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Entities are not to be multiplied beyond necessity

- William of Ockham as paraphrased by John Ponce of Cork.

Entities must not be reduced to the point of inadequacy

- Walter of Chatton as paraphrased by Karl Menger.

Anecdotes about Anisotropy:

Occam’sRazor Cuts Both Ways
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Shale Anisotropy - It’s pretty obvious once you 
know where to look

• Prehistory: Traveltime Anomalies at Ekofisk 1983

• Crosswell Example

• Walkaway Vsp

• Alphabet Soup

• Exploding Reflectors and all that
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Ekofisk Walkaway VSP - 1983
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Something Fishy In FRAYTR ?
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• 56 sources by 56 receivers 

• Isotropic Solution with 56x56 parameters 
contains a big X (a.k.a. artifact) 

• 56 sources by 56 receivers 

• Isotropic Solution with 56x56 parameters 
contains a big X (a.k.a. artifact) 

Crosswell Seismic Example

(Miller & Chapman 1991)
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• Isotropic Solution with 56x56 parameters 
contains a big X (a.k.a. artifact) 
• Isotropic Solution with 56x56 parameters 
contains a big X (a.k.a. artifact) 

Crosswell Seismic Example

(Miller & Chapman 1991)

• Isotropic Solution with 56 parameters 
(layers) has large residuals
• Isotropic Solution with 56 parameters 
(layers) has large residuals

• 56 sources by 56 receivers 

• BP test site Devine, Texas 

• 56 sources by 56 receivers 

• BP test site Devine, Texas 
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Puzzling Observations:

• Event H is clearly a 
headwave

• Event B arrives at the 
time predicted by the log.

• If B is the direct arrival, 
what is A?

• If A is the direct arrival, 
what are B and C?

• Why is B so straight and 
so sharply terminated?

• Event H is clearly a 
headwave

• Event B arrives at the 
time predicted by the log.

• If B is the direct arrival, 
what is A?

• If A is the direct arrival, 
what are B and C?

• Why is B so straight and 
so sharply terminated?

Common Depth GatherCommon Depth Gather

H

A

B

C
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Observations Clarified With Raytracing:

H is a headwaveH is a headwave
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Observations Clarified:

A is the direct waveA is the direct wave
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Observations Clarified:

B is a doubly scattered waveB is a doubly scattered wave•B is a doubly scattered wave.

•B is vertically uniform because the 

medium is laterally uniform!

•B is a doubly scattered wave.

•B is vertically uniform because the 

medium is laterally uniform!
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Incontrovertible Evidence of Anisotropy:

• Event B demands a layered solution

• Each event samples a different angle and requires a different velocity

• Event B demands a layered solution

• Each event samples a different angle and requires a different velocity
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Chapman & Pratt

Linearization of traveltime
changes due to perturbation 
of Cij leads to linear system 
of equations in canonical 
slownesses with coefficients 
given by basic spherical 
harmonic functions.

Cf. Chapman and Pratt, 1992
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Chapman & Pratt

Linearization of traveltime
changes due to perturbation 
of Cij leads to linear system 
of equations in canonical 
slownesses with coefficients 
given by basic spherical 
harmonic functions.

Cf. Chapman and Pratt, 1992
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Miller & 
Chapman 1991
Linearization of traveltime

changes due to perturbation of 
Cij leads to linear system of 
equations in canonical 
slownesses with coefficients 
given by basic spherical 
harmonic functions.

Cf. Chapman and Pratt, 1992
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Miller & Chapman 1991

• Anisotropic Solution with 56x3 fits the data

• Limestones are isotropic

• Shales are anisotropic and anisotropy is anelliptic

• Anisotropic Solution with 56x3 fits the data

• Limestones are isotropic

• Shales are anisotropic and anisotropy is anelliptic

Inverted slownesses Sx, S45, SzInverted slownesses Sx, S45, Sz

FitFit
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Miller & Chapman 1991

• AnIsotropic Solution with 56x3 fits the data

• Limestones are isotropic

• Shales are anisotropic and anisotropy is anelliptic

• AnIsotropic Solution with 56x3 fits the data

• Limestones are isotropic

• Shales are anisotropic and anisotropy is anelliptic

Inverted slownesses Sx, S45, SzInverted slownesses Sx, S45, Sz Anisotropic Tomogram Anisotropic Tomogram 
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Miller & Chapman 1991

• Shales are anisotropic and anisotropy is anelliptic• Shales are anisotropic and anisotropy is anelliptic

Inverted slownesses Sx, S45, SzInverted slownesses Sx, S45, Sz
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Remarks about the Model:

• The isotropic approximation 
doesn’t fit at all

• The elliptic approximation fits 
poorly

• The harmonic approximation 
fits well

• The fit is independent of shear 
modulus used

• The isotropic approximation 
doesn’t fit at all

• The elliptic approximation fits 
poorly

• The harmonic approximation 
fits well

• The fit is independent of shear 
modulus used
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Question: Is this case typical?Question: Is this case typical?

Answer: It is not rare Answer: It is not rare 
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Shale MorphologyShale Morphology
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Shale ModelShale Model N.B.: Think about 
excess horizontal shear 
compliance

N.B.: Think about 
excess horizontal shear 
compliance
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Compaction Process
Expectation: 

As depth increases

•Porosity decreases so velocity increases

•Order increases so anisotropy increases (up to a 
point)
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How does this look in Walkaway VSP 
Data?
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2.35 km/sec

2.64 km/sec

Walkaway VSP Example

201 Source 
Positions

5 3-Component 
Borehole receivers

201 Source 
Positions

5 3-Component 
Borehole receivers
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Anisotropy 101
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The spatial 
gradient of the 
traveltime
function is the 
Phase Slowness 
Vector

zTSp z ∂∂== /
3

xTSp x ∂∂== /1
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Key Observation

In a laterally invariant medium the horizontal component 
of slowness preserved along the ray and can be 
measured by estimating dT/dX at the source.
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Squared Phase Slowness

Crossplot of Sx and Sz gives phase slownessCrossplot of Sx and Sz gives phase slowness

Sx(offset) Sx(offset) 

Sz(offset) Sz(offset) 
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Squared Phase Slowness

N.B.: Isotropy would require a line at 45oN.B.: Isotropy would require a line at 45o

Sx(offset) Sx(offset) 

Sz(offset) Sz(offset) 
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Remarks about the Model:

• The isotropic approximation 
doesn’t fit at all

• The elliptic approximation fits 
poorly

• The harmonic approximation fits 
well

• The fit is independent of shear 
modulus used

• The isotropic approximation 
doesn’t fit at all

• The elliptic approximation fits 
poorly

• The harmonic approximation fits 
well

• The fit is independent of shear 
modulus used
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TI Sensitivities:

Questions:

• Why is the fit independent of shear modulus used?

• What parameters are most important locally?

Questions:

• Why is the fit independent of shear modulus used?

• What parameters are most important locally?

Chris’s Answers:

• The Perturbation Theory yields the sensitivities.

• The coefficients can be recognized as static axial 
moduli in appropriately rotated coordinates.

Chris’s Answers:

• The Perturbation Theory yields the sensitivities.

• The coefficients can be recognized as static axial 
moduli in appropriately rotated coordinates.
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To achieve a unit of pure 13 shear strain:

• Apply 13 traction  

Hooke’s Law: Reduced (Voigt) Notation

To achieve a unit of pure longitudinal strain 
along the 3-axis:

• Pull up-down with traction 

•Pull left-right, in-out with traction  
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Important Remark (cf. Chapman p86)
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Hooke’s Law Revisited
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Perturbation Story
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Perturbation Result (Chapman & Pratt, 1992)

Analyze consequences of setting 
delta_ p = 0 under the approximation 
that phase and polarization vectors 
are parallel or orthogonal.

Analyze consequences of setting 
delta_ p = 0 under the approximation 
that phase and polarization vectors 
are parallel or orthogonal.
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PushPin Parameters
If an arbitrary TI medium is 
perturbed in a way that 
preserves a given push-pin, 
then slowness points in the 
associated direction and 
mode will be approximately 
preserved in the new 
medium.

If an arbitrary TI medium is 
perturbed in a way that 
preserves a given push-pin, 
then slowness points in the 
associated direction and 
mode will be approximately 
preserved in the new 
medium.
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PushPin Parameters
If an arbitrary TI medium is perturbed in a way that preserves a
given push-pin, then slowness points in the associated direction and 
mode will be approximately preserved in the new medium.

If an arbitrary TI medium is perturbed in a way that preserves a
given push-pin, then slowness points in the associated direction and 
mode will be approximately preserved in the new medium.
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How does this look in Sonic Log Data?

Derivation of anisotropy parameters in a shale using borehole sonic data
John Walsh*, Bikash Sinha, Tom Plona and Doug Miller, Doug Bentley Schlumberger Oilfield Services

Mike Ammerman, Devon Energy, Inc.



4 May 07

46
DM

10 points in upper Barnett.
Inclination near 35 deg.

23 points in upper and 
lower Barnett.
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•Good Fit with C13 = 10 Gpa
•So Thomsen’s Delta = .12; (Epsilon = .26; Gamma = .18)

[C11,C13,C33,C55,C66]=[55,10,36,15,20.5] [C11,C13,C33,C55,C66]=[55,10,36,15,20.5] 

The Answer: Mild Anellipticity
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Incident fieldPropagation

Scattering•Secondary source •Secondary source 

Exploding Reflectors



4 May 07

50
DM

Exploding Reflectors

•Secondary source 
moment tensor
•Secondary source 
moment tensor
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Turning-ray migration of Vertical Object

Anisotropic Isotropic 

(vertical velocities)
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Turning Ray Images
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Isotropic Migration using a 
velocity profile that focuses the 
vertical object mislocates the 
horizontal object. 
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Isotropic Migration using 
vertical velocity profile 
systematically defocuses and 
mislocates vertical object  
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Entities are not to be multiplied beyond necessity

- William of Ockham as paraphrased by John Ponce of Cork.

Entities must not be reduced to the point of inadequacy

- Walter of Chatton as paraphrased by Karl Menger.

Anecdotes about Anisotropy:

Occam’sRazor Cuts Both Ways
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PushPin Parameters Thomsen ParametersThomsen Parameters


