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Interpretation 2

ABSTRACT

Seismic attenuation in gas hydrate and free gas bearing sediments is estimated from
high-resolution P-Cable 3D seismic data from Vestnesa Ridge on the Arctic continental
margin of Svalbard. P-Cable data have broad bandwidth (20-300 Hz) which is extremely
advantageous in estimating seismic attenuation in a medium. The seismic quality factor (Q),
inverse of seismic attenuation, is estimated from the seismic dataset using centroid frequency
shift method and spectral ratio method. Centroid frequency shift method establishes a
relationship between the change in the centroid frequency of an amplitude spectrum and the
Q value of a medium. Spectral ratio method estimates the Q value of a medium by studying
the differential decay of different frequencies. Broad bandwidth and short offset
characteristics of the P-Cable dataset are useful to continuously map Q for different layers
throughout the 3D seismic volume. The centroid frequency shift method is found to be
relatively more stable than spectral ratio method. Q values estimated using these two methods
are in concordance with each other. The Q data documents attenuation anomalies in the
layers in the gas hydrate stability zone above the BSR and in the free gas zone below.
Changes in the attenuation anomalies correlate with small-scale fault systems in the Vestnesa
Ridge suggesting a strong structural control on the distribution of free gas and gas hydrates in
the region. We argue that high and spatially limited Q anomalies in the layer above the BSR
indicate the presence of gas hydrates in marine sediments in this setting. Hence, the presented
workflow to analyze Q using high-resolution P-cable 3D seismic data with a large bandwidth
can be a potential technique to detect and directly map the distribution of gas hydrates in

marine sediments.
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Interpretation 3

INTRODUCTION

Gas hydrates are crystalline ice like structures normally formed at certain temperature
and pressure conditions (Brooks et al., 1986). The temperature and pressure conditions
required for gas hydrates formation are available in continental slope and permafrost
environments (Sloan, 1998). The presence of marine gas hydrates in continental margins has
been confirmed from different drilling activities (Collett and Ladd, 2000; Collett et al., 1999;
Riedel et al., 2010; Ryu et al., 2013; Liu et al., 2012; Zhang et al., 2007). Seismic methods
are commonly used to remotely identify gas hydrates in the marine sediments. The presence
of gas hydrates in the sediments is often indicated in seismic data by a bottom simulating
reflection (BSR) (Shipley et al., 1979). It marks a sharp impedance contrast between hydrate-
bearing and gas-charged sediments. The BSR occurs at the base of the hydrate stability zone,
which is governed mostly by pressure and temperature conditions (Sloan, 1998). Due to this
control, the BSR often mimics the seafloor; therefore, cross-cuts the sedimentary strata
(Shipley at al., 1979). Since the presence of gas hydrates increases the velocities,
concentration of gas hydrates in sediments is usually estimated using seismic velocity models
(Lee and Collett, 2001; Gei and Carcione, 2003; Ecker et al., 1998; Chand et al., 2004). The
presence of gas hydrates in sediments has a pronounced effect on amplitude and frequency
characteristics of a seismic signal also (Guerin and Goldberg, 2002; Pratt et al., 2003; Chand
and Minshull, 2004). Hydrates in sediments show contradicting amplitude characteristics in
seismic sections like amplitude blanking (Korenaga et al., 1997) and amplitude enhancements

(Nouzé et al., 2004; Yoo et al., 2013, Riedel et al., 2010) at different geological settings.

Seismic signal attenuates mainly due to extrinsic attenuation (due to factors like
spherical divergence, obliquity factor, scattering etc.) and intrinsic attenuation (due to

conversion of vibration energy into heat energy) (Mavko et al., 1998). At seismic
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Interpretation 4

frequencies, analysis on attenuation normally refers to intrinsic attenuation (Mavko et al.,
1998) which can be studied through spectral analysis (Jacobson et al., 1981). Since gas
hydrate increases the stiffness of the matrix (Jung et al., 2012) and P-wave velocity, it was
normally assumed that the sediments saturated with gas hydrates will show lower attenuation
(Wood et al., 2000). Unlike P-wave velocity, no unique trend of seismic attenuation in gas
hydrates can be observed from the literature; thus making attenuation characteristic of the gas
hydrate bearing sediments a debatable topic (Guerin et al., 1999; Wood et al., 2000; Chand et
al., 2004; Rossi et al., 2007; Sain et al., 2009; Sain and Singh, 2011; Jaiswal et al., 2012;
Dewangan et al., 2014). Laboratory experiments in hydrate bearing sediments indicated
increase of attenuation with hydrate saturation (Priest et al., 2006; Best et al., 2013) whereas
attenuation estimates from field experiments on gas hydrates indicated contradicting results.
For example, studies on well log data (Guerin and Goldberg, 2002; Guerin and Goldberg,
2005; Matsushima, 2005), VSP data (Pratt et al., 2005; Bellefleur et al., 2007) and on cross-
hole seismic data (Pratt et al., 2003; Bauer et al., 2005) indicated an increase in attenuation.
Other studies, mainly on surface seismic data (Dewangan et al., 2014; Rossi et al., 2007;
Matsushima, 2006) indicated a decrease in attenuation. The increase (Guerin and Goldberg,
2002; Gei and Carcione, 2003; Chand and Minshull, 2004; Lee and Collet, 2006) and
decrease (Dewangan et al., 2014; Sain and Singh, 2011) in attenuation has been explained by
using different rock physics models depending on the assumed micro structure of the hydrate
and also sediment-hydrate mixtures. Chand and Minshull (2004) suggested that the amount of

attenuation not only changes with hydrate saturation but also with the frequency of seismic

signal.

The seismic quality factor (Q), inverse of seismic attenuation, can be estimated from
the seismic dataset using different methods which includes the amplitude decay method

(Badri and Mooney, 1987), the rise time method (Gladwin and Stacey, 1974), the centroid
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frequency shift method (Quan and Harris, 1997), wavelet modeling (Jannsen et al., 1985), the
pulse broadening method (Hatherly, 1986), the spectral ratio method (Jannsen et al., 1985;
Bath, 1982) and the inversion method (Amundsen and Mittet, 1994). Tonn (1991) compared
10 methods of attenuation estimation using VSP seismograms and concluded that no single

method is suitable for all situations.

In the present study, we apply two different methods to investigate seismic
attenuation in gas hydrate and free gas saturated sediments from Vestnesa Ridge, a deep-
water gas hydrate system located offshore west-Svalbard (Figure 1). The quality factor (Q)
has been estimated from P-Cable seismic data using the spectral ratio method (Jannsen et al.,
1985) and the centroid frequency shift method (Quan and Harris, 1997). The centroid
frequency shift method establishes a relationship between the change in the centroid
frequency of an amplitude spectrum and the Q value of a medium (Quan and Harris, 1997).
On the contrary, the spectral ratio method estimates the Q value of a medium by studying the
differential decay of different frequencies (Bath, 1982). Due to limitation of seismic
bandwidth in conventional seismic data, it is almost impossible to map Q with high accuracy.
Low signal to noise ratio, short bandwidth, source/receiver array directivity and distinct
raypaths in a CDP gather are the main problems encountered in Q analysis from conventional
surface seismic data (Hustedt and Clark, 1999). But P-Cable surface seismic data is
essentially zero-offset (offset varying from 97-143 m) in deep water and has broad bandwidth
(20-300 Hz). Raypaths of different traces in a CDP gather of P-Cable data are approximately
similar at deep water depth as offset is quite small. Stacked P-Cable data has high signal to
noise ratio and the stacking process involves traces with almost similar raypaths. These
characteristics of P-cable data match well with the characteristics of VSP data (Galperin,
1985) and make P-Cable data suitable for subsurface Q analysis. Moreover, using P-Cable

3D seismic data for estimating Q allows us to analyze the spatial distribution of Q which can
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Interpretation 6

be integrated with 3D seismic interpretation. Thereby, we can link Q estimates with

anomalies related to the presence of gas hydrate and free gas in the sediments.

STUDY AREA

Our study focuses on the active seeping segment of Vestnesa Ridge, a ~100 km long
gas hydrate charged contourite drift developed over < 20 Ma oceanic crust offshore west-
Svalbard (Figure 1) (Eiken and Hinz, 1993; Vogt et al., 1994, Biinz et al., 2012). The
contourite drift is in close proximity to the Molloy and the Knipovich slow-spreading oceanic
ridges and it is located between the Molloy and the Spitsbergen Transform Faults (e.g.,
Ritzmann et al., 2004). Vestnesa Ridge consists of three main stratigraphic sequences named
according to correlation with ODP sites at the Yermak Plateau (YP) (Eiken and Hinz, 1993):
the oldest unit (YP1) is of Miocene age and consists dominantly of syn-rift deposits directly
lying over the oceanic crust (Eiken and Hinz, 1993; Ritzmann et al., 2004); the middle
sequence (YP2) consists of sediments deposited by migrating contour currents; and finally
the youngest sequence (YP3), is dominated by margin parallel contour currents and by

glacigenic debris flow deposits (Howe et al., 2008).

A gas hydrate system and associated free gas zone exists along Vestnesa Ridge
(Hustoft et al., 2009; Petersen et al., 2010; Biinz et al., 2012; Plaza-Faverola et al., 2015).
The system is restricted to the upper stratigraphic sequence (YP3) and has a series of gas
chimneys and pockmarks associated along the full extent of Vestnesa Ridge. However, only
pockmarks located towards the easternmost part of the ridge (where our 3D seismic survey is
located; Figure 1) are actively seeping gas at present (Biinz et al., 2012; Smith et al., 2014).
Gas chimneys towards the westernmost part of the ridge seem inactive at present but

foraminiferal records indicated past activity at around 8000 my ago (Consolaro et al., 2014).
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DATA

We used high-resolution P-Cable (Planke et al., 2009; Petersen et al., 2010) 3D
seismic data acquired in 2013 on board R/V Helmer Hanssen (Plaza-Faverola et al., 2015).
The system consists of 14 streamers towed parallel behind the ship. The 25-m-long streamers
contain 8 receiver groups each. The streamers are attached to a cross cable towed
perpendicular to the vessel’s streaming direction and spread by two large trawl doors. The
spacing of streamers along the cross cable is 12.5 m. However, due to curvature of the cross
cable, the distance between streamers is varying between 6-10 m. The high-resolution P-
Cable system was used together with mini-GI gun (15/15 in®). The gun was fired at an
interval of 6 s with a firing pressure of 170 bar. Source-receiver offset varies from 97-143 m.

Traces have been recorded with 3 s record length at 0.25 ms sampling interval.

During seismic data processing, utmost care has been taken to avoid all the steps that
can potentially distort the amplitude spectrum within the main seismic bandwidth. The
processing of the high-resolution 3D seismic data mainly included navigational correction,
static and tidal correction, binning, bandpass filtering (10-20-300-350), NMO correction and
stacking. NMO correction can potentially distort the amplitude spectrum due to NMO
stretching. But for short offset seismic data in deep water, this distortion will be too small and
can be neglected. 3D Stolt migration was applied using a constant velocity of 1500 m/s. The
spatial resolution of the seismic data is quite high with a bin size of 6.25 x 6.25 m. The
seismic data covers an area of about 14 km?. The data has a broad frequency spectrum

ranging from approximately 20 to 300 Hz (Figure 2a).
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METHODOLOGY

Amplitude, frequency and phase are three basic attributes of a seismic signal.
Quantitative analysis of these attributes is done using different derivations and transforms.
For example, quantitative estimation of frequency attribute involves different time-frequency
transforms. Reine et al. (2009) discussed the robustness of seismic attenuation measurements
using different time-frequency transforms. In the present study, short-time Fourier transform
(Gabor, 1946) is used to transform a seismic signal into frequency domain. The data
converted to frequency domain is used to study seismic attenuation. We use centroid
frequency shift (Quan and Harris, 1997) and spectral ratio method (Jannsen et al., 1985) to

estimate Q in gas hydrate and free gas saturated sediments.
Centroid frequency method

Centroid frequency of an amplitude spectrum (f.) is defined as:

_ YA xf
fe="5am D

Where A(f) corresponds to amplitude of frequency (f) in an amplitude spectrum.

Centroid frequency of a signal gives an idea about the energy level of a signal. Since
energy of a signal decreases as it propagates in the sub-surface, centroid frequency of an
amplitude spectrum shifts towards lower values with further propagation into deeper layers.
By plotting the centroid frequency for the entire seismic section, a broad overview about the
subsurface seismic attenuation can be established. Quan and Harris (1997) proposed a
method to estimate Q using centroid frequency shift analysis. They considered the amplitude
spectrum of the received signal R(f) as a function of incident wave S(f) and

instrument/medium response G(f)H(f).



184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

Interpretation 9
R(f) =GHOHDSH  (2)

Parameter G(f) includes geometrical spreading, instrument response, source/receiver
coupling, radiation/transmission coefficients, and phase accumulation effects caused by
propagation. H(f) is a factor which takes into account the effect of intrinsic attenuation on a
seismic signal. Since attenuation is proportional to frequency within the seismic bandwidth,

response H(f) can be written as (Johnston et al., 1979):

H(f) = exp (—ffray aodl) (3)

Where the integral is taken along the ray path, and av is the attenuation coefficient

defined by (Johnston et al., 1979):

Where Q is the quality factor and v is the velocity of the medium.

With the assumption that the amplitude spectrum follows Gaussian pattern of
distribution, Quan and Harris (1997) after rearranging the equations finally came to the

following equation:

fo— fy
fray %odl = o2 ®)

Where fs is the centroid frequency of the source signal (Figure 2b), f; is the centroid
frequency of the received signal, and o’ is the variance of the source amplitude spectrum.

52 = I3 (6= £)2A(Ddf
s Iy A(DHdf

(6)
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Interpretation 10

Where A(f) is the amplitude spectrum of the source signal and other parameters are
same as described in the above equation. In order to account for the increase in the variance
of amplitude spectrum, o2, of seismic signal with arrival time, a trend line for o’ at different

arrival times is estimated (Figure 2c). Straight line is fitted to the mean o, values.

If velocity and quality factor (Q) is assumed constant in a medium, the final

expression for quality factor (Q) can be written (Talukder, 2013) as:

mog2At

=55 O
Where At is the total travel time and rest of the parameters are same as described in

above equations.
Spectral ratio method

Spectral ratio method is one of the most commonly used methods to estimate Q in a
medium. This method takes into account the differential decay of different frequencies.
Higher frequencies tend to decay at a much higher rate as compared to lower frequencies
while passing through an attenuating medium (Béth, 1982). Differential decay of different

frequencies depends upon Q of a medium.

Jannsen et al. (1985) discussed about the application of spectral ratio method to
estimate Q from seismic data. Amplitude spectrums (Ai(w) and Ax(w)) of two reflections

from different depths (Z1 and Z), can be written as:
A1 (w) = Ag(W)G(Z)Re2M% (8)

Az (@) = Ag(@)G(Z2)(1 — Ry Rye 2 %1e~202%2"2) ()
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Where Ao(w) is the amplitude spectrum of the incident wavelet at Z=0, G(Z1) and
G(Z2) accounts for the geometrical spreading and other factors leading to decay in

amplitudes, R and R: are reflection coefficients for different boundaries, and o, and o, are

the attenuation coefficients. The spectral ratio (SR) of two spectra can be written as:
SR(w) = Cie™?%Z2"21)  (]10)

G(Z2)(1-R1*)R,

€= G(Z1)R,

(11)

Where C; is the ratio of factors related to geometrical spreading and reflection
coefficients. Assuming phase velocity B to be independent of frequency in spectral ratio

(Bath, 1982), natural log of spectral ratio can be written as:
In(SR(w)) = In(Cy) — a,ATB (12)

where AT is the time difference between two reflections. Substituting the value of o
as nf/(QP) (Johnston et al., 1979), we get linear relation between In (SR(w)) and frequency,

ie.,
In(SR(@)) =In(¢) - (55)f  (13)

Hence, the slope i.e. - (TAT/Q) of the spectral ratio (in logarithmic scale) vs frequency
plot depends on the Q of a medium, and the intercept is related to the geometrical spreading
and reflection coefficients which are independent of frequency. Using this concept, Q value
can be estimated from the slope of the best fit line in spectral ratio (in logarithmic scale) vs
frequency plot. In real data, two wavelets can be picked by windowing two reflections

(Figure 3a) and then Fourier transform can be applied to get amplitude spectrum of these two
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wavelets (Figure 3b). Spectral ratio method can be applied on these two amplitude spectrums

and effective Q of a medium between these reflections can be estimated (Figure 3c).

ANALYSIS USING CENTROID FREQUENCY METHOD

Analysis using centroid frequency plots has been done to study changes in the
centroid frequency with depth. An inline has been selected from seismic data where a BSR is
clearly identified by high-seismic amplitudes at about 1.9 s TWT in the seismic section
(Figure 4a) (Biinz et al., 2012; Smith et al., 2014). The BSR separates hydrate-bearing
sediments from a ~100 m thick free gas zone (Hustoft et al., 2009). Other notable features are
vertical zones of acoustic transparency or chaotic seismic facies. These are interpreted as
vertical fluid-flow features, so-called chimneys. They terminate in seafloor depressions

known as pockmarks (Figure 4c) (Biinz et al., 2012).

The centroid frequency has been calculated for all the traces in the seismic section at
an interval of 5 ms. Enough samples have been taken to ensure that the lowest frequency in
the main seismic bandwidth will have at least one wavelength to sample. The derived
centroid frequencies are shown in Figure 4b. The centroid frequency decreases significantly
beneath the BSR. Prominent low centroid frequency anomalies are observed in the free gas
zone especially in the southeastern part of the seismic section (Figure 4b). Gas chimneys are
observed in the seismic section. Some gas chimneys also show low centroid frequency
anomalies. Some of these anomalies appear to intrude the chimneys from the free gas zone
beneath the BSR. Coincidentally, intrusion happens for gas chimneys that have active gas

seepage at the seafloor (Figure 4¢) (Biinz et al., 2012).
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Q estimation

Variance of an amplitude spectrum (cs%) and reference centroid frequency (f;) were
calculated to further estimate Q for different layers using centroid frequency shift method. In
order to account for an increase in the s> with arrival time, 65> of a seismic signal is plotted
with respect to two-way arrival time. The trend line for o’ at different arrival times is
estimated (Figure 2c). The o’ to be used in equation (7) is calculated from the linear fit
parameters of the best fit line. The centroid frequency of a seismic signal at the sea floor is
used as a reference centroid frequency for estimating 1-D Q model for every trace. The
centroid frequency of the seismic signal in shallow sediments close to the seafloor (shown in
Figure 2b) ranges from 150-185 Hz for almost all the traces except for few located in a
pockmark where it showed lower centroid frequency values. The centroid frequency of the
seismic signal at the seafloor is expected to be higher than the centroid frequency of a seismic
signal in shallow sediments. After neglecting aberrations, we use 182 Hz as a reference

centroid frequency (Figure 2b).

Prominent reflections observed in the seismic data have been picked and Q values for
different layers between picked reflections have been estimated (Figure 5a and 6a). Q model
derived from one of the traces in the seismic data is shown in Figure 5a-d. Centroid
frequencies are calculated at a time interval of 5 ms for each trace using a sliding time
window along the trace (Figure 5a-b). Fluctuations in centroid frequencies make Q estimation
difficult. Therefore, in order to reduce these effects, centroid frequencies of traces falling
within 31.25 x 31.25 m? bin have been stacked to get a centroid frequency trend/curve
(Figure 5c). This process also reduces the size of the seismic dataset and makes it
computationally convenient. Synthetic centroid frequency curves are generated for different

possible Q models (Q varying from 1 to 600 in all the 5 layers). Synthetic centroid frequency
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curves for 5 Q models out of 600° possible Q models are shown in green color in Figure 5d.
These synthetic centroid frequency curves are matched with estimated centroid frequency
curves (estimated from traces in 31.25 x 31.25 m? bin), and the misfit between the two curves
has been computed. The Li norm approach (Claerbout and Muir 1973) has been used to
calculate the misfit and to pick the best possible Q model out of the possible range of Q
models. The L1 norm approach has been adopted to reduce the significance of the spiky
points in the centroid frequency curves. This process of estimating Q has been repeated on all

the traces in the seismic data to generate a Q cube.

Observations

The Q values along one of the inlines (Figure 6a) indicate high Q anomalies in the
layer above the BSR and low Q anomalies below the BSR (Figure 6b). Q slices for different
layers give an idea about the lateral variation of Q within a layer. Figure 7 shows Q slices for
different layers illustrating the lateral variation of Q anomalies within a layer. The BSR lies
between Q slices in Figure 7c and 7d. We observe particularly low Q values in some areas
within the first layer (Figure 7a) coinciding with the location of the chimney structures. Q
estimates in the second layer follows a normal trend except for few small patches of high Q
(Figure 7b). Some of these slightly elevated Q values seem to correspond particularly with
the outer rims of the chimney structures (Figure 7b). Just above the BSR, we observe very
high Q values, particularly in the southern half of the 3D seismic data (Figure 7c). These
anomalies are found to be laterally continuous. On the contrary, Q values in the center part of
this slice (Figure 7¢) follow the trend of chimneys and Q values are comparatively lower than
those in the slice above (Figure 7b). Extremely low Q values have been observed in Q slice
corresponding to free gas zone beneath the BSR except for the locations corresponding to that

of chimneys (Figure 7d).
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ANALYSIS USING SPECTRAL RATIO METHOD

Q estimation

The spectral ratio method can be applied to estimate effective Q of a medium between
two prominent reflections (Figure 3). We extend this method to estimate Q for the same 4
layers between prominent reflections in the seismic data (Figure 6a) as used in centroid
frequency shift method. Picked reflections are windowed and spectral ratio method is applied
on adjacent reflections to estimate a subsurface Q model. Figure 8 shows different steps
involved in the application of the spectral ratio method on one of the traces. The same

procedure is repeated on all the traces in the seismic volume to generate a Q cube.

Observations

The Q pattern for one of the inlines (Figure 6a) shows high Q values in the layer just
above the BSR (Figure 6¢). Q estimates based on spectral ratio method in this layer (Figure
6¢) is comparable to the Q estimates from centroid frequency shift method (Figure 6b). Q
slices for different layers are plotted to further analyze the results (Figure 9). In the plan view,
Q estimates vary significantly within the first layer (Figure 9a). In the second layer, small
patches of high Q values coincide with the chimney features similar to that obtained by
centroid frequency shift method. Also, we observe high Q anomalies in the Q slice
corresponding to the layer just above the BSR (Figure 9c). We find that these high Q
anomalies are laterally continuous and match well with the anomalies observed in Q slice
obtained from centroid frequency shift method (Figure 7c). Beneath the BSR, we observe
predominantly low Q values (Figure 9d). However, we also observe some regions with high
Q anomalies in the fourth layer roughly corresponding to chimney locations (Figure 9d).

Here, results obtained through spectral ratio method (Figure 9d) and centroid frequency shift
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method (Figure 7d) do not agree with each other. At the BSR depth, signal strength is
significantly reduced and Q estimates from spectral ratio method are extremely unstable. This

may be the reason for high Q values observed in some areas below the BSR.

UNCERTAINITIES AND LIMITATIONS

Estimating Q from seismic data is typically accompanied by some uncertainties and
limitations. Contribution of reflectivity sequences in calculated amplitude spectrum directly
affects Q estimates. In case of thin layers with some periodicity, Earth’s reflectivity function
contributes in shaping the spectrum of effective recorded signals. Weak reflectivity over a
time window (Figure 5a) can also create bias in Q estimates if the noise spectrum is not
white. Ning and Wen-kai (2010) discussed in detail about the effect of reflectivity sequences
on Q estimates. Spectral ratio method is more sensitive to these effects as Q is estimated from
the spectrum of two wavelets. Fluctuations observed in centroid frequency curves is also

primarily due to the effect of reflectivity sequences in the recorded signal.

Scattering is another factor that will lead to reduction in amplitude of different
frequencies. Different types of scattering can occur depending on the size of the particles
which include Rayleigh, Mie and forward scattering (Mavko et al., 1998). Mie scattering is
the type of scattering that will occur when the heterogeneity scale length is of the order of the
seismic wavelength. The main difference between scattering and intrinsic attenuation is that
scattering redistributes wave energy within the medium but does not remove the energy from
the overall wavefield whereas intrinsic attenuation converts vibration energy into heat energy
(Sato and Fehler, 1997). Intrinsic attenuation quantified using different methods also includes
the contribution from scattering attenuation (Spencer et al., 1982). This will directly affect the

Q estimates from different methods.
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Processing of seismic data can be another source of error in Q estimation. Ideally, all
the processing steps which can potentially alter amplitude spectrum of a seismic signal
should be avoided. In P-Cable data, the potential of this problem is significantly reduced as
P-Cable data is close to zero offset (97-143 m), particularly given the water depth in the
present study. Frequency distortions due to NMO stretching are negligible for small offsets at
deep water depths. Frequency distortions due to Stolt migration are also negligible as layers
in the study area are essentially flat. Apart from these two processing steps, no other step has

been involved which can potentially influence the analysis.

Travel time through a picked layer is a very important factor in estimating Q using
centroid frequency shift method. Picking more reflections and using them as layer boundaries
increases the number of layers for which effective Q model will be estimated but decreases
the travel time of the layers. Effect of fluctuations in the centroid frequency curve on Q
estimates is more pronounced for thinner layers. Thus, accuracy of Q estimates in thinner
layers is poorer than thicker layers. Figure Se shows best fit Q models for different number of
layers. When the number of picked layers is increased from 5 to 7, the instability in the Q
estimates can be clearly seen. Therefore, reflections need to be picked properly so that Q can

be estimated for different layers with an acceptable accuracy.

Histogram of Q estimates from centroid frequency shift method (Figure 10a) and
spectral ratio method (Figure 10d) in layer 3 (which lies just above the BSR) have been
plotted to analyze the statistical distribution of Q estimates within a layer. The peak at Q=600
observed in the histograms is due to the fact that only Q values up to 600 have been taken
into consideration. All Q values greater than 600 will be estimated as 600 and it is extremely
difficult to differentiate between different Q values for those higher than approximately 150.

Accuracy of Q estimates decreases for high Q values where it changes very rapidly with
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small change in seismic signal decay. This small amount of decay becomes comparable with
the fluctuations caused by other factors which create a problem in Q estimation. Figure 5d
shows the estimated Q for different layers. From layer 2 to layer 3, estimated Q changes from
160 to 403, but there is a very small change in tilt of the best fit curve. This limits the
accuracy of Q estimates for high Q values and due to this fact, only Q values up to 600 have

been taken into consideration (Figure 10).

Given the two methodological approaches for estimating Q, their inherent limitations
and the constraints of the 3D seismic, as earlier reported by Quan and Harris (1997) and
Matsushima (2006), we also found that the centroid frequency shift method gave more stable
Q estimates. Contribution of reflectivity sequences in calculated amplitude spectrum and
scattering effects limited the vertical resolution of Q estimates. We tried to do high-resolution
Q sampling but accuracy of Q estimates decreased when greater number of layers was used to
estimate Q. Reflectivity sequences and scattering effects made the continuous mapping of Q
unstable. Q estimates became unreliable for thinner layers. We observed trade-off between

the accuracy and resolution.

DISCUSSION

There are different factors which contribute to intrinsic attenuation of a seismic signal
(Toksoz and Johnston, 1981). Major factors which play a crucial role are lithology, fluid type
and structural features (Walsh, 1966; Johnston et al., 1979; Toksd6z et al., 1979; Toks6z and
Johnston, 1981; Winkler et al., 1979; Spencer, 1979; Winkler and Nur, 1982; Murphy et al.,
1986; Pointer et al., 2000; Parra et al., 2002; Prasad and Nur, 2003; Behura, 2009). The exact
details of the sedimentary environment of the study area are not well known but it is believed
to be composed of smoothly deposited layers of contourite deposits (Eiken and Hinz, 1993;

Howe et al., 2008). Under such geological settings, the major factors which can prominently
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change the intrinsic attenuation property of a medium are changes in fluid type and fluid
saturation. Changes in gas hydrate saturation within gas hydrate stability zone will sharply
change the intrinsic attenuation spatially. Several publications explained the relationship
between seismic attenuation and fluid saturation (O’Connell and Budiansky, 1977; Mavko
and Nur, 1979; Spencer, 1979; Murphy et al., 1986; O’Hara, 1989; Pointer et al., 2000;
Prasad and Nur, 2003; Rapoport et al. 2004). In addition, structural features scatter the
seismic signal and contribute significantly to the estimated intrinsic attenuation (Hamilton
and Mooney, 1990). It is thus challenging to distinguish between scattering attenuation and
intrinsic attenuation (Wennerberg, 1993). The Q parameter estimated for quantifying intrinsic
attenuation of a medium also includes the effects from scattering attenuation (Spencer et al.,
1982). Possible effects of gas hydrates and free gas on Q estimates is studied by estimating Q
values for different layers in the gas hydrate stability zone and free gas zone. The spatial
analysis of the Q estimates from the 3D seismic data then allows us to recognize structures
and areas that can be related to the presence of gas hydrates in marine sediments even in the

absence of seismic velocity control.

Q values have been estimated for different layers using centroid frequency shift
method and spectral ratio method. Q values estimated in deeper layers (L2, L3, and L4) using
these two methods are found to be in concordance with each other and Q values in layers just
above the BSR (L2 and L3) are in good agreement with the Q values normally observed in
the gas hydrate bearing marine sediments (Wood et al., 2000). Q estimates in the first layer
(L1) do not correspond well. Noisy amplitude spectrum near the sea floor (Dewangan et al.
2014) and fluctuating spectral ratio (Figure 8c) can be the possible reason for the unstable Q
estimates from spectral ratio method in the first layer. However, in the context of this

analysis, it is important to study relative changes in Q particularly along Q slices throughout
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the whole volume as these might be related to the type of pore fluid and saturation in a given

area or structure.

Both Q analysis methods estimate high Q values in a layer just above the BSR (Figure
7c¢ and Figure 9c). Below the BSR, the centroid frequency (Figure 4b) and Q values of both
methods drop significantly (Figure 7d and Figure 9d). Very low Q values are observed below
the BSR except for the locations below chimneys, where high Q is observed (Figure 7d and
Figure 9d). High free gas concentration can be the reason for rapid attenuation of the seismic
signal below the BSR. The strength of the BSR in the seismic data (Figure 4a) also gives
some indication about the accumulation of free gas in the region which is estimated to be as
high as 1.5-2% of pore space (Hustoft et al., 2009). In gas chimneys, seismic signal
significantly attenuates due to scattering especially in shallow seafloor features like
pockmarks. Low signal strength accompanied with seismic blanking in the gas chimneys

make Q estimates in gas chimneys unreliable especially at deeper depths.

By analyzing the distribution of Q values in the layer L3 (Figure 10a and 10d), it can
be stated that the background Q values in the marine sediments at the BSR depth is in the
range of 60-90. If Q values in the layer L3 (layer above the BSR) above potentially gas
saturated sediments (Q<30 below the BSR in the layer L4) are selectively picked (Figure 10b
and 10e) and compared with the overall distribution of Q values in the layer (Figure 10c and
10f), relatively higher Q values have been observed above potentially gas saturated sediments
(Figure 10). Particularly the variable distribution of extended zones of high Q mapped on Q
slices of the 3D data (Figure 11b), in comparison to adjacent areas with lower Q, points
towards variable pore fluid type and/or saturation in this strata. There is no indication from
the seismic data to expect significant lithologic changes in this rather homogeneous

sedimentary environment. Therefore, we attribute this effect to the presence of gas hydrates
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in the sediments and suggest that gas hydrate saturated sediments exhibit high Q values
within the frequency range used in the study. This observation is supported by the fact that
both Q analysis methods match well in the distribution of Q above the BSR. In contrast, areas

with very low Q below the BSR indicate the presence of free gas (Figure 11c¢).

It is difficult to estimate accurate Q for high Q value areas as discussed earlier.
Therefore it becomes difficult to state exact Q value in gas hydrate saturated sediments. But
from the statistical analysis of the results obtained from both methods (Figure 10), it can be
stated that high Q values are observed in gas hydrate saturated sediments. Earlier studies on
seismic attenuation conducted in the nearby locations also indicated elevated Q values above
the BSR (Rossi et al., 2007). Hence, we argue that Q analysis of high-resolution P-Cable 3D
seismic data with a large bandwidth can detect and outline spatially limited areas of gas

hydrate occurrence in marine sediments.

Hustoft et al. (2009) used 135 km east-west striking multi-channel seismic (MCS)
profile to derive a velocity model. This profile lies approximately 10 Km southward to our
study area (shown in Figure 1) and can be used to interpret the results of the Q analysis. High
gas concentrations exist beneath the BSR towards the southwestern half of the Vestnesa
Ridge (Hustoft et al., 2009). Similarly, low Q values beneath the BSR in the southwestern
half of the 3D seismic data may indicate the presence of elevated gas concentrations at this
location (Figures 7d and 9d). The gas chimneys that align at the crest of the Vestnesa Ridge
separate this southwestern half from the northeastern half where Q values are generally
higher. A similar behavior is observed above the BSR where high Q values in the
southwestern half may indicate higher concentrations of gas hydrates than in the northeastern
half. Hustoft et al. (2009) and Biinz et al. (2012) showed that the fluid flow system in the

Vestnesa Ridge is topographically controlled and that gas migrates to the crest of the ridge
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beneath the BSR, mostly from the southwestern half. Hence, gas availability may be higher in

the southwestern half.

In a more recent study, Plaza-Faverola et al. (2015) showed that small-scale fault
systems exist at the crest of the Vestnesa Ridge documenting a tectonic control of gas
leakage. Fault systems mapped by Plaza-Faverola et al. (2015) at approximately the BSR
depth coincide strikingly with the boundaries of abrupt Q changes within layer 3 and 4 above
and beneath the BSR, respectively (Figure 11a-c). Changes in Q within a layer are attributed
with a variable pore fluid fill. Hence, the Q analysis indicates that fluid distribution in the
region is strongly controlled by fault systems in the Vestnesa Ridge. Fault 1 in Figure 11a
delimits the southwestern part indicating higher fluid concentrations in both hydrates above
the BSR and free gas below. This area also includes the two most active chimneys on the
Vestnesa Ridge (Figure 4c) (Biinz et al., 2012; Smith et al., 2014) corroborating our results
that gas is more readily available at this location to either leak to the seafloor or to be bound
into gas hydrates. As gas migrate upslope in north-east direction (Figure 11d; Hustoft et al.,
2009), they are trapped by the regional fault 1 and utilize the fault plane as migration

pathway into the free gas zone beneath the BSR.

Q values between fault 1 and 2 indicate lower concentrations of gas hydrates (Figure
11b) and free gas (Figure 11c). Coincidentally, several of the chimneys located in this fault
block are inactive. The reduced availability of free gas in this fault block might explain this
observation or that most gas has vented through the chimneys. Also other areas of the 3D
seismic volume clearly indicate a relationship between Q values and the mapped fault system,
e.g. to the northeast of fault 2 or between fault 2 and fault 4 (Figure 11a-c). Together, these
results suggest that the availability of free gas is one of the major factors in the accumulation

of gas beneath the BSR and the formation of gas hydrates above it, and that the availability of
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free gas clearly seems to be controlled by the structural setting supporting the findings of

Plaza-Faverola et al. (2015).

All the Q slices clearly exhibit the vertical fluid flow features in this area (Figures 7
and 9). However, there are still some interesting subtleties that can be noted from the Q data.
When centroid frequencies are plotted for a seismic section, they didn’t drop rapidly at some
places in the northwestern and central parts (Figure 4b) of the seismic section. It is possible
that these frequency anomalies might be related to variable concentrations of gas within the
free gas zone beneath the BSR. Lower amounts of free gas might indicate that the fluid flow
features like gas chimneys in nearby locations may lack a gas source. Biinz et al. (2012)
documented acoustic flares in the water column and shallow high amplitudes in upper 50 m
of these fluid flow features. In their study they show that the chimneys in the central part of
the 3D seismic volume and some chimneys in northwestern part are inactive as compared to
chimneys in the southeastern part of the volume (Figure 4c). On the contrary, the active
chimneys documented by Biinz et al. (2012) show low frequency anomalies in the lower part
of the chimney just above the BSR (Figure 4b). It might indicate an active migration of gas

from the free gas zone into the chimney structures supplying the seafloor seep with gas.

Low centroid frequencies have been observed in regions where pockmark features
have been observed. This can be due to prominent scattering at pockmarks or attenuation of
the seismic energy within 5-10 m of sediments below the sea floor possibly resulting from the
presence of hydrates and/or carbonates. Prominent scattering in pockmarks and within
chimneys significantly reduced the signal strength and made it difficult to image Q in gas
chimneys at deeper depth. Low signal strength and seismic blanking in gas chimneys reduces
the accuracy of Q estimates in gas chimneys. But still Q values with limited accuracy have

been used to study gas chimneys. Both Q estimation methods show small patches of high Q
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values associated with chimney features at medium depth beneath seafloor and BSR (Figure
7b and Figure 9b). However, the centroid frequency shift method depicts high Q at the rim of
the chimneys possibly indicating that chimneys are lined with hydrates, an interesting though
speculative suggestion, although it would fit with theoretical models for chimneys structures

(Liu and Flemings, 2007).

SUMMARY

We applied the centroid frequency shift method and spectral ratio method to study
seismic attenuation in gas hydrate and free gas saturated sediments using high-resolution P-
Cable 3D seismic data from Vestnesa Ridge on the Arctic continental margin of Svalbard.
We estimated Q values for different layers to develop a subsurface 3D Q model. We observed
high Q values above the prominent BSR and low Q values (Q=10-30) below the BSR.
Anomalies observed in Q slices obtained from two different methods are found in
concordance with each other. But we got relatively more stable Q values from centroid

frequency shift method.

After performing a statistical analysis, we found that an increase in Q values in
certain, spatially limited areas above the BSR can probably be associated with the presence of
gas hydrates. Under this premise, Q analysis of high-resolution P-Cable 3D seismic data is
thus an effective method for the detection and mapping of gas hydrate occurrences in marine
sediments. Q values estimated for the strata below the BSR are very low as a consequence of

the occurrence of gas trapped in the free gas zone beneath hydrate-bearing strata.

Faults that exist throughout the Vestnesa Ridge coincide with the Q anomalies in the
layers above and below the BSR corroborating recent findings and directly showing that the

structural setting and tectonic activity in the region control the availability and spatial
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distribution of free gas and gas hydrates in the Vestnesa Ridge. The availability of gas in
certain spatially limited areas also might explain the present seepage from some of the
chimneys on the Vestnesa Ridge whereas other chimneys are dormant. Low seismic signal
strength accompanied by amplitude blanking makes it difficult to accurately image Q in gas
chimneys. But still with limited accuracy, we observed high Q values in gas chimneys in Q

slices hinting towards the presence of gas hydrates in gas chimneys.
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Figure 1 Bathymetry map showing the location of our study area at Vestnesa Ridge,
on the west-Svalbard continental margin. The inset figure shows a seafloor time-structure
map derived from the 3D seismic data. Key inlines and crosslines are indicated on this
seafloor map. Two small boxes (B1 and B2) show the location of centroid frequency curves
plotted in Figure 5. A velocity model was derived from the multi-channel seismic (MCS) line

by Hustoft et al. (2009) (see also Figure 11d).

Figure 2 a) Amplitude spectrum of the seismic signal near the seafloor. b) Centroid
frequency of seismic signal in shallow sediments near the seafloor for different traces in
seismic data. The black line shows the assumed centroid frequency at the seafloor. c) The
blue curve shows the mean variance of the amplitude spectrum (os?) at different arrival times.

The red line shows the best fit line for changes of mean variance with two way travel time.

Figure 3 a) Sea floor reflection and BSR picked from a trace located at 26" inline and
260" crossline (see Figure 1 for location). b) Amplitude spectrum of the picked wavelets. c)
Plot of spectral ratio (in logarithmic scale) vs frequency. The red curve shows the best fit line

(L1 norm) in this plot. Q is derived from the slope of the best fit line.

Figure 4 a) Selected seismic section (Inline 115, see Figure 1 for location) from the
3D seismic data. b) Centroid frequency plot corresponding to the seismic section. Black
arrows indicate the possible sub-surface fluid migration through gas chimneys and
subsequent seafloor gas seepage. ¢) Acoustic flares documenting active seepage (modified

from Biinz et al., 2012). The black line shows the location of the inline shown in a) and b).

Figure 5 a) Seismic trace corresponding to 183™ Inline and 1093™ crossline (location

of the trace lies in the center of B1 as shown in Figure 1). Q has been estimated for the L1,
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L2, L3, L4 and L5 intervals. b) Centroid frequencies calculated in the 5 ms sliding time
window (Figure 5a). ¢) Centroid frequency trend/curve for 25 traces in a 31.25 x 31.25 m?
small box B1 (Figure 1). d) The black curve shows the centroid frequency curve. The green
curves show the synthetic centroid frequency curves corresponding to Q model 1 (Qr1=500 ,
Q12=400, Qr3=300, Qr4=200, and Qrs5=100), Q model 2 (QrLi=70, Qr2=100, Qr3=200,
Qr4=300, and Qr5=500), Q model 3 (QLi=150, Qr2=125, Qr3=100, Qr4=75, and Qr5=50), Q
model 4 (QuLi=50, Qr2=75, Qu3=150, Qr4=30, and Qr5=200), and Q model 5 (QrL1=90,
Qr2=65, Q13=50, Qr4=40, and Qr5=30). The red curve shows the synthetic centroid frequency
curve for the best fit (L1 norm) Q model. b) 5 layer best fit Q model (red) and 7 layer best fit

Q model (green) for a centroid frequency curve (location shown by a small box B2 in Figure

).

Figure 6 a) Seismic section of Inline 69 (see Figure 1 for location) with picked
seafloor and three major subsurface reflections. L1, L2, L3, and L4 show the layers for which
Q is estimated. b) Overlay of seismic section and Q estimates obtained from centroid
frequency shift method. ¢) Overlay of seismic section and Q estimates obtained from spectral

ratio method.

Figure 7 Q slices for different layers estimated using centroid frequency shift method.

Q slices (a), (b), (¢), and (d) correspond to layers L1, L2, L3, and L4 (Figure 6a) respectively.

Figure 8 a) Seismic trace corresponding to 98" inline and 686™ crossline (see Figure 1
for location). L1, L2, L3, and L4 are four layers between five reflections (Ri, Rz, R3, R4, and
Rs). b) ASi, ASy, AS3, AS4, and ASs are amplitude spectra calculated over time windows Rj,
R, R3, R4, and Rs respectively. ¢), d), e), and f) show spectral ratio vs frequency plot. The red
lines show the best fit line derived using L1 norm. Qri1, Qr2, Qr3, and Q4 are the derived Q

values for layers L1, L2, L3, and L4 respectively.
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Figure 9 Q slices for different layers estimated using spectral ratio method. Q slices

(a), (b), (c), and (d) correspond to layers L1, L2, L3, and L4 (Figure 6a) respectively.

Figure 10 a) Histogram of Q values obtained using centroid frequency shift method in
the layer L3. b) Histogram of Q values obtained using centroid frequency shift method in the
layer L3 with Q<30 (high concentration of free gas) in the layer L4. c) Ratio of histogram b
and histogram a. d) Histogram of Q values obtained using spectral ratio method in the layer
L3. e) Histogram of Q values obtained using spectral ratio method in the layer L3 with Q<30
(high concentration of free gas) in the layer L4. f) Ratio of histogram e and histogram d.

Layers L1, L2, L3 and L4 are shown in Figure 6a.

Figure 11 a) Variance map obtained from a time slice at BSR depth showing several
faults (Plaza-Faverola et al., 2015) and gas chimneys (Biinz et al., 2012) piercing through the
subsurface. b) Q slice obtained by overlaying (through 50% transparency) Q slices from
spectral ratio method (Figure 9¢) and centroid frequency shift method (Figure 7c) in the layer
L3 (layer above the BSR). ¢) Q slice obtained by overlaying (through 50% transparency) Q
slices from spectral ratio method (Figure 9d) and centroid frequency shift method (Figure 7d)
in the layer L4 (layer below the BSR). d) P-wave velocity cross-section derived using multi-
channel seismic profile (see Figure 1 for location) across Vestnesa Ridge (modified from
Hustoft et al., 2009). Arrows in the Figure show upslope gas migration and its leakage from

the Vestnesa Ridge.



