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Amplitude-versus-offset variations in gas sands 

Steven R. Rutherford* and Robert H. WilliamsS 

Seismic reflections from gas sands exhibit a wide 
range of amplitude-versus-oftset (AVO) characteristics. 
The two factors that most strongly determine the AVO 
behavior of a gas-sand reflection are the normal inci- 
dence reflection coefficient K,, and the contrast in Pois- 
~n’s ratio at the reflector. Of these two factors, R,, is 
the least constrained. Hascd on their AVO character- 
tstics, gas-sand rcllcctors can be grouped into three 
cI;~sscs delined in terms of R,, at the top of the gas sand. 

Class I gas sands have higher impedance than the 
encasing shalt with relativity large positive values for 
I?,, Class 2 gas sands have nearly the same impedance 
as the encasing shalt and arc characterized by values of 
R,, near Lero. Class 3 sands have lower impedance than 
the encasing shale with negative, large magnitude values 
for R,,. Each of these sand classes has a distinct AVO 
characteristic. 

.An example of a gas sand from each of the three 
classes is presented in the paper. The Class 1 example 
involves a Flartshorn channel sand from the Arkoma 
Basin. The Class 2 example considers a Miocene gas 
sand from the Rrazos oFshore area of the Gulf of 
Mexico. The Class 3 example is a Pliocene gas sand 

from the High Island oil-shore area of the Gulf of 
Mexico. 

Amplitude-versus-oftset (.4VO) analysis (Ostrander, 1982, 
I984) \vas initially proposed as a technique for validating seis- 
m~c amplitude anomalies associated with gas sands. Most of 
the time the gas sands that produce these amplitude anoma- 
lies have lower impedance than the encasing shales and have 
rcllcctions that increase in magnitude with olf‘set. These types 
of gas \ands account for a large percentage of the AVO analy- 
hcs being done in the industry. 

Since the early days of AVO analysis, explorationists have 

Icarned that a w-ide range of AVO characteristics is possible 
for gas-sand reflections and that AVO analysis can be useful 
for analyzing rcRcctions that do not necessarily correspond to 
..bright spots” on stacked seismic data. 

This paper presents three examples that span the range of 
9VO 41.ccts associated with gas sands normally encountered 
in e.xploration. The examples belong to three classes into 
which gas-sand reservoirs can generally be divided based on 
their AVO characteristics. These classes are referred to in the 
paper as: 

C‘las.5 I 

Class 2 

Class 3 

high-impedance sands. 
near-Lero impedance contrast sands, and 
low-impedance sands. 

The core of this paper is divided into two parts. The first 
part describes the range of AVO elrects that occur for gas- 
sand relections: the second part presents the examples. The 
discussion in the first part uses the Zoeppritz (1919) P-wave 

reflection coefficient for an elastic interface to describe the 
AVO characteristics of gas sands in three classes. Only inter- 
fact rctlccti\>ity is considered in the analysis. Thin-bed effects, 
attenuation. and other propagation factors well known to in- 
Ilucncc AVO measurements arc not considered. The dis- 
cuhsion and analysis concerning the three classes arc useful 
and bnlid in a general scnsc but arc not meant to replace 
detailed seismic modeling which is an indispensable part of 
AVO analysi\. 

The Class I example involves a Pennsylvanian age channel 
sand in the Arkoma Basin. The examples corresponding to the 
second and third clashes involve a Miocene age gas sand from 
the Bravos oft-shore area and a Pliocene age gas sand from the 
High Island oIlShore area. respectively. 

Out- reasons for focusing on gas-sand reflections in this 
hark are twofold: (I) The majority of the AVO work being 
done by interpretation geophysicists today involves gas-sand 
reflections (2) The contrast in Poisson’s ratio between a gas 
sand and the encasing medium is usually large, meaning that 
gas sands have detectable changes in amplitude with offset. 
these amplitude changes allo\v us to loosely group gas-sand 
refections into the three classes described above. This same 
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type of grouping for oil-sand reservoirs and carbonate reser- 
v,oirs is usually not possible since their contrasts in Poisson’s 
ratio with the encasing media are generally smaller and less 
predtctable than those for gas sands. Our intent in this paper 
is to present a loose classitication scheme that explorationists 
can use to “mentally model” the AVO response of gas-sand 
reflections as the first step in a more rigorous AVO analysis. 
Explorationists can use the concepts presented here to predict 
the characteristics of a gas-sand reflection on stacked data and 
to make a preliminary determination of the type and detecta- 

bility of its AVO response. 

The range of AVO effects for sandstone reservoirs is ana- 
Iv/cd with the ZoeppritL P-wave reflection coefficient. Our 
modal for the gas-sand reservoir is a simple one consisting of a 
gas-tilled sand encased in shale. Figure 1 is a schematic dia- 
gram that shows the upper interface of this reservoir model. 
Figure 2 shows a set of reflection coefficient AVO curves for 
this interface calculated for a range of normal incidence reflec- 
tion coefficient R,, The reflection coefficient curves corre- 
sponding to the reverse situation, i.e.. a gas sand-shale inter- 
face are approximately mirror images of the curves in Figure 
2. Ostrander (198-I) presents a similar analysis of gas sands 
employing suites of reflection coefficient curves like those in 
t.‘igurc 2: however, his analysis is more focused on Class 3 
sands. 

The curv’es in Figure 2 were computed for Poisson’s ratios 
of the shale and gas sand of 0.3X and 0.15, respectively and 
dcnsitics of the shale and gas sand of 2.4 and 2.0 g/cm”, re- 
spcctiv,ely. Of course. one would not expect the Poisson’s 
ratios and density contrasts for a shale-gas sanll interface to 

remain constant over such a wide range of R, values. Never- 
theless. if we assume large Poisson’s ratio contrasts. the quali- 
tative analysis we present in this paper is not sensitiv*e to 
precise values for Poisson’s ratio and density contrasts, 

The AVO curves of Figure 2 can be loosely divided into the 
three classes as tnarked in the display: high-impedance sands 
(Class 1). nearly same as shale impedance sands (Class 2) and 
low-impcdancc sands (Class 3). Thr reileztion characteristics 
of these three classes are discussed in the following subsec- 
tions. The possible AVO responses for a shale-gas sand intcr- 
fact form a continuum. We make no attempt to establish hard 
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FIG. I. Schematic diagram of a shale-gas sand interface. 

1 

Frc;. 2. Zocppritr P-wave reflection coefficients for a shale-gas 
sand interface for a range of R, v*alues. The Poisson’s ratio 
and density of the bhalc were assumed to be 0.38 and 2.4 
g cm-‘. respcctiv,ely. The Poisson’s ratio and density of the gas 
sand were assumed to be 0.15 and 2.0 g/‘cm3. rcspectivcly. 

15- 

FIG. 3. Fractional change in reflection coefficient for a shale- 
gas sand interface over an angular range of 0 to 30 degrees. 
The fractional change is given by 1 R, - R(3O deg)f/R,,,. 
where R “,;,, is the lesser of 1 R,, 1 and 1 R(30 deg) 1. 



682 Rutherford and Williams 

lines of demarcation between the gas-sand reflector classes in 
this paper. Instead, we propose fuzzy boundaries in terms of 
normaLincidence impedance contrasts that create ranges in 
the continuum of AVO responses with similar characteristics. 

Class l-High-impedance sands 

A Class 1 sand has higher impedance than the encasing 
medium, usually shale. A shale-sand interface for these sands 
has a fairly large. positive R,. The top curve in Figure 2 is 
representative of a Class 1 sand, which is usually found on- 
shore in hard rock exploration areas. It is a mature sand 
which has undergone moderate to high compaction. 

The magnitude of the reflectivity of a Class 1 sand initially 
decreases with offset and can change polarity if adequate 
angle/offset range is available. Hence, in the best case, normal- 
incidence synthetic seismograms do not accurately predict the 
amplitude of the reflection response of Class 1 sands on 
stacked data. If polarity changes are pronounced. the reflec- 
tion response of a Class I sand can cancel in CMP stacking or 
can have polarity opposite to that predicted by normal- 
incidence modeling. 

The reflection coefficient of a high-impedance sand is posi- Since the zero-offset reflection coefficient has high ampli- 
tive at zero offset and initially decreases in magnitude with tude in Class I sands, large fractional changes in amplitude 
offset. The magnitude of the rate of change of amplitude with are possible if the far-trace reflectivity is near zero. Hence, 
otTset (referred to as the “gradient”) for a Class 1 sand is dramatic AVO effects are possible. Figure 3 shows the frac- 
usually greater than that for a Class 2 or Class 3 sand. The tional change in reflection coefficient from near to far offset as 
gradient depends on K,, , as weil~as the Poisson’s ratio contrast a function of I?,,. The curve in Figure 3 was produced usirrg 

across the interface. In general, the gradient decreases as R, 
decreases for a decrease in Poisson’s ratio. [The interested 
reader can quantify these characteristics by referring to Shuey 
(1985) and Koefoed (1955)]. 

Fn;. 4. A stacked section that traverses a productive Hartshorn channel sand. The productive interval corresponds to 
the dim out which is highlighted in the ligure. The dim out is caused by a change in polarity with offset of the 
liartshorn reflection. that causes cancellation upon CMP stacking. 
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FIG. 5. Modeling a CMP gather. (a) P-wave sonic log through the productive Hartshorn interval. (b) Estimated S-wave 
sonic log. (c) The computed CMP gather. (d) Stack of the traces in (c). 



the Shuey (1985) approximation to calculate AR@,,,), 

where R(O,,) is the reflection coefficient at reflection angle 8, 
and 1 R “,,,, / is the lesser of I R, I and / R(8,) 1. Hence, the frac- 
tional change is referenced to the near- or far-trace reflectivity, 
whichcvcr is smaller in magnitude. Note in Figure 3 the large 
fractional changes in reflectivity that are possible for Class I 
sands. particularly those associated with large values of R,. 
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pacted and consolidated. The middle two curves in Figure 2 
represent a range of possible AVO responses in Class 2 sands. 

(1) Since the zro-offset reflection coefficients of Class 2 sands 
are close to zero. large fractional changes in reflectivity from 
near to far offset can occur (see Figure 3), enhancing the detec- 
tability of these sands. The gradients associated with Class 2 
sands are usually large in magnitude but are generally less 
than those for Class 1 sands. The small offset reflectivity of 
Class 2 sands is close to zero and is often undetectable in the 
presence of noise. The reflections seem to suddenly appear at 
larger offsets when the reflection amplitudes rise above the 
noise level. Class 2-Near-zero impedance contrast sands 

A Class 2 sand has nearly the same impedance as the en- 
casing material. Such a sand is generally moderately com- 

A polarity change occurs if R, is positive, but it is usually 
not detectable, because it occurs at a near offset where the 
signal is below the noise level 

OFFSET - * 
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FIG. 6. Three adjacent CMP gathers that show the polarity change associated with the Hartshorn gas-sand reflector 
The last few traces in the gathers at far offsets are distorted by NM0 stretch. 
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FI(;. 7. Migrated, stacked section that traverses a Miocene gas sand in the Brazes offshore area of the Gulf of Mexico. 
The reflector of interest is at about 2.1 s on the section. 



664 Rutherford and Williams 

Class 2 sands may or may not correspond to amplitude 
anomalies on stacked data. If adequate angular range is avail- 
able. the amplitude buildup with offset is often enough to 
produce an anomalous response on stacked data. Miocene 
sands in the Gulf of Mexico frequently exhibit this character- 
istic. Norma-incidence synthetic seismograms are totally in- 
adcquatc to describe the response of Class 2 sands on stacked 
seismic data. Seismic inversion techniques employing stacked 
data are also highly questionable for these sands. 

Class _3-l.ow-impedance sands 

A Claax 3 sand has ;I lower impedance than the encasing 
medium. Such a sand is usu;~lly undercompacted and un- 
consolidated. Plio-pliestocene sands in the Gulf of Mexico are 
typically Class 3 sands. Many of the early uses of AVO in- 
solved validating amplitude anomalies associated with Class 3 
gas sands. 

Class 3 sands habe amplitude nnomalics on stacked seismic 
data and have large rcllcctivitics at all oKsets. Their gradients 
arc usually significant but of lower magnitude than those of 
Class I and 2 sands, since their normal-incidence reflection 
coefficients are already negative. Class 3 sands do not gener- 
ally have large fractional changes in amplitude from near to 
far olrsct (see Figure 3). In some situations, the amplitude c 
change with oflsct is small enough that it is not detectable 
because of tuning. attenuation, recording array. and signal-to- 
noise ratio decrcascs with offset. Hence, Class 3 sands some- 
times have a high-amplitude response that is relatively flat 
with ollbet. 

Polarity changes are not associated with Class 3 sands. 
Hence, CMP stacking dots not produce catastrophic effects
and normal-incidence synthetic seismograms generally provide 
adequate character matches with stacked data. CMP stacking 
ht1ll misrepresents the rero-oll‘set response and can be inappro- 
priate for use in seismic inversion; however, the effects are not 
as pronounced as for Classes I and 2. 

EXAMPLES 

This section presents examples of the AVO characteristics 
of Class 1. 2. and 3 gas sands. The specifics of the data pro- 
cessing sequences used to generate the examples are beyond 
the scope of this paper. Obviously, proper seismic data pro- 
cessing is critical to the successful implementation of AVO 
analysis. The goal of seismic data processing for AVO is to 
preserve amplitude variations with offset while removing the 
elrects of spherical spreading, attenuation, transmission loss, 
signal-to-noise ratio (S/N) decrease with offset, and other 
propagation factors-a difficult job at best. The seismic dis- 
plays used in the examples were produced using processing 
techniques that follow guidelines suggested by Yu (1985). 

Class 1 sand AVO example 

The first example is taken from the Arkoma Basin and 
involves the Pennsylvanian age Hartshorn sand. Thick Hart- 
shorn channel sands that are shallow (about 1000 m) can be 
prolific producers. In the past, geophysicists exploring the 
Hartshorn have noticed that “dim outs” in the Hartshorn 
reflection occur wzhen a thick, gas-filled Hartshorn channel 

Flc;. 8. Schematic diagram of the Brazos gas sand 

Om- 

1524 m 

3048 m 

STACK 

Flc;. 9. synthetic cross-sections corresponding to the model of 
I-‘ipure X-were computed using logs from a well that tested the 
Miocene US sand shown in Figure 7. The top three cross- 
sections ccyrrespond to offsets of 6 m, 1524 m. and 3048 m. The 
lower cross-section was produced by stacking the range of 
ollbcts used to form the data in Figure 7. 
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configuration develops. Figure 4 shows an example of this dim occurs at about the middle offset and produces nearly peifect 
out effect in a productive Hartshorn channel sand. cancellation by CMP stacking. 

Normal-incidence modeling does not describe the dim out 
phenomenon. Figure 5c shows a synthetic CMP gather calcu- 
lated using well logs that penetrated a thick, gas-filled Hart- 
shorn channel sand. (Unfortunately, the logs shown in Figures 
5a and 5b do not correspond to the seismic data shown in 
Figure 4. The logs corresponding to the data of Figure 4 were 
unavailable.) The first trace on the left in Figure 5c is the 
normal-incidence trace. The second trace corresponds to an 
offset of 50 m, and the remaining traces increment in offset by 
134 m. The offset geometry used in Figure 5c is typical of the 
seismic data used for Hartshorn exploration in the Arkoma 
Basin. The stack of the traces in Figure 5c is shown in Figure 
5d. 

Figure 6 displays three adjacent CMP gathers correspond- 
ing to the dim out area of Figure 4. Note the polarity change 
that occurs in the mid-range of offsets. To enhance the visual 
detectability of the Hartshorn polarity change, the traces in 
Figure 6 are displayed in reverse polarity with respect to the 
model traces of Figure 5c. Even though the model in Figure 5c 
corresponds to a different Hartshorn reservoir, the model 
qualitatively explains the AVO behavior of Figure 6. 

The sonic log in Figure 5a reveals that the Hartshorn sand 
package is definitely a Class 1, high-impedance sand. The 
normal-incidence synthetic seismic trace also predicts that the 
top and base of the Hartshorn correspond to strong reflec- 
tions, which is opposite to what is observed on stacked seismic 
data. The AVO response for the Hartshorn predicted by the 
model in Figure 5c explains the paradox. A polarity change 

The information presented in Figures 4 through 6 explains 
the dim out phenomenon observed in gas-filled Hartshorn 
channel sands in the Arkoma Basin. The figures also reveal 
that the dim out effect is a fortuitous combination of reflector 
depth and seismic data acquisition geometry. For deeper or 
shallower Hartshorn sands, the polarity change would shift 
away from the mid-offsets and could produce a quite different 
stacked response, suggesting the need to model accurately the 
acquisition geometry and reflector depth when exploring for 
Class I sands that are likely to have polarity changes. Instead 
of conventional stacked sections, limited offset or constant- 
angle seismic sections should be used to enhance detectability. 
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FIG. IO. Panel display of constant reflection angle sections corresponding to Figure 7. The angles posted on the right 
side of the figure refer to the centers of the reflection angle ranges in each panel. Each 1.0 s panel displays 1.6 s to 2.4 s 
of live data. 
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Gas Well 

2.0 

3.0 

11. Migrated, stacked section that traverses a Pliocene 
gas sand in the High Island area of the Gulf of Mexico. .I‘he 
reflector of interest is between 2.3 s and 2.5 s. 

Class 2 sand AVO example 

The second AVO example concerns a mid-Miocene age 
sand from the Brazos area of the Gulf of Mexico. Figure 7 is a 
stacked section showing the reflection from this gas sand. The 
gas-sand reflection (at about 2.1 s) is anomalous in character 
but is not the classic type of amplitude anomaly one usually 
associates with the Gulf of Mexico. The reflection from this 
gas sand defies explanation with conventional, normal- 
incidence modeling. 

Figure 8 is a schematic model believed to correspond to the 
gas-sand reservoir in Figure 7, and Figure 9 shows a corre- 
sponding set of synthetic seismic cross-sections, computed 
from the Zoeppritz equations, AVO effects are accurately 
modeled. The first ten traces on the left of each display are 
identical and were calculated from well logs that penetrated 
the productive mid-Miocene gas-sand reflector shown in 
Figure 7. The last ten traces on the right of each display are 
identical and were calculated from the same well logs altered 
to model water-saturated sand. The intervening traces were 
calculated from well logs interpolated to model the flat (in 
depth) gas-water contact shown in Figure 8. 

Note the lack of correlation between the normal-incidence 
synthetic seismic cross-section and the anomalous reflection 
response of the gas-filled sand. The normal-incidence model 
predicts an amplitude dimming to be associated with the pres- 
ence of gas. In the past, most geophysicists-including the 
authors-would have been tempted to assume that the sonic 
and density logs were in error and lower the impedance of the 
sand to explain the higher amplitude associated with gas. 

The mid-offset (1524 m) and the far-offset (3048 m) synthetic 
cross-sections reveal that AVO effects associated with the gas 
sand are quite pronounced. The anomalous character of the 
gas sand on the stacked data in Figure 7 is caused by large 
far-trace amplitudes. The stacked cross-section in Figure 9 
predicts an anomalous response for the gas sand similar to 
that seen in Figure 7. 

Figure 10 is a panel display of constant reflection angle 
sections. Each panel in Figure 10 corresponds to data from 
Figure 7 stacked to preserve a different narrow range of reflec- 
tion angles, Note the excellent qualitative agreement between 
the predictions of Figure 9 and the constant-angle panels 
shown in Figure 10. The small-angle reflectivity of the gas 
sand is close to zero, as is characteristic of Class 2 sands. The 
gradient is pronounced and gives rise to large reflection ampli- 
tudes at the larger reflection angles. The detectability of this 
sand is enhanced through the use of displays similar to Figure 
IO as opposed to stacked data displays like Figure 7. 

Class 3 sand AVO example 

The final example involves a Class 3 gas sand from the High 
Island offshore area of the Gulf of Mexico. Figure 11 shows a 
seismic line that traverses the gas sand. The gas sand is Plio- 
cene in age and has a pay thickness in excess of 30 m. The gas 
sand is associated with the classic bright spot seen on Figure 
11. 

The Class 3 gas-sand AVO characteristics are easily seen in 
the constant reflection angle panels of Figure 12. The small- 
angle reflection strength is fairly large. The fractional change 
in reflection strength from small to large reflection angles is 
detectable but not large compared to those of the Class 1 and 
2 examples previously discussed. All reflection angles contrib- 
ute significantly to the stacked response seen in Figure 11. 

Class 3 gas sands like the Pliocene sand in Figures 11 and 
12 are often subjects of AVO analysis primarily for two rea- 
sons: (1) these sands are the easiest to find on the stacked data 
that most interpreters use and (2) S/N as a function of offset 
for these sands is usually adequate for AVO analysis. 

Class 3 sands have fairly large reflectivities at all offsets and 
no polarity changes; hence, their detectability on stacked data 
is not sensitive to acquisition geometry. This is not to say that 
all acquisition geometries are adequate for AVO analysis, 
since subtle changes in amplitude with offset require large 
ranges of offsets to detect. Class 1 and 2 sands, on the other 
hand, can be difficult to detect on stacked data because of 
combinations of AVO effects and acquisition geometries. 

Adequate S/N as a function of offset and a sufficiently large 
offset range are extremely important in AVO analysis. S/N of 
seismic data typically decreases monotonically with offset. 
AVO analysis applied to data without adequate S/N over a 
sufficient offset range usually fails. Since Class 3 sands are 
bright at near offsets and brighten with offset, they offer the 
best chance of having adequate S/N as a function of offset for 
AVO analysis. 

SUMMARY 

This paper proposes a classification of gas-sand reflections 
based on their AVO characteristics and presents seismic data 
examples illustrating these characteristics. Three classes of 
gas-sand reflections are proposed in the paper. 

A Class 1 sand is generally found in a hard-rock, onshore 
area and has a higher impedance than the encasing shale ma- 
terial. Class I sands, such as the Hartshorn channel sand ex- 
ample, can have polarity changes associated with them that 
produce dim out effects in stacked seismic data. 

Class 2 sands are found in onshore and offshore exploration 
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FIG. 12. Panel display of constant reflection angle sections corresponding to the data of Figure 1 I. The angles posted 
on the right side of the figure refer to the centers of the reflection angle ranges in each panel. Each 1 .O s panel displays 
2.0 s to 2.8 s of live data. 
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areas. They have almost the same impedance as the encasing 
shale. Class 2 sands can have dramatic AVO effects if ade- 
quate angle/offset range is available in the seismic data. The 
stacked response of Class 2 sands, such as the Miocene age 
gas-sand example from the Brazos offshore area of the Gulf of 
Mexico, comes mainly from the far offsets. 

Class 3 sands are found mainly in marine environments. 
They have lower impedances than the encasing shale. Plio- 
Pleistocene gas sands, such as the High Island example from 
the Gulf of Mexico, are usually Class 3 sands. The AVO 
characteristics of Class 3 sands are usually less pronounced 
than those of Class 1 and 2 sands but are often more amen- 
able to AVO analysis because of S/N considerations. 
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