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ABSTRA CT

Existing anisotropic parameter-estimation algorithms that operate with long-
o�set data are basedon the inversion of either nonhyperbolic moveout or wide-
angle AVO response. Here, we show that valuable information about high-
velocity anisotropic reservoirs can also be provided by the critical angle of
re
ected waves.
To explain the behavior of the critical angle, we develop weak-anisotropy ap-
proximations for vertical transverseisotropy and then useTsvankin's notation
to extend them to azimuthally anisotropic models of orthorhombic symmetry.
The critical angle of P-waves in orthorhombic media strongly depends on the
parameters � (1) and � (2) responsible for the symmetry-plane horizontal veloci-
ties in the high-velocity layer. The azimuthal variation of the critical angle for
typical orthorhombic models can reach 6{7 � , which translates into substantial
changesin the critical o�set of the re
ected P-wave. The main diagnostic fea-
tures of the critical-angle re
ection employed in our method include the rapid
increaseof the re
ection amplitude at the critical angle and the subsequent
separation of the head wave.
Analysis of synthetic seismogramsgeneratedwith the re
ectivit y method con-
�rms that the azimuthal variation of the critical o�set is detectable on wide-
azimuth, long-spreaddata and can be qualitativ ely described by our linearized
equations. However, this test also shows that estimation of the critical o�set
from the amplitude curve of the re
ected wave is not straightforward. Addi-
tional complications may be causedby errors in computing the critical angle
at the target from the measuredcritical o�set and by the overburden noise
train. Still, the azimuthally varying critical angle should help to constrain the
dominant fracture directions in high-velocity reservoirs. Also, critical-angle re-

ectometry can be combined with other methods to reduce the uncertainty in
anisotropic parameter estimates.

Key words: critical angle, wide-angledata, azimuthal anisotropy, transverse
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1 INTR ODUCTION

It is now widely accepted in the petroleum industry
that most subsurface formations are anisotropic with
respect to seismic wave propagation. Estimation of the
relevant anisotropy parameters required to build reliable
velocity models, however, remains a challenging and of-

ten ill-p osed problem (e.g., Tsvankin, 2005; Tsvankin
and Grechka, 2006). Long-o�set re
ection data play an
important role in anisotropic velocity analysis because
they are recorded for a wide range of angles with the
vertical.

In particular, inversion of P-wave nonhyperbolic
(long-spread) moveout for VTI (transv ersely isotropic
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with a vertical symmetry axis) media is often used
to estimate the anellipticit y parameter � , which con-
trols time processing of P-wave data (Alkhalifah and
Tsvankin, 1995;Alkhalifah, 1997;Tsvankin, 2005). Non-
hyperbolic moveout analysis has also been extended to
more complicated, azimuthally anisotropic media com-
posedof orthorhom bic layers (Pech and Tsvankin, 2004;
Vasconcelosand Tsvankin, 2004). However, despite a
number of generally successfulcasestudies (e.g., Toldi et
al., 1999), nonhyperbolic moveout inversion is hampered
by the trade-o� between the normal-moveout (NMO)
velocity and the quartic moveout coe�cien t. Even rela-
tiv ely low levels of correlated noise can create substan-
tial uncertainty in the estimation of the parameter �
in VTI media or the corresponding anellipticit y param-
eters of orthorhom bic media (Grechka and Tsvankin,
1998). On the whole, while nonhyperbolic moveout in-
version can help in constraining velocity models for time
processing, its application in reservoir characterization
is much more problematic.

Another shortcoming of traveltime-inversion meth-
ods is their low vertical resolution, especially for
relativ ely deep reservoirs. Higher resolution can be
achieved by amplitude-v aration-with-o�set (AVO) anal-
ysis, which provides information about the local elas-
tic properties at the reservoir level. For azimuthally
anisotropic models that decribe naturally fractured
reservoirs, the azimuthal variation of the AVO response
is used to estimate the fracture orientation and identify
areas of intense fracturing (R•uger, 2001; Gray et al.,
2002;Hall and Kendall, 2003). Most existing AVO algo-
rithms operate with the AVO gradient estimated from
conventional-spread re
ection data. Although including
longer o�sets signi�can tly reducesthe ambiguit y of the
amplitude inversion, especially for multicomp onent data
(J��lek, 2002), wide-angle AVO analysis is not yet com-
mon (Pankhurst et al., 2002). Even when the o�set-to-
depth ratio is su�cien t to constrain the large-angleAVO
terms, the low data qualit y and phase changes at long
o�sets cause serious complications for accurate ampli-
tude picking.

Here, we suggest another way of employing long-
o�set data in anisotropic parameter estimation. The P-
wave velocity in many hydrocarbon reservoirs is higher
than that in the cap rock, which leads to critical and
post-critical re
ections in the recorded o�set range.
Landr� et al. (2004) proposed to measure the shift in
the critical angle or o�set observed on time-lapse data
to monitor production in hydrocarbon reservoirs. If ei-
ther the cap or reservoir layer is azimuthally anisotropic,
the critical angle and the corresponding critical o�set
vary with azimuth. For 3D data with good coverage in
azimuth and o�set, the azimuthal variation of the crit-
ical angle can be used to identify the vertical symme-
try planes of the model and constrain the anisotropy
parameters. In contrast to AVO analysis, this method
does not require accurate amplitude measurements for

a wide range of o�sets becausethe critical angle can
be estimated from the point of the fastest amplitude
increase.

We begin by brie
y intro ducing ultrasonic critical-
angle re
ectometry based on laboratory measurements
of the critical angle in various materials. Then we derive
a concise weak-anisotropy approximation for the criti-
cal angle in VTI media and generalize this result for
orthorhom bic models often used to describe naturally
fractured reservoirs. The analytic results help to iden-
tify the parameter combinations constrained by critical-
angle measurements. To evaluate the feasibilit y of esti-
mating the critical angle for orthorhom bic media, we
compute full-w aveform synthetic seismogramsusing the
re
ectivit y method. Finally , we discuss practical issues
related to �eld-data application of the method.

2 UL TRASONIC CRITICAL-ANGLE
REFLECTOMETR Y

This paper extends to seismology the idea of the well-
established method of ultrasonic measurements called
\ultrasonic critical-angle re
ectometry ." The method is
based on measuring the critical angle as function of
azumuth in human bones, some composite materials,
etc. (An tic and Mehta, 1997). The shift of the critical
angle with azimuth is then inverted for the pertinent
anisotropy parameters. Critical-angle re
ectometry has
become industry standard for a wide range of applica-
tions.

Although post-critical re
ections are well-
documented in seismological literature, implemetation
of quantitativ e critical-angle re
ectometry is not
straightforw ard. First, many target horizons are lo-
cated at signi�can t depths and overlaid by a complex
sequence of sedimentary layers. Multiple re
ections
and mode conversions in the overburden can create
interference with the critical-angle event from the top
or bottom of the reservoir. Second,the method requires
a velocity increase at the target interface, which is
not always the casefor hydrocarbon reservoirs. Third,
wide-azimuth data, which are needed to reconstruct
the azimuthal variation of the critical angle, are
routinely acquired only in OBC (ocean-bottom-cable)
multicomp onent surveys. Marine streamer data sets
have narrow azimuthal coverage, while full-azim uth
land data seldom include su�cien tly long o�sets.

Still, under favorable circumstances the critical an-
gle can be detected on long-o�set seismicdata. Figure 1
displays a raw seismic gather that contains an inter-
pretable re
ection from an interface with a large positive
velocity contrast. Despite the interference with noise
and overburden events, this re
ection can be identi�ed
for o�sets up to about 4.5 km. The interfering arriv als
can be suppressedby standard F-K �ltering (Figure 2).
Then, amplitude analysis can be used to identify the
point of the fastest amplitude increasecorresponding to
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Figure 1. Common-receiver �eld gather of the vertical displacement component. The arrow marks a re
ection from the top of
a high-v elocit y layer.

Figure 2. Gather from Figure 1 after application of F-K �ltering designed to attenuate overburden noise. The target event
mark ed in Figure 1 is clearly visible between 1500 m and 4500 m.
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Figure 3. Estimated RMS amplitude of the target event from Figures 1 and 2 computed in a 50 ms window after F-K �ltering.
The o�set of the fastest amplitude increase, which we interpret as corresponding to the critical-angle re
ection, is near the 4 km
mark. The windowed section on the bottom shows the 
attened target event.

the critical o�set (see below), which is close to 4 km
(Figure 3). This value is in good agreement with an in-
dependent prediction of the critical o�set made using
borehole data (well logs) from the area. This casestudy
supports the feasibilit y of critical-angle re
ectometry in
the presenceof a signi�can t velocity contrast at the tar-
get level.

3 CRITICAL ANGLE FOR VTI AND
OR THORHOMBIC MEDIA

We consider a plane P-wave incident upon a horizontal
interface that separates two anisotropic media. If the
re
ecting halfspace has a higher P-wave velocity, for
a certain incidence angle the group-velocity vector of
the transmitted P-wave becomeshorizontal. This angle,
which is usually called critical, depends on the phase-
velocity function and, therefore, is in
uenced by the ve-
locity anisotropy. For simplicit y, we assumethat the re-

ector coincideswith a symmetry plane in the re
ecting
halfspace, which implies that the phase-velocity vector
of the transmitted wave at the critical angle is also hori-
zontal. According to Snell's law, the horizontal slowness
component of all re
ected and transmitted wavesshould
be equal to that of the incident wave, which yields

sin � cr

V1(� cr )
=

1
Vhor ;2

; (1)

where � cr is the critical phase angle, V1(� ) is the phase
velocity in the incidence halfspaceand Vhor ;2 is the hor-
izontal phasevelocity in the re
ecting halfspace (Vhor ;2

is computed in the vertical incidence plane).
The critical angle for a particular anisotropic model

can be found by solving equation 1 with the appro-
priate phase-velocity function V1(� ) and the horizon-
tal velocity Vhor ;2 . Although this paper is mainly fo-
cused on P-waves, equation 1 remains valid for any re-

ected or transmitted mode. For example, the critical
angle for SP-waves is obtained by simply substituting
the shear-wave velocity function for V1(� ) (see below).
An alternativ e way of computing the critical angle is
basedon expressingthe Christo�el equation in the inci-
dencemedium in terms of the slownesscomponents and
solving it for the horizontal slownessequal to 1=Vhor ;2 .

3.1 VTI media

Supposeboth halfspacesare transversely isotropic with
a vertical symmetry axis (VTI). The VTI model is az-
imuthally isotropic, and the critical angle has the same
value in any vertical plane. To express the critical an-
gle as a simple function of the anisotropy parameters,
we employ the weak-anisotropy approximation for phase
velocity linearized in the parameters � and � (Thomsen,
1986):

V1(� ) = VP 0;1 (1 + � 1 sin2 � cos2 � + � 1 sin4 � ) ; (2)



Seismiccritical-anglere
ectometry 95

V2(� ) = VP 0;2 (1 + � 2 sin2 � cos2 � + � 2 sin4 � ) ; (3)

where the subscripts \1" and \2" denote the incident
and re
ecting halfspaces,respectively, and VP 0 is the P-
wave vertical velocity (it is assumedthat VP 0;2 > VP 0;1).
Substituting equations 2 and 3 into equation 1, we �nd

sin � cr =
VP 0;1 (1 + � 1 sin2 � cr cos2 � cr + � 1 sin4 � cr )

VP 0;2 (1 + � 2)
: (4)

Within the framework of the linearized approximation,
the angle � cr in the terms invloving � and � can be re-
placed by its isotropic value � cr ; is :

sin � cr ; is =
VP 0;1

VP 0;2
= n : (5)

Then the right-hand side of equation 4 no longer con-
tains the unknown critical angle:

sin � cr =
VP 0;1 [1 + � 1n2(1 � n2) + � 1n4 ]

VP 0;2 (1 + � 2)
: (6)

Further linearization in � 2 gives

sin � cr = n
�
1 � � 2 + � 1n2 + (� 1 � � 1)n4 �

: (7)

Since the vertical-v elocity ratio n < 1, the contri-
bution of anisotropy to the critical angle is controlled
primarily by the parameter � 2 responsible for the hori-
zontal P-wave velocity in the re
ecting halfspace.

If the incidence medium is anisotropic, the critical
o�set is determined by the critical group (ray) angle
 cr , which can be computed from � cr using the well-
known group-velocity equations for VTI media. In the
weak-anisotropy approximation (Tsvankin, 2005),

 cr = � cr + [� 1 + 2(� 1 � � 1) sin2 � cr ] sin 2� cr : (8)

3.2 Orthorhom bic media

Many naturally fractured reservoirs are believed to pos-
sess orthorhom bic symmetry in the long-wavelength
limit (Bakulin et al., 2000; Grechka and Kachanov,
2005). Note that most existing parameter-estimation
methods for orthorhom bic media rely on multicomp o-
nent data (e.g., Grechka et al., 2005), which are not
acquired in the bulk of seismic surveys.

Suppose a horizontal interface separates two or-
thorhombic media with the sameorientation of the sym-
metry planes, which are assumedto be aligned with the
coordinate planes. Then the re
ector coincideswith the
horizontal symmetry plane [x1 ; x2 ], and the critically re-
fracted ray corresponds to a horizontal slownessvector.
For this model, equation 7 remains entirely valid in the
vertical symmetry planes ([x1 ; x3 ] and [x2 ; x3 ]), if � and
� are replaced by the corresponding anisotropy param-
eters de�ned in Tsvankin (1997a, 2005). For example,
the critical angle in the [x1 ; x3 ]-plane can be written as

sin � cr (� = 0� ) = n [1 � � (2)
2 + � (2)

1 n2

+ (� (2)
1 � � (2)

1 ) n4 ] ; (9)

where � is the azimuth from the x1-axis, and � (2)

and � (2) are the anisotropy parameters de�ned in the
[x1 ; x3 ]-plane. Using the parameters � (1) and � (1) instead
of � (2) and � (2) in equation 9 yields the critical angle in
the [x2 ; x3 ] symmetry plane.

In the weak-anisotropy limit, the kinematic anal-
ogy betweenorthorhom bic and VTI media remains valid
for 2D P-wave propagation even outside the symmetry
planes, if the parameters � and � are expressedas the
following functions of azimuth (Tsvankin, 1997a,2005):

� (� ) = � (1) sin2 � + � (2) cos2 � ; (10)

� (� ) = � (1) sin4 � + � (2) cos4 �

+ (2� (2) + � (3) ) sin2 � cos2 � ; (11)

the parameter � (3) is de�ned in the horizontal plane.
Substituting � (� ) and � (� ) from equations 10 and 11
into equation 7, we obtain the P-wave critical angle for
an arbitrary azimuth � :

sin � cr (� ) = n f 1 � � 2(� ) + � 1(� ) n2

+ [� 1(� ) � � 1(� )] n4g : (12)

3.3 Numerical example

The magnitude of the azimuthal variation of the critical
angle for HTI (transv ersely isotropic with a horizontal
symmetry axis) and orthorhom bic media is illustrated
in Figure 4. For all three models, the re
ecting layer
(layer 2) is assumedto be isotropic, while the incidence
medium (layer 1) has three di�eren t anisotropic sym-
metries (seeTable 1). When layer 1 is VTI (model M1),
the critical angle is constant for all azimuths, although
it is di�eren t from the isotropic value � cr ; is = sin� 1 n.
Despite small-to-moderate values of the anisotropy pa-
rameters in the HTI (M2) and orthorhom bic (M3) mod-
els, the azimuthal variation of the critical angle for them
is substantial. The di�erence between the values of � cr

in the vertical symmetry planes can reach 5{7 � . Such
variations in the critical angle for deep interfaces would
change the critical o�set by hundreds of meters, which
should be detectable on AVO plots similar to the one
in Figure 3. Application of this method requires acquisi-
tion of long-o�set, wide-azimuth data with a su�cien tly
high signal-to-noise ratio at near-critical o�sets. At a
minim um, it is necessaryto acquire two orthogonal 2D
lines in the symmetry planes, whose azimuths have to
be determined in advance.

3.4 Critical angles for mo de-con verted and
shear waves

Here, the discussion is restricted to VTI media and
symmetry planes of orthorhom bic media. Analytic de-
scription of shear wavesoutside symmetry planes of az-
imuthally anisotropic media is much more complicated
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� (1) � (2) � (1) � (2) � (3) V P 0(m/s) V S 0(m/s)

M1 (VTI, layer 1) 0.15 0.15 0.1 0.1 0 2100 1200

M2 (HTI, layer 1) 0 -0.15 0 -0.1 0.35 2100 1200

M3 (ORTH, layer 1) 0.33 0.26 0.08 -0.08 -0.1 2100 1200

M4 (ORTH, layer 2) 0.1 0.2 0 0 -0.24 2800 1200

T able 1. Mo del parameters used in the numerical tests. For models M1{M3, the re
ecting layer (layer 2) is isotropic with a
P-wave velocit y of 2800 m/s. The parameters of the HTI model are computed using the results of Tsvankin (1997b).

Figure 4. Critical angle of P-waves computed as a function
of azimuth from equation 12. The parameters of models M1,
M2, and M3 are listed in Table 1. The azimuthal anisotrop y
of the top (incidence) layer in models M2 and M3 causesa
noticeable variation of the critical angle with azimuth.

and cannot be basedon the analogy with vertical trans-
verse isotropy. Equation 7 can be adapted for mode-
converted SP-wavesby applying the \substitution rule"
described by Tsvankin (2005). To obtain any kinematic
signature of SV-waves in the weak-anisotropy approxi-
mation from the corresponding P-wave expression,VP 0

has to be replacedwith VS 0 , � with the SV-wave velocity
parameter � � (V 2

P 0=V2
S 0) (� � � ), and � set to zero.

Using this recipe, the critical angle for the SS(i.e.,
SVSV) transmission into the high-velocity halfspacecan
be found from equation 7 as

sin � cr ;SS = nSS

�
1 + � 1 n2

SS
� � 1 n4

SS

�
; (13)

where nSS � VS 0;1=VS 0;2 .

Similarly , for the S-to-P (i.e., SV-to-P) transmis-
sion we have:

sin � cr ;SP2 = nSP2

�
1 � � 2 + � 1 n2

SP2
� � 1 n4

SP2

�
; (14)

nSP2 � VS 0;1=VP 0;2 .
For the S-to-P re
ection in the incidence layer,

sin � cr ;SP1 = nSP1

�
1 � � 1 + � 1 n2

SP1
� � 1 n4

SP1

�
; (15)

nSP1 � VS 0;1=VP 0;1 .

Equations 13{15 remain valid for SV-waves in the
vertical symmetry planes of orthorhom bic media. The
shear-wave critical angles can be identi�ed from the
corresponding amplitude anomalies of the re
ected SS-
wave. Note that the accuracy of the weak-anisotropy
approximation for SV-wavesusually is much lower than
for P-wavesbecauseof the relativ ely large values of the
parameter � (Tsvankin, 2005).

In the untypical caseof an extremely strong velocity
contrast, the SV-wave velocity in the re
ecting layer
can be higher than the P-wave velocity in the incidence
medium. Then application of the substitution rule yields

sin � cr ;PS = nPS

�
1 + � 1 n2

PS
+ (� 1 � � 1) n4

PS

�
; (16)

nPS � VP 0;1=VS 0;2 . If the vertical-v elocity ratios are
known, the critical angle of PS-waves provides a rela-
tionship between the parameters � 1 and � 1 .

It is also important to notice that the PS-wave re-

ection coe�cien t has a peak corresponding to the crit-
ical PP re
ection. Therefore, PS-wave amplitude analy-
siscan help to get a more reliable estimate of the critical
angle of PP-waves (Mehdizadeh et al., 2005).

4 WHA T CAN BE DETERMINED FR OM
THE CRITICAL ANGLE?

The analytic results in the previous section indicate that
measurements of the critical angle contain valuable in-
formation for anisotropic parameter estimation. Here,
we explore the parameter-estimation issuesin more de-
tail for both VTI and orthorhom bic media.

4.1 VTI media

If the vertical-v elocity ratios have been determined, for
example, from borehole data, an estimate of the P-wave
critical angle can be used to constrain the parameters �
and � . In the simplest caseof a VTI layer beneath an
isotropic overburden, the angle � cr depends just on � 2 -
the parameter responsible for the horizontal velocity in
the re
ecting medium (equations 1 and 7):

� 2 =
1
2

�
n2

sin2 � cr
� 1

�
� 1 �

sin � cr

n
: (17)
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If the re
ecting layer is isotropic, while the over-
burden is VTI, there are two unknowns (� 1 and � 1) in
equation 7, and this ambiguit y cannot be resolved with-
out additional information. For the general VTI/VTI
model, measurement of the critical angle provides a re-
lationship between the parameters � 1 , � 1 , and � 2 . Since
equation 7 represents a linearized approximation, more
accurate estimates of the anisotropy parameters can be
obtained by solving equation 1 with the exact velocity
function.

4.2 Orthorhom bic media

In the azimuthal AVO analysis, the best-constrained pa-
rameter is the di�erence between the AVO gradients in
the vertical symmetry planes (e.g., R•uger, 2001). Lik e-
wise, the critical-angle re
ectometry can provide an esti-
mate of the di�erence �(sin � cr ) betweenthe symmetry-
plane critical angles. As follows from equation 12,

�(sin � cr ) � sin � cr (0� ) � sin � cr (90� )

= � (� � 2) n + (� � 1) n3 + (� � 1 � � � 1) n5 ; (18)

where � � 1 = � (2)
1 � � (1)

1 , � � 1 = � (2)
1 � � (1)

1 , and � � 2 =
� (2)

2 � � (1)
2 .

For the simplest case of a purely isotropic over-
burden, the only anisotropy parameter that in
uences
the critical angle is � 2 . Then the azimuthal variation of
sin � cr in equation 18 dependson the di�erence between
the parameters � (2)

2 and � (1)
2 :

� � 2 = �
�(sin � cr )

n
: (19)

If both layers are orthorhom bic, equation 18 con-
tains three independent anisotropic parameter combi-
nations, which cannot be resolved without additional
information. For example, if the overburden parameters
have beenestimated using other methods (e.g., moveout
inversion), equation 18 can be usedto �nd the di�erence
� � 2 .

5 COMP ARISON WITH REFLECTIVITY
MODELING

To test the proposedmethod on synthetic data, we com-
puted the wave�eld for a simple model that includes
an orthorhom bic layer beneath an isotropic medium
(Figure 5). The seismogramswere generated with the
anisotropic re
ectivit y method (Chin et al., 1984),
which producesexact 3D wave�elds for horizontally lay-
ered media. Our goal was to estimate the critical an-
gle for the PP-wave re
ection from the top of the or-
thorhombic layer (its zero-o�set time is closeto 950ms).

Figure 5 shows long-spread synthetic gathers com-
puted in two azimuthal directions 40� apart. For both
azimuths, there is a weak, but clearly visible head wave

splitting o� from the PP-wave re
ection. The separa-
tion of the head wave occurs at a larger o�set for the
azimuth � = 40� , which is indicativ e of the azimuthal
variation of the critical angle. Since the critical angle
corresponds to a maximum of the derivativ e of the re-

ection coe�cien t, we associate the critical o�set with
the point of the fastest amplitude increase(i.e., largest
slope) on the AVO curves (Figure 6). This point for
� = 0� corresponds to an o�set of about 1700 m, while
for � = 40� it is shifted to a substantially larger o�set
(2000 m).

The exact critical o�set for the zero-azimuth gather
computed from equation 1 is 1640 m. The main reason
for the small error in our estimates may be the inter-
ference between the re
ected wave and the head wave.
At the critical o�set, the two wavesessentially represent
a single arriv al. With the increasedseparation between
the two waves, their interference (tuning) may result
in amplitude distortions at post-critical o�sets. On the
whole, the modeling con�rms the predicted trend of the
azimuthal variation of the critical angle, although there
are somediscrepancies,especially for an azimuth of 90�

(Figure 7).
Since the overburden in this model is isotropic, we

can use the azimuthal variation of the critical angle be-
tween the symmetry planes to estimate the di�erence
� � 2 between the parameters � (2)

2 and � (1)
2 in the or-

thorhombic layer. Substituting the measured �(sin � cr )
into equation 19 gives� � 2 = 0:09, which is only slightly
smaller than the exact value (0.1).

6 DISCUSSION AND CONCLUSIONS

Long-o�set, wide-azimuth data can provide valuable in-
formation for building azimuthally anisotropic veloc-
it y models. Here, we intro duced a method that can be
called \seismic critical-angle re
ectometry" becauseit
is basedon measuring the critical angle � cr on re
ection
seismic data. When the medium above or below the re-

ector is anisotropic, the angle � cr is strongly in
uenced
by the anisotropy parameters.

Using the weak-anisotropy approximation, we ob-
tained conciseexpressionsfor the critical anglesof pure
and mode-converted wavesin VTI media and symmetry
planes of orthorhom bic media. For vertical transverse
isotropy, the P-wave angle � cr is particularly sensitive
to the Thomsen parameter � of the re
ecting halfspace
and also depends on the parameters � and � of the in-
cidence medium. When at least one of the halfspaces
is azimuthally anisotropic, the critical angle becomes
azimuthally dependent. For P-waves, the angle � cr in
orthorhom bic media is approximately described by the
VTI equation with azimuthally varying parameters �
and � .

Hence, the critical angle estimated from re
ection
data provides information about the anisotropy param-
eters. For a VTI layer beneath an isotropic overburden,
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Figure 5. Synthetic seismograms of the vertical displacement for a two-layer model computed with the re
ectivit y method.
The bottom layer is orthorhom bic with the parameters of model M4 from Table 1, while the top layer is isotropic with a P-wave
velocit y of 2100 m/s, S-wave velocit y of 1200 m/s, density of 2.5 g/cm 3 , and thic kness of 1000 m. The traces are plotted for
a wide range of o�sets in two azimuthal directions: � = 0� (top) and � = 40� (bottom). The zero-o�set tra veltime for the
PP-w ave re
ection from the top of the orthorhom bic layer is about 950 ms. Notice the head wave splitting o� from the re
ected
wave at o�sets between 2000 m and 2500 m.

the angle � cr can be used to estimate the parameter � ,
which is di�cult to constrain from conventional-spread
re
ection data. When the re
ecting layer is orthorhom-
bic while the overburden is isotropic or VTI, the az-
imuthal variation of the critical angle is controlled by
the di�erence between the symmetry-plane anisotropy
parameters � (1) and � (2) . The azimuthally dependent an-
gle � cr can also help to identify the symmetry-plane di-
rections, which often coincide with the dominant frac-
ture azimuths.

We veri�ed the analytic results for the
isotropic/orthorhom bic interface by computing syn-
thetic seismograms with the re
ectivit y method and
estimating the critical angle from the point of the
fastest amplitude increase on the AVO curve of the

re
ected wave. Although this point is somewhat shifted
from the critical ray toward larger o�sets, the az-
imuthal variation of the critical angle generally follows
our prediction. We believe that the small error in our
estimate of the critical angle is related primarily to
the interference between the re
ected and head waves.
The synthetic test also shows that the extrema of the
azimuthally varying function � cr do not necessarily
correspond to the symmetry planes, which underscores
the need for a good azimuthal coveragein critical-angle
re
ectometry .

Application of critical-angle re
ectometry to �eld
data, however, is limited by several factors. First, gen-
eration of the critical-angle event requires a velocity in-
creaseat the top of the target layer, which is not the case
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Figure 6. Amplitude of the re
ected PP-w ave from Figure 5 as a function of o�set for the azimuths � = 0� (top) and � = 40�

(bottom). The o�set of the amplitude maxim um is 2200 m for � = 0� and 2450 m for � = 40� .

for many hydrocarbon reservoirs. Still, most carbonate
and consolidated sand reservoirs have a higher velocity
than that in the overburden. Second,the method has to
operate on wide-azimuth, long-o�set data that include
the critical re
ected ray from the target interface. Third,
the critical-angle re
ection may be obscuredby the over-
burden noisetrain, which can be partially attenuated by
F-K �ltering and similar processingtechniques. We ex-
pect that a more e�cien t removal of overburden noise
can be achieved by model-based inversion.

Also, quantitativ e analysis of critical-angle mea-
surements facesa number of serious challenges. One of
them is related to the accurate detection of the crit-

ical o�set on amplitude-v ersus-o�set curves. The syn-
thetic test discussedabove shows that the point of the
fastest amplitude increase does not exactly correspond
to the critical o�set. In addition, if the overburden is
anisotropic, the AVO response of re
ected waves can
be strongly distorted by angle-dependent geometrical
spreading (Xu et al., 2005).

Even if the critical o�set has been accurately es-
timated from the re
ection amplitude, computation of
the corresponding critical angle at the target horizon
requires knowledge of the overburden velocity model.
An apparent variation of the critical o�set can be cre-
ated by re
ector dip, although for mild dips of several
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Figure 7. Variation of the critical angle with azimuth for
the model from Figure 5. The diamonds mark the critical
angle estimated from the re
ectivit y modeling, the solid line
is the exact critical angle, and the dashed line is computed
from thre weak-anisotropy approximation 12.

degreessuch o�set distortions are insigni�can t. Further-
more, for anisotropic media it is necessaryto account for
the di�erence betweenthe group (ray) angle responsible
for the critical o�set and the phaseangle of the critical
ray that was analyzed in our paper. While conventional
AVO analysis has to deal with the same problem, our
method is more sensitive to errors in the o�set-to-angle
conversion becauseit relies on a single angle measure-
ment for a given azimuth.

The transition from the critical o�set to the crit-
ical angle may be avoided for models with a laterally
homogeneousoverburden. Then the amplitude of the
re
ected wave is convenient to treat as a function of
the ray parameter (horizontal slowness), which can be
estimated from the slope of the moveout curve. In the
absenceof lateral heterogeneity, the ray parameter at
the critical o�set is equal to the horizontal slowness
in the high-velocity layer. For data sets with uncom-
monly long o�sets, the horizontal velocity can also be
determined from the linear moveout of the head wave.
This approach givesa direct estimate of the azimuthally
varying parameter � in the target orthorhom bic layer
without knowledge of the overburden velocity model.
For VTI media, the horizontal velocity can be com-
bined with the NMO velocity to obtain the key time-
processingparameter � .

On the whole, we do not envision critical-angle
re
ectometry as a reliable stand-alone method for
anisotropic parameter estimation. Rather, it should be
used in combination with existing anisotropic inversion
techniques that operate with azimuthally varying trav-
eltimes and amplitudes.
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