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Summary

Curved Rays Tomography updates background anisotrop
velocity parameters in the time-migrated domain.e Th
tomography uses image gathers generated by Angsotro
Curved Rays Kirchhoff Time Migration. A locally wing
1D Vertical Transverse Isotropy (VTI) model is asmal.
The background anisotropy parameters are
instantaneous (interval) vertical compression vigfod/
and the two Thomsen anisotropy parametérsand & .
Interval velocity (or alternativelys ) is updated from short
offsets reflection events, while is updated from the
available long offset data. Two complementary apphes
are presented in this study: local and global.hi& fbcal
approach, the medium parameters are updated frem to
down, layer by layer, one parameter at a time. réselual
anisotropy parameters, that best fit the residuavenut
curves, are picked. The residual moveout includes
overburden and current layer components. In théajlo
approach, all parameters are inverted simultangosle

to a large number of offsets, the problem becomes-o
defined, and we solve it by a constrained leastisEgl
minimization. The cost function accounts for dated a
model variances, which reflect the reliability d¢fetdata
and control parameter variations, respectively. péated
parameters are constrained to a feasible range.

the

VTI Parametersand their Range

The VTI medium is described by five Thomsen (1986)
parameters, but to study the compression waves; fou
parameters suffice. Furthermore, the ratio betwten

vertical compression and shear velocity is commonly

assumed constantf =V2/vZ=1/4. Three parameters

remain: the vertical compression velocity and the two
Thomsen anisotropy parameters, and ¢ . The limits for

5 depend on the ratiof , §™"=—(1-f)/2=-3/8,

5™~ 2f /(1- f)=2/3 (Tsvankin, 2001). In practice we
keep this range narrower-02<5<05. The second
Thomsen parametet is theoretically limited only from
below. Since the Poisson ratio is positive,>-1/4.
Laboratory and field data indicate that the velpdit the
isotropy plane (horizontal velocity) is usually dar than
the vertical velocityV . This means that is positive, and
we accept the range0<es<05. The range of the
anellipticity n=(¢-6)/(1+25) is defined as
—005<7 <02 and leads to an additional constraint.
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Initial and Boundary Value Anisotropic Ray Tracing

Ray tracing is a core element of seismic tomograjinya
1D medium the horizontal slowness of the ray isstant.
We distinguish betweemitial value ray tracing (IVRT)
andboundary value ray tracing (BVRT). IVRT considers a
single ray with a given horizontal slowness andtival
time at the starting point. The goal of BVRT isfilad the
parameters of a specific ray pair (incident andeotéd).
We assume both rays emerge from the image point and
arrive to the surface. The vertical time and thiergation
of the reflection surface are specified at theefbn point,
and the offset length and azimuth refer to thehesuitface.

Initial Value Ray Tracing

In a 1D model, the initial value ray tracing is two
dimensional. The ray path is a curved line withisirgle
vertical plane. Leth be horizontal coordinate in this plane.
The vertical coordinate is deptla or vertical time t, .
Tracing is done numerically by solving a set ofinady
differential equations. The governing function iket
Hamiltonian, which depends on two components of
slowness: horizontalp;, = const , and vertical,p,, and on

the properties of the medium, which in turn, depenty
on vertical timet, . The Hamiltonian function follows from

the Christoffel equation for P-SV waves,

K-LVZ-V~—2
G =, 1
(phvpzvz) 2~(l—f) 1)
where parameter& and L are
K=(1+ f)-(pﬁ+ p§)+25 p? @

L= 1(of + 02f +22 (107 + 2)- 25 1) 2
The Hamiltonian vanishes at any point along the Tide
resolving ray tracing equations are
dh oG dz G dp,_ G 16 g
do op,  do op, do az V aty '
where o is an independent integration parameter. The
traveltime along the ray can be computed using
d ot dh ot dz oG oG
P sl el - SN C))
do ¢oh do 0z do oph, op,
Since we assumd = const, the vertical time derivative in
equation 3 comprises three terms,
oG _26 dv G df oG do
ot, oV dt, 00 dty OJs di,
Finally, we replace the second equation of set 3 by

®)

Downloaded 05 Jun 2012 to 72.20.129.98. Redistribution subject to SEG license or copyright; see Terms of Use at http://segdl.org/

3373



Koren, Ravve and K osloff. Curved Ray Tomography

di, _dt, dz _ dG/aop, (6)
do dz do \%

Boundary Value Ray Tracing

The curved ray path is presented in Figure 1. Bdthtand

R are source and receiver locations on the earfacrl

the image pointlJ is the projection of the image point on
the earth surface, antll is the intersection of the normal
line to the reflection surface (that passes thrahghimage
point |) with the earth surface. Note that the length
(offset) and the direction (azimuth) of vect@R are
specified and not the specific locations®fand R .

Figure 1. Boundary value ray tracing

In case of a tilted normal to the reflection sugfathe
planes of incident and reflected paths are differdime
curved pathlS of the incident ray is in the vertical plane
ISU, and that of the reflected ray is in another caiti
plane IRU . Azimuths of these two vertical planes are
different. At the reflection pointl, the incident ray
velocity VS, the reflected ray velocity R and the normal
IN to the reflection surface are in the same (nomiog)

plane SR. The inward normalN to the reflection surface
is defined by the dip angle and azimuthg . The source-

receiver offsetSR in the horizontal plane is described by
its absolute valueH and azimuthg . Let dg and dr be

lateral shifts of the incident and the reflectedy,ra
respectively. They depend on the correspondingzbotal

slowness pit and pS. These shifts result from the initial
value ray tracing,
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dR(pﬁ)' cospR — ds(pﬁ)- cosp® = H cosp
dR(pﬁ)'Sin(ﬂR —dg (pﬁ)singos =Hsing
where 5 and R are azimuth angles of shiftds and

.M

dr, respectively.Let vector i be a normal to the

reflection surface. For a general anisotropic medithe
Snell’s reflection law is
(pS+p%)xA=0 . (®)

Vector equation 8 is equivalent to three scalaradquos,
but only two of them are linearly independent. Thus
have four equations (7 and 8) to establish thezbatal
slowness and the azimuth angles of the incident taed
reflected ray.

Residual Traveltime

Perturbations of the VTI properties affect the dasi
traveltime. The perturbed parameters of the mediwen
vertical velocityV and two Thomsen parameters, and
6. Perturbations are assumed small, and the respanse
the medium is linearized. It follows from equatiénthat
the residual traveltime along the ray is

At= Z | (Aph = +Ap,-

k=g, opn

j do 9)
op;

where k is the layer index. The Hamiltonian vanishes
along the ray, and its variation is identically@eFhe one-
way residual traveltime equation becomes

N oG oG oG
At=-— — AV, +—Ag, +—AS, | d 10
Elgfk(av e Y kj o (10

Shift of Reflection Point in Depth

There are two factors that cause variation of {tawe:
residuals of medium properties and shift of thderion
point in depth (Koremt al., 1999). We assume that the zero
offset traveltime is preserved. The medium properti
change, and therefore the depth of the reflectiomtp

varies accordingly. LetAt?® be the one-way zero offset

traveltime change caused by the medium properties
variation only. It can be established by equatfitrapplied

for the zero offset ray. Lef\z be the change of depth of
the reflection point. The variation of traveltinzgy caused

solely by this vertical shift is

Aty = At§ + At = Az- AP, (11)
where AP, is the change of vertical “ray slowness”,
S R
cos, cos,
AP =— 12)
Vray Vray
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Conservation of the two-way zero offset traveltiraads
A0 = -2At5°
This yields an explicit expression for variationdfpth,

(13)

oG oG
APZO Z | [—AVK+ Agwgwk) do (14)

Vp oc

zerooffset

where AP/ is defined in equation 12, for the zero offset

ray. A similar characteristi(‘APzi can de defined for any

given nonzero offset. Variation of deptz is the same for
all offsets. However, the change in traveltime, sesli by
this variation, is different for different offsets

i AP' N oG oG

Aty = 4 = AV, +—Ad, +—Ag |do (15

d PZZ°ZI( k™6 " oe kj (19)
zerooffset

Tomographic Coefficients
Introduce the tomographic coefficients

oG oG AP} oG
Al=- [ —=d | —=do +2—%. [ —=
5, om

AP S om
incident,offseti  reflected pffseti zerooffset

(V.56 and AP={AY A A]]  (16)
After ray tracing is doneA’ , A®, A> are known values

along the rays. The two-way residual traveltimalsea
N
At=3 A AV + A Ay + AS AS
k=1
Equations 16 and 17 express the linearized relé@vween
the model parameter perturbations and residuaitiene.

where

17)

L ocal Approach: Single Parameter Scanning

Local tomography is a layer stripping approach grentd

for single locations and for a single parameteretyp .
This approach is an interactive “coherency inversio
analysis type which is performed directly along the
migrated image gathers (Korest al., 1999). It is
recommended to first select some sparse locationg éhe
layer where the residual moveouts are sensitiveh&®
model changes. Then the analysis can be performe i
batch mode for the whole layer, scanning residuatleh
parameters within a specified range. The outputais
horizon-based semblance plot for a layer, where the
maximum amplitudes indicate the considered model
perturbationsThe resolving equations are 16 and 17, and
each time only one of the residual@\Vy,Ady,Ag} is

scanned. The interval velocities (or alternatively are
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updated using the short-offset reflection evernts3@),
while ¢ is updated using the long-offset data. Steep idips
the model contribute considerably to the sensjtiot the
residual moveouts to changes in parameter This
approach suffers from general limitations of lag&ipping
methods: the inaccuracies of the parameter estmati
the overburden affect the parameters of the cutaget.

Figures 2 and 3 demonstrate a simple synthetic pkam
The vertical profile of the true VTI parametersteival
velocity, 6 and ¢, with the corresponding synthetic gather
(calculated by anisotropy ray tracing) are showrrigure

2. In this example, the velocity and are considered
known and exact, and the goal is to update

Interval Velocity |-
Interval Delta
Interval Epsilon

- I ‘ ki ‘
! o

[~

‘ i -

Q\»DE*M&D
-1 9 R Y

Background Epsilon
Residual ~ Epsilon
£{/Updated  Epsilon

[ v 7 ]

Figure 3. Epsilon correction at the third layer:
true 0.2, background 0.125, residual 0.06

We set the initial guesg =5 at all layers. Anisotropy
curved ray time migration was performed. The nattdin
gathers are shown in the right part of Figure 3e Tigure
shows the ¢ analysis in the third layer. The first and
second layers have already been inverted. The
correspondings updates are shown in the vertical and the
horizon Velocity Panels. Anc histogram is performed,
where the optimal residual corresponds to the mamim
coherency value. The corresponding flatten evesh@wvn

in the Corrected Panel display. The residgalalues for
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the three layers are underestimated (e.g., fottting layer,
the updateds = 0.185 as compared to the true value 0.2).
Another iteration was applied with the correcteduga
which resulted in almost perfect values.

Global Approach

Global tomography for residual parameter update is
intensively used in depth imaging (Farra and Maxisj
1988; Stork, 1992; Koslofét al., 1996, among others). In
this section we describe a global inversion procedar a
locally varying anisotropy 1D model (time-migrated
domain). The results of the local tomographic isi@n are
used as a background model for the global tomograph
The global inversion yields all residuals simultangly, for

a fixed lateral location. The reflecting image pein
(elements) are stored as a set of vertpaicils. Each
pencil is a vertical functioncontaining information about
the local reflecting surfaces intersection pointshwthe
local vertical time axis. Each intersection poimintains
information about its vertical time value, localrfage’s
normal vector (dip and azimuth angles) and the &tion
index above it. In addition, at each point (node) store
the traveltime errors (residual time moveouts)teglao the
reflected image point. The residual times are fiomst of
offsets or reflection angles with a given shot rese
orientation (azimuth) along the earth surface (iarime
data, the azimuth is the shooting direction). Laltlycation
of pencils may be sparse and irregular. Verticalasomay
also be irregular and different for different pésicWithin
each output interval, the residual parameteysy are
considered constant. The upper and lower interfatéise
intervals do not necessarily coincide with the plemades.
The dimensionality of the problem depends on thewm

of the output intervalsN® and is independent on the
amount of the pencil nodeN . Since the problem is over-
determined, the least-squares approach is used. The

resolving matrix M consists of N°'x N°"*  blocks,
where each block has a dimension %3 (three
parameters Am). The right-side vectorB consists of

N°“ blocks, each of lengtB. The structure of the blocks

h_ 1 AM m k k
NN LA Ak LN SkkOmm
Nr?' d’zi:\ta 3Nout SlT

<
T3
T3
I

(18)

where NQ is the amount of offsets for pencil node,

0<k <N°_1 and 0<k, <N°“-1 are row index and
column index, respectively, of a block in the glbbeatrix
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or vector. Superscriptf<m, <2 and 0<m. <2 specify
the medium property. Facto;%"}kf is the tomographic

coefficient of medium propertym, obtained from a ray

with offset index i and reflection pointn within the

data

output interval k.. Data variance S~ is related to

reliability of traveltime residual for reflectionopt n and
offset i (usually all offsets have the same reliability).

Model variance 3(”‘ is related to propertym, on the

output intervalk, , and 5% is the Kronecker symbol. The

standard deviation of the model parameter is asgume
proportional to the interval thickness. Within thiin
output interval, the information is insufficienfadithus the
variation of the medium properties on this intervath
respect to the background model should be limited.

Conclusions

We have described two complementary tomographic
approaches for VTI parameter determination. Thealloc
tomography enables a controlled interactive estonaof
the long-wavelength anisotropy parameters. In tlobai
approach we invert simultaneously for all paransetdrall
output intervals using detailed residual moveout
information. The reliable anisotropy parametersnested

by the local approach are used as a backgroundifgyi
model for the global one. This makes it possibléutther
apply successfully the global constrained leasaseg
approach.
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