GEOLA483.3

Reflection
coefficients

» Reflection and conversion of
plane waves

* Snell's law

* P/SV wave conversion
* Scattering matrix

* Zoeppritz equations

* Amplitude vs. Angle and Offset
relations

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

~ Shearer, 6.3, 6.5
- Sheriff and Geldart, Chapter 3
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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, ...what about SH waves?

* therefore, there are 8 possible waves
interacting with each other at the
boundary.
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Free-surface reflection
and conversion

Consider a P wave incident on a free surface:

Incident P

Boundary condition: ¢ =0 =0 =0onz=0
Xz yz y44

Reflected P

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

T (¥ 7)\= @ _a_(l)_ inc refl
dittenee e G .
- /> - _a a re

ug(x,z)=( GZLP , 0, 8L)|c) ), Y=y 4 SV-wave
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Free-surface reflection
and conversion (2)

® Traction (force acting on the surface):

F,(%,2)= (2u 0% LAV p+2u 0 (I) P-wave
x0z 0 7>
F.x,z)= — ,0,2 i SV-wave
S<x Z) M(ﬁxz 8Z2> M@x@z

®m Consider plane harmonic waves:

n

=

inc P

(I)mc 1] Aznc eXp A5

—1 incident P

(I)reﬂ_ A;fﬂ exp iw( t ’:/Veﬂp —z) reflected P

X7
g’ = f;ﬂ exp iw( 2 4 —t) reflected SV

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

® The boundary condition is: Force(x,t)=0

®m Note that functional dependencies of ¢

and yon (x,t) are:
~ -

. ® These must satisfy
exp iw(sml x—t]], for any x ,
& ) consequently, the
. [sini” Snell's law:
exXp|Iw x—t]|,
VP o c * .
. ' SIni_sini _ sinj —
exp iw(sm] x—t)], Ve V, Vg
VS
Boundary condition: 0_=o0_=o0_=0o0nz=0
. o
Incident P Reflected P
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Free-surface reflection
and conversion (4)

® Displacement in plane waves is thus:

COS J
up(X,z)=(iwpd,0,+iw VJCI)), P-waves
P
uS(x,z):(+ % ]LIJ 0,iwpy), SV-wave

P

B . .and traction:
Fo(%,2)=(=20V2p¢,0,~p(1-2V pYliw' V),
Fy(%.2)=lp(1-27" p)io'V 3,0,20 ¥ py).



GEOLA483.3

Free-surface reflection
and conversion (5)

® 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:

AV 2COSI COSj 1—2V2 )
A:fﬂ sP HITIE] ( Sp>
AP 4V§pCOSl COS]+<1—2V§p2>2
Ve Vs
COS1I ) 9
—4V; 1-2V

A;eﬂ_ sP v, ( SP)

AP 4V4;p COS1 COS]+<1—2V§p2)2

Ve Vs
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Free-surface reflection
and conversion (5)
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Complete
reflection/transmission
problem

sS
et p Incident SV o
% $p
SS

® There are 16 p055|ble
reflection/transmission coefficients on a
welded contact of two half-spaces

PS S8

PP §p

Incident P

Incident SV
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Scattering matrix

Incident

Scattered

r

P11’ S1
,02, sz’ S2

P

~\

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

P §P

o |PS SS
PP SP
\PS SS

PP
PS
PP
PS

§p
5§
§p
KRl

i
A
Si|=s(5].
PZ PZ

9 52 52

~
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All reflection and refraction
amplitudes at an interface

(Derivation of the Scattering Matrix)

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

* consider matrix N that is giving

displacement and traction at the interface
for the incident field, and a similar matrix

M for the scattered field:

XZ

Q Q =

zz

* This is a general (matrix) form of
Zoeppritz' equations (relating the

P,
S,
P,
S

2

(\9)

CIJ‘ hU\ HCQ/ hU/

(\9)

incident, reflected, and converted wave
amplitudes).

* Their general solution:

S=M'N



GEOLA483.3

Mand N

® The matrices M and N consist of the
coefficients of plane-wave amplitudes and
tractions for P- and SV-waves:

Vb —CO0S j, Ve p Cos /,
COSi, —Vyp COS 1, —Vp
2p1V§1pCOSi1 prsz(l_z Vé/l)z) 2p, VézpCOSiz szS2(1—2V§2p2) ,

_prP1(1_2V§1p2) 2pr§1pCOSj1 szP2<1_2V§2p2) —2p2V§1pCOSj2

Vop COS J, —Vep —COS /,

COS1, —Vyp Cosi, —Vep
201V§JPCOSi1 prS1(1_2 Vézpz) 292V§2PCOSi2 szsz(l_z ngpz) ’

Py VP1(1_2 V?w pz) —2p, V§1p005j1 P, sz(l T V%?zpz) 2 szélpCOsz

N=

R
BY S P S8 i ne
PP SP PP SP
\PS SS PS SS/

This 1s matrix form of Knott' equations (solutions for
reflected and refracted amplitudes)



Partitioning at
normal incidence

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

P N P B P S P S
0 -1 0 1 0 1 0 1
1 0 1 0 1 0 1 0
M= ) N= !
0 PV 0 P,V s 0 P Vs 0 Py Vs,
=,V 0 P,V b 0 PV b 0 =P,V 5, 0

®m 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):

1 A J1 0| - Note that

these two

M=| (1) 77777777777777777 (1) 777777777777 N=| (1) 77777777777777777 (1) 77777777 < constraints

are satisfied

PV PV g, P Ve =PV p automatically

11 . Imped
= Drop the two trivial equations (#1 mP;Vzgce’
and 3) and obtain:
PP PP\ ., . T i N s 2 1 .
PP PP 22y Zo) 2 123} | Z,HZ,\ 122y | 2,2,

Reflection and transmission coefficients J‘
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Reflection and
Transmission at
normal incidence

Thus, at normal incidence (in practice, for angles
up to ~15°)
® Reflection coefficient:
ALA
R=22 2182 L N (nz)~
s A

+ Transmission coefficient:
27,

TE=
Z,+7,
® Energy Reflection coefficient:

E.=FK

AV
S )
2V, p

® Energy Transmission coefficient:
27,7,
Z+7Z,

E,=1-E,=

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

* R < 0 leads to phase 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 ZIZ, 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 2.3 24 0.93 0.045 0.0021
Deep interface 4.3 24 4.5 2.4 0.97 0.022 0.0005
“Soft” ocean 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 22 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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Obligue incidence

Amplitude versus Angle
(AVA)variation

®= At oblique incidence, we have to use the full M
'N expression for S

* Amplitudes and polarities of the reflections vary
with incidence angles.
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Obligue incidence
Small-contrast AVA approximation

AV, AV, Ap, and therefore, ray angle variations
are considered small

® Shuey's (1985) formula gives the variation of R
from the case on normal incidence in terms of AVP

and Ao (Poisson's ratio):

ilmportant at >~30°

||||||||||||||||||||||||||||||||||||||||||||||
'

, \
||||||||||||||||||||||||||||||||||||||||||||||

Important at typical
* where: reflection angles

AV Ap
Vp p

2(1+0)(1-20) |
l-0o

Ao
R(0)(1-a)

)

p=|0-




GEOLA483.3

Amplitude Variation
with Offset (AVO)

® 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:

R(0)~R(0)[1+Psin’0+0Q (tan’0—sin0)].
* Thus, additional attributes are extracted

to distinguish between materials with
varying o.
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Three practical AVA cases

® Three typical AVA behaviours:

A) Amplitude decreases with angle without

crossing 0O;

B) Amplitude increases;
C) Amplitude decreases and crosses O

(reflection polarity changes).
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From Ostrander, 1984
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AVA (AVO) anomalies

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

0.4F 0.4
Top of
0.3b [ high-impedance reservoir 0.3t
1
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: |2 ~_ C) Z
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E \ - -~ ~ :} I / .
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o S~ 8 -
¢ - B
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: =
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* 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

m Gas-filled pores tend to reduce VP more than VS, and as

a result, the Poisson's ratio (o) is reduced.

= Negative AV and Ao thus cause negative-polarity bright

reflection (“bright spot”) and an AVO effect (increase in
reflection amplitude with offset) that are regarded as

hydrocarbon indicators.

* However, not every AVO anomaly is related to a

commercial reservoir...

=
"

wmeen COMPUTED
-eo OBSERVED

[ GAS SAND

o

REFLECTION COEFFICIENT

- == COMPUTED
<G8 OBSERVED
WATER SAND
A —— o —
T- il Tl b = - Sny
004 - ’ -t
1000 2312 3624 4936 5756

OFFSET (FEET)

From Yu, 1985




Amplitude vs,. offset plot
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AVO cross-plotting

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-

Offset (ft) 5

dence (i.e., offset) and a gas—churged sandstone
0000 produces a trough amplitude that increases

¢ with increasing offset. This “Class [1I" AVO
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

s
ClassIV_ . ~

gassand ' . Peddy, 1993; and Castagna and Swan, 1997.
Crossplot

2] 04 Class | B
12 Class IV
g |Classll - o ‘ %1,

| o, g - | [)
180.0 = ) = e,
5 S ' =] $
5
3 }
%

g < ' _
0.1 == 1 ’ &
| Class
)2 gty intercept
0 “agl 20 (iae

\incidence angle

From Young et al, 2007
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ing

plott

Cross-
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From Young et al, 2007



GEOLA483.3

Rock-physics
Indicators

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

" A ("fluid incompressibility”) is
considered the most sensitive fluid
indicator

® 4 (rigidity) is insensitive to fluid but
sensitive to the matrix.

e (1 Increases with increasing quartz
content (e.g., in sand vs. clay).

® pis sensitive to gas content.



S_and (quartz) will have high _r_igi_q_lity e
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A-u-p cross-plotting

Colours correspond
to identified (Ap,up) zones

¥

From Young et al, 2007
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