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ABSTRACT
Diffraction, once considered noise rather than signal in seismic tomography, has recently been
successfully used in ore-body prospecting, particularly in delineating smaller objects which otherwise
cannot be properly investigated by ray tomography methods.

Most prevalent seismic diffraction tomography techniques use Born's approximation of weak
scattering instead of considering total wave field. In the present study, using total scattered wave
field, at first, the forward modeling for objects of different geometrical shapes and sizes, both
separately and in combination is done and then very fast simulated annealing is employed for inverse
modeling. Subsequently, annealing parameters are used to determine the model parameters such
as size, contrast and distance of the object from measuring plane. This gives fairly good estimate
for model parameters within acceptable error limit.

This procedure of seismic diffraction tomography technique can potentially be used for
investigating ore-body of smaller dimension having not only weak but also strong scattering
properties.

INTRODUCTION

Until recently diffraction tomography has received
little weightage in the field of mineral prospecting
and has generally been considered noise rather than
signal in seismic tomography techniques. However,
in the last few decades diffraction tomography has
gained momentum particularly in delineating the
smaller objects which otherwise cannot be properly
investigated by ray tomography methods. To
paraphrase Bleistein (1984), if the largest wavelength
found in band limited data is λmax, then the ray
approximation is valid when the anomalies are of the
order of 3λmax or larger.

Most prevalent seismic diffraction tomography
techniques (Devaney, 1982, 1984; Wu & Toksöz,
1987; Lo et al., 1988; Lo, Duckworth & Toksöz,
1990; Naidu et al., 1995) used Born's approximation
of weak scattering instead of considering the total
wave-field. But there are many geological objects
like ore-shoots in hydrothermal ore deposits,
kimberlite-lamproite intrusions and karst objects

which are not weak but strong scatterers. These
objects may not be properly investigated using the
approach based on Born's approximation of weak
scattering. In the present study, total wave-field of
scattered wave has been considered in delineating
blind ore-bodies of smaller dimension and the
technique is applicable to both weak as well as
strong scatterers.

METHODOLOGY

The problem of seismic diffraction tomography has
been divided into two parts: i) Forward modeling ii)
Inverse modeling. At first, in the forward modeling,
synthetic scattered field data has been generated for
smaller objects of different geometrical shapes. For
simplicity, however, we concentrate on 2D cases only.
The synthetic data thus generated have then been used
for inverse modeling using very fast simulated
annealing (VFSA) technique. Fig.1 shows a generalized
flow diagram of the steps required to solve the
problem.
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FORWARD MODELING

Diffraction has its origin in geometrical optics and has
similarities in its implementation to seismic
tomography. Consequently, the scattered field data
have been calculated using the exact solution
developed in geometrical optics (Francon 1966)
without considering any approximation.

Synthetic data have been generated for different
types of models such as rectangle, square, circle and
ellipse. Fig. 2 shows the geometrical setup for the data
acquisition. However, some assumptions have been
made during the forward modeling. The object of the
refractive index contrast n has been considered to be
embedded in a homogeneous medium. The source is
considered as plane wave of single frequency and
multiple scattering has been avoided.

Forward modeling for square/rectangular object has
been done by using equation:

U(x, y) = (4abn/λ0) {Sin (k0nla) / (k0nla)} {sin (k0nmb)
/ (k0nmb)} … (i)

Where U(x, y) is the scattered field measured at a point
(x, y), a and b are the length and width of the object,
n is the refractive index contrast, l = x/R, m = y/R,
R is the perpendicular distance between the object
plane and the measuring plane, k0 = 2π/λ0, λ0 is the
wavelength of the incident wave. By changing the sizes
it has been found that scattering effect is dominant
for the objects whose size is comparable to the
wavelength of the incident wave. Otherwise, for large
scale objects, however, most of the energy of the
incident wave gets reflected and/or refracted.

Forward modeling for circular objects of different
radius and refractive index contrast has been done
using equation:

U(x, y) = {(2πa2.n) /λ0} {J1 (k0naα) / (k0naα)} … (ii)

Figure 1. Generalized flow diagram showing steps of diffraction tomography.
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Where U(x, y) is the scattered field measured at a point
(x, y), a is the radius of the object, n is the refractive
index contrast, k = (2π) / λ0, λ0 is the wavelength of
the incident wave, α = (l2 + m2)1/2, l = x / R, m = y
/ R; R is the distance between the object plane and
the measuring plane and J1 is the Bessel function of
1st order.

A generalized expression for the scattered field of
an elliptical object has been developed by the equation:

U(x, y) = {(2πab.n) /λ0} {J1 (k0nα') / (k0nα')} … (iii)

Where, U(x, y) is the scattered field measured at a
point (x, y), a = Major axis of the ellipse, b = Minor
axis of the ellipse, α' = (l2a2 + m2b2)1/2. Forward
modeling for circular objects as a special case of
elliptical object is also tested. For a circle, a = b,
α' = a (l2 + m2)1/2 = aα, and the equation (iii) leads
to: U(x, y) = {(2πa2.n) /λ0} {J1 (k0naα) / (k0naα)},
which is same as equation (ii).

INVERSE MODELING

The problem of diffraction tomography satisfies
nonlinear equation. In most of the cases this has been
solved by using Fourier Diffraction Theorem in
frequency domain. However, in the present work,
VFSA method (Ingber 1993; Chunduru, Sen & Stoffa
1997) is considered as the inversion technique. The
advantage of the VFSA technique is that it can
jump out of local minima and can achieve the
global minimum. Another advantage is that the
starting model need not be close to the global

minimum which can be of great help in real earth
problem. Here, the dimension of the object, distance
of the object from the measuring plane and the
refractive index contrast are taken as unknown
parameters.

RESULTS WITH SYNTHETIC DATA

Though the geological features may be of any shapes,
emphasis has been given on regular geometrical shape
of ellipse since many other shapes can be represented
by combinations of ellipses and/or its variant circles.

The scattered field due to an elliptical object with
refractive index contrast 0.01 with the surrounding
media has been measured by using equation (iii). The
wavelength of the incident wave is taken as 0.01 and
the length of the major and minor axis of the elliptical
object is taken as 0.6 λ0 and 0.12 λ0 respectively. The
field has been measured on a plane at a perpendicular
distance of 35 λ0 from the object. Fig. 3 shows the
graphical representation of the distance vs. scattered
field plot. These synthetic data are then inverted by
VFSA method to obtain the unknown model
parameters. Starting from an initial temperature 105,
2000 iterations have been carried out with a cooling
schedule as given in equation:

Ti = T0 exp {-decay*(i-1)0.5} … (iv)

Where, T0 is the starting temperature for model, Ti

is the temperature in the ith iteration and the decay
value is taken as 0.97 which is found to be optimum
in the present case.

Figure 2. Geometrical set up for data acquisition.
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Representative error for each iteration has been
calculated by different methods like least-square, root
mean square, standard deviation and weighted average
method. Among these, weighted (with respect to
corresponding observed data obtained from forward
model) average method gives the best result for the
inversion. The search window and search increments
for the parameters are shown in Table 1. Fig. 4
represents the iteration vs. error plot for this operation
and it is clear from the figure that global minimum
has been achieved after 500 iterations. The model
parameters obtained are as follows: lengths of the
major and minor axis are 0.62λ0, 0.18λ0 respectively,
Distance of the object from the measuring plane
is 35.16λ0 and the refractive index contrast is 0.009.
Graphical representation showing comparison

between the actual and calculated model are given
in Fig. 5.

This method has also been tested on the models
of square, rectangular and circular shape. The results
obtained are shown in Table 2. with the actual values
given in parentheses.

After considering the smaller objects of different
shapes separately, the method developed here is also
tested in delineating objects in combination, such as
an elliptical object and a rectangular object, embedded
in a homogeneous medium. The combined scattered
field has been obtained by summing the individual
scattered field of each model. This combined field is
then inverted by VFSA technique. The guess
parameters used and the results obtained are given in
Tables.3 and  4 respectively.

Figure 3. Graphical representation of synthetic scattered field data for elliptical model.

Model parameter Minimum Maximum Increment

t1 0.40 0.80 0.01

t2 0.10 0.30 0.01

t3 30.00 40.00 0.50

n 0.005 0.05 0.001

Table. 1. Search window and search increments for the model parameters of the elliptical model. Here, t1=a/λ0, t2
= b/a, t3 = R/λ0.
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Table. 2. Results after VFSA inversion for circular, rectangular and square objects.

Model Size R n

Circular Radius, 0.72λ0 (0.6λ0) 30.65λ0 (35.000) 0.009 (0.01)

Rectangular 0.44λ0 x 0.18λ0 38.50λ0 (35.00λ0) 0.012 (0.01)
(0.60λ0 x 0.30λ0)

Square 0.47λ0 x 0.69λ0 37.19λ0 (35.00λ0) 0.010 (0.01)
(0.6λ0 x 0.6λ0)

Figure 4. Iteration vs. absolute value of weighted average error plot during the nonlinear optimization technique for
elliptical model.

Table. 3. Guess parameters for the combined model. Here, t1=a/λ0, t2 = b/a, t3 = R/λ0.

Parameter                     Minimum                         Maximum                             Increment

Ellipse Rectangle Ellipse Rectangle Ellipse Rectangle

t1 0.10 0.10 2.00 2.00 0.01 0.01

t2 0.05 0.05 1.00 1.00 0.01 0.01

t3 10.00 10.00 80.00 80.00 1.00 1.00

n 0.001 0.001 0.05 0.05 0.001 0.001

A new approach to seismic diffraction tomography
technique and its significance in ore-body prospecting
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DISCUSSION

In this paper, we have demonstrated a nonlinear
optimization technique applied to synthetic seismic
scattered field data for objects of smaller dimension
having different sizes and shapes, both separately and
in combination. The algorithm of the generation of
scattered field for these objects and the inversion
technique has been developed. However, in forward
modeling instead of conventional Born's approximation
of weak scattering the total wavefield is considered.
This allows the approach to be valid also for large-
scale scatterers and thus more appropriate to tackle
the exploration of blind ore bodies of smaller
dimension. Inverse modeling is carried out by using
VFSA technique since, unlike the technique using
Fourier Diffraction Theorem, it is less sensitive to
sampling geometry (Sevink & Herman 1994). The

enumerated seismic diffraction tomography method
gives fairly good estimate for model parameters within
acceptable error limit. However, some estimated
parameters give aberrant values. This can be
controlled by proper assumption of search limits (guess
values) supplemented by other geological information
of the concerned area. This procedure of seismic
diffraction tomography technique can potentially be
used for investigating mineral deposits where the ore-
shoots in the host rock (e.g. hydrothermal ore
deposits) or the host itself (e.g. diamondiferous
kimberlite-lamproite intrusions) are small enough to
be delineated by traditional ray tomography methods.
In some hydrothermal deposits the ore minerals are
found to be concentrated along some suitable locales
of small aerial extent, like veins, fissures, hinges of
the associated folds (McGowan et al., 2003), cave and
collapse structures formed by karstification in

Figure 5. Comparison between scattered field of the actual and calculated model for an elliptical object.

Table. 4. Results after VFSA inversion for the model having combination of elliptical and rectangular objects.
Figures in the parentheses are the actual values.

Object Size R n

Elliptical 0.78λ0x0.27λ0 36.43λ0 (35.00λ0) 0.01 (0.01)
(0.6λ0x0.12λ0)

Rectangular 0.82λ0 x 0.19λ0 55.60λ0 (50.00λ0) 0.03(0.03)
(0.80λ0 x 0.40λ0)
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Mississippi valley type deposits (Olson 1984) etc.
Kimberlite-lamproite intrusions with characteristic
weak velocity contrast and vertical orientation may
create problems in identification by ray tomography
method particularly, if it is covered by high velocity
layer (in case of refraction tomography) or in absence
of convenient reflection boundary below the pipe body
(in case of reflection tomography). Such objects of
small aerial extent are, however, strong scatterers and,
consequently, can easily be delineated by the seismic
diffraction tomography technique dealt with here.
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