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Background

e Propagation of seismic waves through a layered (and anisotropic) medium is

frequency dependent,

e P-wave propagation velocity in isotropic layered medium variation between

zero- and infinite-frequency limits can reach 15% (Stovas and Ursin, 2007),

e Although, we never face zero- or infinite-frequency propagation in reality, it is

important to know the values at these limits,

e In light of increasing application of orthorhombic (ORT) and tilted

orthorhombic (TOR) models in industry, it is practically important to
consider the two frequency limits in these models,

e We analyze the traveltime (processing) parameters (and geometrical

spreading) of the reflected P-wave in two frequency limits as a function of the
symmetry planes tilt in orthorhombic medium.
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Goals

e Derive zero- and infinite-frequency limits of the traveltime parameters for
reflected waves in layered TOR media,
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Goals

e Derive zero- and infinite-frequency limits of the traveltime parameters for
reflected waves in layered TOR media,

Compare the two limits using numerical model,

Compare the two limits using real data (well log),

Analyze the relative geometrical spreading in the frequency limits using
numerical model and well log data.
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Figure 1: Schematic propagation of a pure reflected wave-mode through a TOR layer.
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The model

Initial

Figure 2: An enlarged version of an area inside the red rectangle in Figure 1. Symbol 1
schematically indicates the orthorhombic symmetry planes tilt.
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Zero-frequency limit, A > h
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Elastic orthorhombic stiflness matrix

ci1 c1g2 c13 O 0 0

Co9 (€923 0 0 0

ORT _ csz3 0 0 0
¢ = SYM cau 00 (1)

Cs5 0

C66
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Tilted elastic orthorhombic stiffness matrix

cTOR _ RQCORTROT, (2)

where Ry is the Bond transformation matrix, needed to rotate the stiffness matrix
in Voigt notation about the xo-axis at an angle 6.
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Schoenberg and Muir upscaling

Theory of Schoenberg and Muir (1989) is an extension of the Backus (1962)
upscaling to an arbitrary anisotropic media. Using this theory we obtain the
effective anisotropic medium for a reflected wave:

&= (CTOR(G),CTOR(—Q)), (3)

where (...) denotes the upscaling operation. Structure of € is similar to that of a
vertical ORT medium and defined by 10 independent parameters.
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Time (slowness surface) averaging

In order to obtain the traveltime parameters in the infinite-frequency limit (ray
approximation), slowness surfaces should be averaged:

D0 +p$(0)
2

i (6) =2 (4)

where p = (p1,p2,p3)7T is the slowness vector, p3 = p3(p1,p2), and R, D, and U in
p3 superscript indicates “reflected”, “down”- and “up”-traveling wave.
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o0 gy < PO #2570 _ p(6) + po(-0)

2 2 ! )
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Series for the traveltime squared

Traveltime parameters are related to the coeflicients in front of the source-receiver
offset horizontal projections in the series for traveltime squared:

2,2
t2(931 x9) = 2 x% 4 x_% _ 2y B 21175 277333/1‘11132 .
TRV VAR VAR VRvER

n

()
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Series for the traveltime squared

Traveltime parameters are related to the coeflicients in front of the source-receiver
offset horizontal projections in the series for traveltime squared:

(21, 19) = 22 x% +x_%_ 21017 ~ 211 5 277xy:c%$% . (5)
' V2 V V771 Végtg Vélt V V ’

where Vj is the velocity along the vertical, z - thickness of the layer, Vo, 2 and
Vp1, m are (P-wave) normal move-out velocities and anellipticity parameters in

[x1,23] and [z, 23] planes, respectively (Tsvankin, 1997), 7, is the cross-term

anellipticity (Stovas, 2015).
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Traveltime parameters

Traveltime parameters are obtained from the offset-traveltime parametric equations

Ops3
z1(p1,p2) = _Zc‘)_pl’
15)
x?(pl)pQ) = _Za_zi) (6)

t(p1,p2) = T1p1 + T2p2 + 2D3.
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Weak anisotropy expressions, first order

In weak anisotropy approximation, the expressions are identical up to the first
order in anisotropy parameters:
VI%J = VI%F = Vpo (1 + €9 sin* 6 + 09 sin? 6 cos® 9) ,
VnLlF = Vn}{F = Vpo [1 +ea(l+ cos? 0) sin? 0 + 61 cos® 0 — §y sin’ 0 cos? O + J5 sin? 9] ,
VEF - vEF _ v [1 +e3(Tcos? 0 — 1) sin? 0 + 65(1 — 7sin? § cos? 9)] ,
e = 2 ) —ey(1 + cos? 0) sin 0 — 6, cos® 0 + 6y sin” O cos? 0 — d3 sin” 6, (7)
nkF = gl = (¢) - 65) cos 40,

nﬁf = ngF = (€9 — 01 + 03) cos 20 + (€2 — d2) cos 40,

where superscripts LF and HF' correspond to zero- and infinite-frequency limits,
respectively. Tsvankin (1997) notation is used.
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Weak anisotropy expressions, second order

The relation between vertical P-wave velocity (y/¢33) in frequency limits up to the
second order in anisotropy parameters:

VHF . 229 220
—PLOF S P e2sin’ 0 + 53& +e3098in?0cos20 | + ..., ()
Vo 29(1-9) 4

where g = V2 /V3,.
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Contribution from the individual terms
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Weak anisotropy expressions, second order

S1- (\/cs5) and S2- (y/caa) waves:

Y. Ivanov

v sin? 26 cos® 26 )
SlO =1l-— €§S1 40 52—+6252SIH29C0S20 + ...,
VEE =" 291 g) 4 o)
VSQO =1
VS20
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Correspondence between the vertical velocities

VEE > vEE
VSlo < VSlO’
Vs = Vs
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Heterogeneous TOR medium: real well log data
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Courtesy of Statoil ASA

We use the theory of Schoenberg and Helbig (1997) to include penny-shaped
gas-filled cracks, dny = 0.2, o7 = 0.5 (Bakulin et al., 2000), in VTTI stiffness matrix
along the [x2,x3] plane in order to make the medium orthorhombic.
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Relative geometrical spreading £

oL
L(x1,22)

(11)

where A is the wave amplitude, z1 and z2 are the source-receiver offset
projections.
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Relative geometrical spreading £

82T(x1,I2) BQT($17$2)

1 Ox2 0x10x9
Ao ——— ocdetM = —| o0 1 2 (11)
0 T(r1,12) 0 T(xl,mQ) ’
L(z1,2) Fz2021 02

where A is the wave amplitude, z1 and x5 are the source-receiver offset
projections.
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Relative geometrical spreading £

82T(:C1,CC2) BQT($17x2)

]_ Ox2 0x10x9
Ao ——— ocdetM = —| o0 1 2 (11)
0 T(I1,12) 0 T($1,$2) ’
L(z1,2) Fz2021 02

where A is the wave amplitude, z1 and x5 are the source-receiver offset
projections.
Convenient to display the normalized quantity:

Efl

1

EISO
where L1g0 is calculated in isotropic medium with the velocity equal to the vertical
velocity in the initial orthorhombic medium.
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e Traveltime parameters of the reflected P-wave in tilted orthorhombic medium
in zero- and infinite-frequency limits are analyzed,
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Conclusions

e Traveltime parameters of the reflected P-wave in tilted orthorhombic medium
in zero- and infinite-frequency limits are analyzed,

e Weak-anisotropy approximation for the P-wave traveltime parameters are
derived and it is shown that they are equal in the frequency limits,

e Algebraically and using a well log data we demonstrate that the vertical
P-wave velocity is higher in the infinite-frequency limit than in the
zero-frequency,

e The vertical S1-wave velocity is lower in the infinite-frequency limit than in
the zero-frequency, the S2-wave velocity is equal in both frequency limits,

e Correspondence of other parameters (incl. geometrical spreading) in the
frequency limits is not simple, however, the difference in effective parameters
between two limits can be significant, and it should be analyzed prior to
averaging of log data.
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Discussion and future work

e Equivalence of the weak-anisotropy expressions in two frequency limits
suggests that we can use the isotropic model for the dispersion analysis if
anisotropy is indeed weak (1),
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Discussion and future work

e Equivalence of the weak-anisotropy expressions in two frequency limits
suggests that we can use the isotropic model for the dispersion analysis if
anisotropy is indeed weak (1),

e The approach can be extended to more realistic TOR model with the
symmetry planes rotated about an arbitrary vector.
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Schoenberg and Muir method

Crx = (CR)
Cry = (CtnCyy) Cnns
Crr = (Crr) - (CrnCinCnt) + (CrnCiin) Can (CakCnr)

with
A Ciz C3 O35 . Ciz Cu Cis (G G Cig
3 _ 1 1 (A 7 — K 1 7 X3 — 1 7 K
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Vertically fractured VTI
CVFVTI _
Ciip(1-6n) Crap(1- 5N) Cisp(1-9n) 0 0
c

Cuap - On g2 Cugy(1- 6y ax) o 0
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Cuap(1-0v)

where
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