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(57) ABSTRACT 

A method for estimating subsurface elastic parameters is 
described herein. One or more slowness vectors may be deter 
mined based on a vertical seismic pro?le of a subsurface area. 
A model containing anisotropy parameters and a well devia 
tion estimate may be generated based on survey data. The 
slowness vectors may be corrected for the well deviation 
estimate based on the model. One or more modeled slowness 
vectors may be calculated using the corrected slowness vec 
tors and the anisotropy parameters in the model. 

20 Claims, 4 Drawing Sheets 
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ESTIMATING SUBSURFACE ELASTIC 
PARAMETERS 

BACKGROUND 

1. Field of the Invention 
Implementations of various techniques described herein 

generally relate to techniques for processing seismic data, and 
more particularly, to techniques for estimating elastic param 
eters. 

2. Description of the Related Art 
The folloWing descriptions and examples do not constitute 

an admission as prior art by virtue of their inclusion Within 
this section. 
When a material is said to be anisotropic it means that its 

properties vary With the direction in Which it is measured. For 
example, the speeds of compressional Waves in a sedimentary 
rock are typically loWer When measured in the vertical direc 
tion compared With a similar measurement taken in a hori 
zontal direction. 

Typically, anisotropic formations result from ?ne layering, 
Which tends to be horizontal, resulting in a so-called Vertical 
Transverse Isotropic (V TI) composite. It is also possible for 
these layers to contain aligned, near-vertical fractures, result 
ing in a composite rock that may possess orthorhombic sym 
metry. 

Seismic measurements, such as seismic re?ection surveys, 
are sensitive to the elastic properties of the rock, and thus, the 
elastic anisotropy. Failure to account for elastic anisotropy 
can lead to poor seismic images that may be poorly focused. 
Poor seismic images may also represent inaccuracies in depth 
that may lead to expensive failures in hydrocarbon ?eld 
development. For these reasons, measurements of seismic 
anisotropy are of great value in the seismic industry. 

Seismic anisotropy can be estimated using appropriately 
designed Vertical Seismic Pro?le (VSP) surveys. If anisot 
ropy estimates are to be determined over an interval inter 

sected by a Well-bore, then placement of a receiver array over 
this depth range may alloW the extraction of elastic anisotropy 
parameters using several different methods. 
One particularly advantageous VSP arrangement is the 

Walkaway VSP. In this con?guration the source is moved to 
progressively further offsets along the surface, While the 
receivers remain in a ?xed location. The Walkaway VSP may 
provide a 2-dimensional (2D) image of the subsurface that 
can be of higher resolution than surface seismic data. Addi 
tionally, the Walkaway VSP may provide more continuous 
coverage than other VSP types, such as an offset VSP. The 
receivers are typically 3-component and are sensitive to 
motion along three orthogonal directions. 

In a 3-dimensional (3D) VSP survey, seismic sources are 
deployed over an area forming a grid or spiral pattern. Such 
surveys may be used to enhance 3D seismic images in areas 
Where the surface seismic data do not provide an adequate 
image. The inadequacy of the image may be due to near 
surface effects, or surface obstructions. 

Typically, a 3-component Wave?eld may be decomposed 
into polarization and sloWness components that may be 
resolved along the Well-bore. The polarization and sloWness 
components may then be inverted to yield estimates of the 
elasticity. These Wave?eld properties of polarization and 
sloWness components also provide an advantage in that they 
are dependent only on the local elasticity over the receiver 
array. As such, the VSP surveys may be used in the formations 
With arbitrary overburden complexity. 
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2 
In the case that the geology can be considered plane lay 

ered, it may be possible to construct sloWness curve data from 
measurements of the direct P-Wave arrival using a Walkaway 
VSP. 

In the case that 3D VSP data are available, a sloWness 
surface may be constructed. Such 3D data may alloW the 
inversion of more complicated forms of anisotropy that 
describe propagation effects that change With the azimuth 
angle as Well as changes With respect to the inclination angle. 

SUMMARY 

Described herein are implementations of various technolo 
gies for estimating subsurface elastic parameters. One or 
more sloWness vectors may be determined based on a vertical 
seismic pro?le of a subsurface area. The sloWness vectors 
may include a ?rst horizontal sloWness, a second horizontal 
sloWness and an apparent vertical sloWness. 
A model containing anisotropy parameters and a Well 

deviation estimate may be generated based on survey data. 
The sloWness vectors may be corrected for the Well deviation 
estimate based on the model. The sloWness vectors may be 
corrected by recovering a true vertical sloWness from the 
apparent vertical sloWness and the Well deviation estimate. 
One or more modeled sloWness vectors may be calculated 
using the corrected sloWness vectors and the anisotropy 
parameters in the model. 

In another implementation, the modeled sloWness vectors 
may be compared With the corrected sloWness vectors. The 
magnitudes of the corrected sloWness vectors and the magni 
tudes of the modeled sloWness vectors can be compared using 
a suitable metric. Whether the model is representative of the 
sub surface area may be determined based on this comparison. 
If the model is representative of the elastic anisotropy, the 
model may be used to enhance a seismic image. 

In another implementation, the modeled sloWness vectors 
may be calculated With the Kelvin-Christoffel equation. The 
Kelvin-Christoffel equation may use phase directions of the 
corrected sloWness vectors, and elastic constants. The elastic 
constants may be calculated using the anisotropy parameters 
in the model. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Implementations of various technologies Will hereafter be 
described With reference to the accompanying draWings. It 
should be understood, hoWever, that the accompanying draW 
ings illustrate only the various implementations described 
herein and are not meant to limit the scope of various tech 
nologies described herein. 

FIG. 1 illustrates a survey system for a Vertical Seismic 
Pro?le (V SP) in accordance With implementations described 
herein. 

FIG. 2 illustrates a How chart of a method for estimating 
elastic parameters of a subsurface in accordance With imple 
mentations described herein. 

FIG. 3 illustrates a How chart of a step for modeling sloW 
ness vectors in accordance With implementations described 
herein. 

FIG. 4 illustrates a computing system, into Which imple 
mentations of various technologies described herein may be 
implemented. 

DETAILED DESCRIPTION 

The discussion beloW is directed to certain speci?c imple 
mentations. It is to be understood that the discussion beloW is 
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only for the purpose of enabling a person With ordinary skill 
in the art to make and use any subject matter de?ned noW or 
later by the patent “claims” found in any issued patent herein. 

The following paragraph provides a brief summary of vari 
ous techniques described herein. In general, a method for 
estimating elastic parameters is described. A model contain 
ing parameters describing the elastic anisotropy may be gen 
erated based on a priori data about a subsurface region. In 
addition, the model may include an estimate of the Well 
deviation. Multiple sloWness triplets may be determined from 
aVertical Seismic Pro?le (V SP) of the subsurface region. The 
sloWness triplets may be corrected for the estimated Well 
deviation in the model. 

Modeled sloWness vectors may be calculated based on the 
corrected sloWness vectors and the anisotropy parameters 
contained in the model. The appropriateness of the model 
may be determined by comparing the magnitudes of the cor 
rected sloWness vectors With the magnitudes of the modeled 
sloWness vectors. The process may be repeated With neWly 
generated models if speci?ed convergence criteria are not 
met. One or more implementations of those techniques Will 
noW be described in more detail With reference to FIGS. 1-4 
in the folloWing paragraphs. 

FIG. 1 illustrates a survey system 100 for a WalkaWay 
Vertical Seismic Pro?le (V SP) in accordance With implemen 
tations described herein. In a marine environment, a rig 110 
may have multiple seismic sources such as airguns 102, 
attached. The rig 110 may be positioned over a subsea Well 
bore 130. As shoWn, survey system 100 may include multiple 
seismic sensors 120, disposed at different depths Within the 
Well-bore 130. 

The airguns 102 may generate elastic Waves (not shoWn), a 
portion of Which are partially re?ected by the sea bed 170, and 
a portion of Which propagate into a subsurface 150. The 
elastic Waves may travel to one or more of the seismic sensors 

120. The sensors 120 may sense the elastic Waves and gener 
ate electrical signals (not shoWn) representative of the 
received elastic Waves. Additionally, the sensors 120 may 
transmit the electrical signals, referred to as seismic traces, to 
the rig 110 Where they are recorded. 

The electrical signals may be embedded With information 
regarding the subsurface 150. The electrical signals may be 
transmitted to a data center, Where the electrical signals may 
be captured as a record of VSP data. In one implementation, 
the electrical signals may be transmitted Wirelessly. 

The general term, VSP data, as used herein is intended to 
include data captured in one of various VSP types, such as 
WalkaWay VSP and 3D VSP data. 

Once captured, the record of VSP data may be processed in 
accordance With various implementations described herein. 
In one implementation, a model containing anisotropy 
parameters that may be representative of the subsurface 150 
may be generated. In another implementation, seismic 
images of the subsurface region 150 may be enhanced using 
the estimated anisotropy parameters in the model. 

In some scenarios, the Well-bore 130 may deviate from the 
vertical. In other Words, the Well-bore 130 may not be per 
pendicular to the sea-bed 170. Well-bores may deviate from 
the vertical because of dips in the subsurface 150. 

Well-bores may also be deviated deliberately. The reasons 
for deliberate deviation may include increasing exposure to 
hydrocarbon-producing Zones, to intersect a larger number of 
fractures, to folloW a complex structure, or the like. In some 
scenarios, the Well-bore 130 may even be turned to the hori 
Zontal. The angle at Which the Well-bore 130 diverges from 
the vertical is referred to as a deviation. 
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4 
The deviation may distort the VSP data that is generated by 

the sensors 120. In such a case, the model produced in the data 
processing may include an estimate of the deviation. The 
estimate of the deviation may be used in the data processing 
to attenuate the distortion. 

It should be noted that the marine environment is merely 
one example of an environment for performing the VSP. The 
VSP may also be performed in other environments, such as 
land, deltas, and sWamps. 

FIG. 2 illustrates a How chart of a method 200 for estimat 
ing elastic parameters of a subsurface in accordance With 
implementations described herein. Method 200 may be per 
formed on the VSP data, in a data center, as described above. 
The data center is described in greater detail With reference to 
FIG. 4. 

It should be understood that While the How chart indicates 
a particular order of execution, in some implementations, 
certain steps of Method 200 may be executed in a different 
order. 
At step 210, multiple sloWness vectors may be determined 

from VSP data. Herein, sloWness vectors are also referred to 
as sloWness triplets. The sloWness triplet may be a vector that 
describes the directional velocity variations of a WaveitWo 
horiZontals (H1, and H2) and one vertical S. For the sake of 
clarity, the sloWness vectors are referenced as folloWs: 

SloWness Vector 

At step 220, a model describing anisotropy parameters may 
be generated from a priori data. Data from prior seismic 
surveys of the subsurface 150 may be used to estimate a 
model of the subsurface 150. The a priori data may include 
pre-stack depth migration anisotropy estimates or results 
from high order pre-stack moveout analysis. The model may 
describe the anisotropy in terms of elastic constants or anisot 
ropy parameters that describe the sub surface 150. In addition 
to the anisotropy description, the model may also include an 
estimated Well deviation. 
The elastic constants may be the ratio of stress to strain 

When the subsurface region 150 is deformed. Because veloci 
ties depend on elastic constants and density only through the 
ratio of elastic constants to densities, the elastic constants 
may be normaliZed for density. In other Words, the elastic 
constants may be divided by a density value When generating 
the model. 

Relations betWeen the elastic constants may have a pre 
scribed symmetry such as, monoclinic, orthorhombic, or 
transversely isotropic.Additionally, the elastic constants may 
be constrained by equations to be satis?ed by anisotropy 
parameters. 
The anisotropy parameters in the model may be parameters 

from Which elastic constants may be calculated. For example, 
in a scenario Where the symmetry prescribed is transversely 
isotropic, the anisotropy parameters may include background 
P-Wave and background shear Wave velocities and the Thom 
sen parameters. 

There are tWo Thomsen anisotropy parameters. One of 
these Thomsen anisotropy parameters describes the differ 
ence betWeen the horizontal and vertical velocities, Whilst the 
difference betWeen the tWo Thomsen anisotropy parameters 
is an indication of the annellipticity of the velocity variations. 
The anisotropy parameters may also include parameters 

that represent a Weakening of the subsurface area due to 
fractures and angles representing the orientation of the anisot 
ropy. 
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At step 230, the slowness vectors may be corrected for well 
deviation based on the model. The well deviation may distort 
the slowness data. As a result, the measured slowness, S, may 
only be an apparent vertical slowness. The true vertical slow 
ness, SC, may be recovered from the apparent vertical slow 
ness, S, using the estimated well deviation described in the 
model. Because only the vertical slowness, S, of the slowness 
vector, (HIHZS), may be changed in the correction, the cor 
rected slowness vectors may be represented as: 

Corrected Slowness Vector 

At step 240, modeled slowness vectors may be calculated 
using the corrected slowness vectors and the anisotropy 
parameters in the model. Similar to the corrected slowness 
vectors, the modeled slowness vectors may represent direc 
tional velocity variations. However, the modeled slowness 
vectors may represent velocities based on the anisotropy 
parameters in the model. Step 240 is described in more detail 
in the paragraphs below with reference to FIG. 3. For the sake 
of clarity, the modeled slowness vectors are referenced as 
follows: 

Modeled Slowness Vector 

At step 250, the modeled slowness vectors may be com 
pared to the corrected slowness vectors. Similarities between 
the modeled slowness vectors and the corrected slowness 
vectors may indicate the extent to which the anisotropy 
parameters in the model are representative of the subsurface 
150. 

In one implementation, the magnitudes of the modeled 
slowness vectors may be compared to the magnitudes of the 
corrected slowness vectors. In such an implementation, the 
magnitudes of the modeled slowness vectors, and the cor 
rected slowness vectors may be calculated. The difference 
between the magnitudes of the modeled slowness vectors and 
the corrected slowness vectors may be calculated. 

At step 260, a determination is made as to whether conver 
gence criteria that indicate that the anisotropy parameters in 
the model are representative of the subsurface 150 have been 
met. In one implementation, the difference in magnitudes 
may be used as a convergence criterion to determine whether 
the anisotropy parameters in the model are representative of 
the subsurface 150. 

In such an implementation, an appropriate objective func 
tion may be used to make this determination. The appropriate 
objective function may depend on the type of noise in the VSP 
data. For example, if the noise in the VSP data follows a 
Gaussian distribution, a least squares function may be used. 

In another implementation, the convergence criteria may 
include a speci?ed threshold for the difference in magnitudes. 
If the difference in magnitudes, squared, falls below the 
speci?ed threshold, the anisotropy parameters in the model 
may be determined to be representative of the sub surface 150. 

If the noise in the VSP data follows a Laplacian distribution 
(more outliers than the Gaussian distribution), a least absolute 
values function may be used to determine whether the model 
is representative of the subsurface 150. In such a case, if the 
absolute value of the difference between the values of the 
magnitudes falls below this threshold, the anisotropy param 
eters in the model may be determined to be representative of 
the subsurface 150. 
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In yet another implementation, the convergence criteria 

may include a speci?ed number of models that are generated 
before the model may be determined to be representative of 
the subsurface 150. 

If the convergence criteria are not met, the ?ow may return 
to step 220 where a new model may be generated. In one 
implementation, the new model may be generated as a ran 
dom jump from the previously generated model. In another 
implementation, the new model may be generated using the 
differences between the modeled slowness vectors and the 
VSP data. 
Once the convergence criteria are met, the method ?ows to 

step 270, where the model may be used in any number of 
utilities. In one implementation, at step 270, a seismic image 
may be enhanced using the anisotropy parameters in the 
model. 

In the case that the anisotropy is caused by aligned frac 
tures it is possible to use the information derived from the 
model parameters to estimate the fracture orientation. Such 
information is useful for planning well drilling, for example, 
to drill the well in such direction to intersect as many fractures 
as possible. 

FIG. 3 illustrates a ?ow chart of a method 300 for calcu 
lating modeled slowness vectors in accordance with imple 
mentations described herein. It should be understood that 
while the ?ow chart indicates a particular order of execution, 
in some implementations, certain operations of method 300 
may be executed in a different order. 

At step 310, phase directions of the corrected slowness 
vectors may be calculated. The phase directions may repre 
sent unit vectors of the corrected slowness vectors. Accord 
ingly, the magnitudes of the corrected slowness vectors may 
be calculated. The phase directions may then be calculated by 
dividing the corrected slowness vectors by their respective 
magnitudes. As such, the phase directions may be represented 
as: 

(H1 HZSC) 

Phase Direction 

The following step may be performed if the model contains 
anisotropy parameters instead of elastic constants. Other 
wise, the ?ow may continue at step 330. 
At step 320, elastic constants may be calculated from the 

anisotropy parameters in the model. As stated previously, the 
model may contain anisotropy parameters from which the 
elastic constants may be calculated, such as, background 
P-wave and background shear wave velocities. 
At step 330, the Kelvin-Christoffel equation may be 

applied, using the elastic constants and the phase directions. 
The Kelvin-Christoffel equation may be used to calculate the 
modeled slowness vectors. 

FIG. 4 illustrates a computing system 400, into which 
implementations of various technologies described herein 
may be implemented. The computing system 400 may 
include one or more system computers 430, which may be 
implemented as any conventional personal computer or 
server. However, those skilled in the art will appreciate that 
implementations of various technologies described herein 
may be practiced in other computer system con?gurations, 
including hypertext transfer protocol (HTTP) servers, hand 
held devices, multiprocessor systems, microprocessor-based 
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or programmable consumer electronics, network PCs, mini 
computers, mainframe computers, and the like. 

The system computer 430 may be in communication With 
disk storage devices 429, 431, 432, and 433, Which may be 
external hard disk storage devices. It is contemplated that disk 
storage devices 429, 431, 432, and 433 are conventional hard 
disk drives, and as such, Will be implemented by Way of a 
local area netWork or by remote access. Of course, While disk 
storage devices 429, 431, 432, and 433 are illustrated as 
separate devices, a single disk storage device may be used to 
store any and all of the program instructions, measurement 
data, and results as desired. 

In one implementation, a seismic image that is generated 
based on a seismic survey of the subsurface 150 may be stored 
in disk storage device 431. Additionally, VSP data from the 
receivers 120 may be stored in disk storage device 432. The 
system computer 430 may retrieve the appropriate data from 
the disk storage devices 431, 432 to process seismic data 
according to program instructions that correspond to imple 
mentations of various technologies described herein. The 
program instructions may be Written in a computer program 
ming language, such as C++, Java and the like. 

The program instructions may be stored in a computer 
readable medium, such as program disk storage device 433. 
Such computer-readable media may include computer stor 
age media and communication media. 

Computer storage media may include volatile and non 
volatile, and removable and non-removable media imple 
mented in any method or technology for storage of informa 
tion, such as computer-readable instructions, data structures, 
program modules or other data. 

Computer storage media may further include RAM, ROM, 
erasable programmable read-only memory (EPROM), elec 
trically erasable programmable read-only memory (EE 
PROM), ?ash memory or other solid state memory technol 
ogy, CD-ROM, digital versatile disks (DVD), or other optical 
storage, magnetic cassettes, magnetic tape, magnetic disk 
storage or other magnetic storage devices, or any other 
medium Which can be used to store the desired information 
and Which can be accessed by the system computer 430. 

Communication media may embody computer-readable 
instructions, data structures, program modules or other data 
in a modulated data signal, such as a carrier Wave or other 
transport mechanism and may include any information deliv 
ery media. The term, modulated data signal, may mean a 
signal that has one or more of its characteristics set or changed 
in such a manner as to encode information in the signal. 
By Way of example, and not limitation, communication 

media may include Wired media such as a Wired netWork or 
direct-Wired connection, and Wireless media such as acoustic, 
RF, infrared and other Wireless media. Combinations of any 
of the above may also be included Within the scope of com 
puter-readable media. 

In one implementation, the system computer 430 may 
present output primarily onto graphics display 427, or alter 
natively via printer 428 . As an example, the sub surface elastic 
parameters may be presented on graphics display 427. The 
system computer 430 may store the results of the methods 
described above on disk storage 429, for later use and further 
analysis. The keyboard 426 and the pointing device (e.g., a 
mouse, trackball, or the like) 425 may be provided With the 
system computer 430 to enable interactive operation. 
The system computer 430 may be located at a data center 

remote from the survey region. The system computer 430 
may be in communication With the receivers (either directly 
or via a recording unit, not shoWn), to receive signals indica 
tive of the re?ected seismic energy. These signals, after con 
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8 
ventional formatting and other initial processing, may be 
stored by the system computer 430 as digital data in the disk 
storage devices 431, 432 for subsequent retrieval and process 
ing in the manner described above. 

While FIG. 4 illustrates the disk storage devices 431, 432 
as directly connected to the system computer 430, it is also 
contemplated that the disk storage devices 431, 432 may be 
accessible through a local area netWork or by remote access. 
Furthermore, While disk storage devices 429, 431, 432 are 
illustrated as separate devices for storing input seismic data 
and analysis results, the disk storage devices 429, 431, 432 
may be implemented Within a single disk drive (either 
together With or separately from program disk storage device 
433), or in any other conventional manner as Will be fully 
understood by one of skill in the art having reference to this 
speci?cation. 
While the foregoing is directed to embodiments of the 

present invention, other and further embodiments of the 
invention may be devised Without departing from the basic 
scope thereof, and the scope thereof is determined by the 
claims that folloW. 
What is claimed is: 
1. A method for estimating subsurface elastic parameters, 

comprising: 
determining one or more sloWness vectors based on a ver 

tical seismic pro?le of a subsurface area, Wherein the 
sloWness vectors comprise a ?rst horiZontal sloWness, a 
second horiZontal sloWness and an apparent vertical 

sloWness; 
generating a model containing anisotropy parameters and a 

Well deviation estimate based on survey data; 
correcting the slowness vectors for the Well deviation esti 

mate based on the model; and 
calculating, using a microprocessor, one or more modeled 

sloWness vectors using the corrected sloWness vectors 
and the anisotropy parameters in the model. 

2. The method of claim 1, further comprising: 
comparing the modeled sloWness vectors With the cor 

rected sloWness vectors; 
determining Whether the model is representative of the 

subsurface area based on the comparison; and 
using the model to enhance a seismic image upon deter 

mining that the model is representative of the subsurface 
area. 

3. The method of claim 1, Wherein the model comprises 
elastic constants. 

4. The method of claim 1, Wherein the anisotropy param 
eters comprise: 
Thomsen parameters; 
parameters that represent a Weakening of the subsurface 

area due to fractures; 
a background P-Wave velocity and a background shear 
Wave velocity; 

angles representing an orientation of anisotropy of the 
subsurface area; or 

combinations thereof. 
5. The method of claim 1, Wherein calculating the modeled 

sloWness vectors comprises: 
calculating a magnitude of the corrected sloWness vectors; 
calculating a phase direction of the corrected sloWness 

vectors using the magnitude of the corrected sloWness 
vectors; 

calculating one or more elastic constants using the anisot 
ropy parameters in the model; and 

calculating the modeled sloWness vectors With the Kelvin 
Christoffel equation, using the phase directions and the 
elastic constants. 
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6. The method of claim 2, wherein comparing the modeled 
slowness vectors with the corrected slowness vectors com 
prises: 

calculating a magnitude of the corrected slowness vectors; 
calculating a magnitude of the modeled slowness vectors; 

and 
determining a difference between the magnitude of the 

corrected slowness vectors and the magnitude of the 
modeled slowness vectors. 

7. The method of claim 1, wherein correcting the slowness 
vectors for the well deviation estimate comprises recovering 
a true vertical slowness from the apparent vertical slowness 
and the well deviation estimate. 

8. The method of claim 1, wherein the modeled slowness 
vectors are calculated using the Kelvin-Christoffel equation. 

9. The method of claim 1, wherein the survey data com 
prises a priori data. 

10. A non-transitory computer-readable medium having 
stored thereon program instructions executable by a proces 
sor to: 

determine one or more slowness vectors based on a vertical 

seismic pro?le of a subsurface area, wherein the slow 
ness vectors comprise a ?rst horiZontal slowness, a sec 
ond horiZontal slowness and an apparent vertical slow 
ness; 

generate a model containing anisotropy parameters based 
on a priori data, wherein the model comprises anisotropy 
parameters and a well deviation estimate; 

correct the slowness vectors for the well deviation estimate 
based on the model; and 

calculate one or more modeled slowness vectors using the 
corrected slowness vectors and the anisotropy param 
eters in the model. 

11. The non-transitory computer-readable medium of 
claim 10, further comprising program instructions executable 
by the processor to use the model to: 

compare the modeled slowness vectors with the corrected 
slowness vectors; 

determine whether the model is representative of the sub 
surface area based on the comparison; and 

enhance a seismic image if the model is representative of 
the subsurface area. 

12. The non-transitory computer-readable medium of 
claim 11, wherein the program instructions executable by the 
processor to compare the modeled slowness vectors with the 
corrected slowness vectors comprise program instructions 
executable by the processor to: 

calculate a magnitude of the corrected slowness vectors; 
calculate a magnitude of the modeled slowness vectors; 

and 
determine a difference between the magnitude of the cor 

rected slowness vectors and the magnitude of the mod 
eled slowness vectors. 

13. The non-transitory computer-readable medium of 
claim 10, wherein the program instructions executable by the 
processor to correct the slowness vectors for the well devia 
tion estimate comprise program instructions executable by 
the processor to recover a true vertical slowness from the 
apparent vertical slowness and the well deviation estimate. 

14. The non-transitory computer-readable medium of 
claim 10, wherein the program instructions executable by the 
processor to calculate the modeled slowness vectors comprise 
program instructions executable by the processor to: 

calculate a magnitude of the corrected slowness vectors; 
calculate a phase direction of the corrected slowness vec 

tors using the magnitude of the corrected slowness vec 
tors; 
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10 
calculate one or more elastic constants using the anisotropy 

parameters; and 
calculate the modeled slowness vectors applying the 

Kelvin-Christoffel equation, using the phase direction 
and the elastic constants. 

15. A system, comprising: 
a processor; and 
a memory comprising program instructions executable by 

the processor to: 
determine one or more slowness vectors based on a vertical 

seismic pro?le of a subsurface area, wherein the slow 
ness vectors comprise a ?rst horiZontal slowness, a sec 
ond horiZontal slowness and an apparent vertical slow 
ness; 

generate a model based on a priori data, wherein the model 
comprises anisotropy parameters and a well deviation 
estimate; 

correct the slowness vectors for the well deviation estimate 
based on the model; 

calculate one or more modeled slowness vectors using the 
corrected slowness vectors and the model; 

compare the modeled slowness vectors with the corrected 
slowness vectors; 

determine whether the model is representative of the sub 
surface area based on the comparison and a convergence 
criteria; and 

use the model to enhance a seismic image upon determin 
ing that the model is representative of the subsurface 
area. 

16. The system of claim 15, wherein the convergence cri 
teria comprises a speci?ed threshold for a difference in a 
magnitude of the modeled slowness vectors and a magnitude 
in the corrected slowness vectors, and determining the model 
to be representative of the sub surface area if the difference is 
less than the speci?ed threshold. 

17. The system of claim 15, wherein the convergence cri 
teria comprise a speci?ed threshold for an absolute value of a 
difference between an absolute value of a magnitude of the 
modeled slowness vectors and the corrected slowness vec 
tors, and determining the model to be representative of the 
subsurface area if the absolute value of the difference is less 
than the speci?ed threshold. 

18. The system of claim 15, wherein the convergence cri 
teria comprises a speci?ed threshold for a squared value of a 
difference between a magnitude of the modeled slowness 
vectors and a magnitude of the corrected slowness vectors, 
and determining the model to be representative of the sub sur 
face area if the squared value of the difference is less than the 
speci?ed threshold. 

19. The system of claim 15, wherein the program instruc 
tions executable by the processor to calculate the modeled 
slowness vectors comprise program instructions executable 
by the processor to: 

calculate a magnitude of the corrected slowness vectors; 
calculate a phase direction of the corrected slowness vec 

tors using the magnitude of the corrected slowness vec 
tors; 

calculate one or more elastic constants using the anisotropy 
parameters; and 

calculate the modeled slowness vectors applying the 
Kelvin-Christoffel equation, using the phase direction 
and the elastic constants. 

20. The system of claim 15, wherein the program instruc 
tions executable by the processor to compare the modeled 
slowness vectors with the corrected slowness vectors com 
prise program instructions executable by the processor to: 

calculate a magnitude of the corrected slowness vectors; 
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calculate a magnitude of the modeled slowness Vectors; 
and 

determine a difference betWeen the magnitude of the cor 
rected slowness Vectors and the magnitude of the mod 
eled sl0Wness Vectors. 5 

* * * * * 


