I*I Innovation, Sciences et Innovation, Science and CA 2788977 C 2018/11/13
Développement economique Canada Economic Development Canada
Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office (11)(21) 2 788 977
(12 BREVET CANADIEN
CANADIAN PATENT
13) G
(86) Date de depot PCT/PCT Filing Date: 2011/02/04 (51) Cl.Int./Int.Cl. GO71J 3/32(2006.01),
(87) Date publication PCT/PCT Publication Date: 2011/08/11 GOTN 21/63(2000.01), GOTV 8/12(2000.01)
- . (72) Inventeurs/Inventors:
(45) Date de délivrance/lssue Date: 2018/11/13 SILVERSIDES. KATHERINE AU
(85) Entree phase nationale/National Entry: 2012/08/03 MURPHY, RICHARD, AU:
(86) N° demande PCT/PCT Application No.: AU 2011/000117 WYMAN, DEREK, AU

(87) N° publication PCT/PCT Publication No.: 2011/094818 (73) Proprietaire/Owner:

o THE UNIVERSITY OF SYDNEY, AU
(30) Priorité/Priority: 2010/02/05 (AU2010900467)
(74) Agent: BLAKE, CASSELS & GRAYDON LLP

(54) Titre : DETERMINATION DE TYPES DE ROCHE PAR BALAYAGE SPECTRAL
(54) Title: DETERMINATION OF ROCK TYPES BY SPECTRAL SCANNING

0
Spectral L//'

measurement

] . 204

Identify high angle I‘"‘//

specira

l 206

Selectremaining |7

specira
— 208
214 I ¥ ) /
\ Calculate spectral
» ratlio associated with e

spectral feature

NO
210
Does ratiom%_
diagnostc criteria?

YES

212

Classify rock type /

200

(57) Abréegée/Abstract:

Described herein Is a method and system for classifying rock types in a rock body. The method comprises the steps of obtaining
spectral data from a spectral measurement (202) of a surface region of the rock body and then determining a first spectral ratio
between two wavelength bands of the spectral data. From the first spectral ratio it can be assessed (204) whether the
measurement Is a high-angle measurement, and if the measurement is not a high-angle measurement then a further spectral ratio
between two further wavelength bands of the spectral data is determined (208). The further spectral ratio iIs then compared (210)
with a corresponding diagnostic criterion to assess whether the surface region comprises a first rock type associated with the
further spectral ratio and diagnostic criterion.

50 rue Victoria e Place du Portage1l e Gatineau, (Québec) K1AOC9 e www.opic.ic.gc.ca i+

50 Victoria Street e Place du Portage 1 ¢ Gatineau, Quebec K1AO0C9 e www.cipo.ic.gc.ca C anada



w0 2011/094818 A1 | ] ]I DA! 0 RH 010 00 DR A LR

CA 02788977 2012-08-03

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization

International Bureau

(43) International Publication Date
11 August 2011 (11.08.2011)

(10) International Publication Number

WO 2011/094818 Al

(51)

(21)

(22)

(25)

(26)
(30)

(71)

(72)
(75)

International Patent Classification:
G01J 3/32 (2006.01) G01V 8/12 (2006.01)
GOIN 21/63 (2006.01)

International Application Number:
PCT/AU2011/000117

International Filing Date:
4 February 2011 (04.02.2011)

Filing Language: English
Publication Language: English
Priority Data:

2010900467 5 February 2010 (05.02.2010) AU

Applicant (for all designated States except US). THE
UNIVERSITY OF SYDNEY [AU/AU]; Parramatta
Road, The Unmiversity of Sydney, New South Wales 2006
(AU).

Inventors; and

Inventors/Applicants (for US only). SILVERSIDES,
Katherine [AU/AU]; 27 Marcus Clarke Street, Glenmore
Park, New South Wales 2745 (AU). MURPHY, Richard
|[AU/AU]; 488 Bourke Street, Surry Hills, New South

(74)

(81)

(84)

Wales 2010 (AU). WYMAN, Derek [CA/AU]; 73-75A
Ross Street, Glebe, NSW 2037 (AU).

Agent: FREEHILLS PATENT & TRADE MARK AT-
TORNEYS:; Level 38, MLC Centre, 19-29 Martin Place,
Sydney, NSW 2000 (AU).

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AQO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available). ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
/M, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,

[Continued on next page]

(54) Title: DETERMINATION OF ROCK TYPES BY SPECTRAL SCANNING

202

7

Spectral
measurement

Figure 2B

4 204
Identify high angle
spectra

L 206

Select remaining | "

spectra

/ 208

214 h 4

Calculate spectral
» ratio associated with [4——
spectral feature

NO

210

Does ratic meet
diagnostic criteria?

Classify rock type 212

200

(57) Abstract: Described herein 1s a method and system
for classifying rock types in a rock body. The method
comprises the steps of obtaining spectral data from a
spectral measurement (202) of a surface region of the
rock body and then determining a first spectral ratio be-
tween two wavelength bands of the spectral data. From
the first spectral ratio it can be assessed (204) whether
the measurement 1s a high-angle measurement, and if the
measurement 1s not a high-angle measurement then a
further spectral ratio between two further wavelength
bands of the spectral data i1s determined (208). The fur-
ther spectral ratio 1s then compared (210) with a corre-
sponding diagnostic criterion to assess whether the sur-
face region comprises a first rock type associated with
the further spectral ratio and diagnostic criterion.
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Determination of rock types by spectral scanning

Field of the invention

This invention relates to methods and apparatus for the determination of rock types
occurring in rock bodies. Such determinations may be made during ore body exploration

and surveys or during mining operations in a mine for ore grade assessment.

Background of the invention

In conventional pit-mining, ore grade assessments are made on the basis of sample
material taken from spot locations. Analysis of such material can take many days which
can delay the planning of blasting recovery and transport of the ore matenial. With

developments in automated mining techniques there is a need for an improved method
for accurately identifying mine geology.

Reference to any prior art in the specification is not, and shouid not be taken as, an
acknowledgment or any form of suggestion that this prior art forms part of the common
general knowledge in Australia or any other jurisdiction or that this prior ar could

reasonably be expected to be ascertained, understood and regarded as relevant by a
person skilled in the art.

Summary of the invention

According to one aspect, the invention provides a method of identifying rock types in a
rock bady, comprising scanning a surface of the rock body with a spectral sensor 10
obtain spectral data from the rock body surface, said spectral data comprising muitiple
spectra obtained from successively scanned regions of the rock body surface;
determining for different spectra a spectral parameter indicative of spectra derived from
high angle reflectance; and using data from the spectra so determined not to be derived

from high angle reflectance to determine rock types present at said regions of the rock
body surface.
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Said parameter may be a ratio derived from a compéris.on of the spectral data at
differing specific wavelength bands.

The rock types may be determined from the spectra determined not to be from high
angle reflectance by determining for each of said spectra a plurality of further spectral

ratios each derived from a comparison of the speciral data at differing speciic
wavelength bands as indicators of differing rock types.

The spectral ratios indicative of rock types may be determined from spectral data at

wavelength bands which are not affected by atmospheric absorptions under natural light
diumination.

The invention aiso extends to a method of identifying rock types in a rock body,
comprising scanning a surface of a rock body with a spectral sensor to obtain spectral
data from the rock body surface, said data comprising muitiple spectra obtained from
successively scanned regions of the rock body surface; and determining for differing
spectra a plurality of spectral ratios each determined from a comparison of the spectral
data at differing specific wavelength bands as indicators of differing rock types.

The rock body may be in a mine and the method may be used to make ore grade
assessments of the rock body for mining.

The invention further extends to a method of mining comprising scanning a mine bench
face with a spectral sensor to obtain spectral data from a rock body at the bench face,
said data comprising multiple spectra obtained from successively scanned regions of
the rock body surface; determining for different spectra a spectral parameter indicative
of spectra derived from high angie reflectance; using data from the spectra so
determined not to be derived from high angle reflectance to determine rock types at said
regions of the rock body surface; removing material from the bench; and transporting
removed material for processing in accordance with the rock type determination dernived
from the bench face.
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The invention also extends to a method of mining comprising scanning a mine bench
face with a spectral sensor to obtain spectral data from a rock body at the bench face,
said data comprising multiple spectra obtained from successively scanned regions ot
the rock body surface; determining for different spectra a plurality of spectral ratios each
derived from a comparison of spectral data at differing specific wavelength bands as
indicators of differing rock types; removing material from the bench; and transporting
removed material for processing in accordance with the rock type determinations.

Said spectra may include spectra in the Visible Near Infrared Range (VNIR) and/or in
the Short Wave Infrared Range (SWIR).

The spectral data may comprise reflectance values at differing wavelengths through the
speactra.

According to a further aspect of the invention there is provided a method for classifying
rock types in a rock body comprising:

obtaining spectral data from a spectral measurement of a surface region of the rock
body;

determining a first spectral ratio between two wavelength bands of the spectral data;

assessing from the first spectral ratio whether the measurement is a high-angle
measurement;

if the measurement is not a high-angle measurement, determining a further spectral
ratio between two further wavelength bands of the spectral data; and

comparing the further spectral ratio with a corresponding diagnostic criterion to assess
whether the surface region comprises a first rock type associated with the further
spectral ratio and diagnostic criterion.

Further aspects of the present invention and further embodiments of the aspects
described in the preceding paragraphs will become apparent from the following
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description, given by way of example and with reference to the accompanying drawings.
In order that the invention may be more fully explained, results are also provided of its
application to determination of rock types in a project to determine how spectral data

can be used to accurately identify the rock types of the West Angelas mine, located In
the Eastern Pilbara region of Northern Western Australia.

As used herein, except where the context requires otherwise, the term "comprise” and
variations of the term, such as "comprising”, "comprises” and "comprised”, are not
intended to exciude further additives, components, integers or steps.

Brief description of the drawings

Figure 1 is a schematic of a system for determination of rock types by spectral
scanning;

Figure 2A is a block diagram showing method steps for determining classification
criteria;

Figure 2B is a block diagram showing method steps for classifying rock types;

Figure 3 is a graph of the spectra of a group of material present in an ore body, and the
manganiferous shale ratio used to distinguish manganiferous shale from the other

material: ‘

Figure 4 is a graph illustrating how a manganiferous shale spectral ratio can be used to
distinguish rock type;

Figure 5 is an example of a spectral comparison between a middle and an edge
spectral measurement;

Figure 8A shows a plot of a diagnostic spectral feature for chert;

Figure 6B shows a plot of the chert spectral ratio plotted against the weight percent of
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Figure 7A shows a plot of a diagnostic spectral feature for iron; and

Figure 7B shows a plot of the iron ratio against the weight percent of iron.

Detailed description of the embodiments

To achieve an automated mine, a fast and objective method of assessing the geology of
exposed mine faces is needed. One method described herein is the use of spectral
data. '

Reflectance and emittance spectroscopy techniques can be used to obtain information

regarding the chemical composition of an object or material. An advantage of
spectroscopy is that it can be used at close or far range.

One object that may be analysed by using spectroscopy is a rock body. While the
variations in material composition often cause shifts in the position and shape of
spectral features and the spectral features to be examined in an ore body can be quite
complex, spectroscopy still has great potential to estimate and classify key geological
properties such as rock type and/or ore grade.

Spectral data can be used to distinguish different rock types. Specific absorption
features can be associated with certain minerals and can be used diagnostically to
identify the minerals present. Both spectral ratios and hyperspectral classification are
techniques that can be used to classify rock type for an automated mine.

Hyperspectral images are produced by imaging spectrometers Or hyperspectrai
cameras. Hyperspectrél sensors collect data in hundreds of bands. These
measurements produce a continuous spectrum that, after adjustments and corrections,
can be compared with libraries of reflectance spectra. Typically, hyperspectral cameras
collect all spectra across a spatial line in the image and scanning is required in order 1o
build up a spectral image. By using an imaging spectrometer or hyperspectral camera in
conjunction with a geometry scanner (such as a laser scanner used for Light Detection
and ranging (Lidar) scanning) it is possible to build a geological map and model of a
scanned terrain such as a mine bench face.
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Hyperspectral imaging provides narrow speciral bands over a continuous spectral
range: On the other hand, multispectral imaging provides several images at discrete
and narrow bands, and does not produce the entire spectrum refiected by an object. An

exaniple of a multispectral system is Landsat, or the FluxData FD-1665 multispectral
camera,

Multispectral spectrometers are more economical to use than hyperspectral
spectrometers. However, multispectral images do not include as much information as
hyperspectral images. Nevertheless, if the measured wavelength bands correspond to
characteristic reflectance behaviour of the relevant material, waveiength ratios can be
extracted from the multispectral data and can be used to identify rock types.

Spectral ratios provide quantitative and objective sample classification, which may be
more accurate and consistent than subjective visual classification. Spectral data may
contain more information than can be observed by visual inspection. Improved
classification can lead to greater efficiencies in mining as the location of ore and waste
can be more accurately defined. Also, using spectral ratios may provide automated
mining with an automated classification technique that is objective and that can be
completed in real-time. Once rock types have been determined based on spectral
ratios. the material may be removed from the bench and then transported for processing
according to the rock type as determined.

1. System Overview

With reference to Figure 1, there is shown a system 100 in which the rock classification
methods described herein may be implemented.

The system 100 comprises a scanning module 102 which, in this case, includes two
spectral cameras 104 arranged to take spectral measursments of an area of interest.
These spectral cameras can be hyperspectral cameras. For example, for examination of
iron ore bodies it has been found that Neo HySpex VNIR and SWIR cameras having the
following characteristics are suitable.
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Sensor  SWIR 320m
Spectral range 0.4-1 pm 0 1.3-2.5 um
' Spatial pixels 1600x1200 | 320x256
# bands | 160 256
Digitisation 12 bit | 14 bit

The VNIR camera may be used to detect iron ore whereas clay minerals can be

detected by SWIR images. Different cameras may be used either aione or in
combination depending on the nature of the data desired.

Aitemati\vely, the spectral cameras can be multispectral cameras, such as the Landsat
multispectral scanner (MMS), or the FluxData FD-1865 multispectral camera.

The scanning module 102 may also include a geometry scanner 106 {such as a Rieg!
LMS-Z420i laser scanner) for taking measurements relating to geometrical

characteristics of the region of interest. The geometry scanner 106 may include an RGB
camera 108 and a range scanner 110,

The scanning module 102 is coupled to a mobile vehicle 112 which may be a self-
propelled vehicle or may be a trailer or similar to be towed behind a prime mover. The
vehicle or prime mover may be directly controlled by a driver, under remote robotic
control, or may be an autonomous (i,e: artificially intelligent) unit. The vehicle 112
carries a transmitter '1.14 for transmitting measurement data from the spectral cameras
104 and geometry scanner 106 to a processing station 120. In one embodiment the
measurement data is transmitted using standard radio frequency protocol.

In an alternative arrangement, the spectral image is obtained scanning drilled sample
material in a laboratory or other offsite setting. In this case the spectral data may ‘be
uplocaded to the processing station 120, for example by connecting the cameras directly
to the computing system 122.

More specifically, an ASD FieldSpec® 3 hyperspectral spectrometer may be used which
consists of three calibrated spectrometers that have a total spectral range of 0.350 to
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2.500um. The spectra may be taken at a height of 15cm using an eight degree field of
view. This will result in the spectrum being an average of the material within a 2cm
diameter area. Either natural light or artificial light can be used when the images are
taken. A halogen lamp may be used as the light source if an artificial ight source IS

employed. Allowing the lamp to warm up before the spectra are recorded reduces the
variation in the light source.

Before each spectrum is collected, a spectrum of a white spectralon® plate may be
taken under the same conditions. The spectrum is then calibrated to reflectance using a
ratio of the spectrum to the spectralon® reference spectrum. The spectrum is then

calibrated to absolute reflectance using the refiectance characteristics of the reference
plate.

The processing station 120 is in the form of a remotely located computing system 122
including a receiver input 124 which can be wired or wireless. The computing system
122 is operable to process the measurement data gathered by both the cameras 104
and geometry scanner 106 so as to produce geological survey data.

The data is subsequently processed by the computing system 122 in order to determine
the composition of the material of which a spectral image was taken. The computing
system 122 may employ standard computer hardware such as a motherboard 126, a
central processing unit 128, a random access memory 130, a hard disk 132, ang
networking hardware 134. In addition to the hardware, the system 120 includes an
operating system (such as the Microsoft Windows TM XP Operating System, which is
made by Microsoft Corporation) that resides on the hard disk 132 and which co-
operates with the hardware to provide an environment in which the software
applications can be executed. The processing station 120 further includes a visual
display unit 136 and a database 138 for storing the measured data and computed
spectral and matetial characternistics. |

in one embodiment, the spectral information could be processed automatically using a
nrogram such as Matlab running on the computing system to rapidly produce real-time
rock classifications.
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In a further arrangement the spectral information may be processed on a computing
system mounted on the vehicle 112.

2. Method Overview

Figures 2A and 2B outline two processes that are used in the rock type classification as
described herein. First, suitable classification criteria are determined for an application,
and then these criteria are used to perform the rock type classification.

2.1 Determining classification criteria

With reference to Figure 2A, the method 220 for determining classification criteria is

typically performed offline. The method 220 will be performed for each area of interest
where rock type classification will be performed.

One particular example discussed below is the identification of ores from the West
Angelas Mine located in the Eastern Pilbara in northern Western Australia. The geology
includes shales, martite/goethite ore zones and banded iron formations (BIF). It will be

appreciated that the methodology is also applicable to the identification of minerals in
other ore bodies.

At step 222 the relevant minerals that are present in the area of interest are identitied.
For the West Angelas Mine exampie, these minerals are the shales, martite/goethite
ores and BIF. At step 224 the characteristic spectra for each mineral are obtained, for
example by scanning samples of these minerais to produce spectral images. Figure 3 Is

an example of the spectra 300 of the group of minerals present in the West Angelas
Mine.

At step 226 a spectrum (or group of spectra) is identified that has a diagnostic spectral
feature. A diagnostic spectral feature is a spectral feature that is characteristic for &
specific material or group of materials. This is, for example, an absorption feature at a
specific wavelength. For the spectra 300 shown in Figure 3, one such diagnostic
spectral feature can be seen in the manganiferous shale spectrum 301 that has a
characteristic d:dp in reflectance towards the lower wavelengths. Relative absorption
band depth analysis may be used to characterise this spectral feature.
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At step 228 two wavelength bands are identified that are associated with the identified
diagnostic spectral feature, and which define the wavelengths used for determining a
spectral ratio. For the manganiferous shale spectrum 301, the two wavelengths 302 (or
wavelength bands) are 1.750 to 1.760um and 0.720 to 0.730pm. The ratio obtained by

dividing the sum of the reflectance for 1.750 to 1.760pm by the sum of the reflectance

for 0.720 to 0.730um (the so-called manganiferous shale ratio) can be used to
distinguish manganiferous shale from the other rock types in the group.

At step 230 a diagnostic criterion is determined for use in classification with the spectral
ratio. In one arrangement a threshold value is identified for the spectral ratio. When a
spectral ratio is determined for all the spectra at the relevant wavelengths, the specific
mineral or group of minerals will have a certaiﬁ, distinctive ratio. For example, for the
wavelength bands 1.750 to 1.760um and 0.720 to 0.730pm, manganiferous shale can
clearly be distinguished as can be seen in Figure 4 where the caiculated ratios are
plotted against the weight percent of manganese oxide for the rock types in the group. If
a ratio higher than 2.4 is obtained for a ratio between these two wavelength bands, then
the material can be classified as manganiferous shale, and a rock with a ratio lower

than 2.4 is not manganiferous shale. A suitable threshold for the manganiferous shale
ratio is therefore 2.4,

At 232 the identified wavelength bands and the ratio threshold for a specific minerail (or

group of minerals) are saved. The process flow then retumns to step 226 to ook
teratively for diagnostic spectral features that may be used to classify other minerais in
the group. The spectra for the rock types characterised by the ratio determined in step
228 (for example the manganiferous shales) are removed from the group of
characteristic spectra at step 234. This step makes it easier to distinguish between the
remaining minerals.

The application of method 220 to the West Angelas example is further discussed in
section 8 below, with reference to Figures 8, 7A and 7B. The West Angelas rock types
may be distinguished using four spectral ratios.
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2.2 Rock type classification

The spectral ratios determined in method 220 may be used in method 200 to provide a
rapid diagnostic technique to provide a quantitative classification of mine lithologies.

With reference to Figure 2B, the system 100 shown in Figure 1 may be used in method
200 to determine rock types present in an area of interest.

The cameras 104 are used to record the spectral reflectance in an area of interest, for
example scanning a surface of a rock body to obtain spectral data from the rock body
surface. The multiple spectra obtained from successively scanned regions of the rock

body surface in spectral measurement step 202 may be recorded in the database 138
of the processing station 120. For example, n different spectra may be measured.

The computing system 122 then inspects the stored spectral data and at step 204
determines if any of the spectra correspond to high angle measurements. There may
be, for example, m different spectra corresponding to high angle measurements. These
measurements do not provide an accurate portrayal of the spectral characteristics of the
material, and therefore at step 206 the remaining spectra are selected, that is the
spectra that do not correspond to high-angle measurements. The remaining data is
used for identifying rock types present in the scanned regions of the rock body surface.

At step 208 the remaining (i=n-m) spectra are considered, and ratios are calculated for
the wavelength bands associated with diagnostic spectral features of the rock types

present in the ore body. The wavelength bands used are those determined in method
220.

As described above, multiple spectra are obtained at step 202, and high angle
measurements are removed from the group of spectra. However, the method can also
be performed on a single measurement. If one spectrum is obtained at step 202, then
that spectrum is inspected at step 204 to determine if it is a high angle spectrum. if it s,

then the process ends and no classification is done. If it is not, then the process
proceeds to step 208,
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At step 210 a calculated ratio is compared to the corresponding threshold value for the
specific rock types. These are the threshold values as determined in step 230 in Figure

2A. If the ratio meets the diagnostic criteria, then the rock type can be classified at step
212.

As shown by arrow 214 this process may be a sequential, iterative process, i.e. after
considering the ratio for one rock type {or mineral group) and compieting the
classification for that rock type, then steps 208 to 212 may be repeated for a next rock
type based on a different ratio and its corresponding classification threshold. However,
the order of the steps can be different, for example a form of batch processing may be
done: all the relevant ratios for a spectral measurement may be determined, and then
following this step the calculated ratios may be sequentially compared to all the relevant
threshold values in order to classify the rock types. The order of classification may be

the same as the order established in the iterative analysis of steps 226, 228, 230 and
234,

Appendix 1 shows an example of a Matlab script that may be used to identify rock types
from a mineral spectrum. The script may, for example, run on computing system 122 or
on a computing system on the vehicle 112. The spectrum is input in a file with
wavelength in a first column and reflectance in a second column. The script then
extracts the values in the six spectral ranges required and sums the values. The
spectral ratios are calculated and are sequentially used to classify the spectrum as

manganiferous shale; shale or water reactive clay, martite goethite; ochreous goethite,
or chert rich. The ratio values used for the classification are discussed with reference to
Figures 3, 4, 6A, 6B, 7TA and 7B.

The process may also record the location at which each of the spectral measurements
was captured.

3. Spectroscopy

Spectroscopy is the study of light that has been emitted, reflected or scattered from a
solid, liquid, or gas. When photons enter a mineral they are either absorbed, reflected
from grain surfaces or refracted through the mineral. The photons that are refiected or
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refracted are called scattered. Some of these photons are scattered away from the

surface and can be detected. The wavelengths of light which are absorbed depend on
the material. For example in the case of a rock, a scattered spectrum contains
information about abundance of constituent minerals, chemical composition and
structure. Photons are also scattered off the surface by specular effects without
interacting with the material. These photons do not contain information about the

material and form a low background spectrum that typically has a slight effect on the
depth of the absorption bands.

The light scattered from the material can be recorded using a spectrometer that records
light across a large number of continuous bands. These bands are narrow and, ideally,
are the same spectral width for the entire range measured. Some systems, such as the
Landsat Thematic Mapper (TM) and the MODerate Resolution Imaging

Spectroradiometer (MODIS), have only a few broad bands that are widely spaced and
therefore are not considered spectrometerss.

Spectroscopy can be used to obtain geological information from samples in the
laboratory, or in natural settings via imaging spectrometers that are used in the field,
mounted on aircraft or on satellites. Advantages of using spectroscopy include
sensitivity to crystalline and amorphous maternials and its usefulness for both close and
distant objects. No sample preparation is needed and the technique is non-destructive.
Some minerals can be identified by diagnostic absorption features. Therefore
spectroscopy can be used to obtain information about the mineral composition of rocks
and identify them from remotely obtained data. Also, a continuous data set can be
obtained, allowing large areas to be studied and compared. However, not all minerals
have diagnostic absorptions and some minerals, for example quartz, only have
diagnostic absorptions outside of the visible near infrared (VNIR) and short wave
infrared regions {SWIR) normally used.

Absorption bands are caused by electronic and vibrational processes inside materials.
The electronic processes are due to the absorption of a photon by an atom or ion, which
is shifted to a higher energy state as a result. A lower energy state is then achieved by
releasing a photon, usually at a different wavelength. This process can cause heating of
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the material. Electronic absorption bands ¢an also occur when the absorption of a
pholon causes an electron to move between ions or into the conduction band where it
can move freely through the lattice. The crystal structure varies from mineral to mineral
and this produces the characteristic absorplion features. Vibrational absorption occurs
when a lattice molecule absorbs the energy of a photon and converts it to vibrations.

For minerals, electronic processes produce very wide bands that are mostly in the
ultraviolet or visible regions. Their frequency decreases through the visible range and
there are very few in the infrared range. Usually electronic transfers are not seen at
wavelengths longer than the iron band at 1um. Vibrational processes require less
energy and produce sharper bands that occur at wavelengths greater than 2.5um.
Therefore, in the SWIR and VNIR, there are no fundamental vibrational bands but only
bands that are harmonic systems. These are overtones or combinations of the
fundamental bands in the mid and far infrared. The intensity and frequency of these
bands decrease towards the visible range as the probability of the required combination
occurring decreases. Some minerals, especially halides, display spectral features that
cannot be explained by their composition and are instead caused by colour centres in
imperfect crystals. When these crystals are irradiated their electrons are excited, but

instead of returning to the positively charged heoles after the irradiation is removed, they
can become bound to the defect,

When spectra are taken using natural light the atmospheric absorptions should be
considered, as these affect the spectra. The main absorptions in the VNIR and SWIR
are caused by water and occur at 1.13, 1.4 and 1.9um. Other atmospheric absorptions
are caused by oxygen at 0.76um, and CO, at 1.57, 1.61, 2.01, and 2.06pm. However,
when artificial light s used these atmospheric absorptions are not present and these
regions of the spectrum can be used to obtain information. For example, hydroxy!
groups have similar absorptions to waler but do not absorb at 1.9um. Therefore a
spectrum containing only the 1.4um absorption indicates hydroxyl, but a spéctrum with
absorptions at 1.4 and 1.9 is indicative of water. ‘

When a pixel contains multiple minerals the spectrum produced is a mixture of the
spectral features of all the minerals in the pixel. The mixing can be either linear or non-

iinear depending on the size of the minerals, Linear mixing occurs when each photon
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only interacts with one mineral type. The spectrum produced is a sum of the spectra
produced by each type. The amount of influence each mineral type has on the spectrum
is proportional to the area it covers within the pixel. Non-linear mixing occurs when each
photon can interact with multipie mineral types and produces a more complex spectrum
that is not a linear combination of the mineral spectra. Minerals generally create a non-
linear mixture due to the small grain size.

Spectroscopy is sensitive to changes in the crystal structure or chemistry of a material,
which can cause very complex spectra in natural materials such as rocks. Mixtures
generally do not have a linear effect on the spectra. As the photons contact muttiple
minerals there is a high probability that, when there is a mixture of light and dark grains,
a photon will interact with a dark grain. As the dark grain will have a higher absorption a
smali percentage of dark grains can reduce the reflectance of the spectra by much more
than their weight percent. The grain size aiso affects the amount of light scattered and
absorbed as it depends on the volume {o surface ratio. A small grain has more surface
area to reflect from and a shorter internal path, which reduces absorption. The spectra
of a material can also be affected by a mineral which does not have absorption features
in the observed wavelengths. For example, quartz does not have absorption features in
the VNIR or SWIR wavelengths but increases the overall reflectance of the spectrum.
impurities from trace elements are commonly found in minerals and these can have a

large effect on the spectra of the mineral. This is especially noticeable in the visible
wavelengths.

The data from a spectrometer is controlled by its spectral range, spectral bandwidth and
spectral sampling. The spectral range needs to cover enough diagnostic features to be
capable of identifying the materials present. Two ranges used in remote sensing are the

visible near infrared (VNIR), covering 0.4 to 1.0um, and the short wave infrared (SWIR),
covering 1.0 to 2.5um. The spectral bandwidth is the width of each individual spectral
band in the spectrometer. A narrower spectral bandwidth allows for narrower absbrption
features to be detected, if there are sufficient adjacent spectral samples. Bandwidths
greater than 25nm lose the ability to resolve important mineral absorption features.
More fine detail' will be observed with narrower bandwidths, for example Sum. The
shape of the bandpass for the spectrometer band is commonly Gaussian. The width of
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the bandpass is defined as the width, in wavelength, at half the maximum response of
the function. called the full width haff maximum (FWHM). Spectral sampling is the
distance, in wavelength, between the spectral bandpass profiles for each spectrometer
band. Spectral sampling can be combined with the spectral bandwidth to give
resolution. The spectral resolution is limited by the amount of light available. As the
bands become narrower the amount of light received by each channel is reduced,
generally increasing the signal to noise ratio (S/N ratio). The S/N ratio must be large
enough that the spectral features studied can be distinguished from the background
The ratio required therefore depends on the strength of the spectral feature. The ratio
also depends on the detector sensitivity, the spectral bandwidth and the light intensity
being measured.

5. Spectral ratio comparisons

Mine rock type classifications are based on chemical and mineralogical criteria, but
during operation subjective visual classifications are often used. In an automated mine,
this is not possible and another technique must be employed. Spectral ratios provide a
rapid diagnostic technique to provide a quantitative classification of mine lithologies.
Spectral ratios require only multispectral systems, not hyperspectral systems. This

reduces the amount of data produced and therefore the amount of processing and data
transmission required.

Hyperspectral data contains the most information about the material scanned. However,
while the extra data is beneficial when undertaking research, the entire data set is not
necessarily required in working mine conditions, where fast and easily acquired data is
better. Therefore a multispectral system using spectral ratios may have an advantage
over a hyperspectra: system. |

Hyperspectral files are large, especially when scanning bigger areas. This makes the
processing slow. Additionally, in an automated mine, all data would be sent from the
spectral system to the operations centre. The transfer of very large amounts of data
could cause difficulties in this process. Spectral ratios only require certain bands to be
scanned and therefore produce a much smaller data set. The ratios could be easily and
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quickly processed on site by a computer connected to the spectral system. The final
classification would then be the only information sent to the operations centre.

The characteristic spectral features of the different minerals can be used to identify the
rock type. One method of comparing two spectra is relative absorption band depth
analysis. This involves taking a ratio using a point in the spectrum which corresponds 1o
an absorption feature of interest. Several bands near the shoulder of an absorption
band are summed and divided by the sum of several bands near the minimum of the
absorption feature. This gives a relative absorption depth which can be used to detect

diagnostic mineral absorption features with less interference from the background
reflectance.

in the ore body considered, manganiferous shale has a spectrum which is distinctly
different from the other rocks. Referring to Figure 3, manganiferous shale 301 has a
steady -decrease in reflectance towards the lower wavelengths. This spectral feature
can be described using a spectral ratio between the wavelength bands 302, namely
1.750 to 1.760um and 0.720 to 0.730um. The ratio obtained by dividing the sum of the

reflectance for 1.750 to 1.760um by the sum of the reflectance for 0.720 to 0.730um
(manganiferous shale ratio) can be used to distinguish manganiferous shale from other
rock types. Referring to Figure 4, when this ratio 304 is plotted against the weight
percent of manganese oxide, it can be observed that the manganiferous shale 306 is
distinct from the other rock types. Therefore, if a rock has a ratio higher than 2.4 it can

be confidently classified as manganiferous shale, and a rock with a ratio lower than 2.4
is not manganiferous shale.

When an absorption feature is parlicularly well defined, such as the halloysite features,
they can be used to predict the concentration or weight percent of a compound in the
rock. Spectral ratios can therefore be used to distinguish different rock types.

The spectral ratios determined for the different rock types can be used to identify rock
types from a mineral spectrum. The manganiferous shale ratio {1.750 to 1.760um /
0.720 to 0.730um), the shale ratfic (2.220 to 2.230um / 2.200 to 2.2’10;1:&1) and the

1.727um / 1.016um ratic may be used. To reduce the effect random error has on the



10

15

20

25

CA 02788977 2012-08-03

WO 2011/094818 PCT/AU2011/000117
18

ratio, the 1.727um/1.016um ratio can be expanded to be the sum of the reflectance for
1.720 to 1.730um divided by the sum of the reflectance for 1.010 to 1.020pm.

With reference to Figure 2B, the refleclance at each wavelength of the spectra
remaining after step 206 is evaluated by the processiﬁg system 120. Spectral ratics are
calculated according to the positions of the characteristic (or “strong”) spectral features
as described above. These ratios are then used to classify the spectrum as
manganiferous shale; shale or water reactive clay, martite goethite; ochreous goethite;
or chert rich. The ratio values used for each of these are those listed above.

When a spectrum is taken under natural light, some wavelengths are absorbed by the
atmosphere. This results in the spectrum containing no data at certain wavelengths. For
example, the absorbed wavelengths overlap the clay absorption features at 1.4pm.
Therefore, when choosing wavelengths for spectral ratios it is useful to choose
wavelengths which are not affected by the atmospheric absorptions.

In mine conditions atmospheric absorptions must be considered because scanning will
probably not be done using artificial light. The main absorptions are those from water at

1.4 and 1.9um. Other atmospheric absorptions are due to oxygen at 0.76 um, and CO;
at 1.57, 1.61, 2.01, and 2.06 um. The spectral ratios used to identify material shouid

therefore be chosen so that they do not overlap these absorption features. If this is
done. then atmospheric absorptions will not affect the spectral ratio classification.

Many rock types can be effectively classified using spectra taken with natural ight. This
means that the method of using spectral ratios as described herein can be used in an
outdoor setting such as a mine,

6. Edge effects

The orientation of a scanned surface to both the light emitting source and the receiving
spectrometer has an effect on the spectrum obtained. The amount of direct and indirect
light on a scanned drill core also influences the spectrum produced. The centre of the
core has the most direct light and the component of indirect light increases towards the
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edge. These effects cause difficuities in classifying the édges of the cores when using
the spectral angle mapper.

When spectra are taken at a high angle, absorption features oceur where the spectrum
has a lower retlectance at certain wavelengths. These absorptions cause the spectra to
be incorrectly classified. Data taken at a high angle can be identified by a ratio such as
the edge anomaly ratio (1.520 to 1.540um/ 0.700 to 0.720um). This data can then be
discarded to prevent incorrect classifications. |

To illustrate the extent of the effect that the angle has on the spectrum scanned, three
regions on Specim core scans can be considered. The areas that the cores were from
appeared visually homogenous in ochreous goethite, martite goethite and water
reactive clay. For each region areas of approximately 100 pixels were chosen, one in
the centre of the core, one near the edge of the core and one in the middie of the other
two spectra. The averages of these areas were taken and the resuiting spectra
compared. The middie and edge spectra were each divided by the centre spectrum and
the log was taken of the resuiting ratio. This value shows the difference between the
spectra, where a result of zero indicates that the spectra are identical.

Referring to Figure 5, the ochreous goethite spectra show the expected overall
decrease in refiectance away from the centre. However, there is also a change in some
of the spectral features. This is seen clearly in the spectral comparison 500 in Figure 5.
The middie spectrum has a lower reflectance which is mostly steady for both the VNIR
and SWIR regions. The spectral jump between the two spectral systems can be
observed at approximately 1um. At the wavelengths near the ends of both spectral
systems there 1s an increase in the noise which has a relatively large effect on the
spectral comparison, but has no spectral significance. The edge spectrum is very similar
to the middle spectrum in the VNIR, but has a very different SWIR spectrum. There are
three absorptions around 1.2, 1.4 and 1.7um and an overall decrease towards longer
wavelengths. The absorptions are not true absorptions but represént areas where the
edge spectrum has a lower reflectance than ‘the'centre spectrum. Thesé feétures have
a large effect on the spectral angle mapper classification as it changes the 'overél!
shape of the spectrum. -
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The absorption features identified in the edges of the cores may be used to distinguish
data from high angies on both cores and pit waiis. This data could then be discarded,
reducing the amount of incorrectly classified rock. The spectral ratio obtained by
dividing the sum of the reflectance for 1.520 to 1.540pm by the sum of the reflectance
for 0.700 to 0.720um (edge anomaly ratic) is one possibility. When this ratio is
calculated for the spectra used above it is observed that the centre spectra have a ratio
close to zerc and the ratio increases towards the edge. Spectra with a ratio greater than

1.1 could be considered to be from a high angle, and discarded. This ratio may, for
axample be used in step 204 of method 200.

7. West Angelas example

The system and method described above was used on rock samples from the West
Angelas mine in the Eastern Pilbara in northern Western Australia.

7.1 Multispectral images and spectral ratios

Method 220 was applied to the West Angelas ore body as follows. The important
lithological end members for the West Angelas Mine were visually identified and
representative areas of core were chosen (step 222). For step 224, two individual
spectra from each of these areas were taken using an ASD FieldSpec® 3 spectrometer,
which consists of three calibrated spectrometers that have a total spectral range of
0.350 1o 2.500um. The spectra were taken at a height of 186cm using an eight degree

field of view. This resulted in the spectrum being an average of the material within a
2cm diameter area. A halogen lamp was used as the light source. The lamp was

allowed to warm up before the spéctra were recorded to reduce the variation in the light
source,

Before each end member spectrum was collected, a spectrum of a white spectrajon®
plate was taken under the same conditions. The end member spectrum was then
cahbrated to reflectance using a ratio of the end member spectrum 10 the speétralon@
reference spectrum. The spectrum was then calibrated to absolute reflectance using the
reflectance characteristics of the reference plate.



10

15

20

25

30

CA 02788977 2012-08-03

WO 2011/094818 PCT/AU2011/000117
21

Manganiferous shale has a spectrum which is distinctly different from other rocks.
Referring to Figure 3, the ratio obtained by dividing the sum of the refiectance tfor 1.750

to 1.760pm by the sum of the reflectance for 0.720 to 0.730pm {manganiferous shale
ratio) can be used to distinguish manganiferous shale 301 from other rock types.
Referring to Figure 4, when this ratio 304 is plotted against the weight percent of
manganese oxide, it can be observed that the manganiferous shale 306 is distinct from
the other rock types. Therefore, if a rock has a ratio higher than 2.4 it can be confidently

classified as manganiferous shale, and a rock with a ratio lower than 2.4 is not
manganiferous shale.

The samples that contain clay show significant spectral absorptions which are not
present in the other samples. These absorptions can be used to distinguish the clay and
shale samples from the other rock types. The ratio obtained by dividing the sum of the
reflectance for 2.220 o 2.230 um by the sum of the reflectance for 2.200 to 2.210 um
(shale ratio) is gréater than 1.04 for the shales and Clays due to the halloysite
absorption feature around 2.2 um. The other rock types have a ratio less than 1.03 as
without the halloysite absorption the spectrum is a similar height or slightly higher at
2.200 to 2.210 um than 2.220 to 2.230 um. The depth of the absorption is related to the
amount of halloysite in the sample, but it is also affected in the manganiferous and West
Angelas shales by the change in the overall spectral shape when there is manganese
present. The ratio can he used to separate shales and clays from the other rock types
as a ratio higher than 1.4 indicates the presence of clay. If the manganiferous shale was
separated first using the manganiferous shale ratio, the distinction between the rock
types would be greater_ if the clay present was not hailoysite the ratio would need to be
shifted slightly to match the shift of the absorption feature as it occurs at a shightly
different wavelength for each type of clay. Although ciay also has a distinct absorbtion
feature around 1.4pm, this absorption was not used as it oyerlaps 'with a water
absorption féature and therefore could not be used with natural ight.

Once the shale and clay samples have been identified using the shale ratio the
remaining samples are easier to separate. Although silicon has no absorption features
in the range used, chert and goethitic BIF can be distinguished from ochreous goethite
and martite goethite by the depth of the iron absorption, the overall shape and the
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maximum reflectance (see the spectra 604 in Figure 6A). When the ratio obtained by
dividing the sum of the reflectance for 1.310 to 1.320um by the sum of the reflectance
for 0.740 to 0.750um (chert ratio) is plotted against the weight percent of silicon dioxide
as shown in Figure 6B, these samples are divided info separate populations with the
chert 6802 clearly distinguishable. The martite goethite samples give a ratio below one;
the chert and goethitic BIF have ratios between 1.2 and 1.6, and the ochreous goethite
samples have ratios greater than 1.6. There is only a small gap between the goethitic
BIF and the ochreous goethite because of the large effect even a small amount of
goethite can have on the spectrum. A similar division can be observed when the
maximum reflectance for the spectra is plotted against the weight percent of silicon
dioxide. However, this method has an even smaller gap between the goethitic BiF (with
a maximum of 0.65) and the ochreous goethite (with a minimum of 0.66). A larger

sample set could be used to confirm the boundary between the goethitic BIF and
ochreous goethite.

The 1.727 um/1.016 pm ratio has been used to detect alteration in the silicification of
jasperoids. When this ratio is piotted against the weight percent of silicon dioxide for the
ore. BIF and chert samples it clearly distinguishes the goethitic BiF {(maximum 1.62)
from the ochreous goethite (minimum 1.82). The martite goethite samples give a ratio
below 1.1; the chert and goethitic BIF have ratios between 1.3 and 1.7; and the
ochreous goethite samples have ratios greater than 1.8.

When the shale and chert ratios are used to remove the other sample types, the iron
ores can be distinguished using the spectral differences in the iron features as shown In
the spectra 700 plotted in Figure 7A. When the ratios 702 obtained by dividing the sum

of the reflectance for 1.210 to 1.220 um by the sum of the reflectance for 0.735 to 0.745
um {(iron ratio) is plbtted against the weight percent of iron, the iron ores are cClearly
divided into two groups. Samples with a ratio below 1.1 are martite goethitic 704 and
contain above 63 weight percent iron. Samples with a ratio above 1.4 are ochreous
goethite 706 and contain less than 60 weight percent iron. This ratio can therefore be
used to separate the iron ores and distinguish their grade. When the iron ratio is plotted
against the weight percent of silicon dioxide similar groups can be observed due to the
silicon content having an inverse correlation to the iron content. Samples with a ratio
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below 1.1 contain less than 1.5 weight percent silicon dioxide. Sampies with a ratio
above 1.4 contain between 2.5 and 3.0 weight percent silicon dioxide.

When an absorption feature is particularly well defined, such as the halloysite features,
they can be used to predict the concentration or weight percent of a compound in the
rock. For the West Angelas rocks, the only mineral with a spectral ratio sufficiently
unaffected by the other minerals present is halloysite. The ratio obtained by dividing the
sum of the reflectance for 2.175 to 2.180um by the sum of the reflectance for 2.205 to

2.210um (Al:O1 ratio) can be used to predict the weight percent of Al:O; in the sampie.
When a regression analysis is performed using the weight percent Ai,O; as the

independent variabie x and the AlbOs ratic as the dependant variable y it gives the
formuia:

y = (0.0059 £0.0005)x + (1.014 £ 0.007)

This has an adjusted R squared value of 0.855 and a standard error of 0.028. The
above equation can then be used to estimate the weight percent Al,O, from a spectrum
for which there is no information about the rock composition.

Spectral ratios can therefore be used to distinguish different rock types from the West
Angelas mine. The manganiferous shale and shale ratios can be used to separate the
different shales and clays from the other rock types. The chert ratio and the maximum

reflectance can then be used to separale the goethitic BIF and chert from the iron ores.
However, the spectral difference between the rock types is smaller here due {o the
strong influence of iron in the spectra and the lack of distinguishing features for silica.

Spectral ratios use the comparative depth of absorption features and changes in the
overall shape of the spectrum to identify rocks using only a small portion of the
hyperspectral range. The West Angelas mine rock types have been distinguished using
four ratios: the manganiferous shale ratio (1.750 to 1.760pm / 0.720 to 0.730um); shale
ratio (2.220 t0 2.230um /7 2.200 to 2.210um); 1.727um /1.016um ratio (1.720 to 1.730um
/1,010 to 1,020um); and martite goethite ratio (0.920 to 0.930um / 0.850 to 0.860um),
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The four ratios and their corresponding classification thresholds may be used in method
200 to determine rock types based on spectra measured at the West Angelas mine.
This may provide real-time automated geological assessment thal may be used in
removing material from a mine bench face and in transporting removed material for
processing in accordance with the rock-type determination.

7.2 Discussion of example results

Spectral data can be used to identify the main minerals present, and therefore
objectively classify a mine rock sample.

The rock types of the West Angelas mine could be classified using five ratios, one ratio
to identify high angle spectra and four ratios to determine rock type. The data could be

acquired using a ten-band multispectral system, thereby eliminating the need for a full
hyperspectral system.

Four spectral ratios can be used to quickly and objectively classify the West Angelas
mine rock types. The manganiferous shale ratio (1.750 to 1.760um / 0.720 to 0.730um),
shale ratio (2.220 to 2.230um /7 2.200 to 2.210um), 1.727um/1.016um ratio (1.720 to

1.730um / 1.010 to 1.020pm) and marlite goethite ratio (0.920 to 0.930pm / 0.850 to

0.860um). These spectral ratios were chosen so that they are not affected by the
atmospheric absorptions that occur when natural light is used.

Non-linear mixing effects were observed in the spectra due to the small grain size in the
samples. This results in even a small amount of goethite in a chert or BIF sample
having a large effect on the spectrum observed. Therefore the most difficult rock types
to distinguish are the ochreous goethite, goethitic BIF and chert.

Spectral ratios provide a fast and objective method of classifying the shaies,
martite/goethite ore zones and BIF present at the West Angelas iron mine. The ratios
may be used to provide real-time automated 'geological assessment. Currently a
subjective visual classification is used that can lead to incorrect classification and which
cannot be automated. Therefore, an objective classification such as the spectral ratio
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techniques described herein may be fundamental to the development of future

automated mining techniques.

It will be understood that the invention disclosed and defined in this specification 5
extends to all alternative-_ combinations of two or more of the individual features

mentioned or evident from the text or drawings. All of these different combinations

constitute various alternative aspects of the invention.

23129594 .1
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Appendix 1 Matlab script for distinguishing West Angelas mine rock types

Yclear former values
clear

%load spectrum {without headings)
5 load spectra.txt

%create strings for the wavelength and reflectance data
wavelength=spectra(;, 1),
reflectance=spectra(:,2);

%manganiferous shale ratio
10 %get the reflectance values for 1750-1760 nm
for i=1:length{wavelength)
if wavelength{i, 1)>=1750;
mshale1(i, 1)=reflectance(,1);
eise mshalet {i,1)=NaN;
15 end
end

for i=1:length{wavelength)
if wavelength(i, 1)>1760,
mshale1{i, 1)=NaN,;
20 end
end

mshale1_fit=mshale1(~isnan{mshale1)),
mshale1_total=sum(mshale1_fit);

%get the reflectance values for 720-730 nm
25 fori=1length(wavelength)
if wavelength(i,1)>=720;
mshateZ(i, 1)=reflectance(i, 1),
else mshale2 (i, 1}=NaN;

and
30 end
for i=1:length{waveiength)
if wavelength(i,1)>730;
mshale2(,1)=NaN;
end
35 end

mshale2_filt=mshale2{~isnan{mshale2}).
mshaie2_total=sum({mshale2_filt);

%calculate the ratio 1750-1760nm / 720-730 nm
Mshale = mshale1_total/mshale2_total;

40 %shale ratio
%get the reflectance values for 22.20-2230 nm

for i=1:length(wavelength)
if wavelength(i, 1)>=2220;
shale1(i,1)=reflectance(i, 1),
45 else shale1 (i,1)=NaN;
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end
end

for i=1.length{wavelength)
if wavelength(i,1)>2230;
shale1(i, 1)=NaN,
end
end

shale1_filt=shale1{~isnan{shale1));
shale1 total=sum(shale1_filt);

%get the reflectance values for 2200-2210 nm
for i=1:length{wavelength)
if wavelength(i, 1)>=2200;
 shale2(i, )=reflectance(i,1};
else shale 2 (i,1)=NaN;
end
end

for i=1:length{wavelength)

if wavelengthi, 1)>2210;
shale2(i, 1)=NaN;
end '
end

shaie2_filt=shale2(~isnan{shaie2));
shale2 totalz=sum{shaie2_filt),

% calculate the ratio 2220-2230 nm / 2200-2210 nm
Shale = shale1_total/shale2_total,

Y%cher ratio
%get the reflactance values for 1720-1730 nm
for i=1:length(wavelength)

if wavelength(i,1)>=1720;

chert1(i, 1)=reflectance(),1),

eise chert? (i, 1)=NaN,;

end
end

for i=1:length{waveiength)
if wavelength{i,1)>1730;
cherti{i,1)=NaN;
end
end

chert1 filt=chert1({~isnan{chert1)}),
chertl_totai=sum(chert_filt);

%get the reflectance values for 1010-1020 nm
for i=1:length(wavelength)

if wavelength(i,1)>=1010;
chert2(i, 1)=reflectance(i,1};
else chert2 (i,1)= NaN,
end
end

PCT/AU2011/600117
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for i=1:length{wavelength)
if wavelength(i,1)>1020;
chert2(i, 1)=NaN;
end
end

chent2_filt=chert2{~isnan(chert2)},
chert2_total=sum{chertZ_filt);

Yealculate the ratio 1720-1730 nm / 1010-1020 nm
Chert = chert1_total/chert2_total,

%emartite goethite ratio
%get the reflectance values for 920-930 nm
for i=1:length{waveiength)

if wavelength(s,1)>=820,

martite 1{i, 1)=reflectance(,, 1),

else martite1 (i,1)=NaN;

end
end

for i=1:length{wavelength)
if wavelength(i,1)>930;
martite 1{i, 1)=NaN;
end
end

martite1_filt=martite1(~isnan{martite1));
martite1 total=sum(martite1_hit),

%get the reflectance values for 850-860 nm
for i=length{wavelength)
if wavelength(i,1)>=850;
martite2(i, =reflectance(i 1),
eise mantite2 {i,1)=NaN;
end |
end

for i= 1.length{wavelength)
if wavelength(i,1)>860,
martite2(i, 1)=NaN,
end
end

martite2_filt=martite2{~isnan(martite2)),
martite2_total=sum{martite2_filt);

%hcalculate the martite goethite ratio 920-930 nm 7 850=860 nm

Martite = martite1_total/martite2_total;

%.compare the spectral ratios to the ranges to determine the rock type

if Mshale>2.4
Rock = ‘Manganiferous shale’,
else
if Shale>1.03
Rock = ‘Shale or Water Reactive Clay’,
else
if Chert<1.1
if Martite<0.96

PCT/AL2011/000117
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Rock = ‘Chert’,
else Rock = ‘Marntite goethite”,
end
eise
5 ~ if Chert<1.75
Rock = 'Chert rich’;
else Rock = ‘Ochreous goethite
engd
end
10 end
| end
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CLAIMS

1. A method of identifying rock types in a rock body, comprising
- scanning a surface of the rock body with a spectral sensor to obtain spectral data

from the rock body surface, said spectral data comprising multiple spectra obtained
from scanned regions of the rock body surface;

determining spectral ratios within the multiple spectra, the spectral ratios being
derived from a comparison of the spectral data at different specific wavelength bands;

distinguishing spectra within the multiple spectra derived from high angle
reflectance and spectra not derived from high angle reflectance, wherein the
distinguishing is based on the spectral ratios: and

Identifying one or more rock types present at said regions of the rock body
surface based on one or more spectral ratios determined not to be derived from high

angle reflectance.

2. The method as claimed in claim 1, wherein the spectral ratios indicative of rock
types are determined from spectral data at wavelength bands which are not affected by

atmospheric absorptions under natural light illumination.

3. A method of identifying rock types in a rock body, comprising:

scanning a surface of a rock body with a spectral sensor to obtain spectral data
from the rock body surface, said data comprising multiple spectra obtained from
scanned regions of the rock body surface; and

determining for differing spectra within the muitiple spectra a plurality of spectral
ratio Indicators of differing rock types, the spectral ratios being derived from a
comparison of the spectral data at different specific wavelength bands associated with
diagnostic absorption features of the differing rock types, said comparison comprising
dividing a sum of reflectance in a first wavelength band by a sum of reflectance in a

second wavelength band;

23286700.1
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distinguishing spectra within the multiple spectra derived from high angle
reflectance and spectra not derived from high angle reflectance, wherein the
distinguishing is based on the spectral ratios; and

classifying one or more rock types present at the rock body surface based on

one or more spectral ratios determined not to be derived from high angle reflectance.

4. The method of claim 3, wherein the spectral ratios are determined from spectral
data at wavelength bands which are not affected by atmospheric absorption under

natural light illumination.

5. The method of any one of claims 1 to 4 in which the rock body is a mineable rock
body in a mine and the method is used to make ore grade assessments of the rock

body for mining.

0. A method of mining comprising:
scanning a mine bench face with a spectral sensor to obtain spectral data from a rock
body at the bench face, said data comprising multiple spectra obtained from scanned
regions of the rock body surface;

” detérmining spectral ratios within the multiple spectra, the spectral ratios being
derived from a comparison of the spectral data at different specific wavelength bands;

distinguishing spectra within the multiple spectra derived from high angle
reflectance and spectra not derived from high angle reflectance, wherein the
distinguishing is based on the spectral ratios;

identifying whether a first rock type is present at regions of the rock body surface
based on spectral ratios determined not to be associated with said high angle
reflectance;

when the first rock type is not identified as present at the first region of the rock
body surface, identifying whether one or more other rock types are present at the first
region of the rock body surface based on one or more different spectral ratios;

23286700.1
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removing material from the bench; and

transporting removed material for processing in accordance with the rock type

determination derived from the bench face.

7. A method of mining comprising:

scanning a mine bench face with a spectral sensor to obtain spectral data from a
rock body at the bench face, said data comprising multiple spectra obtained from
scanned regions of the rock body surface;

determining for differing spectra within the multiple spectra, a plurality of spectral
ratios as indicators of differing rock types, the spectral ratios being derived from a
comparison of the spectral data at different specific wavelength bands associated with
diagnostic absorption features of the differing rock types, said comparison comprising
dividing a sum of reflectance in a first wavelength band by a sum of reflectance in a
second wavelength band;

distinguishing spectra within the multiple spectra derived from high angle
reflectance and spectra not derived from high angle reflectance, wherein the
distinguishing is based on the spectral ratios;

classifying one or more rock types present at the rock body surface based on
one or more spectral ratios determined not to be derived from high angle reflectance:

removing material from the bench; and

transporting removed material for processing in accordance with the rock type

classifications.

8. The method of claim 7, wherein the spectral ratios are determined from spectral
data at wavelength bands which are not affected by atmospheric absorption under

natural light illumination.

23286700.1
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9. The method of any one of claims 1 to 8 wherein the spectral sensor comprises a

multispectral sensor, not a hyperspectral sensor, and wherein the spectra include
spectra in the Visible Near Infrared Range (VNIR).

10.  The method of any one of claims 1 to 9 wherein the spectral sensor comprises a
multispectral sensor, not a hyperspectral sensor, and wherein the spectra include
spectra in the Short Wave Infrared Range (SWIR).

1. A method for classifying rock types in a rock body comprising:

obtaining spectral data from a spectral measurement of a surface region of the
rock body;

determining a first spectral ratio between two wavelength bands of the spectral
data;

assessing from the first spectral ratio whether the measurement is a high-angle
measurement;

if the measurement is not a high-angle measurement, determining a further
spectral ratio between two further wavelength bands of the spectral data:

comparing the further spectral ratio with a corresponding diagnostic criterion to
assess whether the surface region comprises a first rock type associated with the
further spectral ratio and diagnostic criterion; and

classifying the first rock type present at the rock body surface based on the
assessment of the further spectral ratio and diagnostic criterion: and

removing material from the rock body according to the rock-type classification:

wherein the spectral measurement comprises images at discrete and narrow
bands, including the wavelength bands for the first spectral ratio and the further spectral

ratio.

12. The method of claim 11 comprising:

23286700.1
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determining a plurality of further spectral ratios between respective wavelength

bands of the spectral data: and
sequentially comparing the plurality of further spectral ratios with corresponding
diagnostic criteria to classify a rock type of the surface region.

13. The method of claim 11 or claim 12 wherein the measurement is assessed to be

a high-angle measurement if the first spectral ratio exceeds an edge anomaly threshold.

14. A system for classifying rock types in a rock body comprising:

a spectral sensor for obtaining spectral data at a plurality of discrete and narrow
bands from a surface region of the rock body; and

a processor for analysing the spectral data, wherein the processor is
programmed to perform a method of:

determining a first spectral ratio between two wavelength bands of the spectral
data;

assessing from the first spectral ratio whether a measurement is a high angle
measurement; |

It the measurement is not a high angle measurement, determining a further
spectral ratio between two further wavelength bands of the spectral data:

comparing the further spectral ratio with a corresponding diagnostic criterion to

assess whether the surface region comprises a first rock type associated with the

further spectral ratio and diagnostic criterion: and
classifying the first rock type present at the rock body surface based on the

assessment of the further spectral ratio and diagnostic criterion.

15. A computer readable medium, the medium having recorded thereon instructions
and codes executable by a computer to perform the method of any one of claims 1 to
13.

23286700.1
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16. A method of identifying rock types in a rock body, comprising

scanning a surface of the rock body with a spectral sensor to obtain spectral data
from the rock body surface, said spectral data comprising multiple spectra obtained
from scanned regions of the rock body surface:

determining spectral ratios within the multiple spectra, the spectral ratios being
derived from a comparison of the spectral data at different specific wavelength bands;

distinguishing spectra within the multiple spectra that have absorption features
predetermined to be derived from angle of reflectance; and

identifying one or more rock types present at said regions of the rock body

surface based on one or more spectral ratios determined not to be derived from angle of
reflectance.

17. A method of identifying rock types in a rock body, comprising:

scanning a surface of a rock body with a spectral sensor to obtain spectral data
from the rock body surface, said data comprising multiple spectra obtained from
scanned regions of the rock body surface; and

determining for differing spectra within the multiple spectra a plurality of spectral
ratio indicators of differing rock types, the spectral ratios being derived from a
comparison of the spectral data at different specific wavelength bands associated with
diagnostic absorption features of the differing rock types, said comparison comprising

dividing a sum of reflectance in a first wavelength band by a sum of reflectance in a
second wavelength band;

distinguishing spectra within the multiple spectra that have absorption features
predetermined to be derived from angle of reflectance: and

classifying one or more rock types present at the rock body surface based on

one or more spectral ratios determined not to be derived from angle of reflectance.

18. A method of mining comprising:

23286700.1
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scanning a mine bench face with a spectral sensor to obtain spectral data from a
rock body at the bench face, said data comprising multiple spectra obtained from
scanned regions of the rock body surface;

determining spectral ratios within the multiple spectra, the spectral ratios being
derived from a comparison of the spectral data at different specific wavelength bands;

distinguishing spectra within the multiple spectra that have absorption features
predetermined to be derived from angle of reflectance;

identifying whether a first rock type is present at regions of the rock body surface
based on spectral ratios determined not to be derived from angle of reflectance;

when the first rock type is not identified. as present at the first region of the rock
body surface, identifying whether one or more other rock types are present at the first
region of the rock body surface based on one or more different spectral ratios:

removing material from the bench: and

transporting removed material for processing in accordance with the rock type

determination derived from the bench face.

19. A method of mining comprising:

scanning a mine bench face with a spectral sensor to obtain spectral data from a
rock body at the bench face, said data comprising multiple spectra obtained from
scanned regions of the rock body surface:

determining for differing spectra within the multiple spectra, a plurality of spectral

ratios as indicators of differing rock types, the spectral ratios being derived from a
comparison of the spectral data at different specific wavelength bands associated with
diagnostic absorption features of the differing rock types, said comparison comprising
dividing a sum of reflectance in a first wavelength band by a sum of reflectance in a
second wavelength band:;

distinguishing spectra within the multiple spectra that have absorption features

predetermined to be derived from angle of reflectance:

23286700.1
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classifying one or more rock types present at the rock body surface based on
one or more spectral ratios determined not to be derived from high angle reflectance;

removing material from the bench: and

transporting removed material for processing in accordance with the rock type
classifications. '

20.  The method of any one of claims 16 to 19, wherein the spectral ratios are
determined from spectral data at wavelength bands which are not affected by

atmospheric absorption under natural light illumination.

21. The method of any one of claims 16 to 20 in which the rock body is a mineable
rock body in a mine and the method is used to make ore grade assessments of the rock

body for mining.

22.  The method of any one of claims 16 to 21 wherein the spectral sensor comprises
a multispectral sensor, not a hyperspectral sensor, and wherein the spectra include

spectra in the Visible Near Infrared Range (VNIR).

23.  The method of any one of claims 16 to 21 wherein the spectral sensor comprises

a muitispectral sensor, not a hyperspectral sensor, and wherein the spectra include
spectra In the Short Wave Infrared Range (SWIR).

24. A method for classifying rock types in a rock body comprising:
obtaining spectral data from a spectral measurement of a surface region of the

rock body;
determining a first spectral ratio between two wavelength bands of the spectral

data;
assessing from the first spectral ratio whether the measurement indicates an
absorption feature predetermined to be derived from angle of reflectance:

23286700.1
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If the measurement is not derived from angle of reflectance, determining a further
spectral ratio between two further wavelength bands of the spectral data:
comparing the further spectral ratio with a corresponding diagnostic criterion to

assess whether the surface region comprises a first rock type associated with the

further spectral ratio and diagnostic criterion: and
classifying the first rock type present at the rock body surface based on the
assessment of the further spectral ratio and diagnostic criterion: and
removing material from the rock body according to the rock-type classification:
wherein the spectral measurement comprises images at discrete and narrow

bands, including the wavelength bands for the first spectral ratio and the further spectral
ratio.

25.  The method of claim 24 comprising:
determining a plurality of further spectral ratios between respective wavelength

bands of the spectral data; and

sequentially comparing the plurality of further spectral ratios with corresponding
diagnostic criteria to classify a rock type of the surface region.

20. The method of claim 24 or claim 25 wherein the measurement is assessed to be

derived from angle of reflectance if the first spectral ratio exceeds an edge anomaly
threshold.

27. A system for classifying rock types in a rock body comprising:

a spectral sensor for obtai_ning spectral data at a plurality of discrete and narrow
bands from a surface region of the rock body; and

a processor for analysing the spectral data, wherein the processor is
programmed to perform a method of;

determining a first spectral ratio between two wavelength bands of the spectral
data;

23286700.1
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assessing from the first spectral ratio whether a measurement indicates an

absorption feature predetermined to be derived from angle of reflectance:

If the measurement is not derived from angle of reflectance, determining a further
spectral ratio between two further wavelength bands of the spectral data:

comparing the further spectral ratio with a corresponding diagnostic criterion to
assess whether the surface region comprises a first rock type associated with the
further spectral ratio and diagnostic criterion: and

classifying the first rock type present at the rock body surface based on the

assessment of the further spectral ratio and diagnostic criterion.

28. A computer readable medium, the medium having recorded thereon instructions

and codes executable by a computer to perform the method of any one of claims 16 to
26.
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