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Abstract

By a combination of the differential semblance misfit
function to obtain uniform common image-point gathers
and a co-depthing procedure by map migration we obtain
smooth velocity models yielding depth-consistent PP
and PS images. A strategy is presented using these tools
to obtain estimates of all parameters in a transversely
isotropic media with a known symmetry axis. The
strategy is illustrated on a North Sea OBS data set.

Introduction

The velocity-depth ambiguity in depth migration is a well
known problem stemming from several factors such as,
limited aperture, band-limitation of the source and the
interplay between parameters of the background medium
contributing to the non-uniqueness of the problem. In
addition, the isotropic assumption can cause severe depth
errors in the presence of anisotropy. These issues should
be considered for PP and PS images from depth migration
where geologically equivalent horizons should be imaged
at the same depths. The present method is based upon
the differential semblance misfit function in angle to find
fitting background models (Symes and Carazzone, 1991).
This requires amplitude-compensated angle-domain
common image-point gathers (cigs) (Brandsberg-Dahl et
al., 2003) to be uniform, i.e. constant amplitude for all
angles and azimuths. Depth consistency between the PP
and PS depth image is enforced through a regularization
approach penalizing mistie between key reflectors in
addition to the differential semblance misfit function.
By migration / map demigration time information is
obtained on the key reflectors of the PP and PS image.
This time information, which is independent of the
velocity model, can be map migrated to reconstruct the
reflectors in depth for a given background model giving
an automatic way to quantify the depth discrepancy in
the tomographic approach. An approximative simplifi-
cation uses the normal incidence point rays in the map
migration. The method is presented in a general 3-D
framework allowing for the use of true depth information
such as well markers and the inclusion of anisotropy.

Methodology

The smooth background medium is described by the
parameters given in the vector m = (my,...,m,), which
e.g. can be layer-based values or coefficients of a B-spline
series expansion. The differential semblance misfit
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Fig. 1: Positive and negative PSycigs, I}*;S and T54. Arrows
indicate the wavefield directions in the two reflection events.
The solid and dashed curves are the P- and S-wave legs, re-
spectively, of the different events. The source and receiver are
denoted x° and x", respectively.

function in angle measures the focusing ability of a cig.
The optimum solution is found for uniform gathers. We
denote the cigs from PP reflection events Zpp (6,1, y; m)
and the differential semblance measure for a given model
on these cigs as Jpp(m). 6, ¢ are the scattering and
azimuth angles and y = (y1,¥2,ys) is the scattering
point. Due to the diodic nature of PS reflections we split
the contributing events to the cigs in the misfit function
into a positive and negative part, denoted Zjg and Zpg
in analogy of positive and negative offsets in surface
coordinates. The Z}s-cigs are computed with seismic
events where the source and receiver rays intersect in
the order of Figure 1 relative to the scattering angle
and vice verca (opposite order of rays) for Zpg. This
splitting is necessary in a tomographic procedure as the
rays, for the two cases, travel in different parts of the
background model. Both Zj}g and Zp4 are thus treated
as separate cigs in the PS differential semblance misfit
function denoted Jps(m).

For the co-depthing we interpret key reflectors which are
geologically the same, but are imaged at different depths
in the PP and PS images using an unacceptable model.
Let the j’th pair of interpreted key reflectors be given by

(1)

To enable an automatic matching of these key reflectors
in depth, we demigrate the chosen reflectors to obtain
time information which is independent of any background
model and can be considered ‘data’. As a simplification,
we demigrate along normal incidence point (NIP) rays
only. The two-way traveltime for the PP reflection events
by demigration of the j’th reflector from y along the NIP
ray to the surface point x is denoted 75 ,(x). Using this
time information we can map migrate to obtain the depth
of the key reflector for every suggested background model

{(y1, y2, 2hp(y1,y2;m)), (Y1, Y2, 2h g (y1, y2; m)) }.
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Fig. 2: Two NIP rays for the P and S wave from the subsurface
point y.

(Gjgystdal and Ursin, 1981)

(6, 7hp () =™ (91,202 (025 Thp (), m) ) . (2)

To enable simple map migration of the reflectors of the PS
image we construct pure mode SS traveltimes by resolving
the P-leg of the PS events by using the PP traveltimes.
In a correct velocity model, for the PS event, the NIP P
ray connects y to x and the NIP S-ray connects y to x’,
as in Figure 2. The dotted line indicate the S-wave ray
while the solid line indicate the P-wave ray. The two-way
PS traveltime 7ps is then given by,

ps(x,X') = Tpp(x)/2 + Tss(x')/Z,

®3)

with reflection point y, where 7s5(x’) is the SS two-way
traveltime along the S-wave NIP ray. Notice in the use
of two arguments in the two-way PS traveltime function
as there are two points of emergence at the acquisition
surface: Zero scattering angle does not imply zero offset.

In the unacceptable model, the PS event is imaged
at y’, while the PP event is imaged at y, assuming
the same x position for the NIP P-ray through map
demigration; the PS event tied to the PS image has
two-way traveltime 7ps(x,x”) (X' # x” as the model
is unacceptable). The zero scattering angle PP and
PS two-way traveltimes are ‘data’ obtained from map
demigration, and are considered to be correct. If we
assume that x” ~ x’, we can use (3) to compute 7s55(x"),

(4)

which is the NIP ray approximation of Gretchka and
Tsvankin’s ‘PP+PS=SS’-procedure (2002). Using the
pure mode 7pp (x) and Tss(x"') we map migrate the reflec-
tors to depth enabling us to quantify the misfit in depth
given the current background model as in equation (2).
Notice that map migration of each set of these traveltime
functions depends only on the background model param-
eters governing the particular mode. Notice also that the
reflectors can be matched to other sources of depth infor-
mation such as well logs. We denote the misfit function
for depth mismatch of key reflectors Jp(m) and arrive at
the joint angle tomography and co-depthing misfit func-
tional,

J(m) =\ Jpp(m)+ Ao Jps(m) + pJp(m),

155(x") = 27ps(x,x") — PP (X),

()
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Fig. 3: The common-image point gathers of the isotropic P-
wave velocity optimization after 0, 4 and 7 iterations.

where A1, A2 and p are regularization parameters govern-
ing the trade-off between uniform cigs and depth consis-
tency. By setting p = 0 the search aims at matching the
range of the PP and PS forward scattering operators to
the relevant data constituents by uniform cigs. The co-
depthing is accomplished by setting g > A1, A2 > 0 and
aims at a search in model space without changing the
range of the forward scattering operators.

Strategy

We consider a transversely isotropic (TI) medium with
a known direction of the symmetry axis, but disregard
any azimuthal anisotropy. The medium is equivalent
to a TI medium with a vertical symmetry axis (VTI)
through the Bond transformation. Thus the medium is
described by 4 parameters, for example the vertical P-
and S-wave velocities vpo, vso and Thomsen’s § and e.
We approach the problem of estimating a velocity model
in the framework of TI media considering a North Sea
OBS dataset. This is performed with model updates in a
step-wise manner, similar to (Sollid and Ettrich, 1999),
using the following steps reflecting a hierarchy of model
complexity; the misfit functional is given in (5):

(i) We first carry out isotropic P-wave velocity analy-
sis on PP cigs using differential semblance in angle
(A =1, A2 =0, p =0). Figure 3 shows 3 sets of PP
cigs at iteration 0, 4 and 7 in the velocity update us-
ing a quasi-Newton approach (see (Brandsberg-Dahl
et al., 2003) for details). The cigs are sampled ev-
ery 250 meters from 1250 meters in the model with
incoming scattering angle ranging from 0 to 45 de-

grees.
(ii)

Keeping the P-wave velocity model obtained in (i)
fixed, we carry out isotropic S-wave velocity analysis
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Fig. 4: The common-image point gathers of the isotropic S-
wave velocity optimization after 0, 2 and 5 iterations.

(iii)

™)

on PS cigs using differential semblance in angle (A1 =
0, A2 = 1, p = 0). Figure 4 shows the flattening
of the positive and negative PS cigs plotted back-
to-back with angles ranging from 0.5 to 24 degrees
outgoing S-wave angle (contrary to convention).

We carry out seismic interpretation of the PP and
PS images for key reflectors, and pick them. We use
three reflectors of both images evenly distributed in
depth denoted {(2pp, 2ps), (25p, 2Ps), (2Pp, 2Ps)}
(suppressing the horizontal coordinates in equation
(1)). We map demigrate these making use of the
P- and S-wave velocity models obtained in (i) and
(ii), and obtain PP and SS zero-offset traveltime
horizons, using equation (4), which play the role of
‘data’.

We carry out co-depthing by Jp(m), keeping the
P-wave velocity model from (i) fixed using the PP
reflector as ‘reference’, making use of map migra-
tion of the SS traveltime data obtained in (iii).
The contribution of the differential semblance mis-
fit function plays the role of regularization (A1 = 0,
# > A2 > 0). Figure 5 indicates the significant dif-
ference in the vp/vg-ratios resulting from (ii) and
after co-depthing, respectively, and is in large part
attributed to the presence of anisotropy. Figure 6
shows a zoom of the deepest key reflector on three
traces at 3.2 km in the model of the PP image (step
(1)), the PS image step (ii) and the co-depthed PS
image, respectively. Observe that the key reflec-
tor z5g, with uniform gathers in the isotropic back-
ground model in step (ii), is moved several hundred
meters to match the PP key reflector 23 p.

After the isotropic processing steps (i) and (ii), the
P- and S-wave velocities are approximately equal to
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Fig. 5: vp/vs-ratios before and after co-depthing, respectively.
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Fig. 6: Single traces, at 3200 m horizontal distance, from the
isotropic PP images (step (i)), isotropic PS image before co-
depthing (step (ii)) and PS image after co-depthing (step (iv)).

the NMO velocites;

Up " vpNMo = VpoV 1+ 20 (6)

and
vVpPo ?
s X vsnmo = vsoV1+ 20, o= (’U_) (E - (5).
S0

The S-wave NMO velocity depends on the relation-
ship (e — &) which is scaled by the squared vpo/vso
ratio through the o parameter. It is well known that
due to this, the processing of PS events is much more
sensitive to the presence of anisotropy than that of
PP events, but we are unable to resolve both pa-
rameters solely from PS data. Estimating the § pa-
rameter requires well logs, large offset PP data or
other information concerning depths of reflectors, as
discussed by Audebert et al. (2001). If well log infor-
mation is present the true depth of the reflectors can
be obtained where the wells penetrate them. If no
such information is present we simply choose § = 0.
The true depth of a reflector — in the absence of too
strong lateral heterogeneity — is governed by the vpo
parameter, the vertical P-wave velocity, which can
be obtained by matching the PP reflectors to well
markers by map migration. From step (i) our P-
wave velocity 9p, is close to the NMO velocity (6)
while the S-wave velocity 95, after co-depthing (iv)
is close to the vertical S-wave velocity, but biased
by the J-parameter being matched to the PP image;

that is
s &= vsoV1+ 26. (8)
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Fig. 7: Final PP and PS cigs after anisotropic model update
obtained following a top-down approach.

When estimating ¢ and § we keep 0p and 0g fixed
and compute vpo and vso from equation (6) and (8)
for each value of §. Using a top-down approach we
carry out differential semblance in angle and sem-
blance optimization of PP and PS cigs jointly ad-
mitting the model to become anisotropic (VTI); the
co-depthing misfit plays the role of regularization
(A1, A2 > p > 0). The resulting PP and PS cigs and
images are given in Figure 7 and Figure 8. Indicated
on the PP image are the three PP key reflectors used
for co-depthing. These are also superimposed on the
PS image for comparison.

Conclusion

The presented strategy enables depth consistent PP and
PS imaging in a TI media. However, it is heavily de-
pendent on our ability to interpret and pair geologically
equivalent reflectors. This requires that good quality
initial PS images can be computed. As the co-depthing
procedure enables improved estimates of local the
vp/Vs-ratios, one potential use is within pore pressure
prediction.
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