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ABSTRA CT

Existing anisotropic parameter-estimation algorithms that operate with long-
0 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 resenwirs 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 use Tsvankin's notation
to extend them to azimuthally anisotropic models of orthorhombic symmetry.
The critical angle of P-wavesin orthorhombic media strongly depends on the
parameters (M and @ 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 substartial
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
increase of the re ection amplitude at the critical angle and the subsequeh
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 resenwirs. Also, critical-angle re-
ectometry can be combined with other methods to reducethe uncertainty in
anisotropic parameter estimates.

Key words: critical angle, wide-angledata, azimuthal anisotropy, transverse
isotropy, amplitude variation with o set, re ection coe cien t

1 INTR ODUCTION 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 (transversely isotropic

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 parametersrequired to build reliable
velocity models, however, remains a challenging and of-
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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 inversionis hampered
by the trade-o between the normal-moveout (NMO)
velocity and the quartic moveout coe cien t. Even rela-
tively 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 orthorhombic 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 reserwir characterization
is much more problematic.

Another shortcoming of traveltime-inversion meth-
ods is their low vertical resolution, especially for
relatively deep reserwirs. 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 resenwir level. For azimuthally
anisotropic models that decribe naturally fractured
resenoirs, the azimuthal variation of the AVO response
is usedto estimate the fracture orientation and identify
areas of intense fracturing (Reger, 2001; Gray et al.,
2002;Hall and Kendall, 2003). Most existing AV O algo-
rithms operate with the AVO gradient estimated from
converntional-spread re ection data. Although including
longer o sets signi cantly reducesthe ambiguity 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-angle AVO
terms, the low data quality and phase changesat long
0 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 reserwirs 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) proposedto measure the shift in
the critical angle or o set observed on time-lapse data
to monitor production in hydrocarbon resenwirs. If ei-
ther the cap or reserwir layer is azimuthally anisotropic,
the critical angle and the corresponding critical o set
vary with azimuth. For 3D data with good coveragein
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 measuremerns for

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

We begin by briey intro ducing ultrasonic critical-
angle re ectometry based on laboratory measuremeris
of the critical anglein various materials. Then we derive
a concise weak-anisotropy approximation for the criti-
cal angle in VTI media and generalize this result for
orthorhombic models often used to describe naturally
fractured reserwirs. The analytic results help to iden-
tify the parameter combinations constrained by critical-
angle measuremerns. To evaluate the feasibility of esti-
mating the critical angle for orthorhombic 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 ULTRASONIC CRITICAL-ANGLE
REFLECTOMETR Y

This paper extends to seismology the idea of the well-
established method of ultrasonic measuremerts 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. (Antic and Mehta, 1997). The shift of the critical
angle with azimuth is then inverted for the pertinent
anisotropy parameters. Critical-angle re ectometry has
becomeindustry 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
straightforward. First, many target horizons are lo-
cated at signicant depths and overlaid by a complex
sequence of sedimertary 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 reserwir. Second,the method requires
a velocity increase at the target interface, which is
not always the casefor hydrocarbon reserwirs. 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 onert surveys. Marine streamer data sets
have narrow azimuthal coverage, while full-azimuth
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 aninterface with alarge 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 arrivals
can be suppressedby standard F-K Itering (Figure 2).
Then, amplitude analysis can be used to identify the
point of the fastest amplitude increasecorresponding to



Seismiccritical-anglere ectometry 93

©
Q.
[e]
1=]
(]
=
g E EE8EEE§E S ¢E §E E ¢ £ g2 3288828 ¢g¢g¢:e28¢8¢8z:
e r~ b= - N w2 ~
2 = &2 2 8 3 8 8 I §F TR ¥ B 5 S 282§ NEIT LRSS I
coo b ol e el el e e v oo Do i &=
| c
S SR RO SR P B A ;
| o
e e g A fn
P £ 3 R
B = e 2 ey W =
2 2 SeaEne PPy
= IS Py ) A m| il i _?. -
S %) P Sl g = ‘\ o
| < S e e ol
e =4 a1 A o S
== m — ..mu..w..rhww i ek q. =
P - fumm, ) . Tk 7
@ > z o M B Y R e O T () .
~ e ] o 5
m ?]LV?)\V» ] ] % ))TMYJ(L?JH b l.l(:,l\ﬂ.z. I‘mﬁlll
P = D f it et S L o B -
B [ © P Bl ey Nm, U"h/.. m =
g (] FETRIGI s i TR IRE o Y e
al { A S =y _m - u”-‘..(.. BT Jf heb!.mv w Arw ﬂ <
= E — . = = 5 T g L 7 %
3 T g e ey e B B— e LTl wali)).ﬁ.z P
8 o R e e 8 B cm o ea 0 ' i sy peate s
. N?Drﬁ{ltwllt..ulz}\ul:ulnl{ m i -G gl ) T _nf | o a g a
T N | - [EOR e R P Z -] . -
g \uﬂ:\{ﬂhil..tlr\!‘\.[ﬁl\ <} — A e e e L hxp\u.bh - o
o] A~ =] o DA SRR P B Y e Ny e Y =
ey e S A e c BESSPD S R e R RN e, B Y P N —
M| S, e A et PPy ) (Y e S S R e o B e PO RN S __n,\d--rﬂn.i.b(- 5 i
Ty s s = - p o [y, o A g s ey - el —- -
P e e TN i S T © ﬁ - e xrrl)\lﬁ.nrwh).i e | T c..!lﬂ(.lbr L, —
B L i e e 4 LA AR B i, S P TSP "t Eey
- R T s s el N i S c R Y gl g g ; N, N g -—
el B () o+ I S (eI Y e P A b
P P S S <G P £ o P - Pgmvm?)\..\..l..t- TN P N A ) b mullu
e e P e e e e b - P W O gy N, A e R
= A e 8 R B L T Ny ) A A S o Voat mcl.
= A R R ] e (A © S i i SR (R LTt | e - = | =
= e el e e ey S s O S S SR
o 4 ol — %) | 7 S A Jutl o Wity 17 P N ——
o Y il [y "y s P = g™ iy D ) [P A R Wiy =
PR S B R e e SN S e i =
g i it - Pl By D) b A (DS i _ o B P Bl TR k/W\ R ——=
P g T Fom o gy e g g e ).O.\ ooy o .\P\m\. Imﬂ o
BN R ey Ry iy = AT R
g-F % : ST | £ I Y Pt o e et g g o et ot
e N e e e T s s ) I~ [ ey, s s e ry e PR oy g oy T
- ot TPt = == — 3] - . - = P N P
] (S T Bt > Y E R vy ¥ Sy . ) B -Gt e Py
hx ST S e e e e e e e s B
by 2 - i e r pre|
s S T P ey i) Bt o] = LB S s okt o el e s B s s
e
= S e s s e e IR 5 H;))m!;hpﬂ.ﬂliﬂ?.. vy o oy Py mm 2
=1 % v/ 5 B - et o Vg el et O i e e e e Rt —=
= S Fn s ey e e ] o oy Tt ¥ it Fate e
= = e e v s T e el 0 e e ey S s mm
-y U..ﬂ\l.s]l\r ..\;\].Ir['].lr...rl}il m i e e i
v e e s e o e g u.;..hl)hh.,m%w}?i E B oy e o e e mm s
_ i i e o i, e = _.nﬂrﬂhﬁ.tha.ooum o st e s o s
b1 g SRS i k=l g rom_Kd i o = o
- oz [) = S IO ) N o] b By | ——t L
3 ¥ O e T e Srnadsostaint e e e
¥ o Sy By aoniorl] PSSy SN & .N...Js}vrlj.}lt.!,} T [ g “I.-
— B e S e e > IJ.:\(rJ.tllrlirr]],\]]I.{Ju]}SH\lull,.l l‘-_ oy RSP SRR e Wi
m Al R T e e s o] I & PP Py S s P B g o W P mll. e
- h T P AR, BT St |53 o & e N S e - - <.\.<.HM o e
5 v L A e ] e e @ = FM')\_?)\MV ,\rr“)..\ }‘_ !)FH.H .\c_ P S )
b4 .
T [T ] S b
(LY AT | | UL IUR LALLMV T LT Ltk | m [ | ETRIRIL TR T T TR TR T (O O
2 E 8 888 5 8 B 8§ ¢ &8 &8 8 ¢ ES 2 28828888 ¢g¢g¢g 28 8z:
~ - & o i1 - =
— — — — ) o~ o o o~ o L) o~ ™ m m > w ” .nm m m (=1} ﬂ ﬂ 1% ﬁ % .u.._,. % H
=
(sw)aw O'g [sw) auyp
—
3
m Ny
S .2
2 <
IL ©

Figure 2. Gather from Figure 1 after application of F-K Itering designed to attenuate overburden noise. The target event

marked 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 oset (see below), which is closeto 4 km
(Figure 3). This value is in good agreemer with an in-
dependent prediction of the critical o set made using
borehole data (well logs) from the area. This casestudy
supports the feasibility of critical-angle re ectometry in
the presenceof a signi cant velocity contrast at the tar-
get level.

3 CRITICAL ANGLE FOR VTI AND
ORTHORHOMBIC MEDIA

We consider a plane P-wave incident upon a horizontal

interface that separatestwo 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 simplicity, we assumethat the re-
ector coincideswith a symmetry plane in the re ecting

halfspace, which implies that the phase-welocity vector
of the transmitted wave at the critical angle is also hori-
zontal. According to Snell's law, the horizontal slowness
componernt of all re ected and transmitted wavesshould
be equal to that of the incident wave, which yields

sin & _ 1 |
Vl( cr) Vhor;2 '

@)

where ¢ is the critical phaseangle, Vi( ) is the phase
velocity in the incidence halfspaceand Vi -2 is the hor-
izontal phasevelocity in the re ecting halfspace (Vhor :2
is computed in the vertical incidence plane).

The critical anglefor a particular anisotropic model
can be found by solving equation 1 with the appro-
priate phase-welocity function Vi( ) and the horizon-
tal velocity Vher:2. Although this paper is mainly fo-
cusedon 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 Vi( ) (seebelow).
An alternativ e way of computing the critical angle is
basedon expressingthe Christo el equation in the inci-
dencemedium in terms of the slownesscomponerts and
solving it for the horizontal slownessequal to 1=Vhor :2.

3.1 VTl media

Supposeboth halfspacesare transversely isotropic with

a vertical symmetry axis (VTIl). The VTl model is az-
imuthally isotropic, and the critical angle has the same
value in any vertical plane. To expressthe 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):

Vi( )= Veoa (L+ 1sin® cod + isin® ); (2



Va( ) = Veo2 (L+ 2sin” cod + ,sin® ); @)

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

_ VP 0;1 (1 + 1 S|n2 cr COS2 cr + 1 S|n4 cr) .
Vepo2 (1+ 2) '
Within the framework of the linearized approximation,

SIS

4)

the angle . in the terms invloving and can bere-

placed by its isotropic value ¢-is:

. Vpo;

Sin cr;is = ﬂ =n: (5)
Vpo:2

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

Vpo;l [1+ 1I’12(1 nz) + 1I’14].

sin ¢ = 6
“ Veo2 (1+ 2) ©

Further linearization in » gives

sin g=n 1 2+ n?+ (1 1)n* : (7)

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

If the incidence medium is anisotropic, the critical
oset is determined by the critical group (ray) angle

o, Which can be computed from  using the well-
known group-velocity equations for VTI media. In the
weak-anisotropy approximation (Tsvankin, 2005),

o= at[1+2(1 1)sin® ¢]sin2 ¢ : 8)

3.2 Orthorhom bic media

Many naturally fractured reserwirs are believed to pos-
sess orthorhombic symmetry in the long-wavelength
limit (Bakulin et al., 2000; Grechka and Kachanov,
2005). Note that most existing parameter-estimation
methods for orthorhombic 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 ertirely 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 anglein the [x1;X3]-plane can be written as

sin ¢o( =0) = n[1
+(P Pyn'; )

(2) 2 2
22t 1N
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where is the azimuth from the x;-axis, and @
and @ are the anisotropy parameters de ned in the
[X1; X3]-plane. Using the parameters @ and @ instead
of @ and @ in equation 9 yields the critical anglein
the [X2; x3] symmetry plane.

In the weak-anisotropy limit, the kinematic anal-
ogy betweenorthorhombic 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):

()= @Wsin® + @cod ; (10)

@ sin* + @ cog
+2 @+ O)sin? cod ; (11)

() =

the parameter @ is dened 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 () = nfl o()+ 1()n?
+[1()  1()In*g: 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 orthorhombic 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 dierent anisotropic sym-
metries (seeTable 1). When layer 1is VTI (model M1),
the critical angle is constant for all azimuths, although
it is dierent from the isotropic value s = sin 1n.
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 betweenthe values of
in the vertical symmetry planes can reach 5{7 . Such
variations in the critical angle for deepinterfaces 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
minimum, 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 mode-converted and
shear waves

Here, the discussion is restricted to VTl media and
symmetry planes of orthorhombic media. Analytic de-
scription of shearwavesoutside symmetry planes of az-
imuthally anisotropic media is much more complicated



96 M. Landr & I. Tsvankin

@ @) (€} @ (©)) Vp o(m/s) Vso(m/s)
M1 (VTI, layer 1) 015 015 01 0.1 0 2100 1200
M2 (HTI, layer 1) 0 -0.15 0 -0.1 0.35 2100 1200
M3 (ORTH, layer1) 033 0.26 0.08 -0.08 -0.1 2100 1200
M4 (ORTH, layer2) 0.1 0.2 0 0 -0.24 2800 1200

Table 1. Model parameters used in the numerical tests. For models M1{M3, the re ecting layer (layer 2) is isotropic with a
P-wave velocity of 2800 m/s. The parameters of the HTI model are computed using the results of Tsvankin (1997b).
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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 anisotropy
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-wavesin the weak-anisotropy approxi-
mation from the corresponding P-wave expression, Ve o
hasto bereplacedwith Vs, with the SV-wave velocity
parameter (V2= ( ), and setto 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

: _ 2 4 .
SiN or;ss = Ngg 1+ 1ngg 1n ; (13)

where ngs  Vso;1=Vso;2.

Similarly, for the S-to-P (i.e., SV-to-P) transmis-
sion we have:
1 2+ 1 ﬂz 1 n4 ) (14)

SN orisp2 = Ngp, sp2 spP2

Ng,  Vso:1=Vpo;2.
For the S-to-P re ection in the incidence layer,

1 1+ 1n2 1n4 ) (15)

SN orisp1 = Ngpy sP1 sP1

Ngy  Vsoi1=Vpo;1.

Equations 13{15 remain valid for SV-wavesin the
vertical symmetry planes of orthorhombic media. The
shear-wave critical angles can be identied 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-waves becauseof 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

)nge (16)

Nps Vpo;1=Vso0;2. If the vertical-velocity ratios are
known, the critical angle of PS-waves provides a rela-
tionship betweenthe parameters ; and ;.

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).

. _ 2
SIN ¢r;ps = nPS 1+ 1nPS + ( 1

4 WHA T CAN BE DETERMINED
THE CRITICAL  ANGLE?

FR OM

The analytic results in the previous section indicate that
measuremerts 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 VTl media

If the vertical-velocity ratios have been determined, for
example, from borehole data, an estimate of the P-wave
critical angle can be usedto constrain the parameters
and . In the simplest caseof a VTl layer beneath an
isotropic overburden, the angle  dependsjust on ; -
the parameter responsible for the horizontal velocity in
the re ecting medium (equations 1 and 7):

2 .
, = } n 1 1 Sin ¢ :

- 17
2 sin? o n (17)




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 ambiguity cannot be resolved with-
out additional information. For the general VTI/VTI
model, measuremert of the critical angle provides a re-
lationship betweenthe parameters i, 1, and ». Since
equation 7 represerts 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 betweenthe AVO gradients in
the vertical symmetry planes (e.g., Reger, 2001). Lik e-
wise, the critical-angle re ectometry can provide an esti-
mate of the dierence (sin ) betweenthe symmetry-
plane critical angles. As follows from equation 12,

(sin &) sin ¢(0) sin «(90)

= (9n+ ( )P+ ( )n°;  (18)
where 1 = f) f), 1= (12) (11), and 2=
o 9.

For the simplest case of a purely isotropic over-
burden, the only anisotropy parameter that in uences
the critical angleis ». Then the azimuthal variation of
sin ¢ in equation 18 dependson the di erence between

the parameters & and {:

_ (sin o).
2 - f . (19)
If both layers are orthorhombic, equation 18 con-
tains three independernt 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 beusedto 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 orthorhombic 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 950 ms).

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
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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 assaiate 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 correspondsto 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 wavesessetially represert
a single arrival. With the increased separation 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 usethe azimuthal variation of the critical angle be-
tween the symmetry planes to estimate the di erence

» between the parameters ¥ and ' in the or-
thorhombic layer. Substituting the measured (sin )
into equation 19 gives > = 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-
ity models. Here, we introduced a method that can be
called \seismic critical-angle re ectometry" becauseit
is basedon measuring the critical angle ¢ on re ection
seismicdata. When the medium above or below the re-
ector is anisotropic, the angle ¢ is strongly in uenced
by the anisotropy parameters.

Using the weak-anisotropy approximation, we ob-
tained conciseexpressionsfor the critical anglesof pure
and mode-corverted wavesin VTI media and symmetry
planes of orthorhombic media. For vertical transverse
isotropy, the P-wave angle  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 dependert. For P-waves, the angle ¢ in
orthorhombic media is approximately described by the
VTl 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,



98 M. Landr & I. Tsvankin

i
HEFEEET

s ) oA

Eal oI

Bt T |

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
velocity of 2100 m/s, S-wave velocity 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 osets in two azimuthal directions: = 0 (top) and = 40 (bottom). The zero-oset traveltime for the
PP-wave 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 ¢ can be usedto estimate the parameter ,
which is dicult 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 dierence betweenthe symmetry-plane anisotropy
parameters @ and @ . The azimuthally dependert an-
gle ¢ can also help to identify the symmetry-plane di-
rections, which often coincide with the dominant frac-
ture azimuths.

We veried 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 osets, 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  do not necessarily
correspond to the symmetry planes, which underscores
the needfor a good azimuthal coveragein critical-angle
re ectometry .

Application of critical-angle re ectometry to eld
data, however, is limited by sewral 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



Figure 6. Amplitude of the re ected PP-wave from Figure 5 as a function of o set for the azimuths
= 0 and 2450 m for

(bottom). The o set of the amplitude maximum is 2200 m for

for many hydrocarbon reserwirs. Still, most carbonate
and consolidated sand reserwirs have a higher velocity
than that in the overburden. Second,the method hasto
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 Itering and similar processingtechniques. We ex-
pect that a more e cien t removal of overburden noise
can be achieved by model-basedinversion.

Also, quantitativ e analysis of critical-angle mea-
suremerts facesa number of serious challenges. One of
them is related to the accurate detection of the crit-
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=0 (top) and = 40
=40 .

ical oset on amplitude-v ersus-o set curves. The syn-
thetic test discussedabove shows that the point of the
fastest amplitude increase doesnot exactly correspond
to the critical oset. In addition, if the overburden is
anisotropic, the AVO response of re ected waves can
be strongly distorted by angle-dependert geometrical
spreading (Xu et al., 2005).

Even if the critical oset 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 seweral
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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 mediait is necessaryto accourt 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 oset 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 orthorhombic 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
usedin combination with existing anisotropic inversion
techniques that operate with azimuthally varying trav-
eltimes and amplitudes.

ACKNO WLEDGMENTS

We are grateful to our colleaguesat the Center for Wave
Phenomena (CWP), Colorado School of Mines (CSM),
for useful discussions,and to Xiaoxia Xu (CSM) for her
help with the re ectivit y modeling and numerous sug-
gestions. The anisotropic modeling software was devel-
oped by Dennis Corrigan (formerly of ARCO). M.L. ac-
knowledgesCSM and CWP for their hospitality during
his sabbatical visit and the Norwegian Researd Council
(NFR) for nancial support of the ROSE (Rock Seismic)
project at NTNU. This work was partially supported by
the Consortium Project on SeismiclnverseMethods for
Complex Structures at CWP.

REFERENCES

Alkhalifah, T., 1997, Velocity analysis using nonhyperbolic
moveout in transv ersely isotropic media: Geophysics, 62,
1839{1854.

Alkhalifah, T., and |. Tsvankin, 1995, Velocity analysis for
transv ersely isotropic media: Geophysics, 60, 1550{1566.

Antich P., and S. Mehta, 1997, Ultrasound critical-angle re-
ectometry (UCR): A new modality for functional elas-
tometric imaging: Physics Med. Biol., 42, 1763{1777.

Bakulin, A., V. Grechka, and I. Tsvankin, 2000, Estimation
of fracture parameters from re ection seismic data { Part
I1: Fractured models with orthorhom bic symmetry: Geo-
physics, 65, 1803{1817.

Chin, R., G. W. Hedstrom, and L. Thigp en, 1984, Matrix
methods in synthetic seismograms: Geophysical Journal
of the Royal Astronomical Society, 77, 483{502.

Gray, F. D., G. Roberts, and K. J. Head, 2002, Recert ad-
vancesin determination of fracture strik e and crack den-
sity from P-wave seismic data: The Leading Edge, 21,
280{285.

Grechka, V., and M. Kachanov, 2005, Multiple fractures in
rocks: E ectiv e orthotrop y and seismic characterization:
75th Annual International Meeting, SEG, Expanded Ab-
stracts, ANI 3.2.

Grechka, V., and |. Tsvankin, 1998, Feasibility of nonhyper-
bolic moveout inversion in transversely isotropic media:
Geophysics, 63, 957{969.

Grechka, V., and I. Tsvankin, 1999, 3-D moveout inversion in
azimuthally anisotropic media with lateral velocity vari-
ation: Theory and a case study: Geophysics, 64, 1202{
1218.

Grechka, V., A. Pedch, and |. Tsvankin, 2005, Parameter es-
timation in orthorhom bic media using multicomp onent
wide-azimuth re ection data: Geophysics, 70, D1{D8.

Hall, S., and J. M. Kendall, 2003, Fracture characterization
at Valhall: Application of P-wave amplitude variation
with o set and azimuth (AVOA) analysis to a 3-D ocean-
bottom data set: Geophysics, 68, 1150{1160.

J lek, P., 2002, Modeling and inversion of converted-wave re-
ection coe cien ts in anisotropic media: A tool for quan-
titativ e AVO analysis: Ph.D. thesis, Colorado School of
Mines.

Landr, M., A. K. Nguyen, and H. Mehdizadeh, 2004, Time
lapse refraction seismic { a tool for monitoring carbon-



ate elds?: 74th Annual International Meeting, SEG, Ex-
panded Abstracts, 2295{2298.

Mehdizadeh, H., M. Landr, B. A. Mythen, N. Vedanti, and
R. Srivastava, 2005, Time lapse seismic analysis using
long-o set PS data: 75th Annual International Meeting,
SEG, Expanded Abstracts, TL 3.7.

Pankhurst, D., K. Marfurt, C. Sullivan, H. Zhou, F. Hilter-
man, and J. Gallaghar, 2002, Long o set AVO in a mid-
continent tight gas sand reservoir: 72nd Annual Interna-
tional Meeting, SEG, Expanded Abstracts, 297{299.

Pedh, A., and I. Tsvankin, 2004, Quartic moveout coe cien t
for a dipping azimuthally anisotropic layer: Geophysics,
69, 699{707.

Ruger, A., 2001, Re ection coe cien ts and azimuthal AVO
analysis in anisotropic media: Society of Exploration
Geophysicists.

Thomsen, L., 1986, Weak elastic anisotropy: Geophysics, 51,
1954{1966.

Toldi, J., T. Alkhalifah, P. Berthet, J. Arnaud, P.
Williamson, and B. Conche, 1999, Case study of estima-
tion of anisotropy: The Leading Edge, 18, no. 5, 588{594.

Tsvankin, 1., 1997a, Anisotropic parameters and P-wave ve-
locity for orthorhom bic media: Geophysics, 62, 1292{
1309.

Tsvankin, I., 1997b, Re ection moveout and parameter es-
timation for horizontal transverse isotropy: Geophysics,
62, 614{629.

Tsvankin, 1., 2005, Seismic signatures and analysis of re ec-
tion data in anisotropic media: Elsevier Science Publ.
Co., Inc. (second edition).

Tsvankin, 1., and V. Grechka, 2006, Developments in seis-
mic anisotropy: Treating realistic subsurface models in
imaging and fracture detection: CSEG Recorder, in print
(also, this volume).

Vasconcelos, I., and I. Tsvankin, 2004, Inversion of P-wave
nonhyperbolic moveout in azimuthally anisotropic me-
dia: Metho dology and eld-data application: 74th An-
nual International Meeting, SEG, Expanded Abstracts,
171{174 (also Research Report CWP{475).

Xu, X., I. Tsvankin, and A. Ped, 2005, Geometrical
spreading of P-wavesin horizontally layered, azimuthally
anisotropic media: Geophysics, 70, D43{D54.

Seismiccritical-anglere ectometry

101



102 M. Landr & I. Tsvankin



