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(57) Abstract: The present disclosure provides a method of characterising a resource in a block located in an area. The method
comprises the step of providing information concerning a property of the resource for a plurality of sample positions in, at or in
the environment of the block. The information is obtained from analyses of samples from the sample positions. The method fur-
ther comprises modelling a change in the property along a distance at or within the block using the provided information. The
method also comprises calculating parameters associated with the modelled change using Bayes' theorem and calculating a proper-
ty characteristic of the resource for the block using the calculated parameters.
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A METHOD OF CHARACTERISING A RESOURCE

Field of the Invention

The present invention broadly relates to a method of characterising a resource.

Background of the Invention

A mining plan usually is established prior to mining a resource, such as iron ore
or any other ore. A number of samples may be taken from drill holes and a
property of the samples, such as an iron grade, is analysed. Statistical methods
are then used to predict the property at locations in the proximity of the drill

holes.
Kriging is an established statistical method that is used for this purpose.
However, kriging has significant disadvantages. For example, kriging

systematically over- or underestimates values (“conditional bias”).

Summary of the Invention

The present invention provides in a first aspect a method of characterising a
resource in a block located in an area, the method comprising the steps of:
providing information concerning a property of the resource for a

plurality of sample positions in, at or in the environment of the block, the
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information being obtained from analyses of samples from the sample
positions;

modelling a change in the property along a distance at or within the
block using the provided information;

calculating parameters associated with the modelled change using
Bayes’ theorem; and

calculating a property characteristic of the resource for the block using

the calculated parameters.

Throughout this specification the term “block” is used for a volume or body of
material that may comprise the resource and typically has a predetermined

width, length and depth.
The block may be one of a plurality of blocks, such as adjacent blocks. For
example, each block may be a block of a mining area or an area that is to be

characterised, such as an area for which a mining plan is established.

In one specific embodiment the step of calculating parameters comprises use cf

a Gaussian or Gaussian-like probability distribution with Bayesian inference.

The resource may be an ore body, such as an iron ore or nickel ore body.

Alternatively, the resource may comprise any other extractable substance.

The property may for example be an ore grade, such as an iron ore grade or
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~ nickel ore grade. Alternatively, the property may for example be a density, a

rock type, a material type, an ore type, an ore grade or combinations thereof.

The method may comprise the additional step of providing an estimate of error

of the parameter characteristic of the property for the block.

In one specific embodiment the step of providing information concerning a
property of the resource for a plurality of sample positions comprises providing
samples from drill holes at the sample positions, which may comprise providing
samples from more than 2, more than 5, more than 10, more than 20 or even
more than 50 sample positions. In this embodiment the block is one of a
plurality of adjacent blocks and each block may be a block of an area. For
example, drill holes may be placed at or near the boundary of adjacent blocks,

such as at or near every second boundary.

Embodiments of the present invention have significant commercial advantages.

| For example, it is possible to calculate the property for a block typically with

error estimates. Further, conditional bias associated with ordinary kriging may

be reduced or even largely avoided.

In one specific example the step of modelling the change in the property
comprises obtaining a mean of the property and a covariance function c(x,x1.n)
of the property (x,x1.,: sample positions). The covariance function may be any

suitable type of covariance function, but typically is a squared exponential
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covariance function. In this example the step of calculating the property for the
block comprises calculating an average for the block using the mean and the

covariance function.

The present invention provides in a second aspect a method of establishing a
mining plan, the method comprising:
calculating a property of a resource for a plurality of blocks using the
method in accordance with the first aspect of the present invention;
evaluating the property; and

selecting blocks for mining the resource.

The present invention provides in a third aspect a method of guiding exploration
of an area, the method comprising:

calculating a property of a resource for a plurality of blocks using the
method in accordance with the first aspect of the present invention;

evaluating the property; and

guiding the exploration of the area.

The method may also comprise the step of determining locations for sample

positions at which samples are obtained from drill holes.

The present invention provides in a fourth aspect a method of mining in which
resources are extracted in accordance with the method of the first, second or

third aspect of the present invention.
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The invention will be more fully understood from the following description of
specific embodiments of the invention. The description is provided with

reference to the accompanying drawings.

Brief Description of the Drawings

Figure 1 is a flow diagram showing a method of characterising a resource in a

block in accordance with an embodiment of the present invention;

Figure 2 is a top view of an area of land divided into blocks and showing drill

holes corresponding to sample positions;

Figure 3 is a graph of data points showing the position of each sample against

a measured property of each sample for a 1-dimensional example;

Figure 4 shows the graph of Figure 3 having a Gaussian process fitted to the

data points to form a curve, and showing an estimated error for the curve; and

Figure 5 shows the graph of Figure 4 having sampled the curve at locations

marked by circles; and

Figure 6 is a flow diagram showing a method of establishing a mining plan in

accordance with a further embodiment of the present invention.
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Detailed Description of Specific Embodiments

Specific embodiments of the present invention are initially described with

reference to Figures 1 to 5.

A method 10 of characterising a resource in a block, as illustrated in Figure 1,
generally comprises an initial step 12 of providing information concerning a
property of the resource for a plurality of sample positions in, at or in the
environment of the block. The information is obtained from analyses of samples

from the sample positions.

In one example, the resource is iron ore, and the property is iron ore grade. It
will be appreciated that the resource may be any ore body, such as a nickel ore

body, or the resource may comprise any other extractable substance.

For the example, where the resource is iron ore, providing the information may
comprise dividing an area of land 20 into blocks 22, and taking core samples
from drill holes 24 at selected sample positions as shown in Figure 2. Each core
sample is assayed to provide information regarding the iron ore grade at the

sample positions corresponding to the drill holes 24.

Each block 22 in this example measures 50 metres by 50 metres, and may
further be given a depth so as to define a volume. It will be appreciated

however that the size of each block 22 may be any size or shape, and the
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dimensions of each block 22 do not need to be uniform. The drill holes 24 are
shown to be taken at positions corresponding to corners of the blocks 22, and
are drilled in this example at 100 metre intervals. It will be appreciated,

however, that the drill holes 24 may be taken at any other positions, including

inside the blocks 22.

The method comprises a second step 14 of modelling a change in the property
along a distance at or within the block using the provided information. The
method further comprises a third step 16 of calculating parameters associated
with the modelled change using Bayes’ theorem and a fourth step 18 of

calculating a property for the block using the calculated parameters.

In one. embodiment, the step of calculating parameters comprises use of a
Gaussian or Gaussian-like probability distribution with the Bayes' theorem. The
Gaussian distribution can assist in making some of the calculations more
convenient, however it will be appreciated that other distributions may be used.
When the Gaussian distribution is used, it is assumed that a joint distribution of

the iron ore grade as measured at each drill hole 24 is multivariate Gaussian.

In the present embodiment, the change in the property (i.e.: iron ore grade) can
be modelled as a Gaussian process f(x) where x is representative of the sample
position. The iron ore grades as measured at each drill hole 24 may also be
obtained by calculating the Gaussian process f(x) for each value of x

corresponding to respective drill holes 24.



WO 2010/144953 PCT/AU2010/000738

10

15

20

-8-

The Gaussian process f(x) may be defined by a corresponding mean function

and a covariance function. For the Gaussian process f(x) it may be assumed
that the mean function is h(x)"B and the covariance function is ¢(x,x'), where
h(x) are a set of known functions and B are coefficients that may be

determined from, for example, the core samples taken from corresponding drill
holes 24, and where x and x’ are values representative of sample locations of

corresponding drill holes 24.

In general, the covariance function will comprise additional parameters. These
additional parameters are also referred to as hyper-parameters. The hyper-
parameters may control various aspects of the Gaussian process f(x). In one
example, the covariance function in the Gaussian process f(x) is a squared
exponential function. It will be appreciated, however, that the covariance
function may alternatively be implemented as a neural network or as a Matern
model. In the case where the covariance function is a squared exponential

function, it will have the general form:

1
K(x,x,) = 0’; exp(‘é?{(xl _xz)z) _Eqn- 1

Where:
K is a covariance function of x; and x;
Xy and x, are variables that may, for example, be representative of

sample positions corresponding to drill holes 24;
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a} is a smoothness parameter where, in general, o denotes variance

and the subscript f denotes that the variance relates to a signal f. and

lis a length scale.

This function has two hyper parameters: a}, which is a smoothness parameter,

and /, which is a length scale. The (hyper) parameters are determined from the
samples by optimising an objective function known as the marginal likelihood.
This function arrives in Bayesian statistics as a result of convolving the
likelihood function with probability distributions over its parameters. The
determination of the parameters as an optimisation procedure on the marginal
likelihood is also referred to in the Gaussian process as learning the
parameters. By optimising the (log) marginal likelihood, a trade-off between
data fit and complexity is achieved resulting in parameters that generalise well
to unobserved data. This, in turn, provides accurate covariance functions that

aptly model property changes in each direction.

After an appropriate covariance function and parameters have been provided,
the property for the block is calculated. In this embodiment, an estimate of an
average value of the iron ore grade over a volume V, for example the volume of
a block 22, is calculated by determining the average of Gaussian process f(x)

over volume V.

The above may be written as an integral k:
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k= If(x)p(x)dx Egn. 2

Where:
k is an integral for determining the average of Gaussian process f(x) over

5  volumeV
p(x) is a probability density function (i.e.: I p(x)=1); and

f(x)is a Gaussian process.

By assuming that f(x) is a Gaussian process with a mean h(x)"'B and

10  covariance function ¢(x,x"), it is possible to derive a distribution for integral k.

This can be done by first sampling the fitted Gaussian process at locations

X, X,..X, tofind f =f(x,),f(x,)...f(x,).

The distribution of the integral k depends on the following three assumptions:

15
Assumption 1:
If it is assumed that B (the coefficients for h(x)) and a} (the smoothness
parameter for the covariance function) are known, then the integral k is normal
distributed with a mean and a variance given by Equations 3 and 4(below):

20

mean = RB + TA™' (f - HB) Eqgn. 3
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var =o;(U-TA'T") Eqn. 4
Where :
h(x,)"
H= . contains the values of the known functions h(x) at the
h(x,)"

5 sampled locations x,,x,...x,;
B is a matrix that contains the coefficients for h(x), in this case known;

A is a matrix containing the covariances between the data locations

X 35X, X, ;
R = [h(x)"p(x)dx; Eqn. 5
10 T= It(x)fp(x)dx Eqn. 6
cov(X,X,,
With t(x) representing a covariance matrix given by: . ; and
cov(x,Xx,)
U= jc(x,x')p(x)p(x')dxdx' Eqn. 7

15 Regarding Equations 5, 6 and 7: R is the average of the mean function over
volume V; T is the average covariance between all the points in volume V and

all the data locations; and U corresponds to the variance of the volume V.

Assumption 2:
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If it is assumed that B (the coefficients for h(x)) is unknown and o-} (the

smoothness parameter for the covariance function) is known, then the integral k
is normal distributed with mean and variance given by Equations 8 and 9
(below). Within the Gaussian process framework information available
beforehand (before the analysis is carried out) about unknown parameters is
determined through a prior distribution. In this case for B, a non informative
prior is used as a starting point to derive the equations below. A non-informative
prior distributions makes inferences that are not greatly affected by external

information or when external information is not available.

mean = RB+TA ' (f - HB) Eqgn. 8

var=6;(U-TA'T" + R-TA'H)H'A'H)'R-TA'H)") Eqgn.9

Where B is a matrix that contains the estimated values for the coefficients B

from the samples having the form:
B=H"A"H)'H"A™'f Eqn. 10
The values for R, T and U are as per equations 5, 6 and 7 as used in the case

for Assumption 1. In Assumption 2, variance is larger due to not knowing the B

coefficients.

Assumption 3:
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If it is assumed that both B (the coefficients for h(x)) and a} (the smoothness

parameter for the covariance function) are unknown then the distribution of

integral k is a t-distribution with (n-q) degrees of freedom where n is the number

of data locations x,,x,...x, and q is the number of functions in h(x). The mean
5 and variance of k are given in Equations 11 and 12 (below). In this case, prior

information about the behaviour of B and a} is obtained by assuming a non

informative prior as a starting point to derive the equations below:

mean = RB+TA'(f -HB); Eqgn. 11
var=d(U-TA"'T"+R-TA'H)H"A'H)'(R-TA'H)"); Egn. 12
10 and

d=f"{A" - ATHH"A"'H)'H' A} Egn. 13

In an example shown in Figures 3 to 5, Assumption 2 is used as it is assumed
that the Gaussian process has been fitted to the data and that a} is thus

15 known. It will be appreciated that this is just one example, and has been used
for ease of calculation. With the different assumptions, the method can thus

account for uncertainty in the parameters B and a}.

In this case, the integrals R, T and U are as per Equations 5, 6, and 7 and have
20 closed form solutions when p(x) is Gaussian or a finite mixture of Gaussian
distributions and when the covariance function is the squared exponential

function. When p(x) is a finite mixture of Gaussian distributions i.e.
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] I
p(x)=) 4;p,(x) with p,(x)~ N(m,,v,), D4, =1, and we assume h(x)=1 for
i=1

i=1

simplicity, then Equations 5, 6 and 7 for R, T and U become:

R= jp(x)dx=1 Eqn. 14
5
——l—(x —m)2
T=ZI:A,.(1+1’L)-°'5exp{ 2 " 7, Eqn. 15
i=1 ? (lz+vi)
Lo - 1 m: m’
U=3 A4, [,)° exp{=—{u; V= (C-+—5)} Eqn. 16
=l j=1 fi Vj
10  Where:
1 -1 1
1—2‘+Vi —l—2
V= 1 1 Eqn. 17
-1
7ot
ﬁ
u;, =V ,:,'J Eqgn. 18
v_j
15

Regarding the above equations:
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!
p(x)=>_4p,(x) indicates that p(x) is drawn from a mixture of

i=l
Gaussian distributions wherein A, are weights that are given to each Gaussian
distribution;

p(x) ~ N(m,,v,) indicates that p,(x) is drawn from a Gaussian
distribution with mean m, and variance v, ;

| represents the number of Gaussian distributions that make up the
mixture;

i,j in Equation 15 and 16 are counters that loop over the humber of
Gaussian distributions that make up the mixture and wherein the maximum
value i and j may both have is |; and

x,, are the locations where the Gaussian process f(x) is sampled, for

example at sample points 52 as shown and described later with reference to

Figure 5.

Other closed form solutions for integrals R, T and U have also been derived for
the “Matern” covariance function (eq.3) and a uniform p(x). In general a uniform
p(x) is easiest to use since it gives any point inside the block equal weight. If no
closed form solution for Integrals R, T and U is available they can be derived

using numerical methods.

With these closed form solutions we can then calculate the parameters of the

distribution for integral k.
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This process is illustrated in Figures 3 to 5. This example is described in one-
dimension, again for ease of calculation, however it will be appreciated that the

method may be extended to two and three dimensions.

Figure 3 shows a graph 30 comprising an x-axis 32 measuring the sample
position of a sample, for exampie the position a core sample taken from drill
holes 24 along a line passing through a block 22. The y-axis 34 corresponds to
a parameter that has been measured, for example an assayed ore grade, from
the core samples of each drill hole 24. Although the scales are arbitrary in this
example, it will be appreciated that the scales may correspond to real
measurements. The graph comprises a plurality of data points 36

corresponding to information derived from a plurality of drill holes 24.

Figure 4 shows the curve 42 corresponding to a fitted Gaussian process f(x)
having been fitted in accordance with the above. Since the curve 42 has been
fitted by a statistical process, it is also possible to show an error 44 associated
with the fitting of the curve to the data points 36. In this example, the error 44 is
shown as a shaded area in Figure 4 and corresponds to twice the standard

deviation of the Gaussian process f(x).

Finally, as shown in Figure 5, the fitted Gaussian process f(x) may be sampled
at sample points 52 so as to calculate an average value of the parameter (i.e.:
the iron ore grade) over a particular length interval, in this case between -3 and

5 of the x-axis 32 as shown by a black bar 54. In this example, and using
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Equations 8 and 9 as described above, the mean and variance of the
distribution of integral k is calculated over the interval -3 to 5. In this example,
the mean is calculated as -0.3189 and the variance of the distribution of the
integral k is calculated as 0.0206. For example, in the case where the iron ore
grade is being measured, the mean would be the average iron ore grade over
the interval -3 and 5, and the variance would be related to an error parameter
that provides an indication of the accuracy of the calculated mean. Since the
distribution for integral k is Gaussian, it is completely defined by the calculated

mean and variance.

By the above method, it is therefore possible to calculate the mean of the iron
ore grade for a given volume (for example if the above is extended to three-
dimensions) and the variance of the iron ore grade so as to provide an error

parameter to indicate how accurate the estimation is.

This allows a method 60 to be used for establishing a mining plan as shown in
Figure 6. The method 60 comprises the first step 62 of evaluating a parameter
characteristic of a property of a resource in a plurality of respective blocks, the
parameter being calculated using method 10; and a second step 64 of selecting

blocks for mining the resource based on the evaluation of the first step 62.

For example, it may be determined that the mean of the iron ore grade is
sufficient for mining a block to be economically viable. Alternatively, if the error

parameter associated with the mean of the iron ore grade in a first block is
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beyond a threshold of risk, then it may be decided that the first block be mined
along with a second block having a substantially smaller error parameter so as

to minimise the risk associated with mining the first block.

In a further alternative, it may be determined that tﬁe error parameter is too high
for a decision to be made with sufficient certainty. In such a situation, it may be
decided that mining a certain block is delayed until a time at which more data is
available, for example by providing more information in accordance with the first
step 12 of method 10. After more information is available, the third and fourth
steps 16, 18 may be conducted again so as to assist in the method 60 of

selecting the block for possible mining.

It will be appreciated that a variation of the method 60 may also be used for

guiding exploration, such as for guiding the selection of locations for drill holes.

Although the invention has been described with reference to particular
examples, it will be appreciated by those skilled in the art that the invention may
be embodied in many other forms. For example, the method may be applied to
other ore bodies, for example nickel ore bodies, or to other extractable
resources. Other appropriate statistical distributions may be used, and the
methods for evaluating integrals for such distributions need not be restricted to
those described in the foregoing description. Further, the samples need not be
taken from drill holes, and may be extracted in other fashions. Information

relating to the parameter, for example iron ore grade, may be obtained in ways
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other than analysing samples that have been extracted.

The blocks may be of any shape and size. Further, a block may be any
combination of blocks, or alternatively may be a subdivision of a block. The
5  samples may be taken from any number of positions and be taken from any

distribution of positions.
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The Claims:

A method of characterising a resource in a block located in an area, the
method comprising the steps of:

providing information concerning a property of the resource for a
plurality of sample positions in, at or in the environment of the block, the
information being obtained from analyses of samples from the sample
positions;

modelling a change in the property along a distance at or within
the block using the provided information;

calculating parameters associated with the modelled change
using Bayes’ theorem; and

calculating a property characteristic of the resource for the block

using the calculated parameters.

The method of claim 1 wherein the step of calculating parameters

comprises use of a Gaussian or Gaussian-like probability distribution

with Bayesian inference.

The method of claim 1 or 2 wherein the resource is an ore body.

The method of any one of the preceding claims wherein the ore body is

an iron ore body.
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The method of any one of the preceding claims wherein the property is

an iron ore grade.

The method of any one of the preceding claims wherein the block is

one of a plurality of blocks.

The method of any one of the preceding claims wherein the method
comprises calculating an average of a modelled change in the property

for the block.

The method of any one of the preceding claims, wherein the step of
providing information concerning a property of the resource for a
plurality of sample positions comprises providing samples from drill

holes at the sample positions.

The method of claim 8, wherein the block is one of a plurality of

adjacent blocks of the area.

The method of claim 9, wherein the drill holes are placed at or near the
boundary of adjacent blocks, such as at or near every second

boundary.

The method of any one of the preceding claims wherein the step of

modelling the change in the property comprises obtaining a mean of the
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property and a covariance function c(x,xs.,) of the property (x,X;.n:

sample positions).

12. The method of claim 11, wherein the covariance function is a squared
5 exponential covariance function.
13. The method of claim 11, wherein the step of calculating the property

comprises calculating an average for the block using the mean of the
property and the covariance function.
10
14. A method of establishing a mining plan, the method comprising:
calculating a property of a resource for a plurality of blocks using
the method as claimed in any one of the preceding claims;
evaluating the property; and

15 selecting blocks for mining the resource.

15. A method of guiding exploration of an area, the method comprising:
calculating a property of a resource for a plurality of blocks using
the method in accordance with any one of claim 1 to 16;
20 evaluating the property; and

guiding the exploration of the area.

16. The method of claim 16 comprising the step of determining locations for

sample positions at which samples are obtained from drill holes.
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17. A method of mining in which resources are extracted in accordance

with the method of any one of the preceding claims.
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AMENDED CLAIMS
received by the International Bureau on 25 October 2010 (15.10.10)

1. A method of characterising a resource in a block located in an area, the
method comprising the steps of:

s providing information concerning a property of the resource for a
plurality of sample positions in, at or in the environment of the block, the
information being obtained from analyses of samples from the sample
positions;

modelling a change in the property along a distance at or within
10 the block using the provided information;
calculating parameters associated with the modelled change
using Bayes' theorem; and
calculating a property characteristic of the resource for the block

using the calculated parameters.

1s
2. The method of claim 1 wherein the step of calculating parameters
comprises use of a Gaussian or Gaussian-like probability distribution
with Bayesian inference,
20 3. The method of claim 1 or 2 wherein the resource is an ore body.

4. The method of any one of the preceding claims wherein the ore body is

an iron ore body.
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The method of any one of the preceding claims wherein the property is

an iron ore grade.

The method of any one of the preceding claims wherein the block is

one of a plurality of blocks,

The method of any one of the preceding claims wherein the method
comprises calculating an average of a modelled change in the property

for the block.

The method of any one of the preceding claims, wherein the step of
providing information concerning a property of the resource for a
plurality of sample positions comprises providing samples from drill

holes at the sample positions.

The method of claim 8, wherein the block is one of a plurality of

adjacent blocks of the area.
The method of claim 9, wherein the drili holes are placed at or near the
boundary of adjacent biocks, such as at or near every second .

boundary.,

The method of any one of the preceding claims wherein the step of

modelling the change in the property comprises obtaining a mean of the
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property and a covariance function ¢(x,xs.,) of the property (X,X1n:

sample positions).

12. The method of claim 11, wherein the covariance function is a squared

5 exponential covariance function,

13. - The method of claim 11, wherein the step of calculating the property
comprises calculating an average for the block using the mean of the
property and the covariance function.

10
14. A method of establishing a mining plan, the method comprising:
calculating a property of a resource for a plurality of blocks using
the method as claimed in any one of the preceding claims;
evaluating the property; and

15 selecting blocks for mining the resource.

15. A method of guiding exploration of an area, the method comprising:
calculating a property of a resource for a plurality of blocks using
the method in accordance with any one of claims 1 to 14;
20 evaluating the property; and

guiding the exploration of the area.

16. The method of claim 15 comprising the step~of determining locations for

sample. positions at which samples are obtained from drill holes,
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17. A method of mining in which resources are extracted in accordance

with the method of any one of the preceding cfaims.
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