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 19 
ABSTRACT 20 

Seismic attenuation in gas hydrate and free gas bearing sediments is estimated from 21 

high-resolution P-Cable 3D seismic data from Vestnesa Ridge on the Arctic continental 22 

margin of Svalbard. P-Cable data have broad bandwidth (20-300 Hz) which is extremely 23 

advantageous in estimating seismic attenuation in a medium. The seismic quality factor (Q), 24 

inverse of seismic attenuation, is estimated from the seismic dataset using centroid frequency 25 

shift method and spectral ratio method. Centroid frequency shift method establishes a 26 

relationship between the change in the centroid frequency of an amplitude spectrum and the 27 

Q value of a medium. Spectral ratio method estimates the Q value of a medium by studying 28 

the differential decay of different frequencies. Broad bandwidth and short offset 29 

characteristics of the P-Cable dataset are useful to continuously map Q for different layers 30 

throughout the 3D seismic volume. The centroid frequency shift method is found to be 31 

relatively more stable than spectral ratio method. Q values estimated using these two methods 32 

are in concordance with each other. The Q data documents attenuation anomalies in the 33 

layers in the gas hydrate stability zone above the BSR and in the free gas zone below. 34 

Changes in the attenuation anomalies correlate with small-scale fault systems in the Vestnesa 35 

Ridge suggesting a strong structural control on the distribution of free gas and gas hydrates in 36 

the region. We argue that high and spatially limited Q anomalies in the layer above the BSR 37 

indicate the presence of gas hydrates in marine sediments in this setting. Hence, the presented 38 

workflow to analyze Q using high-resolution P-cable 3D seismic data with a large bandwidth 39 

can be a potential technique to detect and directly map the distribution of gas hydrates in 40 

marine sediments.  41 

  42 
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INTRODUCTION 43 

Gas hydrates are crystalline ice like structures normally formed at certain temperature 44 

and pressure conditions (Brooks et al., 1986). The temperature and pressure conditions 45 

required for gas hydrates formation are available in continental slope and permafrost 46 

environments (Sloan, 1998).  The presence of marine gas hydrates in continental margins has 47 

been confirmed from different drilling activities (Collett and Ladd, 2000; Collett et al., 1999; 48 

Riedel et al., 2010; Ryu et al., 2013; Liu et al., 2012; Zhang et al., 2007). Seismic methods 49 

are commonly used to remotely identify gas hydrates in the marine sediments. The presence 50 

of gas hydrates in the sediments is often indicated in seismic data by a bottom simulating 51 

reflection (BSR) (Shipley et al., 1979). It marks a sharp impedance contrast between hydrate-52 

bearing and gas-charged sediments. The BSR occurs at the base of the hydrate stability zone, 53 

which is governed mostly by pressure and temperature conditions (Sloan, 1998). Due to this 54 

control, the BSR often mimics the seafloor; therefore, cross-cuts the sedimentary strata 55 

(Shipley at al., 1979). Since the presence of gas hydrates increases the velocities, 56 

concentration of gas hydrates in sediments is usually estimated using seismic velocity models 57 

(Lee and Collett, 2001; Gei and Carcione, 2003; Ecker et al., 1998; Chand et al., 2004). The 58 

presence of gas hydrates in sediments has a pronounced effect on amplitude and frequency 59 

characteristics of a seismic signal also (Guerin and Goldberg, 2002; Pratt et al., 2003; Chand 60 

and Minshull, 2004). Hydrates in sediments show contradicting amplitude characteristics in 61 

seismic sections like amplitude blanking (Korenaga et al., 1997) and amplitude enhancements 62 

(Nouzé et al., 2004; Yoo et al., 2013, Riedel et al., 2010) at different geological settings.  63 

Seismic signal attenuates mainly due to extrinsic attenuation (due to factors like 64 

spherical divergence, obliquity factor, scattering etc.) and intrinsic attenuation (due to 65 

conversion of vibration energy into heat energy) (Mavko et al., 1998). At seismic 66 
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frequencies, analysis on attenuation normally refers to intrinsic attenuation (Mavko et al., 67 

1998) which can be studied through spectral analysis (Jacobson et al., 1981). Since gas 68 

hydrate increases the stiffness of the matrix (Jung et al., 2012) and P-wave velocity, it was 69 

normally assumed that the sediments saturated with gas hydrates will show lower attenuation 70 

(Wood et al., 2000). Unlike P-wave velocity, no unique trend of seismic attenuation in gas 71 

hydrates can be observed from the literature; thus making attenuation characteristic of the gas 72 

hydrate bearing sediments a debatable topic (Guerin et al., 1999; Wood et al., 2000; Chand et 73 

al., 2004; Rossi et al., 2007; Sain et al., 2009; Sain and Singh, 2011; Jaiswal et al., 2012; 74 

Dewangan et al., 2014). Laboratory experiments in hydrate bearing sediments indicated 75 

increase of attenuation with hydrate saturation (Priest et al., 2006; Best et al., 2013) whereas 76 

attenuation estimates from field experiments on gas hydrates indicated contradicting results. 77 

For example, studies on well log data (Guerin and Goldberg, 2002; Guerin and Goldberg, 78 

2005; Matsushima, 2005), VSP data (Pratt et al., 2005; Bellefleur et al., 2007) and on cross-79 

hole seismic data (Pratt et al., 2003; Bauer et al., 2005) indicated an increase in attenuation. 80 

Other studies, mainly on surface seismic data (Dewangan et al., 2014; Rossi et al., 2007; 81 

Matsushima, 2006) indicated a decrease in attenuation. The increase (Guerin and Goldberg, 82 

2002; Gei and Carcione, 2003; Chand and Minshull, 2004; Lee and Collet, 2006) and 83 

decrease (Dewangan et al., 2014; Sain and Singh, 2011) in attenuation has been explained by 84 

using different rock physics models depending on the assumed micro structure of the hydrate 85 

and also sediment-hydrate mixtures. Chand and Minshull (2004) suggested that the amount of 86 

attenuation not only changes with hydrate saturation but also with the frequency of seismic 87 

signal.  88 

 The seismic quality factor (Q), inverse of seismic attenuation, can be estimated from 89 

the seismic dataset using different methods which includes the amplitude decay method 90 

(Badri and Mooney, 1987), the rise time method (Gladwin and Stacey, 1974), the centroid 91 
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frequency shift method (Quan and Harris, 1997), wavelet modeling (Jannsen et al., 1985), the 92 

pulse broadening method (Hatherly, 1986), the spectral ratio method (Jannsen et al., 1985; 93 

Båth, 1982) and the inversion method (Amundsen and Mittet, 1994). Tonn (1991) compared 94 

10 methods of attenuation estimation using VSP seismograms and concluded that no single 95 

method is suitable for all situations.  96 

In the present study, we apply two different methods to investigate seismic 97 

attenuation in gas hydrate and free gas saturated sediments from Vestnesa Ridge, a deep-98 

water gas hydrate system located offshore west-Svalbard (Figure 1). The quality factor (Q) 99 

has been estimated from P-Cable seismic data using the spectral ratio method (Jannsen et al., 100 

1985) and the centroid frequency shift method (Quan and Harris, 1997). The centroid 101 

frequency shift method establishes a relationship between the change in the centroid 102 

frequency of an amplitude spectrum and the Q value of a medium (Quan and Harris, 1997). 103 

On the contrary, the spectral ratio method estimates the Q value of a medium by studying the 104 

differential decay of different frequencies (Båth, 1982). Due to limitation of seismic 105 

bandwidth in conventional seismic data, it is almost impossible to map Q with high accuracy. 106 

Low signal to noise ratio, short bandwidth, source/receiver array directivity and distinct 107 

raypaths in a CDP gather are the main problems encountered in Q analysis from conventional 108 

surface seismic data (Hustedt and Clark, 1999). But P-Cable surface seismic data is 109 

essentially zero-offset (offset varying from 97-143 m) in deep water and has broad bandwidth 110 

(20-300 Hz). Raypaths of different traces in a CDP gather of P-Cable data are approximately 111 

similar at deep water depth as offset is quite small. Stacked P-Cable data has high signal to 112 

noise ratio and the stacking process involves traces with almost similar raypaths. These 113 

characteristics of P-cable data match well with the characteristics of VSP data (Galperin, 114 

1985) and make P-Cable data suitable for subsurface Q analysis. Moreover, using P-Cable 115 

3D seismic data for estimating Q allows us to analyze the spatial distribution of Q which can 116 
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be integrated with 3D seismic interpretation. Thereby, we can link Q estimates with 117 

anomalies related to the presence of gas hydrate and free gas in the sediments.  118 

STUDY AREA 119 

Our study focuses on the active seeping segment of Vestnesa Ridge, a ~100 km long 120 

gas hydrate charged contourite drift developed over < 20 Ma oceanic crust offshore west-121 

Svalbard (Figure 1) (Eiken and Hinz, 1993; Vogt et al., 1994, Bünz et al., 2012). The 122 

contourite drift is in close proximity to the Molloy and the Knipovich slow-spreading oceanic 123 

ridges and it is located between the Molloy and the Spitsbergen Transform Faults (e.g., 124 

Ritzmann et al., 2004). Vestnesa Ridge consists of three main stratigraphic sequences named 125 

according to correlation with ODP sites at the Yermak Plateau (YP) (Eiken and Hinz, 1993): 126 

the oldest unit (YP1) is of Miocene age and consists dominantly of syn-rift deposits directly 127 

lying over the oceanic crust (Eiken and Hinz, 1993; Ritzmann et al., 2004); the middle 128 

sequence (YP2) consists of sediments deposited by migrating contour currents; and finally 129 

the youngest sequence (YP3), is dominated by margin parallel contour currents and by 130 

glacigenic debris flow deposits (Howe et al., 2008).  131 

A gas hydrate system and associated free gas zone exists along Vestnesa Ridge 132 

(Hustoft et al., 2009; Petersen et al., 2010; Bünz et al., 2012; Plaza-Faverola et al., 2015).  133 

The system is restricted to the upper stratigraphic sequence (YP3) and has a series of gas 134 

chimneys and pockmarks associated along the full extent of Vestnesa Ridge. However, only 135 

pockmarks located towards the easternmost part of the ridge (where our 3D seismic survey is 136 

located; Figure 1) are actively seeping gas at present (Bünz et al., 2012; Smith et al., 2014). 137 

Gas chimneys towards the westernmost part of the ridge seem inactive at present but 138 

foraminiferal records indicated past activity at around 8000 my ago (Consolaro et al., 2014).    139 
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DATA 140 

We used high-resolution P-Cable (Planke et al., 2009; Petersen et al., 2010) 3D 141 

seismic data acquired in 2013 on board R/V Helmer Hanssen (Plaza-Faverola et al., 2015). 142 

The system consists of 14 streamers towed parallel behind the ship. The 25-m-long streamers 143 

contain 8 receiver groups each. The streamers are attached to a cross cable towed 144 

perpendicular to the vessel’s streaming direction and spread by two large trawl doors. The 145 

spacing of streamers along the cross cable is 12.5 m. However, due to curvature of the cross 146 

cable, the distance between streamers is varying between 6-10 m. The high-resolution P-147 

Cable system was used together with mini-GI gun (15/15 in3). The gun was fired at an 148 

interval of 6 s with a firing pressure of 170 bar. Source-receiver offset varies from 97-143 m. 149 

Traces have been recorded with 3 s record length at 0.25 ms sampling interval. 150 

During seismic data processing, utmost care has been taken to avoid all the steps that 151 

can potentially distort the amplitude spectrum within the main seismic bandwidth. The 152 

processing of the high-resolution 3D seismic data mainly included navigational correction, 153 

static and tidal correction, binning, bandpass filtering (10-20-300-350), NMO correction and 154 

stacking. NMO correction can potentially distort the amplitude spectrum due to NMO 155 

stretching. But for short offset seismic data in deep water, this distortion will be too small and 156 

can be neglected. 3D Stolt migration was applied using a constant velocity of 1500 m/s. The 157 

spatial resolution of the seismic data is quite high with a bin size of 6.25 x 6.25 m. The 158 

seismic data covers an area of about 14 km2. The data has a broad frequency spectrum 159 

ranging from approximately 20 to 300 Hz (Figure 2a). 160 

  161 
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METHODOLOGY 162 

Amplitude, frequency and phase are three basic attributes of a seismic signal. 163 

Quantitative analysis of these attributes is done using different derivations and transforms. 164 

For example, quantitative estimation of frequency attribute involves different time-frequency 165 

transforms. Reine et al. (2009) discussed the robustness of seismic attenuation measurements 166 

using different time-frequency transforms. In the present study, short-time Fourier transform 167 

(Gabor, 1946) is used to transform a seismic signal into frequency domain. The data 168 

converted to frequency domain is used to study seismic attenuation. We use centroid 169 

frequency shift (Quan and Harris, 1997) and spectral ratio method (Jannsen et al., 1985) to 170 

estimate Q in gas hydrate and free gas saturated sediments.  171 

Centroid frequency method 172 

Centroid frequency of an amplitude spectrum (fc) is defined as: 173 

𝑓𝑓𝑐𝑐 =  ∑A(f) x f
∑A(f)

  (1) 174 

Where A(f) corresponds to amplitude of frequency (f) in an amplitude spectrum. 175 

Centroid frequency of a signal gives an idea about the energy level of a signal. Since 176 

energy of a signal decreases as it propagates in the sub-surface, centroid frequency of an 177 

amplitude spectrum shifts towards lower values with further propagation into deeper layers. 178 

By plotting the centroid frequency for the entire seismic section, a broad overview about the 179 

subsurface seismic attenuation can be established. Quan and Harris (1997) proposed a 180 

method to estimate Q using centroid frequency shift analysis. They considered the amplitude 181 

spectrum of the received signal R(f) as a function of incident wave S(f) and 182 

instrument/medium response G(f)H(f). 183 
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R(f) = G(f)H(f)S(f) (2) 184 

Parameter G(f) includes geometrical spreading, instrument response, source/receiver 185 

coupling, radiation/transmission coefficients, and phase accumulation effects caused by 186 

propagation. H(f) is a factor which takes into account the effect of intrinsic attenuation on a 187 

seismic signal. Since attenuation is proportional to frequency within the seismic bandwidth, 188 

response H(f) can be written as (Johnston et al., 1979): 189 

H(f) = exp �−f∫ α0dl 
ray  � (3) 190 

 Where the integral is taken along the ray path, and α0 is the attenuation coefficient 191 

defined by (Johnston et al., 1979): 192 

α0 =  π
Qv

 (4) 193 

Where Q is the quality factor and v is the velocity of the medium.   194 

With the assumption that the amplitude spectrum follows Gaussian pattern of 195 

distribution, Quan and Harris (1997) after rearranging the equations finally came to the 196 

following equation: 197 

∫ α0dl =  fs− fr
σs2

   
ray  (5) 198 

Where fs is the centroid frequency of the source signal (Figure 2b), fr is the centroid 199 

frequency of the received signal, and σs
2 is the variance of the source amplitude spectrum.  200 

σs2 =  ∫
(f− fs)2A(f)df∞

0

∫ A(f)df∞
0

 (6) 201 
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Where A(f) is the amplitude spectrum of the source signal and other parameters are 202 

same as described in the above equation. In order to account for the increase in the variance 203 

of amplitude spectrum, σs
2, of seismic signal with arrival time, a trend line for σs

2 at different 204 

arrival times is estimated (Figure 2c). Straight line is fitted to the mean σs
2 values.  205 

If velocity and quality factor (Q) is assumed constant in a medium, the final 206 

expression for quality factor (Q) can be written (Talukder, 2013) as: 207 

Q =  πσs
2Δt

fs−fr
 (7) 208 

Where Δt is the total travel time and rest of the parameters are same as described in 209 

above equations. 210 

Spectral ratio method  211 

Spectral ratio method is one of the most commonly used methods to estimate Q in a 212 

medium. This method takes into account the differential decay of different frequencies. 213 

Higher frequencies tend to decay at a much higher rate as compared to lower frequencies 214 

while passing through an attenuating medium (Båth, 1982). Differential decay of different 215 

frequencies depends upon Q of a medium.  216 

Jannsen et al. (1985) discussed about the application of spectral ratio method to 217 

estimate Q from seismic data. Amplitude spectrums (A1(ω) and A2(ω)) of two reflections 218 

from different depths (Z1 and Z2), can be written as: 219 

𝐴𝐴1(𝜔𝜔) = 𝐴𝐴0(𝜔𝜔)𝐺𝐺(𝑍𝑍1)𝑅𝑅1𝑒𝑒−2𝛼𝛼1𝑍𝑍1 (8) 220 

𝐴𝐴2(𝜔𝜔) = 𝐴𝐴0(𝜔𝜔)𝐺𝐺(𝑍𝑍2)(1 − 𝑅𝑅12)𝑅𝑅2𝑒𝑒−2𝛼𝛼1𝑍𝑍1𝑒𝑒−2𝛼𝛼2(𝑍𝑍2−𝑍𝑍1) (9) 221 
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Where A0(ω) is the amplitude spectrum of the incident wavelet at Z=0, G(Z1) and 222 

G(Z2) accounts for the geometrical spreading and other factors leading to decay in 223 

amplitudes, R1 and R2 are reflection coefficients for different boundaries, and α1 and α2 are 224 

the attenuation coefficients. The spectral ratio (SR) of two spectra can be written as: 225 

𝑆𝑆𝑅𝑅(𝜔𝜔) = 𝐶𝐶1𝑒𝑒−2𝛼𝛼2(𝑍𝑍2−𝑍𝑍1) (10) 226 

 𝐶𝐶1 =  𝐺𝐺(𝑍𝑍2)(1−𝑅𝑅12)𝑅𝑅2
𝐺𝐺(𝑍𝑍1)𝑅𝑅1

       (11) 227 

Where C1 is the ratio of factors related to geometrical spreading and reflection 228 

coefficients. Assuming phase velocity β to be independent of frequency in spectral ratio 229 

(Båth, 1982), natural log of spectral ratio can be written as:  230 

ln�𝑆𝑆𝑅𝑅(𝜔𝜔)� = ln (𝐶𝐶1) − 𝛼𝛼2∆𝑇𝑇𝑇𝑇 (12) 231 

where ΔT is the time difference between two reflections. Substituting the value of α 232 

as πf/(Qβ) (Johnston et al., 1979), we get linear relation between ln (SR(ω)) and frequency, 233 

i.e., 234 

ln�𝑆𝑆𝑅𝑅(𝜔𝜔)� = ln(𝐶𝐶1) − �𝜋𝜋∆𝑇𝑇
𝑄𝑄
� 𝑓𝑓 (13) 235 

Hence, the slope i.e. - (πΔT/Q) of the spectral ratio (in logarithmic scale) vs frequency 236 

plot depends on the Q of a medium, and the intercept is related to the geometrical spreading 237 

and reflection coefficients which are independent of frequency. Using this concept, Q value 238 

can be estimated from the slope of the best fit line in spectral ratio (in logarithmic scale) vs 239 

frequency plot. In real data, two wavelets can be picked by windowing two reflections 240 

(Figure 3a) and then Fourier transform can be applied to get amplitude spectrum of these two 241 
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wavelets (Figure 3b). Spectral ratio method can be applied on these two amplitude spectrums 242 

and effective Q of a medium between these reflections can be estimated (Figure 3c).  243 

ANALYSIS USING CENTROID FREQUENCY METHOD 244 

Analysis using centroid frequency plots has been done to study changes in the 245 

centroid frequency with depth. An inline has been selected from seismic data where a BSR is 246 

clearly identified by high-seismic amplitudes at about 1.9 s TWT in the seismic section 247 

(Figure 4a) (Bünz et al., 2012; Smith et al., 2014). The BSR separates hydrate-bearing 248 

sediments from a ~100 m thick free gas zone (Hustoft et al., 2009). Other notable features are 249 

vertical zones of acoustic transparency or chaotic seismic facies. These are interpreted as 250 

vertical fluid-flow features, so-called chimneys. They terminate in seafloor depressions 251 

known as pockmarks (Figure 4c) (Bünz et al., 2012). 252 

The centroid frequency has been calculated for all the traces in the seismic section at 253 

an interval of 5 ms. Enough samples have been taken to ensure that the lowest frequency in 254 

the main seismic bandwidth will have at least one wavelength to sample. The derived 255 

centroid frequencies are shown in Figure 4b. The centroid frequency decreases significantly 256 

beneath the BSR. Prominent low centroid frequency anomalies are observed in the free gas 257 

zone especially in the southeastern part of the seismic section (Figure 4b). Gas chimneys are 258 

observed in the seismic section. Some gas chimneys also show low centroid frequency 259 

anomalies. Some of these anomalies appear to intrude the chimneys from the free gas zone 260 

beneath the BSR. Coincidentally, intrusion happens for gas chimneys that have active gas 261 

seepage at the seafloor (Figure 4c) (Bünz et al., 2012). 262 

  263 
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Q estimation 264 

Variance of an amplitude spectrum (σs
2) and reference centroid frequency (fs) were 265 

calculated to further estimate Q for different layers using centroid frequency shift method. In 266 

order to account for an increase in the σs
2 with arrival time, σs

2 of a seismic signal is plotted 267 

with respect to two-way arrival time. The trend line for σs
2 at different arrival times is 268 

estimated (Figure 2c). The σs
2 to be used in equation (7) is calculated from the linear fit 269 

parameters of the best fit line. The centroid frequency of a seismic signal at the sea floor is 270 

used as a reference centroid frequency for estimating 1-D Q model for every trace. The 271 

centroid frequency of the seismic signal in shallow sediments close to the seafloor (shown in 272 

Figure 2b) ranges from 150-185 Hz for almost all the traces except for few located in a 273 

pockmark where it showed lower centroid frequency values. The centroid frequency of the 274 

seismic signal at the seafloor is expected to be higher than the centroid frequency of a seismic 275 

signal in shallow sediments. After neglecting aberrations, we use 182 Hz as a reference 276 

centroid frequency (Figure 2b).   277 

Prominent reflections observed in the seismic data have been picked and Q values for 278 

different layers between picked reflections have been estimated (Figure 5a and 6a). Q model 279 

derived from one of the traces in the seismic data is shown in Figure 5a-d. Centroid 280 

frequencies are calculated at a time interval of 5 ms for each trace using a sliding time 281 

window along the trace (Figure 5a-b). Fluctuations in centroid frequencies make Q estimation 282 

difficult. Therefore, in order to reduce these effects, centroid frequencies of traces falling 283 

within 31.25 x 31.25 m2 bin have been stacked to get a centroid frequency trend/curve 284 

(Figure 5c). This process also reduces the size of the seismic dataset and makes it 285 

computationally convenient. Synthetic centroid frequency curves are generated for different 286 

possible Q models (Q varying from 1 to 600 in all the 5 layers). Synthetic centroid frequency 287 
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curves for 5 Q models out of 6005 possible Q models are shown in green color in Figure 5d. 288 

These synthetic centroid frequency curves are matched with estimated centroid frequency 289 

curves (estimated from traces in 31.25 x 31.25 m2 bin), and the misfit between the two curves 290 

has been computed. The L1 norm approach (Claerbout and Muir 1973) has been used to 291 

calculate the misfit and to pick the best possible Q model out of the possible range of Q 292 

models. The L1 norm approach has been adopted to reduce the significance of the spiky 293 

points in the centroid frequency curves. This process of estimating Q has been repeated on all 294 

the traces in the seismic data to generate a Q cube.  295 

Observations 296 

The Q values along one of the inlines (Figure 6a) indicate high Q anomalies in the 297 

layer above the BSR and low Q anomalies below the BSR (Figure 6b). Q slices for different 298 

layers give an idea about the lateral variation of Q within a layer. Figure 7 shows Q slices for 299 

different layers illustrating the lateral variation of Q anomalies within a layer. The BSR lies 300 

between Q slices in Figure 7c and 7d. We observe particularly low Q values in some areas 301 

within the first layer (Figure 7a) coinciding with the location of the chimney structures. Q 302 

estimates in the second layer follows a normal trend except for few small patches of high Q 303 

(Figure 7b). Some of these slightly elevated Q values seem to correspond particularly with 304 

the outer rims of the chimney structures (Figure 7b). Just above the BSR, we observe very 305 

high Q values, particularly in the southern half of the 3D seismic data (Figure 7c). These 306 

anomalies are found to be laterally continuous. On the contrary, Q values in the center part of 307 

this slice (Figure 7c) follow the trend of chimneys and Q values are comparatively lower than 308 

those in the slice above (Figure 7b). Extremely low Q values have been observed in Q slice 309 

corresponding to free gas zone beneath the BSR except for the locations corresponding to that 310 

of chimneys (Figure 7d).     311 
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ANALYSIS USING SPECTRAL RATIO METHOD 312 

Q estimation 313 

The spectral ratio method can be applied to estimate effective Q of a medium between 314 

two prominent reflections (Figure 3). We extend this method to estimate Q for the same 4 315 

layers between prominent reflections in the seismic data (Figure 6a) as used in centroid 316 

frequency shift method. Picked reflections are windowed and spectral ratio method is applied 317 

on adjacent reflections to estimate a subsurface Q model. Figure 8 shows different steps 318 

involved in the application of the spectral ratio method on one of the traces. The same 319 

procedure is repeated on all the traces in the seismic volume to generate a Q cube.  320 

Observations 321 

The Q pattern for one of the inlines (Figure 6a) shows high Q values in the layer just 322 

above the BSR (Figure 6c). Q estimates based on spectral ratio method in this layer (Figure 323 

6c) is comparable to the Q estimates from centroid frequency shift method (Figure 6b). Q 324 

slices for different layers are plotted to further analyze the results (Figure 9). In the plan view, 325 

Q estimates vary significantly within the first layer (Figure 9a). In the second layer, small 326 

patches of high Q values coincide with the chimney features similar to that obtained by 327 

centroid frequency shift method. Also, we observe high Q anomalies in the Q slice 328 

corresponding to the layer just above the BSR (Figure 9c). We find that these high Q 329 

anomalies are laterally continuous and match well with the anomalies observed in Q slice 330 

obtained from centroid frequency shift method (Figure 7c). Beneath the BSR, we observe 331 

predominantly low Q values (Figure 9d). However, we also observe some regions with high 332 

Q anomalies in the fourth layer roughly corresponding to chimney locations (Figure 9d). 333 

Here, results obtained through spectral ratio method (Figure 9d) and centroid frequency shift 334 
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method (Figure 7d) do not agree with each other. At the BSR depth, signal strength is 335 

significantly reduced and Q estimates from spectral ratio method are extremely unstable. This 336 

may be the reason for high Q values observed in some areas below the BSR.         337 

UNCERTAINITIES AND LIMITATIONS 338 

Estimating Q from seismic data is typically accompanied by some uncertainties and 339 

limitations. Contribution of reflectivity sequences in calculated amplitude spectrum directly 340 

affects Q estimates. In case of thin layers with some periodicity, Earth’s reflectivity function 341 

contributes in shaping the spectrum of effective recorded signals. Weak reflectivity over a 342 

time window (Figure 5a) can also create bias in Q estimates if the noise spectrum is not 343 

white. Ning and Wen-kai (2010) discussed in detail about the effect of reflectivity sequences 344 

on Q estimates. Spectral ratio method is more sensitive to these effects as Q is estimated from 345 

the spectrum of two wavelets. Fluctuations observed in centroid frequency curves is also 346 

primarily due to the effect of reflectivity sequences in the recorded signal. 347 

Scattering is another factor that will lead to reduction in amplitude of different 348 

frequencies. Different types of scattering can occur depending on the size of the particles 349 

which include Rayleigh, Mie and forward scattering (Mavko et al., 1998). Mie scattering is 350 

the type of scattering that will occur when the heterogeneity scale length is of the order of the 351 

seismic wavelength. The main difference between scattering and intrinsic attenuation is that 352 

scattering redistributes wave energy within the medium but does not remove the energy from 353 

the overall wavefield whereas intrinsic attenuation converts vibration energy into heat energy 354 

(Sato and Fehler, 1997). Intrinsic attenuation quantified using different methods also includes 355 

the contribution from scattering attenuation (Spencer et al., 1982). This will directly affect the 356 

Q estimates from different methods.  357 
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Processing of seismic data can be another source of error in Q estimation. Ideally, all 358 

the processing steps which can potentially alter amplitude spectrum of a seismic signal 359 

should be avoided. In P-Cable data, the potential of this problem is significantly reduced as 360 

P-Cable data is close to zero offset (97-143 m), particularly given the water depth in the 361 

present study. Frequency distortions due to NMO stretching are negligible for small offsets at 362 

deep water depths. Frequency distortions due to Stolt migration are also negligible as layers 363 

in the study area are essentially flat. Apart from these two processing steps, no other step has 364 

been involved which can potentially influence the analysis.        365 

Travel time through a picked layer is a very important factor in estimating Q using 366 

centroid frequency shift method. Picking more reflections and using them as layer boundaries 367 

increases the number of layers for which effective Q model will be estimated but decreases 368 

the travel time of the layers. Effect of fluctuations in the centroid frequency curve on Q 369 

estimates is more pronounced for thinner layers. Thus, accuracy of Q estimates in thinner 370 

layers is poorer than thicker layers. Figure 5e shows best fit Q models for different number of 371 

layers. When the number of picked layers is increased from 5 to 7, the instability in the Q 372 

estimates can be clearly seen. Therefore, reflections need to be picked properly so that Q can 373 

be estimated for different layers with an acceptable accuracy.  374 

Histogram of Q estimates from centroid frequency shift method (Figure 10a) and 375 

spectral ratio method (Figure 10d) in layer 3 (which lies just above the BSR) have been 376 

plotted to analyze the statistical distribution of Q estimates within a layer. The peak at Q=600 377 

observed in the histograms is due to the fact that only Q values up to 600 have been taken 378 

into consideration. All Q values greater than 600 will be estimated as 600 and it is extremely 379 

difficult to differentiate between different Q values for those higher than approximately 150. 380 

Accuracy of Q estimates decreases for high Q values where it changes very rapidly with 381 
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small change in seismic signal decay. This small amount of decay becomes comparable with 382 

the fluctuations caused by other factors which create a problem in Q estimation. Figure 5d 383 

shows the estimated Q for different layers. From layer 2 to layer 3, estimated Q changes from 384 

160 to 403, but there is a very small change in tilt of the best fit curve. This limits the 385 

accuracy of Q estimates for high Q values and due to this fact, only Q values up to 600 have 386 

been taken into consideration (Figure 10). 387 

 Given the two methodological approaches for estimating Q, their inherent limitations 388 

and the constraints of the 3D seismic, as earlier reported by Quan and Harris (1997) and 389 

Matsushima (2006), we also found that the centroid frequency shift method gave more stable 390 

Q estimates. Contribution of reflectivity sequences in calculated amplitude spectrum and 391 

scattering effects limited the vertical resolution of Q estimates. We tried to do high-resolution 392 

Q sampling but accuracy of Q estimates decreased when greater number of layers was used to 393 

estimate Q. Reflectivity sequences and scattering effects made the continuous mapping of Q 394 

unstable. Q estimates became unreliable for thinner layers. We observed trade-off between 395 

the accuracy and resolution. 396 

DISCUSSION 397 

There are different factors which contribute to intrinsic attenuation of a seismic signal 398 

(Toksöz and Johnston, 1981). Major factors which play a crucial role are lithology, fluid type 399 

and structural features (Walsh, 1966; Johnston et al., 1979; Toksöz et al., 1979; Toksöz and 400 

Johnston, 1981; Winkler et al., 1979; Spencer, 1979; Winkler and Nur, 1982; Murphy et al., 401 

1986; Pointer et al., 2000; Parra et al., 2002; Prasad and Nur, 2003; Behura, 2009). The exact 402 

details of the sedimentary environment of the study area are not well known but it is believed 403 

to be composed of smoothly deposited layers of contourite deposits (Eiken and Hinz, 1993; 404 

Howe et al., 2008). Under such geological settings, the major factors which can prominently 405 
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change the intrinsic attenuation property of a medium are changes in fluid type and fluid 406 

saturation. Changes in gas hydrate saturation within gas hydrate stability zone will sharply 407 

change the intrinsic attenuation spatially. Several publications explained the relationship 408 

between seismic attenuation and fluid saturation (O’Connell and Budiansky, 1977; Mavko 409 

and Nur, 1979; Spencer, 1979; Murphy et al., 1986; O’Hara, 1989; Pointer et al., 2000; 410 

Prasad and Nur, 2003; Rapoport et al. 2004). In addition, structural features scatter the 411 

seismic signal and contribute significantly to the estimated intrinsic attenuation (Hamilton 412 

and Mooney, 1990). It is thus challenging to distinguish between scattering attenuation and 413 

intrinsic attenuation (Wennerberg, 1993). The Q parameter estimated for quantifying intrinsic 414 

attenuation of a medium also includes the effects from scattering attenuation (Spencer et al., 415 

1982). Possible effects of gas hydrates and free gas on Q estimates is studied by estimating Q 416 

values for different layers in the gas hydrate stability zone and free gas zone. The spatial 417 

analysis of the Q estimates from the 3D seismic data then allows us to recognize structures 418 

and areas that can be related to the presence of gas hydrates in marine sediments even in the 419 

absence of seismic velocity control. 420 

Q values have been estimated for different layers using centroid frequency shift 421 

method and spectral ratio method. Q values estimated in deeper layers (L2, L3, and L4) using 422 

these two methods are found to be in concordance with each other and Q values in layers just 423 

above the BSR (L2 and L3) are in good agreement with the Q values normally observed in 424 

the gas hydrate bearing marine sediments (Wood et al., 2000). Q estimates in the first layer 425 

(L1) do not correspond well. Noisy amplitude spectrum near the sea floor (Dewangan et al. 426 

2014) and fluctuating spectral ratio (Figure 8c) can be the possible reason for the unstable Q 427 

estimates from spectral ratio method in the first layer. However, in the context of this 428 

analysis, it is important to study relative changes in Q particularly along Q slices throughout 429 
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the whole volume as these might be related to the type of pore fluid and saturation in a given 430 

area or structure. 431 

Both Q analysis methods estimate high Q values in a layer just above the BSR (Figure 432 

7c and Figure 9c). Below the BSR, the centroid frequency (Figure 4b) and Q values of both 433 

methods drop significantly (Figure 7d and Figure 9d). Very low Q values are observed below 434 

the BSR except for the locations below chimneys, where high Q is observed (Figure 7d and 435 

Figure 9d). High free gas concentration can be the reason for rapid attenuation of the seismic 436 

signal below the BSR. The strength of the BSR in the seismic data (Figure 4a) also gives 437 

some indication about the accumulation of free gas in the region which is estimated to be as 438 

high as 1.5-2% of pore space (Hustoft et al., 2009). In gas chimneys, seismic signal 439 

significantly attenuates due to scattering especially in shallow seafloor features like 440 

pockmarks. Low signal strength accompanied with seismic blanking in the gas chimneys 441 

make Q estimates in gas chimneys unreliable especially at deeper depths. 442 

By analyzing the distribution of Q values in the layer L3 (Figure 10a and 10d), it can 443 

be stated that the background Q values in the marine sediments at the BSR depth is in the 444 

range of 60-90. If Q values in the layer L3 (layer above the BSR) above potentially gas 445 

saturated sediments (Q<30 below the BSR in the layer L4) are selectively picked (Figure 10b 446 

and 10e) and compared with the overall distribution of Q values in the layer (Figure 10c and 447 

10f), relatively higher Q values have been observed above potentially gas saturated sediments 448 

(Figure 10). Particularly the variable distribution of extended zones of high Q mapped on Q 449 

slices of the 3D data (Figure 11b), in comparison to adjacent areas with lower Q, points 450 

towards variable pore fluid type and/or saturation in this strata. There is no indication from 451 

the seismic data to expect significant lithologic changes in this rather homogeneous 452 

sedimentary environment. Therefore, we attribute this effect to the presence of gas hydrates 453 
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in the sediments and suggest that gas hydrate saturated sediments exhibit high Q values 454 

within the frequency range used in the study. This observation is supported by the fact that 455 

both Q analysis methods match well in the distribution of Q above the BSR. In contrast, areas 456 

with very low Q below the BSR indicate the presence of free gas (Figure 11c). 457 

It is difficult to estimate accurate Q for high Q value areas as discussed earlier. 458 

Therefore it becomes difficult to state exact Q value in gas hydrate saturated sediments. But 459 

from the statistical analysis of the results obtained from both methods (Figure 10), it can be 460 

stated that high Q values are observed in gas hydrate saturated sediments. Earlier studies on 461 

seismic attenuation conducted in the nearby locations also indicated elevated Q values above 462 

the BSR (Rossi et al., 2007). Hence, we argue that Q analysis of high-resolution P-Cable 3D 463 

seismic data with a large bandwidth can detect and outline spatially limited areas of gas 464 

hydrate occurrence in marine sediments. 465 

Hustoft et al. (2009) used 135 km east-west striking multi-channel seismic (MCS) 466 

profile to derive a velocity model. This profile lies approximately 10 Km southward to our 467 

study area (shown in Figure 1) and can be used to interpret the results of the Q analysis. High 468 

gas concentrations exist beneath the BSR towards the southwestern half of the Vestnesa 469 

Ridge (Hustoft et al., 2009). Similarly, low Q values beneath the BSR in the southwestern 470 

half of the 3D seismic data may indicate the presence of elevated gas concentrations at this 471 

location (Figures 7d and 9d). The gas chimneys that align at the crest of the Vestnesa Ridge 472 

separate this southwestern half from the northeastern half where Q values are generally 473 

higher. A similar behavior is observed above the BSR where high Q values in the 474 

southwestern half may indicate higher concentrations of gas hydrates than in the northeastern 475 

half. Hustoft et al. (2009) and Bünz et al. (2012) showed that the fluid flow system in the 476 

Vestnesa Ridge is topographically controlled and that gas migrates to the crest of the ridge 477 
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beneath the BSR, mostly from the southwestern half. Hence, gas availability may be higher in 478 

the southwestern half. 479 

In a more recent study, Plaza-Faverola et al. (2015) showed that small-scale fault 480 

systems exist at the crest of the Vestnesa Ridge documenting a tectonic control of gas 481 

leakage. Fault systems mapped by Plaza-Faverola et al. (2015) at approximately the BSR 482 

depth coincide strikingly with the boundaries of abrupt Q changes within layer 3 and 4 above 483 

and beneath the BSR, respectively (Figure 11a-c). Changes in Q within a layer are attributed 484 

with a variable pore fluid fill. Hence, the Q analysis indicates that fluid distribution in the 485 

region is strongly controlled by fault systems in the Vestnesa Ridge. Fault 1 in Figure 11a 486 

delimits the southwestern part indicating higher fluid concentrations in both hydrates above 487 

the BSR and free gas below. This area also includes the two most active chimneys on the 488 

Vestnesa Ridge (Figure 4c) (Bünz et al., 2012; Smith et al., 2014) corroborating our results 489 

that gas is more readily available at this location to either leak to the seafloor or to be bound 490 

into gas hydrates. As gas migrate upslope in north-east direction (Figure 11d; Hustoft et al., 491 

2009), they are trapped by the regional fault 1 and utilize the fault plane as migration 492 

pathway into the free gas zone beneath the BSR.  493 

Q values between fault 1 and 2 indicate lower concentrations of gas hydrates (Figure 494 

11b) and free gas (Figure 11c). Coincidentally, several of the chimneys located in this fault 495 

block are inactive. The reduced availability of free gas in this fault block might explain this 496 

observation or that most gas has vented through the chimneys. Also other areas of the 3D 497 

seismic volume clearly indicate a relationship between Q values and the mapped fault system, 498 

e.g. to the northeast of fault 2 or between fault 2 and fault 4 (Figure 11a-c). Together, these 499 

results suggest that the availability of free gas is one of the major factors in the accumulation 500 

of gas beneath the BSR and the formation of gas hydrates above it, and that the availability of 501 
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free gas clearly seems to be controlled by the structural setting supporting the findings of 502 

Plaza-Faverola et al. (2015). 503 

All the Q slices clearly exhibit the vertical fluid flow features in this area (Figures 7 504 

and 9). However, there are still some interesting subtleties that can be noted from the Q data. 505 

When centroid frequencies are plotted for a seismic section, they didn’t drop rapidly at some 506 

places in the northwestern and central parts (Figure 4b) of the seismic section. It is possible 507 

that these frequency anomalies might be related to variable concentrations of gas within the 508 

free gas zone beneath the BSR. Lower amounts of free gas might indicate that the fluid flow 509 

features like gas chimneys in nearby locations may lack a gas source. Bünz et al. (2012) 510 

documented acoustic flares in the water column and shallow high amplitudes in upper 50 m 511 

of these fluid flow features. In their study they show that the chimneys in the central part of 512 

the 3D seismic volume and some chimneys in northwestern part are inactive as compared to 513 

chimneys in the southeastern part of the volume (Figure 4c). On the contrary, the active 514 

chimneys documented by Bünz et al. (2012) show low frequency anomalies in the lower part 515 

of the chimney just above the BSR (Figure 4b). It might indicate an active migration of gas 516 

from the free gas zone into the chimney structures supplying the seafloor seep with gas.  517 

Low centroid frequencies have been observed in regions where pockmark features 518 

have been observed. This can be due to prominent scattering at pockmarks or attenuation of 519 

the seismic energy within 5-10 m of sediments below the sea floor possibly resulting from the 520 

presence of hydrates and/or carbonates. Prominent scattering in pockmarks and within 521 

chimneys significantly reduced the signal strength and made it difficult to image Q in gas 522 

chimneys at deeper depth. Low signal strength and seismic blanking in gas chimneys reduces 523 

the accuracy of Q estimates in gas chimneys. But still Q values with limited accuracy have 524 

been used to study gas chimneys. Both Q estimation methods show small patches of high Q 525 
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values associated with chimney features at medium depth beneath seafloor and BSR (Figure 526 

7b and Figure 9b). However, the centroid frequency shift method depicts high Q at the rim of 527 

the chimneys possibly indicating that chimneys are lined with hydrates, an interesting though 528 

speculative suggestion, although it would fit with theoretical models for chimneys structures 529 

(Liu and Flemings, 2007).  530 

SUMMARY 531 

We applied the centroid frequency shift method and spectral ratio method to study 532 

seismic attenuation in gas hydrate and free gas saturated sediments using high-resolution P-533 

Cable 3D seismic data from Vestnesa Ridge on the Arctic continental margin of Svalbard. 534 

We estimated Q values for different layers to develop a subsurface 3D Q model. We observed 535 

high Q values above the prominent BSR and low Q values (Q≈10-30) below the BSR. 536 

Anomalies observed in Q slices obtained from two different methods are found in 537 

concordance with each other. But we got relatively more stable Q values from centroid 538 

frequency shift method.  539 

After performing a statistical analysis, we found that an increase in Q values in 540 

certain, spatially limited areas above the BSR can probably be associated with the presence of 541 

gas hydrates. Under this premise, Q analysis of high-resolution P-Cable 3D seismic data is 542 

thus an effective method for the detection and mapping of gas hydrate occurrences in marine 543 

sediments. Q values estimated for the strata below the BSR are very low as a consequence of 544 

the occurrence of gas trapped in the free gas zone beneath hydrate-bearing strata.  545 

Faults that exist throughout the Vestnesa Ridge coincide with the Q anomalies in the 546 

layers above and below the BSR corroborating recent findings and directly showing that the 547 

structural setting and tectonic activity in the region control the availability and spatial 548 
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distribution of free gas and gas hydrates in the Vestnesa Ridge. The availability of gas in 549 

certain spatially limited areas also might explain the present seepage from some of the 550 

chimneys on the Vestnesa Ridge whereas other chimneys are dormant. Low seismic signal 551 

strength accompanied by amplitude blanking makes it difficult to accurately image Q in gas 552 

chimneys. But still with limited accuracy, we observed high Q values in gas chimneys in Q 553 

slices hinting towards the presence of gas hydrates in gas chimneys.  554 
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LIST OF FIGURES 801 

Figure 1 Bathymetry map showing the location of our study area at Vestnesa Ridge, 802 

on the west-Svalbard continental margin. The inset figure shows a seafloor time-structure 803 

map derived from the 3D seismic data.  Key inlines and crosslines are indicated on this 804 

seafloor map. Two small boxes (B1 and B2) show the location of centroid frequency curves 805 

plotted in Figure 5. A velocity model was derived from the multi-channel seismic (MCS) line 806 

by Hustoft et al. (2009) (see also Figure 11d). 807 

Figure 2 a) Amplitude spectrum of the seismic signal near the seafloor. b) Centroid 808 

frequency of seismic signal in shallow sediments near the seafloor for different traces in 809 

seismic data. The black line shows the assumed centroid frequency at the seafloor. c) The 810 

blue curve shows the mean variance of the amplitude spectrum (σs
2) at different arrival times. 811 

The red line shows the best fit line for changes of mean variance with two way travel time. 812 

Figure 3 a) Sea floor reflection and BSR picked from a trace located at 26th inline and 813 

260th crossline (see Figure 1 for location). b) Amplitude spectrum of the picked wavelets. c) 814 

Plot of spectral ratio (in logarithmic scale) vs frequency. The red curve shows the best fit line 815 

(L1 norm) in this plot. Q is derived from the slope of the best fit line. 816 

Figure 4 a) Selected seismic section (Inline 115, see Figure 1 for location) from the 817 

3D seismic data. b) Centroid frequency plot corresponding to the seismic section. Black 818 

arrows indicate the possible sub-surface fluid migration through gas chimneys and 819 

subsequent seafloor gas seepage. c) Acoustic flares documenting active seepage (modified 820 

from Bünz et al., 2012). The black line shows the location of the inline shown in a) and b).  821 

Figure 5 a) Seismic trace corresponding to 183rd Inline and 1093rd crossline (location 822 

of the trace lies in the center of B1 as shown in Figure 1). Q has been estimated for the L1, 823 
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L2, L3, L4 and L5 intervals. b) Centroid frequencies calculated in the 5 ms sliding time 824 

window (Figure 5a). c) Centroid frequency trend/curve for 25 traces in a 31.25 x 31.25 m2 825 

small box B1 (Figure 1). d) The black curve shows the centroid frequency curve. The green 826 

curves show the synthetic centroid frequency curves corresponding to Q model 1 (QL1=500 , 827 

QL2=400, QL3=300, QL4=200, and QL5=100), Q model 2 (QL1=70, QL2=100, QL3=200, 828 

QL4=300, and QL5=500), Q model 3 (QL1=150, QL2=125, QL3=100, QL4=75, and QL5=50), Q 829 

model 4 (QL1=50, QL2=75, QL3=150, QL4=30, and QL5=200), and Q model 5 (QL1=90, 830 

QL2=65, QL3=50, QL4=40, and QL5=30). The red curve shows the synthetic centroid frequency 831 

curve for the best fit (L1 norm) Q model. b) 5 layer best fit Q model (red) and 7 layer best fit 832 

Q model (green) for a centroid frequency curve (location shown by a small box B2 in Figure 833 

1).  834 

Figure 6 a) Seismic section of Inline 69 (see Figure 1 for location) with picked 835 

seafloor and three major subsurface reflections. L1, L2, L3, and L4 show the layers for which 836 

Q is estimated. b) Overlay of seismic section and Q estimates obtained from centroid 837 

frequency shift method. c) Overlay of seismic section and Q estimates obtained from spectral 838 

ratio method. 839 

Figure 7 Q slices for different layers estimated using centroid frequency shift method. 840 

Q slices (a), (b), (c), and (d) correspond to layers L1, L2, L3, and L4 (Figure 6a) respectively.  841 

Figure 8 a) Seismic trace corresponding to 98th inline and 686th crossline (see Figure 1 842 

for location). L1, L2, L3, and L4 are four layers between five reflections (R1, R2, R3, R4, and 843 

R5). b) AS1, AS2, AS3, AS4, and AS5 are amplitude spectra calculated over time windows R1, 844 

R2, R3, R4, and R5 respectively. c), d), e), and f) show spectral ratio vs frequency plot. The red 845 

lines show the best fit line derived using L1 norm. QL1, QL2, QL3, and QL4 are the derived Q 846 

values for layers L1, L2, L3, and L4 respectively.  847 
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Figure 9 Q slices for different layers estimated using spectral ratio method. Q slices 848 

(a), (b), (c), and (d) correspond to layers L1, L2, L3, and L4 (Figure 6a) respectively.  849 

Figure 10 a) Histogram of Q values obtained using centroid frequency shift method in 850 

the layer L3. b) Histogram of Q values obtained using centroid frequency shift method in the 851 

layer L3 with Q<30 (high concentration of free gas) in the layer L4. c) Ratio of histogram b 852 

and histogram a. d) Histogram of Q values obtained using spectral ratio method in the layer 853 

L3. e) Histogram of Q values obtained using spectral ratio method in the layer L3 with Q<30 854 

(high concentration of free gas) in the layer L4. f) Ratio of histogram e and histogram d. 855 

Layers L1, L2, L3 and L4 are shown in Figure 6a. 856 

Figure 11 a) Variance map obtained from a time slice at BSR depth showing several 857 

faults (Plaza-Faverola et al., 2015) and gas chimneys (Bünz et al., 2012) piercing through the 858 

subsurface. b) Q slice obtained by overlaying (through 50% transparency) Q slices from 859 

spectral ratio method (Figure 9c) and centroid frequency shift method (Figure 7c) in the layer 860 

L3 (layer above the BSR). c) Q slice obtained by overlaying (through 50% transparency) Q 861 

slices from spectral ratio method (Figure 9d) and centroid frequency shift method (Figure 7d) 862 

in the layer L4 (layer below the BSR). d) P-wave velocity cross-section derived using multi-863 

channel seismic profile (see Figure 1 for location) across Vestnesa Ridge (modified from 864 

Hustoft et al., 2009). Arrows in the Figure show upslope gas migration and its leakage from 865 

the Vestnesa Ridge. 866 
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