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SUMMARY: The first section of the paper principally focuses on the analysis of four 

wells located west of Shetland, UK, to demonstrate that the appropriate use of AVO 

analysis forms a worthwhile and valuable tool for exploration.  The wells analysed 

include two with hydrocarbons, the Foinaven oil well 204/24a-2 and the Laggan gas 

field discovery well 206/1-2, and two wells positioned on amplitude related prospects 

(204/17-1 Fleet North Prospect and 204/18-1 Assynt Prospect). Both 204/17-1 and 

204/18-1 failed to find hydrocarbons, where the previous work indicated mainly a 

Class III AVO anomaly. However, our studies demonstrate that both the amplitude 

anomalies conform to a Class I AVO. For the hydrocarbon-bearing reservoirs 

encountered in both the 204/24a-2 and 206/1-2 wells, the results confirmed the 

presence of Class III AVO anomalies.  

A second aspect to this paper centres on the application of spectral 

decomposition to the seismic data relating to these four wells, which provides further 

evidence that there are also apparent differences in the spectral characteristics 

between them. Both Foinaven and Laggan exhibit Class III AVO anomalies, which 
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are consistent with the theoretical predictions for frequency-dependent AVO 

behaviours. However, the results from the 204/17-1 and 204/18-1 wells show rather 

complicated behaviour in the iso-frequency sections that cannot be fully explained. In 

summary, though the amplitude anomalies seen in the two prospect wells were 

originally interpreted to be similar to that in Foinaven, this study demonstrates they 

are different in both their AVO behaviour and spectral characteristics.    

 

KEYWORDS: AVO, West of Shetland, fluid-lithology discrimination, spectral 

decomposition, iso-frequency 

 

INTRODUCTION 

Since 1993 approximately 40 wells have been positioned on an amplitude or AVO 

anomaly located within the Paleocene west of Shetland, UK, but only nine 

encountered notable hydrocarbons, resulting in a drilling success rate of only 23% for 

this play. A large number of the failed wells were positioned on interpreted AVO or 

high amplitude features believed to be coinciding with the termination or up-dip 

limit/pinch-out edge of a sandstone interval (Loizou 2003, 2005). Moreover, the early 

work in a number of cases indicated that there was a high chance of hydrocarbons 

being present and that the anomaly conformed to a Class III (for the definition of 

AVO Classes, see Rutherford & Williams 1989).  In his post mortem analyses, the 

first author of this paper has suggested that the majority of failures relate to poor 

definition of traps that had been mapped on the basis of AVO artefacts and spurious 

amplitudes, and those wells that encountered hydrocarbons were positioned on robust 

structural closures or combination traps (Loizou 2005; Loizou et al. 2006). He further 

argued that the problems associated with the AVO analysis in the West of Shetlands 

region include: (1) many 3D seismic datasets were acquired with a 3 km cable length 

and hence the data in many cases were not ideal for robust AVO studies, and (2) 

considerable difficulties have been experienced in separating amplitudes associated 

with contrasting lithologies from those associated with fluids (hydrocarbons).  

AVO analyses have proved to be a robust indicator of hydrocarbons in the 

Tertiary basin-floor fan plays offshore Angola and in other comparable plays 

worldwide. There is as yet no clear consensus as to why AVO analyses have often 
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failed to deliver accurate predictions of hydrocarbons in the Paleocene strata of the 

West of Shetlands region.  

One of the primary aims of this AVO analysis is to provide an improved 

understanding of AVO classifications and the way to differentiate fluid effects from 

lithology in the Paleocene strata West of Shetland. The locations of the four 

exploration wells used for the study are shown in Figure 1 (lithology and the main 

formations are summarised in the recent paper by Loizou et al. 2006). Several 

techniques have been used to obtain AVO signature, including conventional AVO 

attribute study, together with more recent techniques such as spectral analysis and a 

modelling-based approach. The 204/18-1 Assynt failure is of particular interest, 

comparing the AVO response computed for Assynt to that of 204/17-1 and the nearby 

Foinaven 204/24a-2 well. Less detailed analysis was performed for the Laggan 206/1-

2 well. The AVO analysis of the four wells is based on intervals encountered within 

the Palaeocene Vaila Formation, particularly the T31 to T36 interval. For this study, 

there is a particular focus on the examination of the offset stack data and the AVO 

cross plot analysis.  

 For most of the second part of the paper there is an analysis and comparison 

of the spectral characteristics from the wells studied. Spectral decomposition is 

applied to the data from these wells and provides further evidence that there are also 

differences in the spectral characteristics between the wells. Spectral decomposition 

is a relatively new technique and its popularity has increased in geophysics since the 

pioneering work of Partyka et al. (1999) and Castagna et al. (2003). Recently, 

Chapman et al. (2005) have extended the application of spectral decomposition 

analysis to AVO studies in the framework of the Rutherford and Williams AVO 

analyses (Rutherford & Williams 1989). For both Foinaven and Laggan, Class III 

AVO anomalies are consistent with theoretical predictions for frequency-dependent 

AVO behaviours. Results from the spectral analysis of the 204/18-1 and 204/17-1 

wells show rather complicated behaviour in the iso-frequency sections that cannot be 

fully explained. Generally, the amplitude anomalies for both prospects were 

originally interpreted to be quite similar to that for Foinaven, but this study indicates 

they are different in both the AVO behaviour and their spectral characteristics.   

Nevertheless, the spectral characteristics for the Foinaven and Laggan wells are 

consistent with theoretical predictions, while the results from the other two prospect 
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wells show different and rather complicated behaviours that cannot be fully 

explained. 

 

AVO PROCESSING AND ANALYSIS PROCEDURE 

The basic principle of the AVO technique has been described in many papers 

(Castagna et al. 1993, 1998). The following processing sequence and analysis 

procedures are used here to re-process the seismic data for AVO signatures: 

• Pre-processing. Note that all seismic data were pre-processed prior to delivery for 

the AVO analyses and we assume that these have been properly performed 

(including mainly, but not restricted to, multiple attenuation, de-noising, 

geometrical spreading corrections, etc). The seismic data were processed to zero 

phases, i.e. the positive amplitudes on shaded wiggle traces correspond to 

increases in impedance for those events marked with arrows (see next section). 

However, we will see later that the data from four areas have variable quality, 

including existence of residual multiples, and residual moveouts (non-flat events), 

etc. These will also affect the AVO results. 

• Pre-stack amplitude analysis. A visual inspection is made of the amplitudes of 

selected CDP gathers from each area at selected locations to compare the 

amplitude responses in and outside the anomalous reservoirs zones.  

• Range or partial stack. In the standard AVO processing, it is common to perform 

a so-called offset stack (sometimes called the angle or partial stack, see 

Hendrickson 1999; Smith & Gidlow 1987). The idea is that the NMO-corrected 

CDP data are divided into a range of offsets (or angles). Then the data can be 

stacked within these limited offset (angle) ranges. Most often, the data are divided 

into just near and far offsets before stacking. For this particular study, the seismic 

data are divided into three offset ranges, namely: near, middle and far offset 

ranges, and then a comparison is made of the amplitudes in each offset range with 

conventional full-offset stack amplitudes. In doing so, one can basically confirm 

the AVO type (as illustrated in Fig. 2).  

• AVO attribute analysis. Standard AVO attributes, such as AVO intercept, 

gradient, curvature and the fluid factors are computed. The basic principle has 

been described in various papers (Castagna & Smith 1994; Foster et al. 1997; 
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Sams 1998; Pan et al. 2006).  Figure 3 shows the Castagna et al.’s (1998) 

classification of AVO types. The class I, II and III curves show the Rutherford 

and Williams (1989) classification for gas sands. Note that this classification is 

based only on the normal-incidence reflection coefficient (intercept A). Class I 

sands are high impedance relative to the overlying shales and gives positive AVO 

intercept (A) and negative AVO gradient (B). Class II sands have low normal 

incidence reflectivity (small impedance contrast). Class III sands are lower 

impedance than the overlying shales, and exhibit increasing reflection magnitude 

with offset (negative AVO intercept, A, and negative AVO gradient, B). Class IV 

was introduced by Castagna et al. (1998) for the case where initially negative 

reflection coefficients become more positive with increasing offset (negative 

intercept, A, and positive gradient B). Phase reversals may be associated with 

Class I AVO in far offsets, and may occur for Class II in the near to middle 

offsets.  

• Spectral decomposition. Recently, it has been shown that spectral characteristics 

can also be indicative of fluids (see Chapman et al. 2005; Odebeatu et al. 2006). 

For this study, comparisons of the spectral data from selected CDP gathers in and 

outside the anomalous reservoir zones were made. We observe that they typically 

display different characteristics.   Spectral analyses were mainly applied to the 

Foinaven and Laggan data. 

 

In addition, studies have been performed on the tuning effects. Tuning effects are 

caused when the seismic wavelength is comparable to, or greater than, the thickness 

of targets (Dong 1999; Liu & Schmitt 2003).   

 

COMPARISON OF AVO ANALYSES FROM FOUR WELLS 

At least one or two 2D lines of seismic data are extracted from 3D surveys for use in 

the AVO analyses from the four wells. Well log data when available were utilised for 

the AVO attribute computations (i.e. Foinaven, Assynt, Fleet North), and for Laggan, 

we used a simplified model from well log data in the BGS/DTI core store archive.  

The AVO results from wells 204/24a-2 and 206/1-2 are reviewed in more 

detail by Loizou et al. (2006). Moreover, the same paper discusses in terms of 
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geology and structural setting as to why the 204/18-1 Assynt Prospect well failed to 

find hydrocarbons in contrast to the nearby Foinaven hydrocarbon province.   

 

Foinaven Oil Field (discovery well 204/24a-2) 

The location of Foinaven is unique in terms of hydrocarbon charge history west of 

Shetland, reservoir quality and trapping style, as most of the field is a combination of 

structural and stratigraphic trap (Cooper et al. 1999; Parr et al. 1999). Foinaven well 

204/24a-2 provides an excellent example of a soft/negative acoustic response that 

increases with offset angle (Fig. 4). The well actually penetrated multiple reservoirs 

of Palaeocene T31 to T34 sandstones, each with separate hydrocarbon contacts. 

Cross-plot analysis over a 12 ms window (2108 to 2120 ms) relating to the shallower 

T34 sands shows a discrete, Class III AVO trend (Fig. 5). The AVO cross-plot 

analysis (Fig. 6) for the slightly deeper interval between 2130 to 2160ms shows an 

impressive and pronounced separation of sealing intra-formational shales, which 

exhibit a Class I to IV trend, whilst the underlying T32 oil sands show an apparent 

Class III AVO response. 

 

Laggan Gas Field (discovery well 206/1-2) 

The Laggan gas accumulation was discovered in 1986 by the well 206/1-2, which 

encountered gas pay in the Palaeocene, T35 Vaila Formation sandstones. The gas is 

contained in three separate sands totalling 62 m, which are equivalent to 33 ms of two 

way travel time (TWT) (interval velocity of 3758 m/s) situated at a depth of 3815 m 

true vertical depth sub-sea (TVDSS). This interval is represented on 3D seismic data 

by only one event as a result of tuning. Examination of the CDP gathers at the 206/1-

2 well location shows a definite increase in amplitude with offset (Fig. 7). A cross-

plot from a 20 ms interval extracted from the gas-bearing unit (interval) shows a 

distinct Class III AVO anomaly (Fig. 8).  

 

Assynt Prospect (well 204/18-1) and Fleet North (well 204/17-1) 

Well 204/18-1 was positioned in the Foinaven sub-basin on a high amplitude 

anomaly referred to as Assynt (Fig. 9), and was largely a geophysically-driven 
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prospect. The amplitude anomaly was seen and interpreted by a number of major 

companies to be a direct fairway analogue to discoveries such as Foinaven. However, 

Loizou et al. (2006) have stated that in contrast to Foinaven, there is no true evidence 

of amplitude conformance with depth. They further conclude that the predominantly 

stratigraphic nature of the Assynt prospect relied heavily on the presence of a sealing 

mechanism. At the nearby Foinaven and Schiehallion Fields, the existence of a thick 

and dominantly mud-prone T35 low-stand wedge provides a ubiquitous top seal. The 

location of Assynt shows it to be down-slope of, or even within, the basin-ward 

equivalent of this package. An overlying Palaeocene T36 Shale/Tuff sequence would 

thus be required to provide the ultimate top seal to the Assynt prospect (see Loizou et 

al., 2006, for a detailed discussion about the structural geology of the Assynt 

prospect).   

 Examination of the near- and mid-offset stacks at the 204/18-1 well (375 to 

2241 m) around 2900 ms generally shows a strong high amplitude response (Figs. 10 

& 11). However, on the far offsets (2241-3175 m) the amplitudes are much weaker 

(Fig. 12).  

 Figure 13 shows the full-offset section with high-amplitude zones marked, 

which were interpreted as anomalous ‘bright spot’ AVO.  Figs. 10, 11 and 12 show 

the stacked sections from near, middle and far offset ranges. Anomalous high 

amplitudes can be seen in both near (Fig. 10) and middle (Fig. 11) offset ranges, but 

do not show up as strongly in the far offset range (Fig. 12). This would imply that the 

data do not show Class III bright spots, and instead reveal typical Class I or Class II 

AVO (amplitude decreases with increasing offset). 

To further confirm that the high amplitude anomaly is not associated with 

Class III bright spot AVO, a selection of CDP gathers was examined after NMO 

correction. Fig. 14a shows a CDP gather 5401 from the left of the anomalous zone, 

and Figure 14c shows a CDP gather 5651 from the right of the anomalous zone. They 

can be compared with a typical CDP gather 5525, typical of the anomalous zone in 

Figure 14b. Interestingly, all three CDPs in Figure 14 show amplitudes dimming with 

offset, which conforms with the initial assessment that the high amplitude anomaly is 

not due to a Class III bright spot.  Significantly, post-drill AVO analysis of the Assynt 

amplitude anomaly from well 204/18-1 shows a normal background trend (Fig. 15).  
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 A key question to consider is why there are high amplitudes only in some 

parts of the stacked section. Further detailed analysis of CDP gathers reveals an 

interesting observation.  From Figure 14, one finds that although all the three CDPs 

display amplitude decreasing with offset, the rate of decrease is faster in the left (Fig. 

14a) and right (Fig. 14c) gathers in contrast to the gather in the middle (anomalous) 

zone (Fig. 14b). 

Observations can be made from manual extraction of the amplitudes along the 

two key horizons as shown in Figs. 16 and 17. For instance, for the left CDP (5401) 

and right CDP (5651), the amplitudes reach zero at offsets of approximately between 

1.5 and 2 km (Fig. 16), whereas for the CDP from the anomalous zone (5535), the 

amplitudes begin to reach zero at offsets at least beyond 3 km (Fig. 17). Normally, 

after the amplitudes reach zero, a distinct polarity change is observed. Further 

inspection of the pre-stacked CDP gathers in Figure 14 shows that there are 

noticeable phase reversals in Figs. 14a and 14c (indicative of the possible Class II 

AVO), but no phase reversal is seen in Figure 14b. From this, a possible explanation 

of the Assynt anomaly can be made. The stacked sections on the left and right sides 

of the Assynt anomaly show dimming because of the cancellation of amplitudes (due 

to phase reversal), whereas in the middle section, the amplitudes are enhanced by 

stack as there is no phase reversal. 

Another question would be what causes the difference in AVO signatures 

along the line? One possible explanation would be lateral variation in Vp/Vs and 

lithology (porosity) changes. For Class I AVO (reflection from a low to high 

impedance boundary), increase in porosity (decreasing Vp in the lower layer) will 

shift the zero-crossing in amplitudes towards near offsets, and an increasing Vp/Vs in 

reservoir layers will shift the zero-crossing in amplitudes toward larger offsets, as 

shown in Figure 18 (generally expect that an increase in the overburden shale Vp/Vs 

ratio will shift the zero-crossing to near offsets). Therefore, one could infer that the 

Assynt high amplitude anomaly may be related to an increase in the Vp/Vs ratio in 

this zone (possibly as a result of localized increase of porosity, which reduces the 

shear wave velocity proportionately more than the compressional wave velocity). 

Other factors such as shale anisotropy may also influence AVO (Wright 1987; 

Margesson & Sondergeld 1999), but the discussion of the anisotropy effect is beyond 

the scope of this paper.  
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It is noted that because the Assynt location is down-slope relative to Foinaven, 

and Foinaven shows classical bright spots associated with the Class III AVO, we 

would also expect Class III AVO if the Assynt prospect were similar to Foinaven. 

This is because Class I AVO would normally be expected to be associated with 

shallow targets where overburden shale would be less compacted and the sand 

porosity in both Assynt and Foinaven are similar, resulting in high impedance sands 

relative to overlying shale.  The fact that we see Class I AVO in Assynt indicates the 

significant difference between Assynt and Foinaven and may effectively rule out the 

hydrocarbon prospect.  

Well 204/17-1 is located just 8.8 km to the southwest and marginally up-dip 

of the Assynt well 204/18-1, but was positioned on a smaller amplitude anomaly (Fig. 

19). Post drilling analysis of 204/18-1 shows that overlying the Assynt anomaly unit 

is a non-sealing sequence comprising predominantly thick sandstone and siltstone 

lithologies (Loizou et al. 2006). Bearing this in mind, the 3D seismic data do not 

show evidence that the lithology overlying the amplitude anomaly at the 204/17-1 

location would be any different from that penetrated by the 204/18-1 well. Therefore, 

of particular importance is the necessity for a sealing lithology above the 204/17-1 

anomaly to create an effective trap. 

Review of the CDP gathers for the 204/17-1 well (Fig. 19) shows that the data 

are heavily muted to approximately 2540 m in offset and that the positive amplitudes 

observed at approximately 2660 ms decrease with offset. Amplitude extraction over 

the high amplitude anomaly at the well location between 2660 to 2690 ms used for 

the AVO cross-plot shows the key characteristics of a Class I AVO anomaly. The 

results of the well confirm very similar lithologies immediately above the anomaly to 

those encountered at the 204/18-1 well (approximately 500 feet of sandstones 

overlying the anomalous zone). The pre-drill prognosis from the operator (Hinkley & 

Lawson 2004) was that the ‘high amplitudes’ represented low impedances that were 

interpreted to be oil-filled siliciclastic sediments. The 204/17-1 Fleet North Prospect 

was interpreted as a direct hydrocarbon indicator, although only partial conformance 

between amplitude and structure was observed. Following a well post-mortem, failure 

was mainly attributed to the absence of top seal. The seismic anomaly was interpreted 

by Loizou et al. (2006) as due to an interface that is characterized mainly by an 

interbedded succession of sandstones, shales and volcaniclastic tuffs. 
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EFFECTS OF DISPERSION AND ATTENUATION ON AVO 

Velocity dispersion and attenuation of seismic waves can arise from either seismic 

scattering or intrinsic absorption due to the presence of fluids in porous media. The 

transition frequency related to the maximum dispersion and attenuation can occur 

within the seismic frequency band if there exists abnormally high reservoir 

attenuation.  So far there is little consensus about the physical mechanism of 

attenuation, and different mechanisms may exist for dispersion and attenuation in the 

sonic and seismic frequency bands. For example, the following mechanisms have 

been proposed: fluid flow in cracked porous media (equant porosity model) described 

in Pointer et al. (2000) and Krzikalla et al. (2006); fluid flow between meso-scale 

regions (double porosity model) described by Pride et al. (2003); inclusion-based 

squirt flow model studied by Chapman et al. (2003); partial and patch saturation 

models (Carcione et al. 2003), and fracture in porous media (Lambert et al. 2006). 

Comprehensive literature reviews are given by King and Marsden (2002); King 

(2005); Chapman et al. (2006), and Batzle et al. (2006). However, although a range 

of possible mechanisms exist, many appeal to the movement of fluids relative to the 

rock matrix, allowing Dvorkin & Mavko (2006) to assert that there is sufficient 

evidence in sedimentary rocks that attenuation and dispersion are related to fluids. 

In recent papers, Chapman et al. (2005, 2006) have shown how to implement 

ideas from squirt-flow theory to model hydrocarbon-related dispersion and 

attenuation anomalies, which will be used in this paper to explain qualitatively the 

frequency-dependent observations. One of the conclusions is that P-wave reflection 

coefficients can become strongly frequency dependent. Synthetic modelling by 

Chapman et al. (2005) and field data examples by Odebeatu et al. (2006) are used to 

show that AVO characteristics at a plane interface bounded by two poro-elastic half-

spaces can be highly influenced by frequency (dispersion and attenuation). A similar 

example was also given in a recent study by Hubert et al. (2005).  

An example of the expected variation of velocity as a function of frequency is 

shown in Figure 20 using the poroelastic model developed by Chapman et al. (2003) 

with parameters listed in Table 1 (taken from Chapman et al. 2006).  Figures 21 and 

22 show the variations of P-wave reflection coefficients with saturation and 

frequency for typical Classes I and III AVO, respectively. For the Class I interface 
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(Fig. 21), i.e. an interface with low to high impedance contrast, frequencies above the 

transition frequency will enhance the AVO effect due to the increase in impedance 

contrast across the interface. Therefore one would expect that for a Class I AVO, 

amplitudes would increase as frequency increases – the high frequency ‘bright’ spot.  

In contrast, for the Class III AVO, i.e. an interface with high to low impedance 

contrast, exactly the opposite is seen (Fig. 22), i.e. amplitudes would be expected to 

dim as frequency increases above the transition frequency – the low frequency 

‘bright’ spot. The variation of AVO with frequency is also heavily dependent on the 

presence of saturated fluids as shown in Figs. 21 and 22. 

 

Table 1. Numerical values used in the computations. The sand velocities assume water 

saturation. In all cases, the reference frequency is 10 Hz, with the reference relaxation 

time τo=20 μs, and randomly distributed micro-crack density is ε0 =0.1. The oil bulk 

modulus is assumed to be 800 MPa, and the gas bulk modulus is taken as 400 MPa. 

  Vp 

(km/s) 

Vs  

(km/s) 
ρ water-sat 

(g/cc) 

ρ gas-sat 

(g/cc) 

ρ oil-sat 

(g/cc) 

φ 

Shale 2.249 0.731 2.139 - - - Model 1 

Sand 2.771 1.499 2.08 2.02 - 30% 

Shale 3.166 1.689 2.32 - -  Model 2 

Sand 2.95 1.8 2.3 - 2.28 15% 

 

 

APPLICATION OF SPECTRAL DECOMPOSITIONS AS AN AID TO AVO 

ANALYSIS 

The modern instantaneous spectral analysis technique or spectral decomposition is an 

ideal tool to detect the effect of frequency-dependent AVO. There are several 

techniques that can be used, such as short-window Fourier transform, discrete wavelet 

transform and Stockwell or S-transform.  To perform the spectral decomposition and 

spectral analysis, we used the discrete wavelet transform with a Morlet wavelet 

(Chakraborty & Okaya 1995). Our analysis follows the procedure detailed in the 

recent paper by Chapman et al. (2006). Note that we have performed extensive 

modelling studies on the effects of tuning on the spectral characteristics, and these 



 12

studies have been published in a series of companion papers by Odebeatu et al. 

(2006), Chapman et al. (2006) and Zhang et al. (2007). The main conclusion is that 

the thin-layer tuning effect can be significant and is dependent on both offset as well 

as the ratio of the layer thickness over wavelength. However, dispersion/attenuation 

will still modify the spectral characteristics caused by tuning.and the tuning effect 

alone cannot cause the Class I high-frequency brightening and the Class III 

brightening as described above. Distinguishing or separating the two effects are 

current research topics. While it is likely that our observed spectral variations are due 

to the combined effects of both tuning and dispersion/attenuation of seismic waves in 

porous sands, the modelling studies by Odebeatu et al. (2006) and Chapman et al. 

(2006), and the analysis of physical laboratory data by Zhang et al. (2007), suggest 

that dispersion/attenuation characteristics can be significant and observable in seismic 

data.  

 

Foinaven well 204/24a-2 

As shown in the previous section, the Foinaven amplitude anomaly is associated with 

a Class III AVO. Figure 23 shows the iso-frequency sections of stacked data for four 

different frequencies ranging from 15 to 45 Hz. Note that the maximum amplitudes in 

each iso-frequency section have been normalised to a constant (or reference) value so 

that relative amplitudes can be compared across different iso-frequency sections (the 

normalization is also applied to other data below). The area marked on Figure 23 

shows the Foinaven amplitude anomaly. One can see a systematic decrease in 

amplitudes as frequency increases, and this variation is qualitatively consistent with 

the theoretical prediction shown in Figure 22 for oil-saturated reservoirs with the 

assumed crack distribution and relaxation time constant in Model 2.  

 

Laggan well 206/1-2 

The Laggan gas discovery well 206/1-2 also exhibits the characteristics associated 

with bright spot Class III AVO. A series of iso-frequency sections is shown in Figure 

24. Again, there is a systematic decrease of amplitudes as frequency increases in the 

marked area, qualitatively consistent with the theoretical prediction for Class III AVO 

shown in Figure 22. Note that the corresponding gas-curves in Figure 22 are not 
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shown, but it is expected that the effect will be stronger for gas saturation than for 

brine or oil saturation. Odebeatu et al. (2006) show that for thin reservoirs, the effect 

of tuning can also cause changes in frequency-dependent reflection amplitudes. As 

discussed earlier for the Laggan well, the tuning is a result of the relatively thin net 

sand thickness of 62 m made up of three separate sands equivalent to 33 ms of TWT.  

 

Assynt Prospect well 204/18-1 

As described earlier, the AVO analysis for the Assynt amplitude anomaly showed this 

to be a Class I AVO, rather than the Class III that was originally interpreted. Spectral 

decomposition was applied to the data to obtain iso-frequency sections between 10 

Hz and 40 Hz, and this reveals that the Assynt amplitude anomaly is only seen in the 

very low frequency ranges. Figure 25 shows a comparison of the iso-frequency 

sections for the frequencies ranging between 10 and 25 Hz.  Intriguingly, we see that 

the amplitudes in the marked area change markedly from an increase with frequency 

between 10 Hz and 15 Hz, to a decrease with frequency between 15 Hz to 20 Hz. 

This suggests that the Assynt anomaly is indeed concentrated on the very low 

frequency range over a very narrow frequency band. The increase of amplitudes with 

frequency is consistent with the prediction shown in Figure 21 for Class I AVO, but 

the sudden decrease thereafter cannot be fully explained. This may be due to 

combined effects of thin-layer tuning and fluid-related attenuation/dispersion 

(discussed at the beginning of this section). 

 

DISCUSSION 

About 40 wells were positioned on an amplitude or AVO anomaly within the 

Palaeocene west of Shetland since 1993. Of these, nine encountered notable 

hydrocarbons. Following post-mortem studies, the majority of the wells that failed to 

find hydrocarbons could be shown to represent poorly-understood amplitude 

anomalies, AVO artifacts and spurious DHI’s. While a large number of the failed 

wells were positioned on AVO or high amplitude features interpreted to coincide with 

the termination or up dip limit/pinch-out edge of a sandstone interval (Loizou 2005; 

Loizou et al. 2006), it can be argued that the cause of the AVO or high amplitude 

features for these wells was poorly understood.  
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The AVO technique can in certain cases add reliable constraints to 

quantitative reservoir characterization if it is correctly applied. Reliable AVO analysis 

would require an angle offset of about 35 degrees, and for an offset of up to 3 km, this 

gives a sub-sea depth of approximately 2.1 km if we assume a straight ray path (this 

is reasonable considering the smooth variation of acoustic velocity). This is not ideal 

for robust AVO studies west of Shetland, where at least 75% of the drilled AVO 

anomalies were at depths greater than 2.1 km sub-sea. For increased accuracy and 

confidence in AVO analysis, there is a need to acquire seismic data with offsets 

longer than 5 km (corresponding to a sub-sea depth of about 3.5 km, assuming an 

angle offset of 35 degrees). Despite the pitfalls, the use of AVO/DHI has been fairly 

widespread west of Shetland since the early 1990s. The optimal setting for the 

technique in the area is for gas detection in shallow, porous, poorly-consolidated 

clastic rocks of Eocene and late Paleocene age. 

In order to carry out the AVO analysis, a conventional stack technique was 

used (full offset stack) with all the data NMO-corrected. Stack data of near, middle 

and far offsets were used to see the relative amplitude variations in each offset range. 

Selected CDP gathers for areas of interest (‘anomalous’ high amplitude zones) and 

outside the ‘anomalous’ zone were compared for each well to identify the lateral 

variations in AVO Classes. For Assynt, Class I AVO can typically be seen (with 

phase reversal shown on the far offsets). Foinaven data show typical ‘bright’ spot 

AVO (Class III), and Laggan is also primarily Class III AVO. Amplitudes and AVO 

types are shown to vary laterally, with sometimes distinctive differences between the 

‘anomalous’ zones and data from either side. The lateral variation of AVO along 

seismic lines reflects a change either in fluid saturation or lithology characterized by 

the Vp/Vs ratio.  

Detailed analyses of spectral characteristics, including modelling with a newly 

developed rock physics model (Chapman et al. 2005, 2006), have revealed that 

Classes I and III show different responses to fluid saturation at low and high 

frequencies (for an example of spectral decomposition for Class I AVO, see Chapman 

et al. 2005, 2006). In particular, it is suggested that the changes in AVO signatures 

for Foinaven and Laggan are more likely related to the fluid saturation, while for 

Assynt, it may be related to changes in the Vp/Vs ratio. Spectral analyses also reveal 

the strong effects caused by tuning (when wavelength is comparable to, or greater 
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than, the layer thickness) as shown by Partyka et al. (1999) and recently demonstrated 

by Chapman et al. (2006). Whilst explorationists normally appreciate the presence of 

higher porosity sands, our modelling suggests that seismic anomalies generated by 

normal porosity sandstone containing hydrocarbons are indistinguishable from 

anomalously high porosity sandstone that is brine-filled in the Assynt prospect.  

The study has focused on the evaluation of four wells with associated seismic 

datasets all of which have amplitude-related anomalies. Not surprisingly, all four 

wells have different characteristics in terms of AVO signature. Table 2 summarizes 

the main characteristics for the four wells studied. 

  

Table 2. Summary of AVO signatures 

 Assynt Fleet North Foinaven Laggan 

Fluid phase Brine (?) Unknown Oil 

(near bubble point) 

Gas 

AVO Class I (II) I  (IV?) III III (and I) 

Phase reversal Yes No N/A N/A 

AVO Intercept Positive Positive Negative Negative 

AVO gradient Negative Negative Negative Negative 

 

Finally, it is noted that data quality will also affect the AVO results. The four 

datasets that we have analyzed in this paper have variable data quality.  Foinaven data 

as shown in Figure 4 have very high quality and the primary reflections can be clearly 

identified. Laggan data shown in Figure 8 have slightly poorer quality where residual 

multiples exist.  The Assynt (Fig. 14) and Fleet North (Fig. 19) have very poor 

quality with residual moveouts (i.e. non-flat events). Since the data were provided to 

us after AVO pre-processing, we have not tried to enhance their quality further and 

have focused simply on the AVO analyses. 

Of course, we are not arguing that hydrocarbons are uniquely associated with 

Class III AVO. However, we do want to emphasise that appropriate applications of 

AVO techniques are required. Moreover, the main message here is that by using 

suitable seismic data AVO is not an Achilles Heel but a valuable tool for de-risking 

prospects west of Shetland if it is applied appropriately. 
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CONCLUSIONS 

In summary, both the 204/17-1 and 204/18-1 wells failed to find hydrocarbons, where 

the early work indicated a strong classic Class III AVO anomaly. However, these 

studies demonstrate that both the amplitude anomalies conform to Class I AVO. For 

the hydrocarbon-bearing reservoirs encountered in 204/24a-2 and 206/1-2, both wells 

confirmed the presence of what was originally anticipated as a Class III AVO 

anomaly. 

             The spectral decomposition results presented in this paper reveal that there 

are also differences in the spectral characteristics between the four wells. Whilst 

Foinaven and Laggan conform to the theoretical predictions, the results from the 

Assynt Prospect show rather complicated behaviour in iso-frequency sections that 

cannot be fully explained. One particular highlight from the analysis was that, 

although the Assynt amplitude anomaly was originally interpreted as analogous to 

Foinaven, this study firmly indicates it is different in both its AVO behaviour and 

spectral characteristics.     

 Although the analysis has focused on just four wells, it shows that the 

appropriate use of AVO analysis forms a valuable tool for exploration. The main 

lesson that we have learned is that it is paramount, before any AVO analysis is 

performed, to understand the quality and suitability of the seismic data for such 

analysis.    
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Fig. 1. Structural elements in the study area west of Shetland with locations of the 
four wells used in AVO analysis marked with blue dots: 206/1-2 (Laggan); 204/24a-2 
(Foinaven); 204/18-1 (Assynt prospect) and 204/17-1 (Fleet North prospect). 
 
 

 
 
Fig. 2. Schematic diagram showing the angle (offset) stack. The pre-stack CDP data 
are divided into a range of offsets (or angles) and then stacked within the limited 
offsets. 
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Fig. 3. Plane-wave reflection coefficients at the top of each Rutherford and Williams 
(1989) classification of gas sand. Class IV sands, not discussed by Rutherford and 
Williams, have a negative normal-incidence reflection coefficient, but decrease in 
amplitude magnitude with offset (from Castagna et al. 1998). 
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Fig. 4. CDP gathers for well 204/24a-2 showing amplitude increases with offset (the 
target is marked by an arrow). 
 
 

  

Fig. 5. Well 204/24a-2 shows a Class III 
AVO mainly due to a thin gas cap within 
Palaeocene T34 sandstones. 

Fig. 6. Well 204/24a-2 shows the 
separation of T33 shales (Class I to IV 
AVO) with deeper T32 hydrocarbon 
bearing sandstones (Class III AVO). 
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CDP gathers 1361-1365                  20msec window

Laggan
Reservoir

Increase of amplitude with offset Class III AVO anomaly

CDP gathers 1361-1365                  20msec window

Laggan
Reservoir

Increase of amplitude with offset Class III AVO anomaly

Fig. 7. CDP gathers for well 206/1-2 
showing amplitude increases with offset. 

Fig. 8. Well 206/1-2 shows primarily a 
Class III AVO anomaly. 

 
 

  
Fig. 9. Well 204/18-1 (Assynt Prospect) positioned on a high amplitude anomaly. 
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Anomalous amplitudes

 
Fig. 10. Near offset stack (offset ranges 375-1308 m). 

 

Anomalous amplitudes

 
Fig. 11. Middle offset stack (offset ranges 1308-2241 m). 
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Anomalous amplitudes

 
Fig. 12. Far offset stack (offset ranges 2241-3371 m). 

 

Anomalous amplitudes

 
Fig. 13. Full stack of 2D data extracted from a 3D volume across the Assynt prospect 
well 204/18-1. 
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              (a) CDP 5401          (b) CDP 5525           (c) CDP 5621 

Phase reversal         No phase reversal          Phase reversal
outside anomaly         Assynt anomaly outside anomaly  

Fig. 14a, b and c. CDP gathers from the 204/18-1 well primarily showing amplitude 
decrease with offset. 
 

 

 
Fig. 15. AVO cross-plot for 204/18-1 well showing typical Class I type AVO for the 
amplitude anomaly. 
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Fig. 16. Comparison of amplitude 
variations with offset for horizon A from 
three CDPs. 

Fig. 17. Comparison of amplitude 
variations with offset for horizon B from 
three CDPs. 

 
 

 
Fig. 18. Effects of Vp/Vs in reservoir layers: an increase in Vp/Vs will shift the zero-
crossing to larger offset, resulting in no phase reversal. Solid green line Vp/Vs =1.5 
and dashed blue line Vp/Vs=1.7.  
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204/17-1

204/18-1

204/17-1

204/18-1

 
Fig. 19. Location of wells 204/17-1 and 204/18-1. CDP gathers from well 204/17-1 
showing that amplitudes at the anomaly (2660 ms) decrease with offset. 
 
 

 
Fig. 20. Predicted velocities and attenuation for model 1 of Table 1 as a function of 
non-dimensional frequency ωτ (τ is the relaxation time, τ=20 μs and ω is angular 
frequency). Top – P wave velocities and Bottom – P-wave attenuation. Dashed lines 
correspond to water saturation and solid lines to gas saturation (see Table 1 for 
parameters). The figure is taken from Chapman et al. (2006). 
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Fig. 21. Variation of P-wave AVO with fluid saturation in the high and low 
frequency limits for a typical Class I type AVO (Model 1, see parameters used in the 
computations in Table 1). The figure is taken from Chapman et al. (2006). 
 
 

 
Fig. 22. Variation of P-wave AVO with fluid saturation in the high and low 
frequency limits for a typical Class III type AVO (Model 2, see parameters used in 
the computations in Table 1). The figure is taken from Chapman et al. (2006). 
 



 31

 
Fig. 23. Selected isofrequency sections of the stacked seismic data from Foinaven. 
We can see a systematic decrease of amplitudes with frequency in the marked target 
Areas, which is qualitatively consistent with the prediction of Fig. 22 for the Class III 
AVO. The vertical axis is two-way travel time in seconds. 
 

10Hz 15Hz

20Hz 25Hz 30Hz

10Hz10Hz10Hz 15Hz15Hz15Hz

20Hz20Hz20Hz 25Hz25Hz25Hz 30Hz30Hz30Hz  
Fig. 24. Selected iso-frequency sections of the stacked seismic data from Laggan. We 
can see a systematic decrease of amplitudes with frequency in the marked target areas 
which is qualitatively consistent with the prediction of Fig. 22 for the Class III AVO. 
The vertical axis is two-way travel time in seconds. 
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10Hz 15Hz

20Hz 25Hz

10Hz 15Hz

20Hz20Hz 25Hz25Hz

Fig. 25. Selected iso-frequency sections of the stacked seismic data from Assynt  
prospect. We can observe that the amplitudes in the marked area change markedly 
from an increase with frequency between 10 Hz and 15 Hz, to a decrease with 
frequency between 15 Hz to 20 Hz. This suggests that the Assynt anomaly is indeed 
concentrated on the very low frequency range over a very narrow frequency band. The 
increase of amplitudes with frequency is consistent with the prediction shown in Fig. 
21 for Class I type AVO, but the sudden decrease thereafter cannot be fully explained. 
The vertical axis is two-way travel time in seconds. 
 


