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ABSTRACT

This study describes and discusses the feasibility of the development of an
inexpensive filter- photocell system suitable for quantitative colour measurement of
ore minerals under the reflected-light microscope. In this study, reflectance
measurements of eight minerals were obtained using broad band coloured filters with
spectral transmissions approximating to those theoretically required. Using this
method, only three measurements of the intensity of reflectance for each mineral and
the standard (SiC) were taken using red, green and blue (RGB) filters.

Colour values obtained in this study are compared with IMA/COM reference
values and are satisfactory to within £1%. Also, the obtained colour values revealed
that it might be possible to apply this simple, rapid and direct method in studies where
low-cost instrumentation is required, especially in the teaching of ore mineral
identification and quantitative colour theory. It is worth mentioning that although the
results of this study are promising, conventional spectral reflectance measurements
(380- 740 nm) will remain the best recommended method for obtaining the most
accurate colour values.

Keywords: reflectance measurement, quantitative colour values, image analysis,
reflected light microscope.
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INTRODUCTION

Recent work on multispectral image analysis (Gomes et al., 2010; Kruse, 1996;
Pirard and Lebichot, 2011; Pirard et al., 2007; Pirard et al., 2008 and Shippert, 2008)
using expensive and very sophisticated apparatus confirm its usefulness in examining
mineral paragenesis in ores, but the use of conventional spectroscopic databases such
as the Quantitative Data File (QDF) are still recommended and were considered by
Pirard (2004) to remain the most reasonable method for mineral identification.
Keeping this in mind, the authors think that there is a need for a simple low-cost
method of measuring colour values for routine optical examination in teaching
laboratories. These reasons encouraged the authors to carry out this work. In order to
cover the concept and relation between the two methods, a brief outline of
conventional spectral reflectance and multispectral image analysis is represented in
this introductory. Quantitative colour theory applied to ore minerals has led to a better
understanding and description of the colour of opaque minerals under the reflected
light microscope. Quantitative colour values are available for many ore minerals
(Criddle, 1980; Criddle and Stanley, 1993; Henry, 1977 and Uytenbogaardt and
Burke 1971). These quantitative colour values have been used as significantly reliable
determinative criteria in many opaque minerals identification schemes. All these
schemes made use of the principles of the CIE (1931) colour system. In the
1960s and 1970s, this approach received great attention as a result of the
development of a photo-multiplier apparatus suitable for reflectance measurements
(Cervelle et al., 1971 and Piller, 1966).

The Bowie-Simpson system (1978) used reflectance in monochromatic light at
four wavelengths across the visible spectrum. This was followed by the original
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NISOMI system (Nottingham Interactive System for Opaque Mineral Identification)
represented by Atkin and Harvey (1979a) that used reflectance at four wavelengths,
chromaticity and VHN (Vickers Hardness Number) as its discriminating parameters.
This work was later improved by Atkin and Harvey (1979b) who developed an
identification scheme that operated on a desk-top computer and utilized the
quantitative colour values (X, y, Y%, P.% and Ay).

Criddle (1998) in a textbook on ore mineralogy pointed out the potential of
considering image analysis based on optical properties. This becomes feasible using
the recently discussed efforts made to quantify reflectance data using multispectral
imaging of ore minerals under the reflected light microscope (Pirard, 2004). This
involves using a digital video camera equipped with a filter wheel with selection of
narrow bandwidth (10 nm) interference filters and is quantitatively compared to
colour imaging using tristimulus red, green and blue filters in triple-CCD video
camera in reflected light microscopy (see Pirard et al., 1999 for more details). He
concluded that the results he obtained using multispectral imaging are close enough to
the spectral resolution of the Quantitative Data File (Criddle and Stanley, 1993).
Pirard (2004) discussed an automatic identification scheme using multivariant image
with cost-effective sensors similar to those used in remote sensing. This requires
special modifications to the classical design of the ore microscope to accommodate
this scientific video camera.

It is obvious from the preceding introduction that quantitative colour values are
available for most ore minerals and there are a variety of identification schemes. But
most of the previously discussed measurement schemes need expensive and/or
complicated apparatus. Thus the goal of this work is to present a simple method of
obtaining colour values using low-cost instrumentation. This is especially needed in
teaching laboratories involved with ore mineral identification in polished section and
in the teaching of quantitative colour theory.

The filter-photocell method, although not new (Judd and Wyszecki, 1963),
appears to be little known by ore microscopists so we feel that presentation of our
preliminary results is warranted at this stage in order to kindle interest in further
assessment and development. The method is relatively simple, is based on sound
theoretical principles and involves only three reflectance measurements using blue,
green and red filters.The method is described below after a brief outline of the
necessary quantitative colour theory. The Commission on Ore Microscopy of the
International Mineralogical Association (COM) has issued a recommendation on
terminology (Henry, 1980) and this is adopted below resulting in slight modifications
to terms and symbols taken from earlier publications.

The CIE (1931) Colour System (Conventional):



Y1 Hiyam A. Mohammad and Allan J. Hall

The system of colour measurement used in ore microscopy is that
of the International Commission on Illumination usually known as the CIE
(Commission Internationale d'Eclairage); the use of the CIE (1931) System has been
explained in detail by Hardy (1936) and summarized by Gribble and Hall, 1992.

Any colour, including spectral colours, can be duplicated by adding, or for
certain colours subtracting, the light from three primary sources (red, green and blue)
in the proper proportions; the amounts of each of the primaries required are called the
tristimulus values X, Y and Z. The red, green and blue primaries adopted by the CIE
are not real colours but transformed primaries which have the advantage that the three
tristimulus values are positive for all real colours. The spectral curves of the
tristimulus values required in the matching of the spectral colours are shown in Figure
1. The tristimulus values of a colour of an ore mineral under the reflected-light
microscope depend on the energy distribution of the illuminant (E), the spectral
reflectance curve of the mineral and the spectral curves of the tristimulus values of the
spectral colours (X,Y and Z in Fig.1). In the weighted ordinate method of calculation,
the visible spectrum (380-740 nm) is divided into a suitable number of equal
wavelength intervals (18 spots at 20 nm interval, see Fig. 2). The contribution to the
stimulation made by the light for each interval is determined from the functions EXR,
EVR and EZR using the standard tabulated data in Hardy (1936) and the reflectance
values of the mineral. The results are simply added up to give three summations
which correspond to the three tristimulus values.

Thus for the C-source (daylight):

380

Therefore the only new data required to calculate the tristimulus values of a
mineral is the spectral reflectance curve which is independent of the source
illuminant. It is noteworthy that the three tristimulus values can be determined
independently of each other.

The tristimulus values are not very meaningful in terms of colour perception but
they can be converted to the three Helmholtz colour values which do have a simple
meaning in colour terminology. The three values are the dominant wavelength (),
the purity (pe) and the luminance (Y %). These correspond in alternative terminology
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to hue (or tint); saturation; and brightness, respectively. The Y luminance value is
obtained from:

Y% =Y x100/(

740

80 ECV )
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Fig.1: Spectral Curves of the Tristimulus Values of the Spectrum Colours.
These Curves form the Basis of the CIE (1931) Colour System and
Correspond to the Spectral Sensitivity of the CIE Standard Eye.
CIE=is Commission Internationale d'Eclairage.



YA Hiyam A. Mohammad and Allan J. Hall

Frequency[THz]

LS |

700 ~ B0O 500

B0 400 420 440 480 LE 5?&5%0 540 560 580 stljo
. i g

X = Wavelength[nm]

400
00 720 740 760 7

EB40 G660 680

(A)

Wavelength vs RGB Values

Wave Wave
Length Red Green Blue Color.BMP Length

400 131 0 (181 | 560 195 255 | O
410 126 219 I 570 225 255
420 106 255 I 580 255 255
430 255 I 590 255 223
440 255 | 600 255 190
450 70 255 | 610 255 155
460 123 255 [ 620 255 119
470 169 255 N | 630 255 79
480 213 | 255 640 255 33
490 255 | 255 650 255
500 255 135 660 255
510 255 | 0 [ 670 |255
520 |54 | 255 | O 680 255
530 (94 | 255 | 0 690 255
540 (129 255 | 0 700 255
550 (163 255 | O

Red Green Blue Color.BMP

()]
-
oo o o

O 0O OlO0o/l0 O OO
O 0O O/l 0o o oo/lo o o

(B)

Fig. 2: (A)Wavelengths and their Corresponding Colours of the Visible light
Spectrum.
(B) Table of Wavelength Values Versus % Reflectivity at that Wavelength
(example). Taken from John Betts-Fine Mineral (Webmineral.Com).

The green primary of the CIE system was chosen so that the spectral curve of
the Y tristimulus values required in the matching of the spectral colours
(Y in Fig. 1) would correspond exactly to the spectral sensitivity of the normal
eye. Because the eye is so sensitive to green light the Y luminance value can be
used as a measure of the relative brightness on the scale 0% (black) to 100%
(perfect white) of a mineral seen in polished section using a white light illuminant.

The dominant wavelength and purity can be obtained by plotting the
trichromatic (or chromaticity) coordinates of the colour on the CIE (1931)
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chromaticity diagram (Fig. 3). The two chromaticity coordinates (x and y) required
for plotting the colour on the diagram are obtained from the formulae:

X ¥
X=X+v+z and y= ¥iv+z
METHOD OF WORK

The filter-photocell method (this study) :

The filter-photocell method is based on the concept of using a photometer
system modified by filters so that the three measurements are taken under conditions
corresponding to the spectral sensitivity of the CIE (1931) standard eye (see Fig.4).
This provides a rapid and more direct means of determining the tristimulus values
than using the spectral reflectance curves. A simplified diagram of the necessary
apparatus used in this study is presented in Figure 5. In our prototype, the sensitive
photomultiplier on the Vickers M74 microphotometer, at Applied Geology/University
of Strathclyde, was used with three (green, blue and red) broad band coloured filters
instead of monochromatic filters. The coloured filters used were characterized by
spectral transmissions approximating to these theoretically required. Ultraviolet,
infra-red and neutral density filters were used to protect the sensitive photomultiplier.
A SiC standard (x = 0.307, y = 0.313 and Y = 20.35) was used as the reference
polished section with a Lanham specimen interchanging stage. Micro-reflectance
measurements were taken in the usual way (Galopin and Henry 1972) using linearly
polarized light and field and measurement stops.

Reflectance measurements, using the filter method, were carried out on eight
polished sections of opaque minerals (oxides and sulfides). A selection of spots on
each mineral were measured in order to minimize errors that can arise from many
fundamental error sources, such as specimen preparation or optical aberration. These
error sources and their avoidance have been discussed in detail by Bowie and Henry
(1964), Leow (1966), Piller (1966 and 1977), and Galopin and Henry (1972).
Therefore, in this study, the authors always emphasized the importance of taking the
measurements in areas with homogeneous surfaces where no tarnishing had taken
place, and which were devoid of inclusion, scratches, pits or zonation. Also, the areas
were not too close to a grain boundary where optical mixing of spectra might occur.
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Fig. 3:The CIE (1931) Chromaticity Diagram (Judd, 1952).

Derivation of Helmholtz Colour Coordinates A4 and P, for
Mineral Plotted at Point (d) is as Follow:

A= 495 nm (intersection of the line joining c-source and point d

with spectral locus).

100 a
€T a+b
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Fig.4 : Curves of Ex, Ey and EZ for CIE standard sources C. These
curves correspond to the required spectral sensitivity of the
photometer system using each of the three filters when C-
source colour values are required.
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Fig. 5: Simplified Diagram of Essential Components of Micro-Photometer.

The bimodal nature of the red (x) curve complicates the design of the
appropriate filter but the tristimulus values can be determined in two steps as will
be explained below. The coloured filters provide a means of weighting the
intensity of the source and the spectral sensitivity of the photometer. In this way



vy Hiyam A. Mohammad and Allan J. Hall

the reflectance value obtained relative to the standard, gives the summation
representing the tristimulus value.

The difficulty imposed by the bimodal nature of the red (X) curve can ideally be
overcome by using two filters, one with a spectral transmission which gives a
weighting corresponding to the peak beyond 500nm near the red end of the spectrum
(Fig. 1) and the second with a spectral transmission which gives a weighting
corresponding to the smaller peak below 500nm near the blue end of the spectrum.
The two measurements may be combined in the computation of the X tristimulus
values. However, the smaller peak near the blue end of the spectrum has a dominant
wavelength and a range similar to the blue (Z) curve, and it equals 16.7% of the (Z2)
value based on calculation using the weighted ordinate method. This value must be
added to the measured (X) value to give the true (X) value. The tristimulus values
were therefore obtained for the c-source in the following way from the measured
intensities (I):

Using green filter

I x Y.

v __ ‘sample standard
sample — I
standard
Using blue filter
A __ Izample® Zsrandard
sample — - .
{fzrandard
Using red filter
X _ *'mmp.‘ex‘?:mndard + 15-725amp.‘9
sample — . .
istandard 100

Note that Xgangarg IS the value for the wavelengths above 500 nm only (in
order to exclude the above mentioned smaller peak). Also, the results obtained are
for the c-source, not the source actually used (for simplicity because the spectral
reflectance curve is independent of the source of illuminant).

Colour values, like reflectance can be measured in any orientation of a grain
of a cubic mineral but should only be measured in extinction orientations of grains
of non-cubic minerals. Individual grains of non-cubic minerals have two colours
corresponding to the two spectral reflectance curves. Minerals can have one or two
or three principal colours, corresponding to the principal vibration directions,
depending on whether they are cubic, uniaxial or of lower symmetry. The two
principal colour values of the uniaxial mineral covellite are plotted in( Fig. 3)
as an example; covellite displays a marked pleochroism in polished section and the
colour values of the o-ray and e-ray are quite separate as might be expected.
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Once the X, Y and Z values have been obtained, the chromaticity coordinates
and luminance can be calculated and the colour plotted on the CIE (1931) diagram
if required. By dividing the standard values X, Y and Z by the summation given by:

T4l
YT

380

It is possible to make the Y tristimulus value obtained for a mineral equate
with the luminance value. This eliminates the simple calculation used in obtaining
the luminance and means that the luminance is essentially measured directly.

In order to demonstrate the capability of using these filters for enhancement
of mineral parageneses in ores, a photo image with bornite and chalcopyrite is
selected (Platela). Applying ENVI V.4.6, an image processing software (at the
Remote Sensing Center/Mosul University) used in remote sensing applications, it
IS possible to separate wavelengths corresponding to red, green and blue(RGB)
colours from this image and select maximum band width values for each colour
depending on maximum wavelength range values taken from spectrum of the
filters used in this study (Fig. 1). Then the three maxima are composited giving the
result presented in photo image (Plate 1b) that might obviously shows to some
extent a better mineral paragenitic distinction compared to (Plate 1a) .
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Plate 1: Photomicrograph of chalcopyrite exsolution growth in bornite under reflected
PPL microscope.

(a) Before applying ENVI V. 4.6 image processing Software.
(b) After applying ENVI V. 4.6 image processing Software.
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DISCUSSION AND CONCLUSIONS

It is possible to obtain “off the shelf” filters with spectral transmissions
approximating to those required. Ultraviolet, infra-red and neutral density filters were
used to protect the sensitive photomultiplier on the Vickers M74 micro photometer
used in our prototype system. A SiC standard (x = 0.307, y = 0.313 and Y = 20.35)
was used with a Lanham specimen interchanging stage.

The colour values of eight representative opaque minerals obtained using filter
method are compared with published values in Table (1). Results may be considered
satisfactory where there is a matching of the colour values to within +1 relative %
(Fig. 6). Poor matching can be attributed to measuring errors, polishing effects,
compositional variations and orientation effects as well as errors inherent in the
technique. The low x and y values obtained for yellow and reddish minerals and the
high values of x and y for the blue covellite o-ray may point to an incorrect weighting
being provided by the X and Z filters at the red and blue extremities of the spectrum.
The results presented can only be taken to indicate that the technique has promise as a
simple means of determining quantitative colour values.

Theoretical considerations and preliminary results indicate that it should be
possible to develop an inexpensive filter-photocell system suitable for colour
measurements of ore minerals in reflected light. The method could also be applied to
transmitted-light studies. Ore minerals would be identifiable by comparison of
chromaticity coordinates x and y and luminance Y% using tabulated or computer-
stored reference data. ldentification is not the only potential use of this technique; it
could also be used as an aid in the teaching of colour theory, for example to
demonstrate optical phenomena such as pleochroism in minerals and how this may
result from variations in luminance and/or chromaticity. The major disadvantage of
the technique is that it gives only approximate colour values; this is because even if
colour filters with the exact spectral transmission properties can be obtained, the
spectral output from the bulb and the spectral sensitivity of photometer will inevitably
vary with both short and long term use. It remains to be determined whether this
invalidates the technique for the limited applications suggested here; it certainly
implies that spectral reflectance measurements (the conventional method) will remain
the best method of obtaining the standard colour data.
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Table 1: Comparison of quantitative colour values for a C-source obtained in
the present study with reference values.

Mineral This Study Reference Reference Sources
Xs Y. Y% X: ¥r Y%
Ilmenite R, 0.310 0.316 1538 R, 0.310 0.312 19.8 | Cnddle
R, 0314 0315 1a4 R, 0311 0.311 171 | {unpublished, 1382)
Magnetite R 0.311 0315 19.4 R 0311 0314 20,1 | QDF 152202
IMASCOM
Covellite R, 0.240 0.231 6.4 R, 0226 0.223 6.3 |QDF 1.1920.2
R, 0234 0.284 23.2 R, 0.285 0.286 251 | IMASCOM
Boulangerite R; 0305 0.313 36.0 R, 0.303 0.311 37.2 | QDF 1.1040.1
Ry 0,304 0511 44.8 Ry 0,303 0.312 41.5 | IMASCCOM
Pyrrhotite R, 0.330 0.330 35.6 R, 0.330 0.334 353 | QDF 1.7240.1
R, 0.32d 0.329 40.0 R, 0.327 0.334 40.1 | IMASCOM
Chalcopyrite Ry 0.33% 0353 4385 K, 0.345 0.3869 44.1 | QDF 1.1500.1
R, 0.348 0.366 45,1 | IMASCOM
Pentlandite R 0,323 0325 48.4 R 0,330 0.339 495 | Oldfield (unpublished
1981)
Miceolite R, 0.327 0.334 33.1 R, 0.332 0.331 53.5 | Picot and Johan (1977)
R, 0.344 0.338 49.8

QDF = quanfitative data file card number
E =single reflectance curve

F, = ordinary reflectance curve

F. = extra-ordinary reflectance curve
Ey= low er reflectance

Rz=higher reflectance

E.=random reflectance

—— Logixs,/xr)
Loglys/yr)
0.04 —— Log{¥s2%5/¥r %)

Fig. 6: Correlation Sketch Diagram (accuracy %) between
Obtained Colour Values of this Study (Xs, ys and Y%)
and Corresponding Reference Values (., y: and Y,%).
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