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Localized anisotropic tomography with well information in VTl media
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ABSTRACT

We develop a concept of localized seismic grid tomography
constrained by well information and apply it to building vertical-
ly transversely isotropic (VTI) velocity models in depth. The
goal is to use a highly automated migration velocity analysis to
build anisotropic models that combine optimal image focusing
with accurate depth positioning in one step. We localize tomogra-
phy to alimited volume around the well and jointly invert the sur-
face seismic and well data. Well information is propagated into
the local volume by using the method of preconditioning, where-
by model updates are shaped to follow geologic layers with spa-
tial smoothing constraints. We analyze our concept with a syn-
thetic data example of anisotropic tomography applied to a 1D
VTI model. We demonstrate four cases of introducing additional

information. In the first case, vertical velocity is assumed to be
known, and the tomography inverts only for Thomsen’s § and &
profiles using surface seismic data alone. In the second case, to-
mography simultaneously inverts for all three VTI parameters,
including vertical velocity, using a joint data set that consists of
surface seismic data and vertical check-shot traveltimes. In the
third and fourth cases, sparse depth markers and walkaway verti-
cal seismic profiling (VSP) are used, respectively, to supplement
the seismic data. For all four examples, tomography reliably re-
covers the anisotropic velocity field up to a vertical resolution
comparable to that of the well data. Even though walkaway VSP
has the additional dimension of angle or offset, it offers no further
increase in this resolution limit. Anisotropic tomography with
well constraints has multiple advantages over other approaches
and deserves a place in the portfolio of model-building tools.

INTRODUCTION

Anisotropic depth imaging continues to gain popularity, and verti-
cal transverse isotropy (VTI) has become a default model type for
depth imaging in many areas. This progression from isotropy to an-
isotropy has been driven by increasingly stringent requirements on
image positioning errors in true geologic depth. However, estimat-
ing the anisotropic model from seismic data alone is known to be a
highly nonunique process, even for layered geologic environments
(Grechka et al., 2002). Although many different depth models might
flatten seismic gathers, only one of them gives the correct depth posi-
tioning. A practical solution to this problem s to inject well measure-
ments and all possible a priori information to constrain the aniso-
tropic models. Conceptually, such an approach is universally accept-
ed; however, practical implementations vary substantially.

For 1D media, a simple layer-stripping approach allows estima-
tion of VTI parameters provided either vertical velocity or a set of
depth markers is known along the well (Morice et al., 2004). For lay-
ered media with homogeneous layers and dipping interfaces, stack-

ing velocity tomography can recover anisotropic parameters provid-
ed similar borehole constraints are attached (Wang and Tsvankin,
2009). In a more general case of layered media, model-based inver-
sion of prestack traveltimes allows some estimation of velocity and
anisotropy from seismic and well data (Sexton and Williamson,
1998). Iterative tomographic inversion of residual moveout after
prestack depth migration (Behera and Tsvankin, 2009) might allow
handling of blocky media with horizontal/vertical velocity gradi-
ents, provided anisotropy is constant per block and some velocity in-
formation is known. Manual trial and error inversion can be used for
the most general model type (Bear et al., 2005), but it puts the burden
of arriving at an acceptable solution on the interpreter.

Available automated methods suffer from at least two serious re-
strictions. First, many of them rely on inverting seismic signatures
that are hard to estimate such as prestack traveltimes. Second, they
are applicable to certain types of models only (1D homogeneous lay-
ers, layers with gradients, and others). Manual inversion could be
applied to more complex cases, but lack of automation makes the
process highly tedious and the final result subjective. As a result,
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none of the available methods receives widespread approval or use
in the oil and gas industry, wherein most velocity model building is
performed with highly automated, ray-based, postmigration hybrid
grid tomography (Wyatt et al., 1997; Woodward et al., 1998, 2008;
Zhou et al., 2003, 2004; Jones et al., 2007). These types of tomogra-
phy make no assumptions about the model type and can generally
handle both “hard” geology (with highly contrasting properties) as
well as “soft” geology (compaction-driven velocity regimes).
Therefore, from a practical standpoint, it might be useful to adapt ex-
isting reflection tomography for anisotropic inversions by supple-
menting it with the appropriate well data. We pursue this approach in
this study.

LOCALIZED REFLECTION TOMOGRAPHY

Reflection tomography uses the redundancy in subsurface images
to recover velocity information. One image volume can be derived
for each offset or opening angle of the input data. The depth variation
of reflection events across offset is defined as residual moveout
(RMO). Typically, RMO is analyzed on common-offset image vol-
umes sorted to common-image-point (CIP) gathers (Wyatt et al.,
1997; Woodward et al., 1998, 2008; Zhou et al., 2003, 2004). When
all data are imaged into the same depth (no residual moveout), the
velocity model has optimized the data focusing; when there is non-
zero RMO, we can trace rays through the model to determine which
parts of the model must be updated to flatten the moveout and im-
prove the focusing. Therefore, standard industry grid tomography
generates and solves linearized equations that update the earth mod-
el to reduce residual moveout on CIP gathers.

In present practice, tomography updates only the vertical velocity
field (Vp); global volumes of Thomsen parameters § and € are built
without tomography and then frozen. This practice is driven by the
well-known fact that multiparameter anisotropic inversion is highly
nonunique in the absence of additional constraints such as well data.
Therefore, if multiparameter inversion is attempted on VTI grid
models using only residual migration equations for flattening RMO
data, it almost always results in “patchy” anisotropic models that
have geologically implausible Vpo, J, and ¢ fields.

Although we are not challenging these established practices for
deriving global velocity models (on the exploration scale), we be-
lieve that there is room for multiparameter tomographic inversion on
amore local scale (specifically around wells). For reflection tomog-
raphy to invert for multiple parameters of the anisotropic velocity
field at a specific location (e.g., velocity and Thomsen parameters),
we must add two constraints:

1) Jointly invert the surface seismic RMO data with at least one
type of well data (e.g., velocity measured in wells, traveltimes
from check shots or VSP, or depth-marker mis-ties).

2)  Constrain the 3D shapes of the (anisotropic) parameter updates
away from the well with a priori information, such as steering
them along dip with preconditioning.

The implementation details of the joint inversion and update shaping
away from the well are relegated to Appendix A. Here, we mainly fo-
cus on the application of this technique to several practical scenarios
typical for anisotropic model building.

It is important to note that even with the introduction of these two
constraints into tomography, well information remains local by its
nature. The definition of “local” will always involve an educated
guess about where well data remain valid in a volume to avoid nonu-

niqueness at the local scale. In the case of a single well or sparsely lo-
cated wells, it makes sense to invert only for a local anisotropic ve-
locity model around the well, where “local” is tied to the spread
length. Where earth properties might be tied to interpretable geolo-
gy, “local” could extend beyond a spread length.

Incorporating borehole measurements of
symmetry-axis velocity

One of the simplest ways to introduce well data is by measuring
symmetry-axis velocity in boreholes and assigning this velocity to a
local volume around the well. For example, such an approach might
work well for a subsurface that is close to a 1D VTI medium and
where velocity is measured along a vertical borehole using check-
shot or acoustic logs. In this case, one can assume that well velocity
remains laterally invariant around the borehole according to the 1D
approximation. The classic example of this approach is manual 1D
layer stripping (Tsvankin, 2001; Morice et al., 2004), which is popu-
lar in the industry.

A modification of this strategy might also be applied to laterally
varying media for which the initial model was built from seismic
data and then calibrated to wells. One possible practice is to derive
the ratio between well and initial seismic velocity along one or sev-
eral boreholes and then to extrapolate the ratio out into the model
volume, thus “scaling” the seismic vertical velocity (in a volume) to
match the wells. This method relies on the assumption that, after
scaling, velocity becomes close to the true velocity between the
wells. Such a case of a borehole-calibrated velocity field (i.e., a ve-
locity field constrained along the symmetry axis) is handled easily
by tomography (see Appendix A) because post-scaling flattening of
the gathers is achieved by updating only Thomsen parameters & and
6. This is a well-posed problem for VTI media, provided the data
have large offsets. When a borehole is drilled at an angle to the sym-
metry axis of the anisotropic media, then a more general approach is
required as described below.

Kinematic information from check-shot,
VSP, or log data

Very often, well data are represented by first-arrival traveltimes
picked on borehole seismic data such as check shots or walkaway
VSP surveys. For a horizontally layered VTI medium and a vertical
well, check-shot measurements can be directly inverted for a profile
of velocity along the symmetry axis. However, in the case of a devi-
ated well, laterally varying media, more complex symmetry such as
tilted transverse isotropy (TTI), or VSP data acquired with a nonzero
offset, a more general method is required. In our approach, we con-
duct two-point ray tracing in the initial model, compute predicted
traveltimes, and then come up with linear equations relating the trav-
eltime errors to changes in the model properties (see Appendix A).
These equations are combined with a similar set of equations for
RMO from the surface seismic data (Woodward et al., 2008) and are
jointly solved to come up with a tomographic update that is consis-
tent with both data types.

Acoustic log data can be handled using a similar methodology by
treating log data as an extension of the check-shot survey in which
the source moves along the well with the receiver. In practice, one
might prefer to integrate (upscale) sonic traveltime to longer seg-
ments of the well (for example, equal to one-half the seismic wave-
length). After that, these data can be treated exactly the same way as
other borehole seismic measurements and modeled by ray tracing
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with a moving downhole source and downhole receiver. It should be
noted that such upscaling might not be necessary because usually the
smoothing length in tomography is much longer than the well-data
sample interval. Regularization inside the tomography (Appendix
A) will automatically smooth high-frequency well data.

Well markers

Another common type of well data consists of so-called well
markers. By performing a seismic-to-well tie or by analyzing log
data from the well, one can identify the actual location in well depth
of the strongest reflections seen on the seismic data. The well depth
of the interpreted markers is often in disagreement with the seismic
depth of those same events as interpreted on a depth image migrated
with the initial velocity model. The difference between the two, of-
ten referred to as a well mis-tie, becomes a valuable constraint for
updating an anisotropic velocity model. One way to achieve this is to
ray trace a marker event in the current velocity model using the cur-
rent seismic depth and seismic dip. Such ray tracing with zero offset
or finite offset simulates the rays that would be reflected at the mark-
er location if we were to have a local plane reflector at this point. A
linear equation then can be written to update the anisotropic velocity
field along the raypath to relocate the marker from seismic depth to
well depth (Appendix A). Such equations strongly constrain tomog-
raphy problems that otherwise seek only to flatten the residual mo-
veout of seismic events with the floating-reflector approach (Wood-
ward et al., 2008). Therefore, marker-related equations remove or
reduce nonuniqueness and allow us to invert simultaneously for ve-
locity and anisotropy parameters.

Egozi et al. (2006) suggest a method to use interpolated mis-tie
surfaces (derived from multiple wells) for updating a TTI velocity
field; however, their approach appears to solve mis-tie equations
without seismic data and to update only velocity along the symmetry
axis. Although this might work for horizontal
marker events in a VTI medium, for a general
case of dipping reflectors in a TTI/VTI medium, a)
vertical positioning is controlled by all three pa- 0
rameters (symmetry-axis velocity Vpo, €, and §):
updating only symmetry-axis velocity to elimi-
nate the mis-tie will lead to a biased estimate of 2000L
velocities. In our approach, we jointly invert well
marker and surface seismic RMO data and simul-
taneously update all three parameters, thus avoid- 4000
ing a bias toward any single parameter (Appendix
A). Such an approach is applicable to VTI and

TTI media without any restrictions. E E
= 6000 = 6000
8 &
SYNTHETIC EXAMPLE e . °
Let us apply anisotropic tomography with well 8000 8000
constraints to a simple deepwater model (Figure
1). The subsurface is represented by a horizontal- ‘
ly layered VTI sediment model. The model has 10000¢ } 10000
smooth vertical variation of velocity and aniso-
tropy (Figure laandb). Two pronounced velocity R I
i i i 12000——t————} 12000— ‘ ‘
inversions are present in the model. A cable 2000 3000 4000 VT 0 o1 o2

length of 12 km is assumed. A prestack gather
computed with anisotropic ray tracing is shown in
Figure 1c. Reflected events from 49 interfaces of
density contrast are located every 200 m.

Vpq (m/s)

It is known that for this type of model geometry, long-spread re-
flection data will constrain only two parameters: Vymo
= Vpov1 + 28 is constrained by short-spread moveout, whereas 7
~g— & can be estimated from long-offset moveout (Tsvankin,
2001). Here, Vp, €, and & are the three independent Thomsen pa-
rameters that completely describe the VTI velocity field, whereas 7
is aderivative parameter useful for analysis. If no well information is
available, then seismic data can be equivalently imaged with a series
of models that preserve Viyo = Veo\' 1 + 26 and 7, but that have dif-
ferent Vp, £, and & fields (Tsvankin, 2001; Grechka et al., 2002). To
recover the true model, we need to provide additional constraints to
the tomography. Here, we examine four possible scenarios of local-
ized tomography with well constraints:

1) Usethe correct vertical velocity field and invert surface seismic
data for anisotropy parameters € and §.

2) Jointly invert surface seismic and vertical check-shot data for
three parameters: Vp, €, and J.

3) Jointly invert surface seismic data and a set of depth markers
for three parameters: Vp, £,and &.

4)  Jointly invert (for three parameters Vp, &, and &) surface seis-
mic data and traveltimes recorded by two levels of walkaway
VSP.

In all examples, we use the WesternGeco reflection tomography de-
scribed by Woodward et al. (2008). We assume an isotropic initial
model. In commercial practice we would likely start with the region-
al nonzero anisotropic profiles that are expected to be closer to the
desired true model, thus reducing the number of iterations required.
We found that similar solutions are obtained eventually, regardless
of the initial model.

Offset (m)
2500 5000 7500 10000

2000

4000

Thomsen parameters

Figure 1. Deepwater 1D VTI model used for tomography: (a) vertical velocity, (b) aniso-
tropic parameters, (c) prestack gather. Water depth is 1500 m.
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1. Two-parameter tomographic inversion after fixing
vertical velocity from well data

In this scenario, we assume that vertical velocity Vp, was estimat-
ed from acoustic logs or check-shot data. Thus, tomography is given
a true vertical velocity field and is tasked to perform simultaneous
inversion for Thomsen’s § and ¢ using all available offsets. To regu-
larize the grid tomography, we apply smoothness constraints in all
three directions (Appendix A). Because our intent is to invert for a
laterally invariant model, the horizontal smoothing scales are set
equal to the lateral dimensions of the local model and only the verti-
cal scale is varied. To avoid small-scale artifacts and to prevent any
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potential instabilities, we used a conservative scheme for the vertical
smoothness constraints. For the first two iterations, we opted to re-
cover the smoothest part of the vertical anisotropy profile solving
down to a vertical scale of 4000 m (Figure 2). The third and fourth it-
erations were allowed to update the vertical anisotropy profile with
variations on the order of 1350 and 750 m, respectively, and they
promptly resolved the true profile highs and lows. After the last itera-
tion, the standard deviations of Thomsen’s € and & from their true
values are 0.006 and 0.011, respectively, across the entire well depth
of 11 km.

Therefore, we have demonstrated that by using grid tomography
with smoothness constraints equivalent to hori-
zontal layering, we have reproduced results typi-
cally achieved with layer-based inversions (Ts-
vankin, 2001) or manual layer stripping (Morice
et al., 2004). Sharp interfaces are not recovered
by grid tomography unless they are specifically
introduced. Nevertheless, grid tomography has
several other advantages that outweigh this and
other limitations in practical circumstances:

* It does not require defining explicit interfaces
forinversion.

» It allows flexible control of spatial resolution
without regridding the model (achieved by
preconditioning with smoothness constraints
as explained in Appendix A).

e It uses all seismic events simultaneously,
therefore avoiding error amplification with
depth.

* It removes the subjectivity of manual layer-
stripping approaches.
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Figure 2. Convergence of two-parameter anisotropic inversion after fixing vertical veloc-
ity. Anisotropy profiles after each iteration (a, b, ¢) are shown with initial and true models.
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Figure 3. Misfit in check-shot traveltimes for (a) initial model and (b)
all subsequent tomographic iterations. Misfitis computed as a differ-
ence between measured and predicted traveltimes.
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Although the previous approach can be applied
in the case of vertical wells and VTI, introducing
check-shot or VSP data, or acoustic logs, requires
amore general methodology. We illustrate this in
a second scenario, wherein we invert simultaneously for three VTI
parameters (Vp, €, and &) using joint tomographic inversion of ver-
tical check-shot traveltimes and surface-seismic data. As explained
in Appendix A, for each source-receiver pair of the check shot, we
perform two-point ray tracing in an initial model, compute travel-
times, and come up with the additional “well data” equations for
joint tomographic inversion. Similarly to the previous example, hor-
izontal scales are kept equal to the size of the model, and the vertical
smoothing scale is varied from 4000 to 650 m. We emphasize that
the same horizontal scales are applied to all three parameters (Vpy, €,
and &). This means that vertical velocity, constrained by check-shot
data around the well, is effectively propagated in a 1D fashion away
from the well. As a result, grid tomography inverts for a completely
layered model.

The check shot consists of 191 observations recorded over depths
ranging from 1.5 to 11 km. Because the check-shot misfit has far
fewer data points compared to the seismic residual moveout obser-
vations, it was weighted to ensure that tomography treats check-shot
and seismic data on an equal footing (see Appendix A). In this case,
the initial model is again isotropic, but with an incorrect velocity
equal to the actual interval NMO velocity. Figure 3a shows that the
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initial model has too-fast vertical velocity and the check-shot misfit
reaches 80 ms at depth. After the first iteration, the maximum misfit
reduces to less than 10 ms (Figure 3b). After the fourth and final iter-
ation, we observe zero-mean check-shot errors that are less than
1.5 ms. This result is reasonable given a likely measurement error of
1 ms, and our decision to find the best smooth model that fits the
data. After the last iteration (Figure 4), the standard deviation of Th-
omsen’s € and & from their true values are 0.008 and 0.013, respec-
tively, across the entire well depth of 11 km, which is slightly less
accurate than in the previous example.

Note that the vertical resolution of the well data (i.e., check-shot
sampling of 50 m) is much finer than the vertical scale of the features
in the velocity models, and therefore accurate profiles are recovered.
We shall see that our conclusions are different
when the well data have a lower vertical resolu-
tion. The use of different initial models leads to
quantitatively similar solutions because layered
VTI inversion is a well-posed problem that has a
unique solution.

a)

2000

3. Three-parameter inversion of seismic

data and markers 4000

In a third scenario, we use low-resolution well
data consisting of six depth markers that are
shown for the initial model in Figure 5a. Tomog-
raphy inverts for three VTI parameters using a
joint data set consisting of seismic data and well-
depth mis-ties. As explained in Appendix A,
marker-related equations are derived by doing
bottom-up ray tracing from each marker location
as interpreted on the seismic image. In this exam-
ple, we used only zero-offset (vertical) rays
traced from each seismic marker. As in the VSP
case, the contribution of each marker’s misfit

6000

Depth (m)

8000

10000

12000
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to the actual interval NMO velocity. Figure 5b shows that tomogra-
phy efficiently reduces the mis-ties by adjusting the vertical velocity
while simultaneously flattening the gathers by aggressively updat-
ing the anisotropy parameters (Figure 6). After four iterations, to-
mography accomplishes the goal of making all the image gathers flat
while minimizing the mis-ties to less than 7 m. However, only an ap-
proximation to the true anisotropic model is recovered due to the ve-
locity-depth ambiguity that exists between the marker points (Figure
6). As aresult, mis-ties for events that did not participate in tomogra-
phy might remain noticeable. For example, mis-ties above the first
marker are up to 25 m (Figure 5b). Due to the interplay between all
three VTI parameters, errors in velocity result in a less accurate esti-
mation of € and &, in particular above the first marker. Such artifacts

b) o ¢)

or
20001 2000
4000F 40001
6000+ 6000
80001

80001

10000f 10000f

must be given sufficient weight in the cost func-
tion to ensure that tomography simultaneously
flattens the image gathers and eliminates the mis-
ties. (See Appendix A for details.)

As in the previous example, the initial model is
isotropic with an incorrect vertical velocity equal
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Figure 4. Convergence of three-parameter anisotropic inversion of seismic and check-
shot data. (a) Velocity and anisotropy profiles (b, ¢) after each iteration, with initial and
true models. Velocity is shown as the difference between the current velocity at each iter-
ation and the initial velocity profile.

Figure 5. Mis-tie for (a) initial model and (b) all subsequent tomog-
raphy iterations. After the lastiteration, all mis-ties used by tomogra-
phy are (b) less than 7 m. Note that whereas depth mismatches for
events used by tomography are small (magenta diamonds or 4th on
[b]), mis-ties for other events can reach up to 25 m (blue diamonds
or4th*on[b]).
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were not present in the previous example with a check shot because
the vertical resolution of the well data was 50 m across the entire
section. In this case, the sparse markers are separated by 1000 to
3000 m.

Because the distance between the markers is comparable to the
size of the vertical features in the velocity model, we cannot achieve
as good a reconstruction as we did with a check shot. Nevertheless,
the recovered estimate is still a reasonable approximation to an actu-
al VTI model from the practical perspective of seismic imaging. To
remove geologically implausible jumps in anisotropy parameters at
the water bottom, one can either edit the top portion of anisotropic
profiles (with an equivalent velocity update) or introduce additional
tapering constraints into the tomography.

4. Three-parameter inversion of seismic and sparse
walkaway VSP data

In a fourth scenario, well data consist of two levels of walkaway
VSP: ashallow level at 4500 m and a deeper level at 9000 m. Walk-
away VSPis shot along the same 2D line as the surface seismic data.
The maximum source-receiver offset is 12 km. We deliberately
leave out the check-shot information here because we want to ana-
lyze the information content of the sparse walkaway VSP in the con-
text of anisotropic model building. In other words, we attempt to un-
derstand whether the additional angle/offset dimension present in

walkaway VSP data might in some way compensate for the limited
vertical coverage typical of borehole seismic data. The same initial
model is used as in the previous two examples. Figure 7a shows VSP
traveltime residuals for the initial model ranging from 80 to
—120 ms. At zero offset, they agree with Figure 3a and suggest that
vertical velocity in the initial model is too fast. However, at large off-
sets, the residuals have opposite signs suggesting that the Thomsen
parameters in the initial model are too small. Three iterations of joint
tomographic inversion result in a model that has VSP residuals of
less than 4 ms at all offsets (Figure 7b) and flat CIP gathers.

It is important to stress that all iterations have been performed
with a vertical scale of 4000 m applied to all parameters, and, there-
fore, only an approximate low-frequency version of the anisotropic
velocity model is recovered (Figure 8). Note that this scale is in ap-
proximate agreement with the vertical resolution of the well data
(~4500 m). Any attempt to bring the vertical scale down further, to
even 2000 m, results in an equivalent VTI model that still satisfies
all the data, but diverges from both the true model and its low-fre-
quency trend. Therefore we conclude that despite all the additional
sampling in the angle domain present in the VSP data from shallow
and deep levels, we are unable to uniquely recover vertical details of
the layered VTI model that are finer than the distance between shal-
low and deep levels. We expect that a similar conclusion applies to
all VSPacquisition restricted to arelatively small portion of the well.
Therefore, to resolve finer vertical details, we would still need dense
vertical check-shot or log information.

Figure 6. Convergence of a three-parameter aniso-
tropic inversion of seismic and marker data. (a) Ve-
locity and (b, ¢) anisotropy profiles after each itera-
tion, with initial and true models. Velocity is shown
as the difference between current velocity at each
iteration and the initial velocity profile.
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Figure 7. Residuals between measured and computed walkaway
VSPtraveltimes (a) before and (b) after tomography.
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Figure 8. Convergence of a three-parameter to-
mographic inversion of seismic and walkaway
VSP data. (a) Velocity and (b, ¢) anisotropy pro-
files, for all iterations of tomography. Note that ve-
locity is shown as a difference between current ve-
locity and initial velocity in a starting model. We
used a vertical scale of 4000 m for smoothing all
parameters in the tomography, which is compara-
ble to the distance between two levels (4500 m).
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CONCLUSIONS

We have outlined a concept and implementation of anisotropic to-
mography with well constraints. We have demonstrated that, by lo-
calizing the tomography to the volume near the well and by introduc-
ing and extrapolating proper constraints from the well, we can elimi-
nate or reduce nonuniqueness and recover a good estimate of Thom-
sen parameters and velocity around the well for layered VTI models.
We presented four practical scenarios wherein well data are intro-
duced by either fixing vertical velocity, providing vertical check-
shot traveltimes, introducing depth markers, or measuring walk-
away VSPtraveltimes.

In all cases, a good approximation to the actual VTI velocity field
is recovered by joint tomographic inversion. The accuracy of the re-
covered field is controlled by the vertical resolution of the available
well data: the best reconstruction is achieved with correct and fixed
vertical velocity. Slightly less accurate is reconstruction with dense
vertical check-shot traveltimes. Sparse depth markers allow recov-
ery of an approximate model that still has some highs and lows in
correct places; however, it becomes inaccurate between the markers.
The worst reconstruction is achieved with two widely spaced levels
of walkaway VSP wherein only the low-frequency trend (without
highs and lows) is recovered. Thus, achievable vertical resolution in
anisotropy profiles is related to vertical resolution of the well data.
The choice of the initial model plays a minor role: starting from a dif-
ferent initial model leads to practically the same solution with slight
variations. We emphasize that these ambiguities have been observed
for strictly layered VTI models when data are noise free and ideal
(i.e., large offsets and dense events picked for tomography). There-
fore, in practice with less ideal data and lateral heterogeneity, we ex-
pect less certain results.

Localized tomography could replace the presently used aniso-
tropic calibration approach that uses manual layer-stripping 1D in-
version, or it can be used as a good starting guess for a manual refine-
ment. We anticipate that this approach of borehole-constrained to-
mography can be applied to inversion for anisotropy in 2D and 3D
models, provided that smoothing constraints following the geology
are used. The tomographic setup described is deliberately done in a
general framework so that no modifications are required to treat the
cases of anisotropic calibration with deviated wells and more com-
plex anisotropic models such as tilted transverse isotropy. These ex-
amples will be the subject of future studies.
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APPENDIX A

REFLECTION TOMOGRAPHY AND ITS
MODIFICATION TO JOINT INVERSION

The present industry standard for velocity model building in the
depth domain is to analyze residual moveout across offset on CIP
gathers (Stork, 1992; Wyatt et al., 1997, Woodward et al., 1998,
2008; Zhou et al., 2004; Osypov et al., 2008). Rays are traced
through a background model to create equations that relate changes
in earth properties to changes in moveout across offset. For the work
in this study, we used linearized residual migration equations based
on the formulation of Stork (1992):

=2z, + Az

=z, E(&t/aai*Aai)*V/(Z*cos f*cos ). (A-1)

1

The prime indicates a residually migrated reflector depth; z;, is depth
as a function of offset (or angle) /, i indicates a node on the property
grid, @ is the angle of incidence for the reflection, ¢ is the reflector
dip, V is the effective velocity at the reflector, and d#/de; is the
change in traveltime corresponding to a change in property « atnode
i. Properties o might be velocity or slowness and/or Thomsen pa-
rameters € and J.

The goal of surface seismic tomography is to find property per-
turbations that will minimize the residual moveout of depth picks
that were residually migrated with a model updated with the pertur-
bations, i.e., that will minimize z;, — z;, where z; is a residually mi-
grated nonnear-offset pick and z; is a residually migrated near-offset
pick. The basic tomography update equation is formed by subtract-
ing pairs of equation A-1’s corresponding to nonnear-offset and
near-offset picks and accumulating the picked depth errors on the
right side of equation

LAa = Az, (A-2)

where L contains the geometry and background model terms of
equation A-1; the expression Az represents picked moveout errors
relative to near offset.

Because surface seismic problems are underdetermined, we reg-
ularize the problem by rewriting the equation as

PLSWAa' = PAz. (A-3)

Our update is Aa = SWAa«'; P is a row-weighting (diagonal) ma-
trix (Van der Sluis and van der Vorst, 1987); SW is a preconditioner
that constrains the shape of our update, following the model repa-
rameterization work of Harlan (1995) and Fomel (1997). In the lan-
guage of Tarantola (2005), it is the factored square root of a model
covariance assumed as an a priori constraint. For the 1D problem in
this study, S is an isotropic smoother applied as a 3D convolution,
with user-specified scale lengths in x, y, and z. For 2D or 3D prob-
lems, it might be an inverse steering filter used to smooth along a
geologic dip (Clapp et al., 1998). The expression W is a diagonal
column-weighting matrix that normalizes the model parameters for
variations in illumination and for the simultaneous solution of prop-
erties with different magnitude ranges.

We solve equation A-3 using the LSQR algorithm (Paige and
Saunders, 1982), minimizing the objective function

@ =|[PLSWAa' — PAz|" + A?|Aa’||".  (A-4)

Selection of m and n determines the norms used to quantify the data
misfit and the model perturbations, respectively. The first term repre-
sents a weighted measure of the residual moveout from all seismic
gathers, whereas the second term introduces regularization that pe-
nalizes large departures from the initial model (Van der Sluis and
Van der Vorst, 1987).

When we add borehole data into tomography, we add rows to the
linear equation matrix of equation A-2. For well mis-tie data, we add
an equation in depth to minimize z, — z,.; With equation A-1. For
check-shot or VSP data, our data errors are traveltime errors instead
of depth errors. Instead of tracing rays to form residual migration
equations, we use a two-point ray tracer to form equations relating
changes in earth properties to changes in traveltime,
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Ar= D, (dt/da;*Aa;). (A-5)

Because we never run linearized tomography problems to complete
convergence (that would be very slow and the result likely invalid),
we use row weighting to normalize the importance of the well-con-
straint equations relative to the residual moveout equations in the ob-
jective function equation A-4. Our rule of thumb is to put terms in the
diagonal row-weighting matrix P to make the impact of the well-da-
ta errors equal to the impact of the RMO errors for the localized to-
mography problem. We also use row weighting to normalize the
combination of time and depth errors.
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