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ABSTRACT

Theoretical evaluation of the elastic impedance (EI) and the
ray impedance (RI) reveals that RI has a more reliable value
range and is less sensitive to noise than EI. We devised a new
measurement ~RI to estimate the ray impedance from elastic im-
pedance derived by existing techniques. The recovered ~RI was
expressed in the form of a normalization of EI. It solved the
range variability problem of EI and had the same interpretation
capability as RI. In addition, reflection coefficients represented
by ~RI showed good agreement with the Zeoppritz equation even
at postcritical angle of incidence. Tests of these three attributes
(RI, ~RI, and EI) were performed on the log data of three different

types of reservoir: a typical Class III marine gas-sand, a Class I
tight gas-sand, and a Class II oil-bearing sand in thin sand-mud
interbedded layers. Although the crossplots of EI against acous-
tic impedance (AI) showed visually similar characteristics for a
gas-sand as that of RI, based on the linear/quadratic discrimina-
tion analysis, RI appeared to be more applicable than EI for
characterizing gas sands, especially tight gas sands. ~RI, esti-
mated from EI, had a comparable value range to the AI, and
retained the interpretation ability of the original RI. Application
on real seismic data showed that existing EI inversion results
could be improved straightforwardly by means of the introduced
transformation.

INTRODUCTION

Seismic impedance is an intrinsic physical property of subsurface
media. The acoustic impedance (AI) is expressed as the product of
bulk density and P-wave velocity

AIi ¼ αi ρi; (1)

where i refers to the ith medium layer, αi and ρi are the P-wave
velocity and the density of the layer. It is related to the P-wave nor-
mal incidence reflection by

Rið0Þ ¼
AIiþ1 − AIi
AIiþ1 þ AIi

≈
1

2
ln

AIiþ1

AIi
. (2)

As a generalization of AI, the elastic impedance (EI) is defined to
delineate the medium property of the reflection from nonnormal P-
wave incidence (Connolly, 1999)

EIi ¼ αi ρiðαtan2θi β−8K sin2 θ
i ρ−4K sin2 θ

i Þ; (3)

where βi is S-wave velocity of the medium layer, θ is the average
angle of the incidence angle θi, and the emanating/transmission
angle (θiþ1 or θe), and K ¼ β2∕α2 is assumed to be constant in
the EI definition.
Elastic impedance inversion has been applied successfully in

many cases to characterize the hydrocarbon reservoir (Connolly,
1999; Avseth, 2005). EI inversion is also favored by the industry
because, given an angle of incidence, it can be performed on
prestack seismic data similarly to the poststack AI inversion.
A practical limitation of EI is that its value range varies drama-

tically with the angle of incidence. This range variability problem
could cause a difficulty in using EI for reservoir characterization. A
normalized form of EI is proposed in Whitcombe (2002) to solve
the range variability problem
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EInormi ðθÞ ¼ αi ρi

��
αi
α0

�
tan2 θ

�
βi
β0

�
−8K sin2 θ

�
ρi
ρ0

�
−4K sin2 θ

�
;

(4)

where α0, β0, and ρ0 are the reference values for the subsurface
interval of interest.
The ray impedance (RI) is defined along a seismic wave propa-

gation ray path honoring Snell’s law. It not only includes the P- to
S-wave conversion, but also considers the P-wave transmission. In
this sense, it is a generalization of the elastic impedance, and repre-
sents the physical properties of continuous subsurface media. At the
ith interface, the ray impedance is defined by (Wang, 2003)

RIiðpðθiÞÞ ¼
αiρiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2i p

2
p ð1 − β2i p

2Þ2ðrþ2Þ

¼ αiρi
cos θi

�
1 −

β2i
α2i

sin2 θi

�
2ðrþ2Þ

; (5)

where p ¼ sin θi∕αi is the ray parameter or horizontal slowness,
and r ¼ ðΔρ∕ρÞ∕ðΔβ∕βÞ is assumed to be constant, with Δρ
and Δβ as the different values of density and S-wave velocity across
the interface, respectively. This definition is derived based on
Wang’s (1999) quadratic approximation of the reflection coeffi-
cient. A similar impedance definition in the ray-parameter domain
is proposed by Santos and Tygel (2004) based on Aki and Richards
(1980) linearized approximation, and VerWest (2004) based on
Bortfeld’s (1961) approximation.
In this paper, we first evaluate the derivation and interpretation

capability of the elastic impedance and the ray impedance using
three single-interface models. Parameters of each model are
extracted from the real logs having their respective reservoir type
(Table 1). We show that at the precritical angle, elastic impedance
has generally a good accuracy in representing the reflection coeffi-
cient, from which it is derived. The ray impedance can approximate
the reflectivity not only at the precritical angle, but also at the post-
critical angle, because it considers the incident and transmission an-
gles of an adjacent subsurface interface. EI and RI lead to a similar
interpretation of a hydrocarbon-bearing sand over the range of small
and middle angles of incidence; while at a wide incident angle, the
ray impedance is a better approximation than elastic impedance.
The significantly varying value range of EI creates inconvenience
in displaying EI and AI logs simultaneously; therefore EI usually
needs to be normalized (Whitcombe, 2002). Furthermore, because
of this property, nonnormalized EI with inaccurate values of

K produce very different results from that with K in true value,
not only in the absolute values, but also in the contrast between
neighboring EI samples. Evaluations show that, compared with
the RI function (equation 5), EI function (equation 3) is more sen-
sitive to errors from their respective parameter that assumed to be
constant.
Instead of comparing the elastic impedance with the ray impe-

dance, we introduce an analytic formula by which RI can be directly
estimated from EI, or vice versa. The physical meaning of the ori-
ginal impedance approximations remains during this transforma-
tion. Estimation of RI from EI by means of this formula acts as
an appropriate normalization of EI. The new proposed ray impe-
dance estimate ( ~RI) retains the advantages of EI and RI: high ac-
curacy in representing the reflectivity and good interpretation
capability. Finally, we calculate these three impedance quantities
for the log data from three types of reservoirs, and compare their
properties. The introduced equation shows its practical value by
straightforwardly improving the EI inversion result .

DERIVATION OF ELASTIC AND RAY IMPEDANCE

At the ith interface, the PP-wave reflection coefficients at the an-
gle of incidence θ can be expressed in a recursive form of the elastic
impedance above and below the interface by

RiðθÞ ¼
EIiþ1ðθÞ − EIiðθÞ
EIiþ1ðθÞ þ EIiðθÞ

≈
1

2
ln

EIiþ1ðθÞ
EIiðθÞ

. (6)

The elastic impedance could be derived based on equation 6, if
the well-known linearized form of the Zoeppritz equations is used
(Appendix A)

RLðiÞðθÞ ≈
1

2
ð1þ tan2 θÞΔα

α
− 4

β2

α2
sin2 θ

Δβ
β

þ
�
1

2
− 2

β2

α2
sin2θ

�
Δρ
ρ

; (7)

where α, β, and ρ are average value of P-wave velocity, S-wave
velocity, and density of two adjacent medium layers; Δα, Δβ,
andΔρ are the difference value of the three elastic parameters across
the interface; θ is the average angle defined above (θ ≈ θi).
The derivation of EI is based on two well-known assumptions.

The first assumption is that the average angle θ is constant, implying
that the impedance contrast of media above and below the interface
is small; thus the angle change across is negligible. The derivation
of EI also assumes that parameter K ¼ β2∕α2 is constant. EI is

Table 1. Parameters of three single-interface models.

VP (km/s) VS (km/s) Density (km/s) * (g/cc)

Model 1 (Typical Class III gas-sand) Upper 2.886 1.016 2.271

Lower 2.548 1.366 2.031

Model 2 (Tight Class I gas-sand) Upper 4.316 2.437 2.65

Lower 5.3357 3.0 2.48

Model 3 (Oil-bearing sand in thin sand-mud interbeded layers) Upper 4.054 1.995 2.4

Lower 4.777 2.817 2.269
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sensitive to inaccurate values of K, a correction procedure is nor-
mally required after the estimation of EI (Connolly, 1999). In prac-
tice, the optimum approximation of K is estimated over a target
interval with limited time/depth instead of the entire sample series.
Based on the linearized quadratic approximation of reflection

coefficients in the ray-parameter domain (Wang, 1999)

RLQðiÞðpÞ ¼ Rf − 2
Δμ
ρ

p2; (8)

the ray impedance (equation 4) is derived using the following ex-
pression (Appendix B)

RLQðiÞðpÞ ¼
RIiþ1 − RIi
RIiþ1 þ RIi

≈
1

2
ln

RIiþ1

RIi
; (9)

where the P-wave-dependent reflection coefficient Rf is Rf ¼
ρiþ1qαðiÞ−ρiqαðiþ1Þ
ρiþ1qαðiÞþρiqαðiþ1Þ

, with qαðiÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
α2i
− p2

q
and qαðiþ1Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

α2iþ1

− p2
q

are the P-wave vertical slownesses; qα and qβ represent average
P-wave and S-wave vertical slownesses, respectively; and
Δμ ¼ ρiþ1 β

2
iþ1 − ρi β

2
i is the contrast in shear modulus.

Because the ray-parameter is constant at different depths along
the wave propagation path, RI can be used to describe the contin-
uous subsurface media over an arbitrary depth interval, even at a
postcritical angle. The parameter r ¼ ðΔρ∕ρÞ∕ðΔβ∕βÞ is assumed
to be constant, and can be adjusted for different ratios of density
contrast to shear-wave velocity contrast. In fact, RI is almost inac-
curate with values of r; beside, RI of larger ray parameters generally
gives better discrimination of hydrocarbon reservoir from surround-
ing rocks, and it has little range difference from the RI with smaller
ray parameters or AI (Zhang, 2010).
To compare the accuracy of EI and RI in representing the reflec-

tion coefficients, we plot different forms of approximation for the
PP-wave reflection coefficients at the angle of incidence from 0° to
70° in Figure 1. Three single-interface models are built using well
log data from different types of reservoirs (Table 1). The linearized
approximations (equations 7 and 8) have very similar accuracy for
the three models at precritical angle. Equation 7 fails to represent
the reflectivity in the regions of critical and postcritical angles for
Models 2 and 3. The reflectivity calculated from EI (equation 8)
agrees well with its original linearized approximation for three mod-
els because the derivation of EI is not compromised much on the
accuracy of the reflectivity (Appendix A). Although the reflectivity
approximated by RI (equation 9) follows the general behavior of the
exact Zoeppritz curve even in the region of postcritical angle, it
shows deviation from its original approximation at a large angle
of incidence.

EVALUATIONOF ELASTIC ANDRAY IMPEDANCE
IN INTERPRETATION

To evaluate the interpretation ability of the elastic impedance, EI
curves of three models are generated within angle of incidence
from 0° to 50° (Figure 2). Different types of curves indicate EI
with different values of K for the overburden shale layer and lower
sand layer. In Model 1 because the difference between EI curves
increases with angle, elastic impedance provides generally good
discrimination of sand from shale. However, even with an opti-
mum K, EIs at large angles show very different performance from

Figure 1. Comparison of different approximations of reflection
coefficients (AVO) for three models: (a) Model 1: Typical marine
Class III gas-sand; (b) Model 2: Tight Class I gas-sand; and (c)
Model 3: Thin sand-mud interbedded layers (oil-bearing sand).
The black curves represent the reflection coefficients from the exact
Zoeppritz equations. The solid green and blue lines represent the
linearized approximations from equations 7 and 8, respectively;
the dotted green and blue lines, respectively, show the approxima-
tions derived from EI (equation 3) and RI (equation 5). The dotted
green curves coincide with the solid green curves in three figures,
thus they are not discernable. The dotted/solid green curves also
coincide with the solid blue curves in (a).
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those at small and middle angles in Models 2 and 3: EIs decrease
gradually from 12 to 8 ðkm∕sÞ � ðg∕ccÞ when θ < 40°; but when
θ > 40°, EI values dramatically increase and reach up to
40 ðkm∕sÞ � ðg∕ccÞ when θ approaches 50°. Given different values
of K, EI curves vary significantly with each other, not only in their
values but also in their shape. Inaccurate K changes not only the
contrast between EIs of the two layers, but also the relative rela-
tionship between EI and AI (straight dotted lines). This could lead
to difficulties in discriminating a hydrocarbon-bearing sand from
a shale.
Based on the normalized form of EI in equation 4, if optimized

α0, β0, and ρ0 (average values of the elastic constants) are applied,
the range variability problem will be resolved efficiently, and
the normalized EI becomes less sensitive to an inaccurate K
(Figure 3a–3c). However, in Figure 4a–4c, when nonoptimized re-
ference measurements are used (variation at 10%), EIs perform dif-
ferently from the corresponding cases in Figure 3a–3c. In fact, this
estimation is sensitive to not only inaccurate values ofK but also the
normalization reference measurements (Figures 3 and 4). So opti-
mized reference measurements (α0, β0, and ρ0) are very important to
the accuracy of EInorm.
Ray impedance curves show gradually upward or downward

trends with the increase of the incidence angle (Figure 5a–5c),
so a normalization procedure is not necessary after RI is estimated.
RIs with different r deviate only slightly from each other. In other
words, an inaccurate r has little impact neither on the contrast
between RIs of upper and lower layers, nor on the relative relation-
ship between RI and AI. In Model 1, RI with a higher value of in-
cidence (ray-parameter) has a better discrimination of sand from
shale than that of smaller incident angle, because the difference be-
tween the RIs of shale and sand increases gradually with incident
angle (Figure 5a). In the case of Models 2 and 3, the difference
between RI and AI grows generally with the increase of incidence
angle. Therefore the crossplot of RI against AI is also capable of
indicating gas-sand.
Different ray impedance approximations are plotted in Figure 6a

to 6c. They are compared with each other in a zoomed scale. In
general, Santos and Tygel’s approximation has slightly larger
values, while VerWest’s approximation has slightly smaller value.
All of the three approximations show a similar behavior with an
increasing angle.
To sum up the above two sections, we now discuss the advan-

tages and disadvantages of elastic impedance and ray impedance.
The derivation of elastic impedance preserves certain accuracy of its
original reflectivity. Through a series of theoretical evaluations, we
show that EI can generally discriminate reservoir-bearing sand
when the incident is smaller than 40°, and the target of interest
is local. However, elastic impedance needs to be used carefully
because it is sensitive to the inaccurate values of K and its range
variability problem at large angle of incidence.
Except for a slight variation in impedance values, inaccurate

values of the parameter r have little impact on the performance
of ray impedance in characterizing hydrocarbon reservoir. Over
the wide range of the incidence angle, the ray impedance has a com-
parable value to AI, and RI with larger ray-parameters show gen-
erally better discrimination of sand from shale. Therefore, the ray
impedance is more applicable than elastic impedance for interpreta-
tion. A disadvantage of RI is that there is a compromise of accuracy
in representing reflectivity during the derivation of RI.

Figure 2. EI with different values ofK for (a) Model 1, (b) Model 2,
and (c) Model 3: Solid curves are EIs with the real value of K of
0.218, 0.317, and 0.297, respectively; while dotted curves are EIs
with inaccurate values of K, which are set to be 0.1 and 0.5 accord-
ing to the real values. AIs are plotted as the straight dotted lines. The
overburden shale layers and lower sand layers are represented in
blue and red, respectively.
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TRANSFORMATION FROM EI TO RI

RI, compared to EI, has more stable value range and insensitivity
to errors in the parameter r; however, it is still a new attribute to the
industry. Geophysicists have become accustomed to generating
seismic angle gathers using previously developed techniques. For

example, real angle-domain PP-wave CIP gathers can be produced
during prestack depth migration (Xu et al., 2001; Sava and Fomel,
2003). EI is then inverted from the seismic data within a range of
incident angles. Therefore, beside quantitative comparison of EI
with RI, it is meaningful to build a direct link; for example, a
quantitative transformation formula, between these two valuable

Figure 3. Normalized EI with different values of K for three mod-
els: (a-c) Optimally normalized EI with different values of K for
Model 1 (left), Model 2 (middle), and Model 3 (right).

Figure 4. Normalized EI with different values of K for three mod-
els: (a-c) Nonoptimally normalized EI with different values of K for
Model 1 (left), Model 2 (middle), and Model 3 (right).
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attributes, so that existing EI inversion results could be improved
straightforwardly by means of such a transformation.
We propose an analytic formula to estimate the ray impedance

from the elastic impedance. This estimated ray impedance is

denoted as ~RI, and represents a combination of the above two
attributes (EI and RI) which can be expressed in the form of a
normalization to EI.
In above sections, we showed that EIðθÞ and RIðpðθÞÞ have dif-

ferent performances in hydrocarbon-sand characterization, though

Figure 5. RI with different values of r for (a) Model 1, (b) Model 2,
and (c) Model 3. The real value of r is −0.155, −0.32, and −0.164,
respectively, which are calculated using the model parameters;
while the inaccurate values of r is set in a range according to
the real values.

Figure 6. Different forms of ray-impedances for (d) Model 1, (e)
Model 2, and (f) Model 3 are compared: Solid curves are ray im-
pedance in equation 5. Symbols○ and△ represents ray impedance
approximations in Santos and Tygel (2004) and VerWest (2004),
respectively.
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they are derived from the reflectivity with similar accuracy. Estima-
tion of RI from EI is not easy. It should fulfill two requirements:
first, the physical meaning of the original measurement (EI), for
example the angle domain must retain; second, the reflectivity cal-
culated using the new estimate should have an appropriate accuracy.
At the ith interface, we use a general expression to represent the

two forms of PP-wave reflection coefficients in equations 7 and 8

R ≈ Rf þ Rg ≈
1

2
ln

Ifðiþ1ÞIgðiþ1Þ
IfðiÞIgðiÞ

; (10)

where Rf and Rg are the P-wave dependent term and S-wave de-
pendent term, respectively; If and Ig are their respective impedance
term; Rf and Rg are also referred to as the fluid-fluid term and the
rigidity term in the pore-fluid substitution modeling (Hilterman,
2001). The first two approximations are

RfLðiÞ ¼
1

2

�
ð1þ tan2 θÞΔα

α
þ Δρ

ρ

�
≈
1

2
ln

EIfðiþ1Þ
EIfðiÞ

(11)

and

RfLQðiÞ ¼
ρiþ1qαðiÞ − ρiqαðiþ1Þ
ρiþ1qαðiÞ þ ρiqαðiþ1Þ

≈
1

2
ln

�
αiþ1ρiþ1

cos θiþ1

∕
αiρi
cos θi

�

≈
1

2
ln

RIfðiþ1Þ
RIfðiÞ

; (12)

respectively, where

EIfðiÞ ¼ α1þ tan2 θ
i ρi; (13)

and

RIfðiÞ ¼
αi ρi
cos θi

: (14)

Based on equations 13 and 14, estimation of ~RIfðiÞ from EIfðiÞ

seems to be straightforward ( ~RIfðiÞ ≈ EIfðiÞ
α−tan

2 θ
i
cos θi

). However, this

transformation is meaningful only if the reflectivities represented

by ~RIf and EIf (i.e., equations 11 and 12) have similar accuracy.
Using the equation B9 (see Appendix B)

tan
Δθ
2

≈
Δθ
2

≈
1

2
tan θ

Δα
α

;

we rewrite the fluid-fluid term in equation 12 as

RfLQðiÞ ≈
1

2

�
Δα
α

þ Δρ
ρ

þ Δ cos θ

cos θ

�

≈
1

2

�
Δα
α

þ Δρ
ρ

þ Δθ tan θ

�

≈
1

2

�
ð1þ tan2 θÞΔα

α
þ Δρ

ρ

�

¼ RfLðiÞ: (15)

Combining equations 11, 12, and 15, we have

1

2
ln

EIfðiþ1Þ
EIfðiÞ

≈
1

2
ln

RIfðiþ1Þ
RIfðiÞ

: (16)

Now, ~RIf could be estimated from EIf according with the expres-
sions 13 and 14

1

2
ln
EIfðiþ1Þ
EIfðiÞ

≈
1

2
ln

~RIfðiþ1Þ
~RIfðiÞ

≈
1

2
ln

�
EIfðiþ1Þα−tan

2 θ
iþ1

cos θiþ1

∕
EIfðiÞα−tan

2 θ
i

cos θi

�
.

(17)

Therefore, the fluid term of estimated ray impedance is indeed

~RIfðiÞ ≈ EIfðiÞ
α−tan

2 θ
i

cos θi
: (18)

In Figure 7, curves of RfL and RfLQ have nearly the same accu-
racy, Rf represented by RIf is very close to its original approxima-
tion, Rf represented by EIf has deviation from the other
reflectivites. However, the reflectivity curve derived from ~RIf
agrees with the Rf curve derived from EIf over the whole range
of angles of incidence.
The rigidity terms used to derive EI and RI are

RgLðiÞ ¼ −
1

2

�
8K sin2 θ

Δβ
β

þ 4K sin2 θ
Δρ
ρ

�

≈
1

2
ln
EIgðiþ1Þ
EIgðiÞ

; (19)

and

RgLQðiÞ ¼ −2
Δμ
ρ

p2 ≈
1

2
ln

RIgðiþ1Þ
RIgðiÞ

; (20)

with

EIgðiÞ ¼ β−8K sin2 θ
i ρ−4K sin2 θ

i (21)

and

RIgðiÞ ¼ cos4ðrþ2Þ φi: (22)

However, it is not appropriate to derive ~RIg in a method similar to
equation 16 because

1

2
ln

EIgðiþ1Þ
EIgðiÞ

≠
1

2
ln

RIgðiþ1Þ
RIgðiÞ

: (23)

This difference is caused by the assumption made in the derivation
of RgiðpðφiÞÞ (see Appendix B). To establish a comparable equa-
tion between equations 19 and 20, we first make an approximation
of RgLQ based on expression B4 by

Transformation from elastic to ray impedance M45
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RgLQðiÞ ≈
1

2
ln

RI 0gðiþ1Þ
RI 0gðiÞ

≈
1

2
ln

β−4 tan
2 φðrþ2Þ

iþ1

β−4 tan
2 φðrþ2Þ

i

. (24)

This approximation now has very similar accuracy to expressions 19

1

2
ln

EIgðiþ1Þ
EIgðiÞ

≈
1

2
ln

RI 0gðiþ1Þ
RI 0gðiÞ

. (25)

Combining expressions 21, 24, and 25, we have

1

2
ln

EIgðiþ1Þ
EIgðiÞ

≈
1

2
ln

~RIgðiþ1Þ
~RIgðiÞ

≈
1

2
ln

EIgðiþ1Þηiþ1

EIgðiÞηi
; (26)

with ηi ¼ cos4ðrþ2Þ φiβ
4 tan2 φðrþ2Þ
i representing the difference be-

tween RI 0gðiÞ and RIgðiÞ. The estimated ray impedance of rigidity is

~RIgðiÞ ≈ EIgðiÞηi. (27)

In Figure 8, the Rg curves represented by EIg and RIg have dif-
ferent deviations from the real Rg curves. The reflectivity derived
from ~RIg agrees with the Rg represented by EIg over the full range of
angles of incidence. Combining expressions 18 and 27, the esti-
mated ray impedance from elastic impedance is

~RIiðpðθiÞÞ ¼ ~RIfðiÞ · ~RIgðiÞ ≈ EIi
α−tan

2 θηi
cos θi

; (28)

where α is the average velocity of the section of interest,
ηi ¼ cos4ðrþ2Þ φiβ

4 tan2 φðrþ2Þ
i , φi is the angle of shear reflection at

the ith interface (sin φi ¼ βi
αi

sin θi). ~RIiðpðθiÞÞ represents the elas-
tic property of a medium within a certain depth/time interval. It is
based on the same physical property as EI, but has similar interpre-
tation capability to RI.
The analysis of this estimate is still performed in the angle do-

main using three single-interface models, to retain the physical
meaning of all three measurements. EI and RI are estimated with
the real value of parameters K and r, respectively. In Figure 9, after
the transformation from EI curves using expression 28, ~RI curves
have comparable value range to AI, and a similar variation as RI
curves with increasing incident angle. Therefore, the introduced for-
mula can be used as an approximate normalization of EI. Figure 10
compares the reflection coefficients approximated by EI, RI, and ~RI

with other approximations of Figure 1. The estimated ~RI does not
compromise the accuracy of original EI in approximating reflection
coefficients. The reflection coefficients calculated from ~RI

(Figure 10) agree well with that of EI over the range of precritical
angle for all three models, and thus show better accuracy than that
of original RI. In Models 2 and 3, the reflectivities represented by EI
deviate from the exact Zoeppritz equation and other approximations
in the regions of large angle of incidence (larger than 50°). However,
this defect is overcome by the estimation of new ~RI, whose reflec-
tion coefficients agree with exact ones even at the postcritical angle.

REAL LOG DATA ANALYSIS

We first use real log data for three different types of reservoirs to
evaluate the interpretation capability of elastic impedance and ray
impedance, and test the feasibility of estimating ~RI from EI.
Crossplots of EI, RI, and ~RI at large angles of incidence versus
AI are plotted for lithology discrimination. A linear/quadratic dis-
crimination analysis is applied to quantify the performance of the
crossplots using the three impedance approximations. The ~RI of a

Figure 7. Comparison of different forms of Rg curves for (a) Model
1, (b) Model 2, and (c) Model 3. Solid green and blue curves
represent the linearized approximations from equation 19 and
equation 20, respectively. The dotted green and blue lines, respec-
tively, show the approximations derived from EIg (equation 21 and
RIg (equation 22. Dashed red curves are the reflectivity derived
from ~RIg.
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real seismic section is estimated based on the inverted EI section for
the tight-sand gas reservoir, and is compared with the inverted RI.
Case 1: This reservoir formation is a traditional Class III gas-

sand (Avseth et al., 2005), which has high porosity (>25%) and
permeability. Figure 11 compares the logs of AI, EI, RI, and ~RI,
and the crossplots between three form elastic impedance and

acoustic impedance. The gamma ray log is used for lithology iden-
tification. In the crossplots, RI (250 ms∕km) and EI (49°) give a
similar characterization of lithology (Figure 11b and 11d). Both
of them show good discrimination of sand from shale. EI has a value

Figure 8. Comparison of RI, EI, and ~RI for (a) Model 1, (b) Model
2, and (c) Model 3: Solid curves are RI. Dashed curves represent EI
and ~RI, respectively. AIs are also plotted as the straight dotted lines.
The overburden shale layers and lower sand layers are blue and red,
respectively.

Figure 9. Comparison of RI, EI, and ~RI for (a) Model 1, (b) Model
2, and (c) Model 3: Solid curves are RI. Dashed curves represent EI
and ~RI, respectively. AIs are also plotted as the straight dotted lines.
The overburden shale layers and lower sand layers are blue and red,
respectively.
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range of three times that of RI; ~RI has a range comparable to RI and
AI. The transformation also retains the interpretation ability of
EI/RI: a clear view of sand can also be found in the crossplot of
~RI (Figure 11f). Based on the linear discrimination analysis
(Figure 9c, 9e, and 9f), the misclassification error rate of three cross-
plots is 24.9%, 31.0%, and 26.9%, respectively.
Case 2: This Class I gas-sand is an unconventional resource with

tight clastic sediments showing extremely low porosity (average
2.9%) and permeability (average 3.9 mD). In this case, sands are
mixed with shale and thus are difficult to be discriminated from
the surrounding shales. The ray impedance (150 ms∕km) shows
a better interpretation of the reservoir than the elastic impedance
(Figure 12b–12e). A quadratic discrimination analysis shows that
the misclassification error rate of using RI and EI is 19.2% and
27.7%, respectively. This performance is recovered by the estima-
tion of ~RI from elastic impedance (Figure 12f and 12g), with the
misclassification error rate of 22.5%.
Case 3: The last analysis is performed on a reservoir of multiple

thin oil-bearing sand layers (sand-mud interbedded layers). The
porosity and permeability are again low, ranging from 10.4% to
13.9% and from 0.06 mD to 14.7 mD, respectively. In this case,
although good discrimination of sand is found in the crossplots
of RI and EI against AI (with respective misclassification error rate
of 9% and 13.6%), EI has the value almost twice of that of RI. After
the transformation using equation 28, the ~RI then has a similar per-
formance (with misclassification error rate of 11.1%) and range of
value as the original RI.

APPLICATION ON REAL SEISMIC DATA

EI (49°) and RI ð150 ms∕kmÞ sections are inverted using the seis-
mic data from the tight-sand reservoir. The study area is in Western
Sichuan basin, southwest China, with the tight-sand gas deposits
buried at around 5000 m in depth. According to the petrophysical
analysis, the tight clastic sediments have extremely low porosity
and permeability: most of the sand groups have a porosity less than
3% and the permeability is in the range from 0.02 to 0.08 milli-
Darcy. The major productive reservoir types are pores or frac-
tures-plus-pores (Tang et al., 2008).
Among a series of Upper Triassic formations, the deepest

member encountered by drilling is TX2 (Gan et al., 2009), which
is the target of this study. It is a deposit of sand-mud alternating
delta facies at a depth from 4500 to 5300 m. This formation consists
of seven groups of gas-bearing sand layers. The variation of the
fluid properties does not lead to significant changes either in the
elastic parameters or in the seismic response. In fact, based on the
analysis of well logs, there is little impedance difference between
the sand and shale, which is a challenge to the seismic inversion.
We perform the ray impedance inversion in the following steps

(Lu and Wang, 2009): (1) Prestack time migration is applied to gen-
erate common image point (CIP) gathers; (2) Transforming CIP
gathers from the offset domain to the ray-parameter domain by ray
tracing; (3) Construction of constant ray parameter (CRP) profiles
with selected P-values; (4) Mixed-phase wavelet estimation using a
high-order statistic method on each CRP profile; (5) Performing
reflection coefficients inversion through a model-constrained
sparse-spike method; (6) Ray-impedances inversion from the reflec-
tivity profiles.
The well-tie result is shown in Figure 14. Corresponding

well logs and a related horizon are plotted on Figure 14 as well

Figure 10. Comparison of different forms of AVO curves for (a)
Model 1, (b) Model 2, and (c) Model 3. Black curves represent
the reflection coefficients from exact Zeoppritz equation. The solid
green and blue curves represent the linearized approximations from
equations 7 and 8, respectively; the dotted green and blue lines, re-
spectively, show the approximations calculated from EI (equation 3)
and RI (equation 5). Dashed red curves are the reflectivity repre-
sented by ~RI.
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as inverted sections in Figure 15. Compared with inverted EI, gas-
bearing sand layers in the RI section show clearer contrast from
surrounding rocks (higher impedance regions at well location)
and therefore can be more easily identified. This property is recov-
ered when we estimate the corresponding ~RI using equation 28. A

shear-wave model is estimated using simultaneous inversion
prior to this transformation. Regions with higher impedance
values are more distinct after this transformation. Beside, the values
of impedance are compressed within the range between
2–10 ðkm∕sÞ � ðg∕ccÞ.

Figure 11. (a) Comparison of AI with RI (270 ms∕km), EI (48°),
and ~RI (270 ms∕km) in case 1. (b, d, and f) Crossplots of RI
(270 ms∕km), EI (48°) and ~RI (270 ms∕km) against AI in case 1.
The color key represents the gamma ray log, with sands correspond-
ing to lower values. (c, e, and g) Results of linear discrimination
analysis for the crossplots. Hydrocarbon saturated sands with
and shales are classified, respectively, as blue and red sections based
on the gamma ray log with a threshold of 70API. The black line
shows the classification boundary between two lithologies. The
misclassification error rate of three crossplots is 19.2%, 27.7%,
and 22.5%, respectively.

Figure 12. (a) Comparison of AI with RI (150 ms∕km), EI (49°),
and ~RI (150 ms∕km) in case 2. (b, d, and f) Crossplots of RI
(150 ms∕km), EI (49°), and ~RI (150 ms∕km) against AI in case
2. The Color key represents the gamma ray log, with sands corre-
sponding to lower values. (c, e, and g) Results of quadratic discri-
mination analysis for the crossplots. Sand saturated with
hydrocarbons and shales are classified, respectively, as blue and
red section based on the gamma ray log with a threshold of
70API. The black circle shows the boundary equation of two sec-
tions. The misclassification error rate of three crossplots is 24.9%,
31.0%, and 26.9%, respectively.
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DISCUSSIONS

The elastic impedance and ray impedance represent elastic prop-
erties for subsurface media along different paths. The elastic im-
pedance assumes a constant angle of incidence, whereas the ray
impedance is defined along the wave propagation ray path, con-
sidering various angles. Although Aki and Richards’ well-known

approximation of the reflection coefficient (equation 7) is limited
to represent the subsurface property at very wide angles of inci-
dence, good accuracy of approximating this reflectivity is pre-
served in the derivation of EI, which is able to discriminate a
typical Class III gas-sand from surrounding rocks. Theoretical ana-
lysis shows that at small or middle angles of incidence, an EI curve
has variation similar to RI within the local depth interval. EI with-
out normalization has a dramatically varying value at large angles
of incidence, but large variation in the values alone is not a

Figure 13. (a) Comparison of AI with RI (170 ms∕km), EI (46°),
and ~RI (170 ms∕km) in case 3. (b, d, and f) Crossplots of RI
(170 ms∕km), EI (46°), and ~RI (170 ms∕km) against AI in case
3. The color key represents the gamma ray log, with sands corre-
sponding to lower values. (c, e, and g) Results of quadratic discri-
mination analysis for the crossplots. Hydrocarbon saturated sand
and shales are classified, respectively, as blue and red section based
on the gamma ray log with a threshold of 65API. The black line
shows the boundary equation of two sections. The misclassification
error rate of three crossplots is 9%, 13.6%, and 11.1%, respectively.

Figure 15. Inverted section of (a) RI (150 ms∕km), (b) EI (49°) and
(c) ~RI (150 ms∕km) for the reservoir in case 2. (d) Shear-wave ve-
locity model used for transformation. At the well location, the in-
verted traces (blue curves) are compared with their corresponding
logs (black curves).

Figure 14. Calibration result of well logs and seismic data. Six
curves in red are the well logs of acoustic impedance, P-wave ve-
locity, S-wave velocity, density, porosity, and gamma ray. Traces in
blue are five repetitive synthetic traces generated using the well logs
and wavelet estimates. Traces in red are five repetitive seismic traces
(black) at the well location.
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problem, especially for the lithology interpretation using cross-
plots. However, due to the significant varying value range, inac-
curate values of K have a great influence on the absolute values of
EI. They change not only the relative relationship between EIs of
different subsurface layers but also the contrast between EI and AI.
Therefore, certain correction procedures (optimization of K and
normalization of EI) are necessary when EI is used in reservoir
characterization. Ray impedance can be used to describe contin-
uous media within an arbitrary interval. Because of its stable value
range and nonsensitivity to errors, ray impedance is more applic-
able than elastic impedance for reservoir characterization.
In the evaluation of the crossplots of three attributes, the linear/

quadratic discrimination analysis needs a gamma ray threshold,
which can be set according to the lithology interpretation. Although
the misclassification error rate depends on the threshold, a different
threshold does not change the relative error rate of the crossplots
among three attributes. The introduced ~RI shows good accuracy
in representing reflectivities and retains similar interpretation cap-
ability of original RI. However, in practice, the transformation of ~RI

from EI requires a background shear-wave velocity model. The
model can be built by the extrapolation of the low-pass filtering well
log along the horizons, or inverted from seismic data. The simulta-
neous inversion is now a routine technique, which provides more
accurate results updated from the smooth initial model. In the ap-
plication of real data, we use five PP-wave seismic sections with
constant ray parameters to estimate the P-wave velocity, S-wave
velocity, and density, simultaneously.

CONCLUSIONS

In this paper, beside the evaluation of the merits and drawbacks of
conventional EI and RI, we propose a new measurement ~RI esti-
mated from EI by overcoming the disadvantages of EI and RI.
The introduced ~RI has more appropriate accuracy in approximating
reflectivity than EI and RI. ~RI also solves the range variability pro-
blem of original EI and has a similar good performance of interpre-
tation as the RI. In this sense, the introduced ~RI can be used as an
appropriate normalization of EI.
In the application of well log data, although crossplots of EI

against AI show visually similar performance as those of ray
impedance (RI), larger misclassification error rates are found in
the linear/quadratic discrimination analysis. ~RI estimated from EI
has improved discrimination capabilities of lithologies compared
to original EI. The transformation from EI to RI also acts as normal-
ization. Finally, we estimate the ~RI from the inverted EI section for
the tight-sand gas reservoir. A shear-wave model is estimated prior
to this transformation. The inverted result is improved during this
transformation because the gas-bearing sand layers with higher
impedance values in the new RI section can be more easily identi-
fied. Therefore, in practice, estimation of ~RI from existing EI by
means of the introduced transformation could straightforwardly
improve the inversion result.
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APPENDIX A

CONVENTIONAL ELASTIC IMPEDANCE

The definition of the elastic impedance was proposed by
Connolly (1999). At the ith interface, the linearized approximation
for PP-wave reflection coefficients (Aki and Richards, 1980) is

RLðiÞðθÞ ≈
1

2
ð1þ tan2 θÞΔα

α
− 4

β2

α2
sin2 θ

Δβ
β

þ
�
1

2
− 2

β2

α2
sin2 θ

�
Δρ
ρ

; (A-1)

where α ¼ α2þα1
2

, β ¼ β2þβ1
2

, ρ ¼ ρ2þρ1
2

, Δα ¼ α2 − α1,
Δβ ¼ β2 − β1, and Δρ ¼ ρ2 − ρ1. The reflectivity is defined in
the recursive form in Connolly (1999)

RLðiÞðθÞ ¼
EIiþ1ðθÞ − EIiðθÞ
EIiþ1ðθÞ þ EIiðθÞ

≈
1

2
ln

EIiþ1ðθÞ
EIiðθÞ

; (A-2)

where EIi and EIiþ1 are the elastic impedance above and below the
interface, respectively. Equation A1 can be expressed as

RLðiÞðθÞ ≈
1

2
ln

α1þtan2 θ
iþ1 β−8K sin2θ

iþ1 ρ1−4K sin2 θ
iþ1

α1þtan2 θ
i β−8K sin2θ

i ρ1−4K sin2 θ
i

; (A-3)

with Δα
α ≈ ln

αiþ1

αi
, Δβ

β ≈ ln
βiþ1

βi
, Δρ

ρ ≈ ln
ρiþ1

ρi
, and K ¼ β2∕α2. It

is possible to represent RLðiÞðθÞ recursively, only if θi ≈ θ is con-
stant, and K is constant. Therefore the angle-dependent elastic
impedance is

EIi ¼ αi ρiðαtan2 θi β−8K sin2 θ
i ρ−4K sin2 θ

i Þ. (A-4)

APPENDIX B

DERIVATION OF RAY IMPEDANCE

This appendix is referenced from Wang (2003), and presented
here for the sake of completeness of this current paper. The ray im-
pedance can be derived from the linearized form of quadratic reflec-
tivity (Wang, 1999)

RLQðpÞ ≈ Rf − 2
Δμ
ρ

p2; (B-1)

where Rf is the fluid-fluid term determined by the acoustic impe-
dance along the wave propagation ray path. At the ith interface,
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RfiðpðθiÞÞ ¼
ρiþ1qαi − ρiqαðiþ1Þ
ρiþ1qαi þ ρiqαðiþ1Þ

¼ 1

2
ln

�
αiþ1ρiþ1

cos θiþ1

∕
αiρi
cos θi

�
; (B-2)

where qαðiÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1∕α2i − p2

p
and qαðiþ1Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1∕a2iþ1 − p2

q
are the

P-wave vertical slownesses. The rigidity term is

RgiðpðφiÞÞ ¼ −2
Δμ
ρ

p2 ≈ −2
�
Δρ
ρ

þ 2
Δβ
β

�
sin2 φ; (B-3)

where φi is the angle of conversion at the ith interface, φ is the
average angle of conversion above and below the interface
Δμ ¼ ρiþ1β

2
iþ1 − ρiβ

2
i ≈ β2Δρþ 2ρβΔ β and p ¼ sinφ∕β. Assum-

ing Δρ
ρ ≈ r Δβ

β and the conversion angles are smaller than 30°, the

above expression is modified to

RgiðpðφiÞÞ ≈ −2ðrþ 2ÞΔβ
β

tan φ2: (B-4)

If using the second order Taylor’s series expansions to approximate
Snell’s law

αi
αiþ1

¼ sin θi
sin θiþ1

; (B-5)

we have

αi
αiþ1

≈ 1 −
Δα
α

þ 1

2

�
Δα
α

�
2

; (B-6)

and

sin θi
sin θiþ1

≈ 1 − 2
Δ sin θ

sin θ
þ 2

�
Δ sin θ

sin θ

�
2

¼ 1 − 2
tan Δθ

2

tan θ
þ 2

�
tan Δθ

2

tan θ

�
2

; (B-7)

where θ ¼ θiþ1þθi
2

and Δθ ¼ θiþ1 − θi. A quadratic equation is built
by combining equations B5, B6, and B7

�
tan Δθ

2

tan θ

�
2

−
tan Δθ

2

tan θ
þ 1

2

Δα
α

−
1

4

�
Δα
α

�
2

≈ 0: (B-8)

One of the solutions of the above equation is

tan
Δθ
2

≈
1

2
tan θ

Δα
α

: (B-9)

Following Snell’s law, θ and α can be substituted, respectively, by φ
and β

tan
Δφ
2

≈
Δφ
2

≈
1

2
tan φ

Δβ
β

: (B-10)

The rigidity term is derived by

RgiðpðφiÞÞ ≈ −2ðrþ 2ÞΔφ tan φ ≈ 2ðrþ 2ÞΔ cos φ

cos φ

≈
1

2
ln

cos4ðrþ2Þ φiþ1

cos4ðrþ2Þ φi
;

(B-11)

where φ ¼ φiþ1þφi
2

and Δφ ¼ φiþ1 − φi. The reflectivity at the ith
interface is now expressed as

Rgiðpðθi;φiÞÞ ≈
1

2
ln

RIiþ1ðθiþ1;φiþ1Þ
RIiðθi;φiÞ

¼ 1

2
ln

�
αiþ1ρiþ1 cos

4ðrþ2Þ φiþ1

cos θiþ1

∕
αiρi cos

4ðrþ2Þ φi

cos θi

�
.

(B-12)

Therefore, the ray impedance is defined as (Wang, 2003)

RIiðθi;φiÞ ¼
αi ρi cos

4ðrþ2Þ φi

cos θi
. (B-13)

REFERENCES

Aki, K., and P. G. Richards, 1980, Quantitative seismology: Theory and
methods: W. H. Freeman.

Avseth, P., T. Mukerji, and G. Mavko, 2005, Quantitative seismic interpre-
tation: Cambridge University Press.

Bortfeld, R., 1961, Approximation to the reflection and transmission
coefficients of plane longitudinal and transverse waves: Geophysical
Prospecting, 9, 485–502, doi: 10.1111/gpr.1961.9.issue-4.

Connolly, P., 1999, Elastic impedance: The Leading Edge, 18, 438–452, doi:
10.1190/1.1438307.

Gan, Q., D. Xu, J. Tang, and Y. H. Wang, 2009, Seismic resolution enhance-
ment for tight-sand gas reservoir characterization: Journal of Geophysics
and Engineering, 6, 21–28, doi: 10.1088/1742-2132/6/1/002.

Hilterman, F. J., 2001, Seismic amplitude interpretation: 2001 distinguished
instructor short course, No. 4, SEG.

Lu, X., and Y. Wang, 2009, Elastic parameters inversion through ray impe-
dance: 71st Annual International Conference and Exhibition, EAGE, Ex-
tended Abstracts, S023.

Rutherford, S. R., and R. H. Williams, 1989, Amplitude-versus-offset var-
iations in gas sands: Geophysics, 54, 680–688, doi: 10.1190/1.1442696.

Santos, L. T., and M. Tygel, 2004, Impedance-type approximations of the
P-P elastic reflection coefficients: Modeling and AVO inversion: Geophy-
sics, 69, 592–598, doi: 10.1190/1.1707079.

Sava, P. C., and S. Fomel, 2003, Angle-domain common-image gathers by
wavefield continuation methods: Geophysics, 68, 1065–1074, doi: 10
.1190/1.1581078.

Tang, J., et al., 2008, PP and PS seismic response from fractured tight gas
reservoirs: A case study: Journal of Geophysics and Engineering, 5, 92–
102, doi: 10.1088/1742-2132/5/1/010.

VerWest, B., 2004, Elastic impedance revisited: 66th Annual International
Conference and Exhibition, EAGE, Extended Abstracts, P342.

Wang, Y., 1999, Approximations to the Zoeppritz equations and their use in
AVO analysis: Geophysics, 64, 1920–1927, doi: 10.1190/1.1444698.

Wang, Y., 2003, Seismic amplitude inversion in reflection tomography: Else-
vier.

Whitcombe, D. N., 2002, Elastic impedance normalization: Geophysics, 67,
60–62, doi: 10.1190/1.1451331.

Xu, S., H. Chauris, G. Lambare, and M. Noble, 2001, Common-angle mi-
gration: A strategy for imaging complex media: Geophysics, 66, 1877–
1894, doi: 10.1190/1.1487131.

Zhang, F., 2010, Joint inversion of seismic PP- and PS-waves in the ray
parameter domain: Ph.D. thesis, Imperial College London.

M52 Zhang et al.

Downloaded 17 Aug 2012 to 155.198.98.25. Redistribution subject to SEG license or copyright; see Terms of Use at http://segdl.org/

http://dx.doi.org/10.1111/gpr.1961.9.issue-4
http://dx.doi.org/10.1111/gpr.1961.9.issue-4
http://dx.doi.org/10.1111/gpr.1961.9.issue-4
http://dx.doi.org/10.1111/gpr.1961.9.issue-4
http://dx.doi.org/10.1111/gpr.1961.9.issue-4
http://dx.doi.org/10.1190/1.1438307
http://dx.doi.org/10.1190/1.1438307
http://dx.doi.org/10.1190/1.1438307
http://dx.doi.org/10.1088/1742-2132/6/1/002
http://dx.doi.org/10.1088/1742-2132/6/1/002
http://dx.doi.org/10.1190/1.1442696
http://dx.doi.org/10.1190/1.1442696
http://dx.doi.org/10.1190/1.1442696
http://dx.doi.org/10.1190/1.1707079
http://dx.doi.org/10.1190/1.1707079
http://dx.doi.org/10.1190/1.1707079
10.1190/1.1581078
10.1190/1.1581078
10.1190/1.1581078
http://dx.doi.org/10.1088/1742-2132/5/1/010
http://dx.doi.org/10.1088/1742-2132/5/1/010
http://dx.doi.org/10.1190/1.1444698
http://dx.doi.org/10.1190/1.1444698
http://dx.doi.org/10.1190/1.1444698
http://dx.doi.org/10.1190/1.1451331
http://dx.doi.org/10.1190/1.1451331
http://dx.doi.org/10.1190/1.1451331
http://dx.doi.org/10.1190/1.1487131
http://dx.doi.org/10.1190/1.1487131
http://dx.doi.org/10.1190/1.1487131

