GEOLA483.
3

Reflection coefficients
and AVO

» Reflection and P/SV mode conversion of plane
waves

« Snell's law

» Scattering matrix

» Zoeppritz and Knott’s equations for reflection
coefficients

» Amplitude vs. Angle and Offset relations
» AVO cross-plotting

» Reading:
- Telford et al., Section 4.2.

» Shearer, 6.3, 6.5
- Sheriff and Geldart, Chapter 3



GEOLA483.
3

Surface reflection
transmission, and
conversion

» Consider waves incident on a welded horizontal
interface of two uniform half-spaces:

+ Because of their vertical motion, P and SV waves
couple to each other on the interface,

+ therefore, there are 8 possible waves interacting
with each other at the boundary.

N\
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What about SH waves?
Without lateral contrasts in material properties, SH
waves do not couple with P and SV. SH wave can be

considered separately, as a single scalar field
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Free-surface reflection and
conversion

» Consider a P wave incident on a free surface:

Boundary condition: o;,= 0,,=0,,=0 on z=0

yz X
'

¢ref|

Incident P Reflected P

- Reflected S

» Each of the P- or S-waves is described by potentials:

0¢ ol _
UP(X,Z):[&—, 0, Ej ¢:¢mc +¢ref| S
_[ Oy oy f
us(x,z)—( Poa 0, &) y=y" SV-wave

Above, vy is the component of vector potential y oriented

along axis Y (orthogonally to the plane of propagation).

To describe SH waves, vector y should be oriented along
axis X or Z.
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Free-surface reflection and
conversion (2)

m Traction (force acting on the surface):

0°¢ 2 0°¢
F(X,2)=]2 , 0, AVp+2 P-wave
-(x2) ( Hoxar Al

O’y Oy O’y
F X,Z)= o | ) O’ 2 SV-WaVG
s (x,2) (ﬂ(axz oz’ H oxaz

m Consider plane harmonic waves:

inc nc X r]II']C - o
P = A exp{la)[ ¥ : tﬂ incident P
P
refl _ prefl [ X Miggp 1
0" =Aexpllo ¥ t reflected P
P
X.nre
AT exp[ [ 7 - —t)] reflected SV
S

m  (Q: What are the dependencies of ¢ and y above on
coordinate x?
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Free-surface reflection and
conversion (3)

TRIT
m  The boundary condition is: Traction Force(x,t) = 0

m  Note that functional dependencies of ¢ and y on (x,t)
are:

4 _

[ sini
exp| io| —x—t
%
exp| iw sini’
V
exp{ia)[

Boundary condition: o,, = ¢, = ,, = 00nz=0
P

m These relations must be

satisfied for any X ;
consequently, you have

the Snell's law:

sini_ sini” _ sin j _
V., V., V.

P

Incident P Reflected P
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Free-surface reflection and
conversion (4)

m Displacement in plane waves is thus:

11 . COS |
UP(X,Z)—(|a)p¢, O; Tl VP ¢] P_Waves
_. COS | .
p
m ...and traction:

FP(Xyz):(_Zstzp¢’ 0, _'0<1_2V2p2)ia)2\/8¢)

FS(x,z):(p(l—ZVsz)ia)ZVSl//, 0, 2stzpw)
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Free-surface reflection and
conversion (5)

m Traction vector at the surface must vanish:
F=F=0

e Therefore, we have two equations to constrain the
amplitudes of the two reflected waves;

e Their solution:

‘2 COS1 COS |
re S
AP [ VP VS

Al (1_ 2V82 p2 )2

Ao -y

A1VE
CoSI
A ~4V5p—— v, (1 2V2p2)

A L cosi cos L1 2p?
ST p?)’

P S
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Free-surface reflection and
conversion (5)

incidence

incidence
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Amplification
by the free surface

Consider this question: If we have recorded ground
velocity of, for example, 1 um/s at the surface, does
it equal the particle velocity within the incident wave
in the subsurface?

The answer is "no”. At the surface, we record the
interfering incident, reflected, and converted waves

m At vertical incidence, the amplitude of the reflected
wave equals the incident-wave amplitude (and there is

no converted wave). Therefore, the amplitude
recorded at the free surface equals twice
the amplitude of the incident wave

m This effect of doubling the amplitude is known as
“amplification” by the free surface. There also exist
other types of amplification related to the effects of the
low-velocity weathering zone

m  Note that this amplification effect corresponds to the
both free-surface reflection coefficients R =-1 for P
waves and R =1 for S waves (preceding slide)

m For P waves, the direction of positive polarity is
downward in the reflected wave, and so a reflection
with R = -1 amplifies the upward ground motion in
the incident wave

m Inan S wave, R =1 has the same effect of boosting
of the rightward ground motion



GEOLA483.
3

Complete

reflection/transmission
problem

There are 16 possible reflection/transmission
coefficients on a welded contact of two half-spaces

These coefficients are shown by polarization arrows
of outgoing waves, for four incident waves in the
diagrams below

PS . $s
Incident P Incident S} n
PP $p
%\ PP % $P
PS 38

5¢ SS
PP SP
Incident P
PS S$

Incident SV
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Scattering matrix

Incident Scattered

[ ] Y I
Sy

r ¢
S,
\ P Vo1 Vg //\/
\/S:
€

P

/ Pr Vo Vs,
f, b,

\. ) J

m All 16 possible reflection coefficients can be
summarized in the scattering matrix:

NUHINAINTIITH] / N
PP SP PP SP ik P, P,
HHIUILE reflected and 1 {

transmitted wave
{1 PS 5SS PS SS amplitudes can be S1 15 S
[ NN NN AL 7N obtained from ML
PP SP PP SP input ones by P P2
INIBMIMLIFN e \ 7
PS SS PS SS multiplication: S, S,
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Reflection and transmission
at a welded boundary

The scattering matrix can be used to easily derive all
possible reflection and refraction amplitudes at once:

+ Consider matrices M and N expressing the differences of
the displacement and traction across the boundary through
the incident and scattered fields:

+ Because displacements and tractions are linear
combinations of the incident and scattered fields, they
can be expressed by a matrix product

+ The differences of displacements and tractions must be
zero on the welded boundary, and therefore:

/ N
P: P1
u, u, |, {
u u S1 S1
Z 1 =M| ~" |-N =0
O-xz ze P ‘
P P
O,, Jab O,, Jbel
i goﬂ\rq%ary i bgl?r%ary g‘ §
2 2

+ Thus, the scattered-wave amplitudes are related to the
incident-wave amplitudes by:

/! N

P, P,

S| |s

1 1

M LIF N |
P2 P,

N /

S» S»
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Reflection and transmission

amplitudes at a boundary
(cont.)

m  From the equation in the preceding slide, the general
solution for the scattering matrix Sis:

S=M"N

m  From known M and N (next slide), this matrix product can
be easily calculated in Matlab or other engineering
software

m The scattering matrix S can be used to easily derive all
possible reflection and refraction amplitudes at once:

+ This matrix contains all Zoeppritz’s (at normal incidence)
and Knott’s equations (at oblique incidence) giving all
reflected, transmitted, and converted wave amplitudes, for
waves incident from either side of the boundary and their
combinations:

/! N
P1 P1
sl |s

1 il
Y
P P,
N /!
S, S,
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Boundary-condition
matrices M and N

m  Matrices M and N consist of the coefficients of plane-
wave amplitudes and tractions for P- and SV-waves:

_VPlp —C0S j1 szp COs jz
COSil 1 51p COSiz 1 szp
M = 2 . 2 .
2V, peosl, p1V51(1 25, p ) 2N, PCOSI, szsz(l V5, p° )
plvPl(l g p ) 2N, PCOS ,02Vp2(1 Ng,p ) ~2p N, peos j, |
| VPlp COS j1 _VPZ p —C0s j2 |
cosi, -V, p cosi, -V, p
N =

2pNg peosiy p1V31(l Vg p ) 2p\Ng, peosi, pzvsz(l g,p )
Ve (1 V2P ) —2pV2pcos,  —pVo, (1 NEp ) 2p N pcos j,
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Normal-incidence case

At normal incidence, i,=i,=j,=j,= 0, and p =0:

G HE p
0 -1 0 1 0
1 0 1 0 1
M= N=
0 AV 0 pV 0
AVer 0 pVe 0] e

3
N
1 0 1
0 1 0
PVt 0 P52
0 —plp 0 i

The P- and S-waves do not interact at normal

incidence, and so we can look, e.g., at P-waves only

(extract the odd-numbered columns):
- 0] "0 0 Note that
these two
1 1 1 1 constraints
M= N = are satisfied
0 0 0 0 9T X
automatically
__prPl PV s | _plvPl —pVp, i

\ Impedance,

Drop the two trivial equations V=2
(#1 and 3) and obtain:
Yl % |}
PP PP| | {1 1} {1 1} 1 {zz—z1 222}
=M"N= =
aEIHE -2 Z,| |z, -Z,| Z,+Z,| 2Z, | Z,-Z,

Reflection and transmission coefficients

I
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Reflection and Transmission
at normal incidence

m  Thus, at normal incidence (in practice, for angles
up to ~15°)

+ Reflection coefficient:
R= 4415 ~ Y ziA(ln Z) NE(A—VP—I—A—'[)]
22 | 2Z) || 2 Vo, p
¢ Transmission coefficient:
1 ! 2Zl
(|2}

+ Energy reflection coefficient (for energy flux):

E, =R’

+ Energy transmission coefficient:
2.7

E; =1-E; H TR Ea

Z,+7,

+Note that the energy coefficients do not depend
on the direction of wave propagation, but R
changes its sign

#R <0 is seen as to polarity reversal in reflection
records
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Typical impedance contrasts

and reflectivities

Table 3.1 Energy reflected at interface between two media

First medium Second medium
Interface Velocity Density Velocity Density ZJ/Z, R E,
Sandstone on limestone 2.0 24 3.0 24 0.67 0.2 0.040
Limestone on sandstone 3.0 24 2.0 24 1.5 -0.2 0.040
Shallow interface 2.1 24 23 2.4 0.93 0.045 0.0021
Deep interface 43 24 4.5 24 0.97 0.022 0.0005
“Soft” occan bottom 1.5 1.0 1.5 2.0 0.50 0.33 0.11
“Hard” ocean botom 1.5 1.0 3.0 2.5 0.20 0.67 0.44
Surface of ocean (from below) 1.5 1.0 0.36 0.0012 3800 —0.9994 0.9988
Base of weathering 0.5 1.5 2.0 2.0 0.19 0.68 0.47
Shale over water sand 24 23 2.5 2.3 0.96 0.02 0.0004
Shale over gas sand 24 2.3 2.2 1.8 1.39 -0.16 0.027
Gas sand over water sand 2.2 1.8 2.5 23 0.69 0.18 0.034

All velocities in km/s, densities in g/cm?; the minus signs indicate 180° phase reversal.
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Oblique incidence
Amplitude Variation with Angle (AVA)

At oblique incidence, we have to use the full MIN
expression for S

+ Amplitudes and polarities of the reflections vary with
incidence angles.

Fast to slow: Slow to Fast:
Vp,/Vp, = 0.5, py/p, = 0.8; v, =0.25 Vol Ve, =20, p)/py = 0.5, v, = 0.3
0 10 ——-\rjn-,,,%q ~ R
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N 7
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Fraction of P-wave reflection Fraction of P-wave reflection energy,
energy, for various p,/p,
for various V,,/V, Vo /Vp, = 15; v,=v,=0.25

o/ =10; v,=v,=0.25




GEOLA483.
3

Obligue incidence
Small-contrast AVA approximation

Consider the case of small variations of V,, V,, p, and
therefore ray-angle across the boundary

® Shuey's (1985) formula gives the variation of R from the
case on normal incidence in terms of AV, and Av
(Poisson's ratio):

ilmportant at >~30°

- fr = =

Important at typical
reflection angles

R(O) zl[Avp +A_,0j
Ve P

P is related to

pfo 2tz _sr . oty

_|_
1-v } R(O)(l—v)2 Note that it

contains the

AVP effects of
V Poisson’s ratio
0 p 1 (v and Av)
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Amplitude Variation with
Offset (AVO)

m  AVO is a group of interpretation techniques
designed to detect reflection AVA effects:

+ Records processed with true amplitudes (preserving
proportionality to the actual recorded amplitudes);

» Source-receiver offsets converted to the incidence
angles;

+ From pre-stack (variable-offset) data gathers,
parameters R(0), P and Q are estimated by fitting the
following dependencies on ¢:

R(6) ~R(0)|1+Psin® 0+Q(tan’ 0 —sin’ )

+ Thus, additional attributes are extracted to distinguish
between materials with different v

+ In a two-term (linear) approximation, the above
expression is often written as

R(H)z | +Gsin’ @

where | = R(0) is called “"AVO intercept” and
G =P-R(0) is the “"AVO gradient”
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AVA patterns
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m There are three typical AVA behaviours:

A) Amplitude decreases with angle without crossing 0;

B) Amplitude increases;

C) Amplitude decreases and crosses 0 (reflection polarity

changes).

0.4 0.4
0.3

1 A)
0.3 =

“-\ I

2 T~

o e T
TTE RS

3 ANGLE GF INCIDENCE —»

0.0 0% 20 30 a0t

v, S Vi

= 0.3 (solid lines)
= 0.2 (dashed)

This is considered as
a "Normal” case

(Above: V,,/Vy, = p,lp, =1.25;1.11; 1.0; 0.9, and 0.8)

REFLECTION COEFFICIEN

:0.4t0 0.1 (solid)
:0.3t0 0.1 (dashed)

REFLECTION COEFFICIEN,

-0.3p

- o -

~ "ANGLE OF INCIDENCE =
S~

3027 10°

V2> Vi

:0.1to 0.4 (solid)
: 0.1 to 0.2 (dashed)

Such behaviours are considered
“AVO (AVA) anomalies”

From Ostrander, 1984
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AVA (AVO) anomalies

 Gas/water contact
« Base of gas sand embedded in shale

0.4fF 0.4}

Top of

0.3 /| high-impedance reservoir
1

ANGLE OF INCIDENCE —=
S 307 - 400

"~

0.0 -:-:.!3.

REFLECTION COEFFICIEMT
REFLECTION COEFFICIEN,

-0.3p

-0.4F -0.4p

* Top of gas sand embedded in shale Base of
high-impedance reservoir

From Ostrander, 1984
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Amplitude Variation with

Offset (AVO)
Gas sand vs. wet sand

Gas-filled pores tend to reduce V, more than V, and as a
result, the Poisson's ratio (v) is reduced.

Thus, negative AV, and Av cause negative-polarity bright
reflection (“bright spot”) and an AVO effect (increase in
reflection amplitude with offset). These effects are regarded as
indicators of hydrocarbons

+ However, not every AVO anomaly is related to a commercial
reservoir...

o
"

e COMPUTED
©-eo OBSERVED

[ GAS SAND

REFLECTION COEFFICIENT

0.1
— == COMPUTED
68 OBSERVED
WATER SAND
D - L T S —— — ——
T- &‘!}--a—a--u--""v'“ S Py
0.04% : - 5 —
1000 2312 3624 4936 5756

OFFSET (FEET)

From Yu, 1985
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AVO cross-plotting

m Different combinations of reflection intercept (parameter
R(0)) with gradient (sign and value of parameter P) are
summarized by four “AVO classes”. These classes give a
common framework for interpreting AVO effects.

Figure 7. Principles of amplitude-versus-offset
(AVO) analysis. (a) Example where the top of a
water-wet sandstone creates a peak amplitude

Seismic offset gather that decreases with increasing angle of inci-
- dence (i.e., offset) and a gns—charged sandstone
500 Ofsec (f) 000 produces a trough amplitude that increases

Vwet e PR ARG NG G with increasing offset. This “Class I1I" AVO

S response can be contrasted to other classes of
curves on a plot of reflection coefficients versus
offset (b) and a cross plot of the slope and inter-
cepts of the curves (c). Modified from

: : Rutherford and Williams, 1989; Allen and
'gas sand |° . Peddy, 1993; and Castagna and Swan, 1997.

0.2 — Crossplot
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Class IV

1Class I AL \
-~ - ‘ {

~
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~

|ClassIv_ _ ><
_ Class |

v. Vte LU 2004430
\incidence angle

reflection coefficient
[
[

Amplitude vs. offset plot

intercept|

From Young et al, 2007



Cross-plotting

NN
m When

interpreting

geophysical

data, it is
important to
analyze
combinations
of multiple
physical and
geological
properties

Cross-plotting
different pairs
of parameters
is a useful tool
to such
analysis
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Rock-physics Indicators

m  Rock-physics parameters can be derived from the shapes of
AVO (AVA) responses:

m A (“incompressibility”) is considered as the most sensitive
pore-fluid indicator

m x4 (rigidity) is insensitive to fluid but sensitive to the matrix

e 11 increases with increasing quartz content (e.g., in sand vs.
clay).

m o IS sensitive to gas content.
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A-u-p cross-plotting
___LMR crossplotting

. 1

Sand (quartz) will have high rigidity

A’,"% ;

EmmE R e e =% % = & =[] Colours correspond

Gas will have low fluid incompressibility |10 Identified (Ap,4p) zones

LMR crossplotting for Field 1

From Young et al, 2007



