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Gas hydrate is considered as a potential major energy 
resource for India. The presence of gas hydrate is  
inferred mainly by identifying an anomalous reflector, 
known as the bottom simulating reflector (BSR) on 
seismic sections. Understanding the properties of gas 
hydrate/free gas-bearing sediments and studying the 
amplitude-versus-offset (AVO) or amplitude versus 
incidence angle (AVA) characteristic from a BSR are 
important. The objective of the present work is to 
study the behaviour of reflection coefficient with angle 
of incidence for gas sand/shale and gas hydrate/free 
gas models. The amplitudes of reflected seismic waves 
are directly proportional to seismic reflection coeffi-
cients at an interface between different geological 
strata. The variation of AVO or AVA can be used in 
arriving at petrophysical/lithological models. The 
study shows variation in the reflection coefficient  
obtained by elastic impedance method and from Zoep-
pritz equations. Different gas hydrate saturations 
show a positive, negative or no AVO anomalies in BSR. 
 
Keywords: Amplitude versus offset, bottom simulating  
reflector, elastic impedance, gas hydrate. 
 
GAS hydrates are ice-like crystalline substances formed at 
low temperature and high pressure in shallow sediments 
of the marine environment. Apparently, gas hydrate  
cements the sediments and can have a significant effect 
on the strength of the sediments. The dissociation of gas 
hydrates weakens the strength of the sediments, which 
may cause submarine landslides. Such landslides may  
release methane into the atmosphere, which may affect 
the climate. Many studies postulate that these methane 
reservoirs are unstable and slight changes in temperature 
or pressure may trigger hydrate dissociation and methane 
venting1 which may cause catastrophic seafloor failure 
and massive methane release into the oceans and atmo-
sphere2–4. The mechanism of release of methane is poorly 
understood. It is therefore unclear if methane in gas-
hydrate provinces is largely immobile, releases steadily 
from vent systems or releases catastrophically. Huge  
volumes of methane frozen within gas hydrates and exist-
ing as free gas below in the permafrost and outer conti-
nental margins5 provide hope as a major future energy 
resource. 



RESEARCH COMMUNICATIONS 
 

CURRENT SCIENCE, VOL. 103, NO. 4, 25 AUGUST 2012 414 

 Although gas hydrates have been recognized in drilled 
cores, their presence over large areas can be detected 
much more efficiently using seismic reflection tech-
niques. Gas hydrates have a strong effect on acoustic  
reflection because they have high acoustic P-wave velo-
city (approximately 3.3–3.8 km/s) about twice that of sea-
floor sediments. Thus sediments containing gas hydrates 
promote higher P-wave velocity than the background  
velocity. The base of the gas hydrate stability zone occurs 
at an approximately uniform sub-bottom depth through-
out a gas hydrate-bearing area; the seismic reflection 
from this base of the gas hydrate stability zone is roughly 
parallel to the seafloor and is called the bottom simulat-
ing reflector (BSR). A second significant seismic charac-
teristic of gas hydrate-bearing sediments is seismic 
‘blanking’, which is defined as the reduction in seismic 
amplitude (strength) due to the presence of gas hydrates. 
Besides detection, blanking can be used for estimating 
the amount of gas hydrates in a qualitative manner. 
 The seismic waves contain information about the prop-
erties of rocks along the wave path which can be analysed 
in terms of geological structures and rock/fluid proper-
ties. The variation of reflection and transmission coeffi-
cients with angle of incidence (and corresponding 
increasing offset) is often referred to as offset-dependent 
reflectivity and is the fundamental basis for amplitude-
versus-offset (AVO) analysis. AVO can be studied either 
through P-wave when it is referred to as P-wave AVO, or 
multicomponent seismic data used when it is called mul-
ticomponent AVO. 
 The theory and practice of AVO analysis are explained 
in the literature6,7. The ray path for reflected and transmitted 
rays at a boundary (Figure 1) are related by Snell’s law: 
 

 
1 2 1 2

1 2 1 2sin sin sin sin
,

p p s s
p

V V V V
θ θ φ φ

= = = =  (1) 

 
where 

1pV  is the P-wave velocity in medium 1, 
2pV  the P-

wave velocity in medium 2, 
1sV  the S-wave velocity in 

medium 1, 
2sV  the S-wave velocity in medium 2, θ1 the P-

wave incidence angle, θ2 the P-wave transmitted angle, φ1 
the S-wave reflected angle, φ2 the S-wave transmitted angle 
and p is the ray parameter. 
 Successful use of seismic AVO studies as hydrocarbon 
indicators in the oil and gas industry has prompted the 
scientific community to use it as a tool in gas hydrate-
related studies as well8–13. The AVO modelling of multi-
channel streamer data can provide information about the 
P- and S-wave velocities and density of the sediments. 
The presence of gas hydrate in sediments increases both 
the P- and S-wave velocities above the BSR14. However, 
presence of gas below the BSR causes significant reduc-
tion in P-wave velocities15 without affecting the S-wave 
velocities very much. This has made the AVO analysis 
important for gas-hydrate studies. 

 The offset-dependent amplitudes have been used for 
the estimation of gas hydrate and free gas concentrations 
respectively, above and below the BSR by suitably 
matching the synthetic AVO curves representative for 
different gas hydrate/free gas concentration scenarios and 
rock physics models with the measured AVO response 
from the BSR9–14. The large uncertainties caused by non-
uniqueness of AVO solutions were recognized through 
forward modelling11 of AVO response from a BSR in the 
northern Cascadia margin. It was found that the scenario 
with high gas hydrate concentration above the BSR and 
low free gas concentration below could not be distin-
guished from the scenario with low gas hydrate concen-
tration above the BSR and high free gas concentration 
underneath. This finding highlights the need to include 
quantitative uncertainty analysis in AVO studies. To 
achieve this, an amplitude-preserving data processing 
scheme must be implemented; data uncertainties (such as 
measurement of reflection coefficients and incidence  
angles) need to be established quantitatively, and the  
inversion approach must fully explore the solution space 
of the problem. 
 The objective of this work is to compute the variation 
of reflection coefficients with angles of incidence for 
various gas sand and gas hydrate models using the Zoep-
pritz equations6 and other approximate solutions16,17 and 
to summarize the results. 
 Knott18 and Zoeppritz6 invoked continuity of displace-
ment and stress at the reflecting interface as boundary 
conditions to solve the reflection and transmission coeffi-
cients as functions of incident angle and elastic properties 
of the media. For numerical solution, the Zoeppritz equa-
tions can be written using a matrix form19 as 
 
 1 ,Q P R−=  (2) 
 
where P is a 4 × 4 square matrix, and R and Q are 4 × 1 
column matrices shown below. 
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and 
 

 1 1 1 1[ sin cos sin 2 cos 2 ] ,TR θ θ θ φ= − − −  
 
where RPPR and RPSVR are the reflection coefficients and 
RPPT and RPSVT are transmission coefficients of P–P and 
converted P–S waves respectively (Figure 1). 
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Figure 1. Reflection and transmission at a horizontal interface  
between two elastic layers for an incident P-wave. 
 
 
 
 We have made an attempt to study the variation of  
P-wave reflection coefficients as a function of incident 
angle based on Zoeppritz equations6 and other approxi-
mations16,17. Hyndman and Spence8 showed the effect of 
gas hydrates on AVO based on Shuey’s17 approximation. 
 P-wave reflection coefficients as given by Aki and 
Richards16 are 
 

 2 2
2
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Approximation given by Shuey17 is: 
 
 2 2 2( ) / ( ) 1 sin (tan sin ),R i R A i B i iθ = + + −  (4) 
 
where the angle i is the average of incidence and trans-
mission angles 
 
 i = (i1 + i2)/2, 

 Δσ = (σ2 – σ1), 
 
 σ = (σ2 + σ1)/2. 
 
Now,  
 
 2 2 (1 2 ) / 2(1 ),s pV V σ σ= − +  
 
where 
 
 R0 = 1/2(ΔVp/Vp + Δρ/ρ), A = A0 + Δσ/[(1 – σ)2R0], 
 
 A0 = B – 2(1 + B)(1 – 2σ)/(1 – σ), 
 
 B = (ΔVp/Vp)/(ΔVp/Vp + Δρ/ρ). 
 
The elastic impedance (EI) can be defined for small  
differences in P- and S-wave velocities and bulk densities 
at an interface20 by 
 

 
2 2 21 4 sin 1 tan 8 sinEI ,K Kα βθ θ θρ − + −=  (5) 

 
where α and β are the P- and S-wave velocities respec-
tively, ρ the density and θ is the P-wave incidence angle. 
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the reflectivity of the ith layer can be written as: 
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Several models containing gas sand and shale interfaces 
and gas hydrate and free gas interfaces have been studied 
to understand the nature of variation of P-wave reflection 
coefficient versus incidence angle. Figure 2 show AVO 
responses of four models, out of which the first three con-
tain gas sand and shale interfaces, and the fourth model 
refers to gas hydrate and free gas sediment interface. The 
P-wave reflection coefficients were computed at different 
incident angles using the formula given by Aki and Rich-
ards16, Shuey17 and EI20 with different K values. 
 The AVO anomalies can be of types I to IV21. For 
type-I anomalies the reflection coefficient is high and 
positive and increases with offset. For type-II anomalies, 
the reflection coefficient (may be positive or negative) is 
relatively low and decreases with offset. The reflection 
coefficient for type-III anomalies is negative and its abso-
lute value increases with offset. For type-IV anomalies
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Table 1. Standard elastic models in computations (after Rutherford and Williams25) 

Sediment type VP (km/s) VS (km/s) ρ (g/cm3) AVO class 
 

Gas sand 2.438 1.625 2.16 I 
Shale 2.700 1.825 2.25  
Gas sand 2.438 1.025 2.14 II 
Shale 2.480 1.232 2.16  
Gas sand 3.048 1.244 2.40 III 
Shale 2.838 1.650 2.28  
Gas hydrate 2.100 0.896 2.00 III* 
Free gas 1.480 0.825 1.80  

*From Ojha and Sain12. 
 

 

 
 

Figure 2. a, Class-I amplitude-versus-offset (AVO) response from gas sand and shale interface; b, 
Class-II gas sand and shale AVO response; c, Class-III gas sand and shale AVO response; d, Class-III 
AVO response for gas hydrate and free gas model in the Makran offshore. Blue, green and red lines rep-
resent the response calculated using the Aki, Shuey and Zoeppritz equations respectively, and black lines 
are from EI (eq. 5) with varying values of K. The model parameters for these computations are given in 
Table 1. 

 
 
the reflection coefficient is negative and its absolute 
value decreases with offset. 
 The reflection coefficients against angles are computed 
for a gas sand and shale model (Table 1), and the results 
for class-I AVO response are shown in Figure 2 a. From a 
positive value we see a decreasing trend of reflection  
coefficient, and the AVO response computed using the 
Shuey approximation matches quite well with the AVO 

response computed using the Zoeppritz (exact) equation 
up to 40° incidence angle. Beyond 40°, the reflection  
coefficients increase steeply with increasing angle of  
incidence but differ from each other. The reflection co-
efficient based on the Aki approximation coincides with 
the Shuey approximation and the Zoeppritz equation up 
to a small angle of incidence of 15°, and continually  
decreases with angles even becoming negative up to 50°
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Table 2. Elastic constants for the hydrate sediments and a gas-filled sediment (after Lee et al.26) 

    Hydrate 
Sediment type  VP (km/s) VS (km/s) ρ (g/cm3) concentration (%) 
 

Gas-filled 1.42 0.74 1.82  
Non-hydrates 1.81 0.54 1.85   0 
Hydrated 2.04 0.71 1.84  20 
Hydrated 2.52 1.07 1.83  50 
Hydrated 3.19 1.60 1.81  80 
Hydrated 3.76 2.08 1.80 100 

 
 

 
 

Figure 3. P–P reflection coefficient versus incidence angle for various gas hydrate and free gas models com-
puted using (a) Aki approximation; (b) Shuey approximation and (c) Zoeppritz equation. The model parameters 
for this computation are given in Table 2. 

 
 
and then starts increasing rapidly with angle of incidence. 
The EI approximation shows the increasing trend for  
different K values with less reflection coefficients up to 
50° compared to those computed using eqs (2)–(4). After 
50° angle of incidence, the reflection coefficients in-
crease with the angle of incidence. 
 The class-II AVO response for gas sand and shale low 
impedance model is shown in Figure 2 b. The positive  
reflection coefficients for three approximations and exact 
solution continually decrease and even become negative 
up to 60° angle, and then start increasing at a rapid rate. 
Due to this factor the long offset data become valuable. 
The reflection coefficients for all approximations and ex-
act solution are nearly equal up to 10°, and start deviating 
from each other at higher angles of incidence. The maxi-

mum deviation in reflection coefficients, computed using 
the Aki and Shuey approximations is up to 10%. 
 The class-III AVO response for gas sand over shale 
model is shown in Figure 2 c. The negative reflection  
coefficient increases with increasing angle of incidence. 
The class-III AVO response for gas hydrate over free gas 
model, taken from the published result in Makran accre-
tionary prism12 is shown in Figure 2 d. Here also, the  
negative reflection coefficient increases with the angle of 
incidence, with the computation based on all approxima-
tions and exact solution. 
 We have computed the reflection coefficients as a 
function of angle for different gas-hydrate models with 
varying saturation of gas hydrates overlying a fixed satu-
ration (10%) of gas-bearing sediment (Table 2) using Aki
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Figure 4. Common depth point (CDPs) gathers from the Krishna–Godavari basin showing increasing negative reflection 
(with reference to seafloor reflection) amplitudes with offsets from the bottom simulating reflector (BSR). 

 
 
(Figure 3 a), Shuey (Figure 3 b) and Exact (Figure 3 c)  
solutions respectively. The negative AVO responses, 
computed using the Aki, Shuey and Exact solutions,  
increase with increasing angle of incidence for models 
with low gas-hydrate saturation. The negative reflection 
coefficient for higher gas-hydrate saturation decreases 
initially with angle of incidence, and then starts increas-
ing at wide angle. We observe that the negative reflection 
coefficient near zero angle of incidence increases with the 
increasing saturation of gas-hydrates owing to the fact that 
the P-wave velocity increases with hydrate saturation, for 
a given saturation of free gas below. At ~ 50% gas-
hydrate concentration, the AVO response remains almost 
constant up to 40° incidence angle from all equations 
(Aki, Shuey and Zoeppritz), and then starts increasing 
beyond 40°. This result implies that all BSRs might not 
provide class-III AVO anomalies. 
 Widespread occurrences of BSRs have been observed 
in seismic data in the Krishna–Godavari Basin22–24, and 
we show an example of BSR on a seismic gather (Figure 
4) at one location. Figure 4 exhibits an increase in nega-
tive amplitude (with reference to the seafloor reflection) 
of the BSR with offsets, implying that gas may be present 
below the BSR. Figure 4 also show the example of class-I 
AVO response for seafloor reflection and class-III behav-
iour for BSR. 

 The normal incidence reflection coefficient increases 
with the increasing saturation of gas hydrate models. The 
Aki, Shuey, Zoeppritz and EI equations can be used for 
class-II and class-III AVO modelling. For gas-hydrates, 
we observe class-III AVO anomaly at low concentration 
and class-IV AVO anomaly at high concentration. 
 
 

1. Westbrook, G. K. et al., Escape of methane gas from the seabed 
along the West Spitsbergen continental margin. Geophys. Res. 
Lett., 2009, 36, L15608-5, doi:10.1029/2009GL039191. 

2. Dillon, W. P., Grow, J. A. and Paull, C. K., Unconventional gas 
hydrate seals may trap gas off the southeastern. US Oil Gas J., 
1980, 78, 124–130. 

3. Paull, C. K., Brewer, P. G., Ussler, W., Peltzer, E. T., Rehder, G. 
and Clague, D., An experiment demonstrating that marine slump-
ing is a mechanism to transfer methane from seafloor gas-hydrate 
deposits into the upper ocean and atmosphere. Geo-Mar. Lett., 
2003, 22, 198–203. 

4. Kennett, J. P., Cannariato, K. G., Hendy, I. L. and Behl, R. J., 
Carbon isotopic evidence for methane hydrate instability during 
Quaternary interstadials. Science, 2000, 288, 128–133. 

5. Milkov, A. V., Global estimates of hydrate-bound gas in marine 
sediments: how much is really out there? Earth Sci. Rev., 2004, 
66, 183–197. 

6. Zoeppritz, K., On the reflection and penetration of seismic waves 
through unstable layers. Erdbebenwellen VIII B (ed. Goettinger 
Nachr, I.), 1919, pp. 66–84. 

7. Castagna, J. P. and Backus, M. M., AVO analysis – tutorial and 
review. In Offset-dependent Reflectivity – Theory and Practice of 



RESEARCH COMMUNICATIONS 
 

CURRENT SCIENCE, VOL. 103, NO. 4, 25 AUGUST 2012 419

*For correspondence. (e-mail: veenukaul@yahoo.co.in) 

AVO Analysis (eds Castagna, J. P. and Backus, M. M.), Soc. Expl. 
Geophys., 1993, pp. 3–37. 

8. Hyndman, R. D. and Spence, G. D., A seismic study of methane 
hydrates, marine bottom simulating reflectors. J. Geophys. Res. B, 
1992, 5, 6683–6698. 

9. Andreassen, K., Hart, P. E. and MacKay, M., Amplitude versus 
offset modeling of the bottom simulating reflector associated with 
submarine gas hydrates. Mar. Geol., 1997, 137, 25–40. 

10. Ecker, C., Dvorkin, J. and Nur, A., Sediments with gas hydrates: 
internal structure from seismic AVO. Geophysics, 1998, 63, 1659–
1669. 

11. Yuan, T., Spence, G. D., Hyndman, R. D., Minshull, T. A. and 
Singh, S. C., Seismic velocity studies of a gas hydrate bottom-
simulating reflector on the northern Cascadia continental margin: 
amplitude modeling and full waveform inversion. J. Geophys. 
Res., 1999, 104, 1179–1191. 

12. Ojha, M. and Sain, K., Appraisal of gas-hydrate/free-gas from 
VP/VS ratio in the Makran accretionary prism. Mar. Petr. Geol., 
2008, 25, 637–644. 

13. Ojha, M., Sain, K. and Minshull, T. A., Assessment of gas hydrates 
saturation in the Makran accretionary prism using the offset  
dependence of seismic amplitudes. Geophysics, 2010, 75, C1–C6. 

14. Helgerud, M., Dvorkin, J., Nur, A., Sakai, A. and Collett, T., Elas-
tic wave velocity in marine sediments with gas hydrates: effective 
medium modeling. Geophys. Res. Lett., 1999, 26, 2021–2024. 

15. Gregory, A. R., Fluid saturation effects on dynamic elastic proper-
ties of sedimentary rocks. Geophysics, 1976, 41, 895–921. 

16. Aki, K. and Richards, P. G., Quantitative Seismology: Theory and 
Methods, W. H. Freeman and Co, 1980. 

17. Shuey, R. T., A simplification of the Zoeppritz equations. Geo-
physics, 1985, 50, 609–614. 

18. Knott, C. G., Reflection and refraction of elastic waves with seis-
mological applications. Philos. Mag., 1899, 48, 64–97. 

19. Waters, K. H., Reflection Seismology, A Wiley Interscience Publi-
cation, California, 1977, vol. 1, pp. 6–42. 

20. Connolly, P., Elastic impedance. Leading Edge, 1999, 18, 438–
452. 

21. Castagna, J. P. and Swan, H. W., Principles of AVO crossplotting. 
Leading Edge, 1997, 16, 337–342. 

22. Sain, K. and Gupta, H. K., Gas hydrates in India: potential and deve-
lopment. Gondwana Res., 2012, 22, 645–657. 

23. Shankar, U., Sain, K. and Riedel, M., Geothermal modeling for 
the base of gas hydrate stability zone and saturation of gas hydrate 
in the Krishna–Godavari basin, eastern Indian margin. Geol. Soc. 
India, 2012, 79, 299–309. 

24. Sain, K., Ojha, M., Satyavani, N., Ramadass, G. A., Ramprasad, 
T., Das, S. K. and Gupta, H. K., Gas-hydrates in Krishna–
Godavari and Mahanadi basins: new data. Geol. Soc. India, 2012, 
79, 553–556. 

25. Rutherford, S. R. and Williams, R. H., Amplitude-versus-offset 
variation in gas sands. Geophysics, 1989, 54, 680–688. 

26. Lee, M. W., Hutchinson, D. R., Collett, T. S. and Dillon, W. P., 
Seismic velocities for hydrate-bearing sediments using weighted 
equation. J. Geophys. Res., 1996, 20, 20347–20358. 

 
 
ACKNOWLEDGEMENTS. We thank the Director, CSIR-NGRI,  
Hyderabad for permission to publish this work, and the anonymous  
reviewers for comments and suggestions. 
 
 
Received 14 September 2011; revised accepted 26 June 2012 

 

Staminal variation and its possible  
significance in Commelina benghalensis  
L. and Commelina caroliniana Walter 
 
Veenu Kaul1,* and A. K. Koul2 
1Department of Botany, University of Jammu, Jammu 180 006, India 
2School of Bioresources and Biotechnology,  
Baba Ghulam Shah Badshah University, Rajouri 185 131, India 
 
Flowers of Commelina benghalensis L. and Commelina 
caroliniana Walter are odourless and nectar-less. 
Therefore, they rely on visual characteristics for  
attracting pollinators and offer pollen as the only re-
ward. Androecium, the focus of an insect’s attention 
in these species, consists of three fertile and three ster-
ile stamens. The three fertile stamens have two types 
of anthers. The central one has a bright yellow, long, 
inwardly curved, versatile anther with a massive con-
nective. The other two are lateral, cryptic, with 
smaller ovate, straight and basifixed anthers, light 
grey in C. benghalensis and yellow with a brown 
streak in C. caroliniana. The sterile stamens or stami-
nodes are bright yellow, variously shaped and borne 
on slender filaments. They contrast sharply with the 
blue corolla and attract insects by appearing filled 
with abundant pollen. To determine the possible  
significance of this diversity, morphological and func-
tional aspects of the male reproductive organs were 
worked out and, between and within species compari-
sons were also made. 
 
Keywords: Androecium, Commelina benghalensis L., 
Commelina caroliniana Walter, heteranthery, staminode. 
 
COMMELINA L., a monocotyledonous genus belonging to 
the family Commelinaceae is represented by about 170 
species1. The family as a whole is characterized by the 
production of relatively small, delicate, ephemeral and 
nectar-less flowers, which bloom for a brief period in a 
day2–10. 
 Production of nectar-less flowers with brief opening 
time has a direct impact on the reproductive biology of 
Commelina2,3. Lack of nectar has two utmost implica-
tions, i.e. inability of the flowers to attract nectar-loving 
(nectarivorous) pollinators and compulsion of producing 
pollen in ample quantity that would suffice for pollina-
tion and for rewarding the pollinator2,3. Similarly, short 
blooming period of an individual flower limits temporal 
separation or sequential development of the male and  
female sexual organs or functions in the flower2. 
 Therefore, the main source of attraction to insect visi-
tors shall be visual characteristics of the flowers that  
include brightly coloured petals, showy fertile stamens 
and showy infertile staminodes3, and even variously  


