chosen rock-physics model and a depth-dependent no gas
hydrate background velocity model, the modelled velocity increase
implies gas hydrate concentrations of 4e13% of the pore space. The
presumed gas hydrate is located just above the identified bottom-
simulating reflection. The region between the seafloor and the
top of the gas hydrate layer (w220 mbsf) shows no indications of
gas hydrate, which may be explained by the low diffusive fluid flux
rates common for passive margins (e.g. Haacke et al., 2007). Based
on results from three seismic surveys between 2002 and 2006, gas
hydrate concentrations generally decrease with relative distance
from the Mohican channel structure. The decreasing velocity
contrast at the BSR depth with relative distance from the Mohican
Channel, as concluded by Delescluse et al. (2011), strengthens this
argument.

Beneath the bottom-simulating reflection, the velocity
decreases by approximately 130 m/s, which corresponds to free
gas concentrations of 1e2% of the sediment pore space. The
thickness of the free gas layer is 30e150 m, which is significantly
greater than for most active continental margins (10e30 m). The
low concentrations and thicker layer for this passive margin are
probably a consequence of the low upward directed fluid flux
rates.
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