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Outline

‣ Introduction

‣ Seismic tomography

‣ Geological constraints for velocity analysis

‣ Cross gradients function

‣ Results

‣ Future work: 

• Western Geco Dataset: Seismic & Resistivity
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Tomography Problem
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Auxiliary data for P-wave velocity

‣ Magnetotelluric (MT)  Resistivity 

• Natural-source (electromagnetic method) 

• Insight into the resistivity structure as the main parameter  

- Low resolution  

- Insensitive to thin resistors      

‣ Reflectivity 

• Sharp features    

‣ S-wave velocity
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Linearized tomography

‣ Travel time-slowness relation is 

• model dependent 

• nonlinear

‣ Linearize operator 

• wrong initial ray paths

• Linearize around new slowness estimate
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2 CHAPTER 1. INTRODUCTION

TOMOGRAPHY

Tomography, or at least the definition of tomography I will be using in thesis, starts from the

idea that there is an operator Tnl that relates slowness s to travel times t,

t= Tnls (1.1)

One way to think of this operator is in terms of rays. Figure 1.1 shows a simple two layered

model with sources along top and left edges and receivers along all four edges. The simplest

way to think of the operator Tnl is that it simply integrates the slowness along the raypath.

Figure 1.1: A simple example of to-

mography with the sources and re-

ceivers every .2 km in depth and ev-

ery .5 km in x. Overlaid are the ray-

paths connecting the sources to the

receivers. intro-cor.overlay [CR]

This simplistic view of tomography has a number of inconsistencies with the reflection

tomography problem. The first is that we wouldn’t be doing tomography if we actually knew

the slowness field beforehand. What we actually have is some initial guess, s0, of the slow-

ness field. If for our initial model we assume a constant slowness field and find the raypaths

connecting the same source and receivers, Figure 1.2, we encounter another problem: the ray-

paths are significantly different. An alternate way to state this observation is that the operator

is model dependent and therefore non-linear.

Courtesy of  
Bob Clapp.

t ≈ Tnl s0 +∇Tnl ∆s
t ≈ t0 + TL ∆s

∆t ≈ TL ∆s

t = Tnl(s)
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Figure 1.2: The same recording ge-

ometry as Figure 1.1, with a con-

stant velocity field. Note that the

ray paths are significantly different.

intro-init.overlay [CR]

Non-linear problems

Non-linear problems are much more difficult to solve than linear problems. A method that is

often successful is to make some approximations that will turn the non-linear problem into a

linear problem. We can make this conversion by doing a Taylor expansion (ignoring second

and higher order terms) around the initial guess at the slowness field,

t ≈ Tnls0+∇Tnl!s
t ≈ t0+T0!s (1.2)

!t ≈ T0!s

where s0 is the initial guess at slowness, T0 is the Frechet derivative, a linear approximation

of Tnl at s0,!s is the change in slowness, t0 are the modeled travel times by applying T0 to s0,

!t are the differences between the modeled travel times, t0, and the measured travel times, t.

Reflection seismic tomography problems are too large to do direct matrix inversion so iterative

methods, such as conjugate gradient, are used instead. Once we have used an iterative method

Courtesy of  
Bob Clapp.

t ≈ Tnl s0 +∇Tnl ∆s
t ≈ t0 + TL ∆s

∆t ≈ TL ∆s

t = Tnl(s)
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Tomography and null space

‣ shadow zones

• lack of illumination or poor illumination 

(especially sub-salt regions)

‣ limited angle coverage

• imposed by recording geometry

‣ resolution decreases with depth

• velocity information is revealed with reflection angle.

‣ under-determined problem
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source receiver

Q(∆s) = ||∆t−T0∆s||2 + ε2 ||A(s0 + ∆s)||2



Cross-gradients function
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‣ Structural similarity measurement

‣ simplified 2-D definition

• Linearized on grids with finite difference approximations

Cross-gradient function [Gallardo & Meju 03]
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More on cross-gradient functions

‣ Similar to covariance

‣ Sharp boundary improvements 

‣ Accuracy for different field properties:

• Difference in resolution

• Structural complexity  

‣ Velocity vs.  resistivity

• smooth velocity as resistivity
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Marmousi model
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Auto-gradient

Auto-gradient values
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×

Test 1: smooth velocity

⇐

∇

∇Cross-gradient values
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Test 2: smoother velocity
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Cross-gradient values
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Test 3: reflectivity
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Velocity analysis with cross-gradient constraint

‣ Velocity analysis objective function
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s : seismic slowness
r : additional data
t : travel time

TL : linear approximation of tomography matrix
A : regularization operator

G(r) : linear cross-gradients operator for given r

Q(∆s) = ||∆t−T0∆s||2 + ε2 ||A(s0 + ∆s)||2

P(∆s) = ||∆t−TL∆s||2 + ε21 ||A(s0 + ∆s)||2 + ε22 ||G(r)(s0 + ∆s)||2
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Synthetic model with semi-circular  fault
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Velocity estimation with steering filters
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aux. data: resistivity

cross-gradient values

slowness update
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aux. data: smooth resistivity
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aux. data: reflectivity
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Velocity estimation with auxiliary data

Updated velocity
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Velocity estimation with auxiliary data 1
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Velocity estimation with auxiliary data 2
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Observations

‣ Steering filters

• Smooth and continuous velocity anomalies

‣ Cross-gradient functions

• resolution of velocity update

• Sharp boundaries 

- salt bodies, faults
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Future work

‣ Improved velocity-resistivity relations

‣ Apply to field data

‣ Integrate statistical uncertainty analysis
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Field Data

‣ 3D cube of inverted 
resistivity

‣ Seismic Data
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Courtesy of  WesternGeco  Co.

Salt
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