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Abstract The AVO numerical method is used to 6 models of layered gas hydrate systems beneath seafloor,

composed of methane hydrate bearing sediment, free gas bearing sediment and saturated sediment, to simulate

the formation mechanism of BSR, double BSR and the vertical distribution of the gas hydrate system to make

theoretical explanation of some practical problems. The main conclusions are as follows: (1) The presence of

evident ocean bottom simulating reflector (BSR) is closely related to the existence of free gas and the seismic

profile “BSR” maybe is not uniquely linked with methane hydrate but only shows the existence of gas. Inversely,

methane hydrate may exists at the place without obvious BSR. (2) Free gas is possible to exist on the top of

methane hydrate and forms a positive BSR above the normal BSR (BSR1). (3) There are two possible elastic

mechanisms for double BSR0 under normal BSR1. If the methane gas meets some obstruct layer on the path

of upward migration or different gas components naturally are stratified, the vertical gradient distribution of

methane gas would be formed with upper part saturation higher than lower part resulting in a negative reflector.

On the other hand, if some residual hydrate exists in the free gas layer under methane hydrate, some kind of BSR

with certain amplitude would occur. But for this case the polarity of BSR0 maybe is difficult to be discriminated,

depending on the gas saturation above or beneath the residual hydrate and the thickness of residual hydrate.
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1 INTRODUCTION

Marine gas hydrates are recognized as a potential future energy resource and economically important[1,2],
their trapped methane gas, a kind of greenhouse gas, may have a major impact on the global climate system[3∼6],
and gas hydrates and free gas may play an important role in marine geo-hazards[7∼11]. Ocean bottom simulating
reflectors (BSRs) that are broadly parallel to the seafloor with strong amplitude and negative polarity in seismic
reflection profiles are associated with the base of gas hydrates stability zones and are the prominent indicators
of the presence of gas hydrates[12∼18]. There are mainly two viewpoints and correspondingly two models for
BSR, the “hydrate wedge model”[19,20] suggests that BSR is the interface between gas hydrate bearing sediment
and water saturated sediment and the upper gas hydrate is emphasized but free gas may be absent, while the
“free gas zone model”[20] suggests that BSR is the interface between gas hydrate bearing sediment and free gas
bearing sediment and the lower free gas is emphasized. Both seismic waveform inversion of practical data and
ODP drilling have shown that BSRs of large amplitude are associated with free methane gas[17,21∼24].

At present the knowledge of the vertical distribution of gas hydrates above BSR is not enough. Researches
on several continental margins indicate that gas hydrates are increasingly distributed with depth[25]. The
discovery of double BSRs promotes the understandings of detailed structure of the gas hydrates system[26∼30]

in addition to BSR that is even believed to be caused by the whole layer containing free gas[31]. The practical
existence zone of hydrate begins to be distinguished from the hydrate stability zone based on phases balance
curves[32]. It is believed that the top and bottom of these zones maybe are not coincident, the latter is larger.
The top of free gas may be coincident neither with the bottom of hydrate existence zone nor with the bottom
of hydrate stability zone and there exist some zones without free gas or hydrate either. Such viewpoints
have been used to interpret practical observed data successfully. In the Storegga Slide area western Norway
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double BSRs were discovered[11,27,28,33∼35], in addition to the negatively polarized normal BSR1 associated with
the bottom of hydrate, above which there exists a positively polarized abnormal bottom simulating reflector,
named BSR2 corresponding to the top of hydrate, above which a low velocity zone corresponding to gas clearly
exists. Moreover, there is another reflector 45m beneath BSR1, called BSR0, which is also positively polarized
corresponding to the top of free gas. However one question is raised here. It is easy to understand the observed
positive polarity of BSR2, for it is the bottom of low velocity layer formed by free gas. But the observed
positive polarity of BSR0 is contrary to the theoretical expectation of negative polarity of reflected wave, for the
medium above BSR0 is associated with saturated sediment or pale-hydrate of higher velocity while the medium
beneath BSR0 is free gas of lower velocity. The given explanation for this question is that the observed positive
polarity of BSR0 is due to the mutual interference of reflected waves from the top and bottom interfaces of
the low velocity zone containing free gas[28]. There are two explanations of formation mechanisms for BSR0.
One is the residual bottom of pale-hydrate because of upwards migration of hydrate due to temperature and
pressure changes. The other is a kind of compound gases between BSR1 and BSR0. Double BSRs were also
discovered in the southeastern trough of the Japan Sea[26,30,36,37], where the negatively polarized BSR1 is the
normal bottom simulating reflector corresponding to the bottom of gas hydrates zone and the reflector with
negative polarity 50m under BSR1 is another BSR, named BSR2, beneath which is low velocity free gas layer.
It is believed that the low velocity layer between BSR1 and BSR2 is water saturated sediment without gas
hydrates or containing little gas. Obviously the double BSRs in the above two areas are some different with
each other. Furthermore, some drilling results have raised doubts on the uniqueness of the relation between
BSR and gas hydrates. It is known that the drilling on the continental margins of South and North America
did not reveal an adequate volume of gas hydrates and gas in the area of BSR[38]. Contrarily, the drilling of
ODP Leg 127 in the northeastern Japan Sea, ODP Leg 112 in the continental margin of Peru and DSDP Leg 84
in mid-American Trench found gas hydrate in the areas without BSR presence[39], and also in the Blake Ridge
ODP Leg 164 discovered gas hydrates and free gas in the areas without evident BSR[17].

The facts mentioned above show that using a single interface BSR to separate gas hydrate and free gas
makes the understanding of gas hydrates system be too simplified. Localized factors such as geological structure,
deposition process, carbon content, gas hydrate content and free gas content have great influences on BSR. The
gas hydrate bearing sediment is not a uniform layer and may consist of sub-layers or gradient layers. Above
the top of a gas hydrate layer there may be methane gas and beneath a gas hydrate bottom there may be some
complicated layering cases in the free gas zone. All of these cases are worth to be studied carefully. The methods
usually used for the study of the layering structure of the gas hydrate system are AVO simulation[40∼43] and full
wave inversion[23,30,44∼47]. For discussion of the elastic mechanisms of BSR and double BSRs and theoretical
interpretation or confirmation of some observed phenomena, in this paper AVO simulation method is used to
the gas hydrates system to demonstrate the reflecting features of various fine structures and to clarify their
elastic parameter conditions.

2 AVO SIMULATION METHOD

Usually in AVO analysis some corrections such as spreading correction, absorption compensation, effects
of thin layers, topography and scattering should be conducted in practical seismic data processing. But for
numerical simulation it is supposed that these corrections have been finished or unnecessary, interfaces are
horizontal, wave amplitude is only associated with interface reflecting coefficient and amplitude versus offset
uniquely determined by the elastic parameters of the interface. It should be pointed out that the formula for
the calculation of the reflection coefficient in AVO is an approximate expression on the condition that the jump
of properties on two sides of an interface is small but without a quantitative indicator[48]. Fortunately, in our
previous research it has been confirmed that this approximate formula is suitable for gas hydrate systems and
its error is acceptable[49]. Since the condition for the substitution of root mean square velocity for layer velocity
is a small offset range, the case of the incident angle larger than the critical angle is not considered in the AVO



Ruan A G et al.: AVO Numerical Simulation of Gas Hydrate Reflectors Beneath Seafloor 1667

simulation in this paper.

2.1 Calculation of Reflection Coefficients

The first-order approximate Zoeppritz’s equation for P wave incidence and reflection is[48]
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where α, β and ρ are P wave velocity, S wave velocity and density, respectively, subscripts 1 and 2 denote the
up side and down side of an interface, respectively and p is the horizontal slowness.

2.2 Calculation of Travel Time and Incident Angle of Reflected Waves

For multi-layered media on the condition of small offset, one reflection layer together with the layers above
it can be expressed as a uniform layer, of which the velocity is the root mean square velocity of these layers.
Suppose the seismic source and geophones are horizontally arranged along X axis on the surface of the sea and
there are N geophones and K layers, the P wave travel time for reflecting interface k and geophone n can be
written as
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where t0(k) is the double travel time at zero offset for interface k, αrms(k) is the root mean square velocity of
layer k and its above layers, αi and hi are single layer velocity and thickness, respectively, and x(n) is the offset
of geophone n.

From Snell’s law the incident angle of reflector k for geophone n is

sin i(k, n) = [x(n)α(k)]/[α2
rms(k)t(k, n)]. (5)

2.3 Synthetic Seismogram of AVO

For interesting interfaces the incident angle and travel time are calculated by Eqs.(3)∼(5), ray parameter
and transmission angle are calculated by using Snell’s law, then approximate incident angle is obtained based
on Eq.(2). Finally the reflection coefficients in Eq.(1) are multiplied by the wavelet of the source to form the
AVO wave records at all geophones. Since only fewer reflectors such as sea bottom and BSRs are interested, it
is unnecessary to calculate the reflected waves from every interface such as subsurfaces in a homogeneous layer.
The Ricker wavelet is chosen as the seismic source used in the simulation with dominant frequency 40Hz. The
total wave recorded length is 4s with sampling rate 0.002s.The number of geophones is 100 with interval 200m.

3 MODELS AND PARAMETERS

In simulation the parameters of water saturated sediment, gas hydrate and free methane gas and the
calculation method for layering velocity and density are chosen from the paper of Ecker et al.[24], the calculated
parameters used in simulation are shown in Table 1. In gas hydrate model A gas hydrate is treated as fluid and
in model B it is treated as solid mineral bone, their results are the upper and lower limitations of all models.
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The porosity is supposed to be 50% for each model and the saturations of free gas and gas hydrate are chosen
in a popular range[46] and indicated in each model. Except the first layer of sea water 1500m thick from surface
to seafloor, the others are divided into several sub-layers depending on the thickness of the layer. In this paper
totally six models or cases are considered:

(1) Sea water (1500m)→saturated sediment (200m)→gas hydrate (400m, 20%) (BSR)→saturated sediment
(200m). The feature of this model is no free gas and both sides of gas hydrate are water saturated sediments.

(2) Sea water (1500m)→saturated sediment (300m) (BSR)→free gas (400m,5%). The feature of this model
is that no gas hydrate and only free gas exists.

(3) Sea water (1500m)→saturated sediment (200m)→gas hydrate (400m,20%) (BSR)→free gas (300m,5%).
The BSR in this model consists of gas hydrate and free gas.

(4) Sea water (1500m)→saturated sediment (200m)→gradient layers of gas hydrate (500m: 1%∼5%∼10%∼
15%∼20%) (BSR)→gradient layers of free gas (200m: 2%∼4%). In this model the saturations of gas hydrate
and free gas increase with depth.

(5) Sea water (1500m)→saturated sediment(160m)→free gas (160m: 2%) (BSR2)→gas hydrate (200m:
20%) (BSR1)→free gas (50m: 2%)→gas hydrate (50m: 10%) (BSR0)→free gas (50m: 1%). In this model
several BSRs with different mechanisms are designed.

(6) Sea water (1500m)→free gas (160m: 2%) (BSR2)→gas hydrate (300m: 20%) (BSR1)→gradient layers
of gas hydrate (60m: 15%∼10%) (BSR0)→free gas (60m: 2%). In this model several BSRs with different
mechanisms are designed too.

Table 1 Main parameters of models

Saturation S/(%) P wave VP/(km·s−1) S wave VS/(km·s−1) Density ρ/(kg·cm−3)

Saturated sediment 100 1.7516 0.5162 1.831

5 1.3298 0.5191 1.811

Methane gas 4 1.3801 0.5185 1.815

bearing sediment 2 1.5184 0.5173 1.823

1 1.6176 0.5168 1.827

20 1.8386 0.5181 1.818

Gas hydrate 15 1.8154 0.5176 1.821

bearing sediment, 10 1.7933 0.5172 1.824

model A 5 1.7720 0.5167 1.828

1 1.7556 0.5163 1.830

20 1.9261 0.5528 1.713

Gas hydrate 15 1.8794 0.5393 1.734

bearing sediment, 10 1.8347 0.5281 1.760

model B 5 1.7919 0.5198 1.791

1 1.7594 0.5164 1.822

4 SIMULATING RESULTS AND DISCUSSION

4.1 Model 1

The designed BSR of this model is due to the property jump from gas hydrate bearing sediment to
sea water saturated sediment. The synthetic seismogram, amplified wave forms and AVO curves for hydrate
model A shown in Fig. 1 indicate that when BSR consists of gas hydrate bearing sediment (20%) and water
saturated sediment, in comparison with the reflection of seafloor, it is of negative polarity and weak amplitude
about 10% less of seafloor’s, which suggests that the existence of gas hydrate can not cause great change of
reflectivity[21,22] and gas hydrate may exist in the place without obvious BSR. The AVO effects of seafloor
and BSR are negative and positive, respectively but both are small. The results shown in Fig. 2 are the same
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modeling but using hydrate model B. Except for a very fine difference in the reflection coefficient, nearly no
difference exists between the two hydrate models showing that the change of the hydrate model has no effect
on simulation.

Fig. 1 Model 1 (gas hydrate model A)

x is the offset, t is the two-way time. (a) Synthetic seismogram; (b) Amplified waveform; (c) AVO curves.

Fig. 2 Model 1 (gas hydrate model B)

(a) Synthetic seismogram; (b) Amplified waveform; (c) AVO curves.

4.2 Model 2

The designed BSR of this model is due to the property jump from sea water saturated sediment to free
methane gas bearing sediment (5%). The synthetic seismogram, amplified wave forms and AVO curves of this
modeling are shown in Fig. 3. It can be seen that in comparison with the reflection of seafloor this BSR is of
negative polarity and obvious amplitude, 50% less of seafloor’s at zero offset and 50% more of seafloor’s at larger
offset. It suggests that the existence of free gas plays an important role in reflectivity[21,22]. “BSR” maybe only
indicates methane gas rather than hydrate and the AVO method is suitable for gas hydrates seismic research.

Fig. 3 Model 2

(a) Synthetic seismogram; (b) Amplified waveform; (c) AVO curves.
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4.3 Model 3

The designed BSR of this model is a popular one that is due to the property jump from gas hydrate (20%)
to free gas (5%). The simulated results using gas hydrate model A in Fig. 4 show that in comparison with the
reflection of seafloor, the polarity BSR is of negative and the amplitude is obvious, 50% of seafloor’s at zero
offset and 70% of seafloor’s at larger offset. In comparison with model 1, it also suggests that the existence of
free gas plays an important role in BSR amplitude. Fig. 5 shows the results of the same modeling but using
hydrate model B and has little different from Fig. 4.

Fig. 4 Model 3 (gas hydrate model A)

(a) Synthetic seismogram; (b) Amplified waveform; (c) AVO curves.

Fig. 5 Model 3 (gas hydrate model B)

(a) Synthetic seismogram; (b) Amplified waveform; (c) AVO curves.

Some conclusions can be reached based on the comparisons of these three models and the parameters
listed in Table 1. (1) The condition for negative polarity reflection is only that the velocity over BSR is larger
than the velocity beneath BSR and density has no obvious impact and the density over BSR could be smaller
than the density beneath BSR. (2) The existence of free gas plays an important role in large amplitude of BSR,
contrarily, gas hydrate can not greatly increase reflectivity, which implies that the BSR is mainly due to free
gas. In model 2 the simulated obvious “BSR” without gas hydrate can still be called BSR. This modeling only
shows a possibility or explanation for “BSR” without association with gas hydrate and in practice whether a
negative reflector can be called BSR or not also depends on other characteristics such as parallel to seafloor and
obliquely cutting deposition layers. (3) The AVO effect of BSR is obvious and the reflection amplitude increases
with offset. But the change of gas hydrate model has no obvious influence on simulated results, therefore in
following modeling for gas hydrate only model B is used.

4.4 Model 4

In this model a gas hydrates zone is over BSR and a free gas zone is underlying BSR and in both zones the
saturations of gas hydrate or free gas are downward increasing in gradient. Fig. 6 shows that in the gas hydrate
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zone there are some very weak positively polarized reflectors due to gradient changes of saturation that causes
downward increasing in velocity and decreasing in density. The BSR between the gas hydrate zone and free
gas zone is of negative polarity and obvious amplitude, 25% of seafloor’s at zero offset and 60% of seafloor’s at
larger offset. In the free gas zone both the velocity of P wave and density are downward decreasing (velocity
of S wave is increasing faintly). Another BSR (named double BSR0) with negative polarity on the gradient
interface is formed and its amplitude is relatively obvious, about 50% of normal BSR, which suggests that the
subdivision of the free gas zone can result in double BSRs. From the viewpoint of reflection polarity only, this
simulated result is consistent with the case in the southeastern trough of the Japan Sea but contrary to the case
in the Storegga Slide area of western Norway[34]. The implication of this modeling is that if the methane gas
met some obstruct layer on the path of upward migration or different gas components were naturally stratified,
subdivision of free gas was formed that would cause double BSRs, even the top of free gas zone was coincident
with BSR.

Fig. 6 Model 4 (gas hydrate model B)

(a) Synthetic seismogram; (b) Amplified waveform; (c) AVO curves.

4.5 Model 5

For simulating double BSRs, in this model three kinds of BSR are designed from upper to lower, BSR2

a layer containing free gas (2%) covers a layer containing gas hydrate (20%), BSR1 (normal BSR) the layer
containing gas hydrate (20%) covers another layer containing free gas (2%) and BSR0 free gas bearing sediment
(1%) is covered by a pale-hydrate layer (10%). The simulated results of this model shown in Fig. 7 can be
summarized as follows. (1) The occurrence of a free gas layer on the top of gas hydrate could produce a positive
reflector (BSR2) with amplitude 30% of seafloor’s similar to the case in the Storegga Slide area of western
Norway[34,35] and on the top of free gas covered by a water saturated sediment zone a negative reflecting is
produced, but no such phenomenon has been reported in practice. It suggests that free gas may exist on the
top of gas hydrate but this gas zone should be homogeneously distributed in vertical direction without other
interfaces in it. (2) The large amplitude (30% of seafloor) of negative reflection (BSR1) is associated with free gas
beneath gas hydrate that is called normal BSR. If there is a residual hydrate layer in the free gas zone beneath
hydrate, on the top of residual hydrate the reflection is positive with amplitude 30% of seafloor’s, simultaneously
at the bottom of the residual hydrate the reflection is negative with amplitude 50% of BSR1. Therefore, if the
layer of residual hydrate is very thin, these two reflected waves with different polarity would be difficult to be
discriminated. If we take the former as double BSRs (BSR0) the simulated result is consistent with that of the
Norwegian case but if we take the latter as double BSRs (BSR2) the simulated result is consistent with that of
the Japanese case. Maybe the polarity determination of such double BSR0 depends on the saturation of free
gases above and below the residual hydrate, higher saturation results in stronger amplitude.

For further clarification of the polarity problem of BSR0 due to the thickness of residual hydrate, a
supplemented calculation is made in which the thickness of the residual hydrate is reduced from 50m to 25m.The
simulated amplified waveforms are shown in Fig. 7d. Obviously, the polarity of BSR0 becomes more difficult to
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be discriminated due to the more serious interfering between two reflected waves from the top and bottom of
residual hydrate that is much thin. This numerical simulation maybe provides us a direct explanation for the
viewpoint of Andreassen et al.[28] about the polarity of BSR0.

Fig. 7 Model 5 (gas hydrate model B)

(a) Synthetic seismogram; (b) Amplified waveform; (c) AVO curves; (d) Amplified waveform for modified model.

4.6 Model 6

In this model also three kinds of BSR are designed from upper to lower, BSR2 a layer containing free
gas (2%) covers a layer containing gas hydrate (20%), BSR1 (normal BSR) the layer containing gas hydrate
(20%) covers a gradient layer of gas hydrate (15%∼10%) and BSR0 free gas zone (2%) is covered by the gas
hydrate layer (10%). The simulated results of this model are shown in Fig. 8. This model is characterized by the
small amplitude of BSR1 that is far less than others, because here BSR1 is caused by the property jump in the
gradient zone of gas hydrate without free gas. This simulated result is contrary to practical observations, which
means if pale-hydrate exists beneath gas hydrate there must be some gas between them, for large amplitude of

Fig. 8 Model 6 (gas hydrate model B)

(a) Synthetic seismogram; (b) Amplified waveform; (c) AVO curves.
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BSR is closely associated with free gas. The result also shows that the amplitudes of double BSR0 due to free
gas and gas hydrate are relatively larger but the polarities depend on relative positions between free gas and
gas hydrate.

5 CONCLUSIONS

The AVO numerical method is used to 6 models of layered gas hydrates systems to simulate seismic
reflection characteristics of various reflectors beneath seafloor composed of methane hydrate bearing sediment,
free gas bearing sediment and saturated sediment. The elastic conditions for the mechanism of BSR and double
BSRs are studied and some practical problems are theoretically explained. The main conclusions are as follows:

(1) The presence of ocean bottom simulating reflector (BSR) is closely associated with free gas that is the
absolute necessity for occurrence of strong reflection amplitude of BSR, indicating BSR is mainly due to the
existence of free gas beneath seafloor. Whether the medium above free gas is methane hydrate bearing sediment
or water saturated sediment has no obvious influence on the amplitude of BSR. Therefore the determination of
BSR in seismic profiles should consider the existence of gap zones that reflect the occurrence of homogeneous
and dense media, and whether the reflection is interface parallel to seafloor and other factors. Otherwise, “BSR”
maybe is not uniquely linked with methane hydrate, the area without obvious BSR may has gas hydrate while
the area of obvious “BSR” may not correspond to gas hydrate. The gas hydrate model A has similar results as
model B.

(2) Free gas is possible to exist on the top of methane hydrate which could form a positive BSR above the
normal BSR (BSR1) and this low velocity layer should be continuously and homogeneously distributed without
layering.

(3) There are two possible elastic mechanisms for BSR0 under normal BSR1. If the methane gas met
some obstruct layer on the path of upward migration or different gas components were naturally stratified, the
vertical gradient distribution of methane gas would be formed with gas saturation of the upper part higher
than lower part and a negative reflector was formed. If some residual hydrate layer exists in the free gas zone
under methane hydrate, some kinds of BSR with certain amplitude would occur. But in this case the polarity
of BSR0 maybe is difficult to be discriminated, depending on the gases saturations. In addition, a very thin
layer of residual hydrate will also cause difficulty in the polarity discrimination of BSR0.
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