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Abstract
Automatic digital phase imaging should yield unbiased and representative characterizations of gold ores.
However, this is not a simple task due to low gold grade, fine grain size, possible complex mineralogy, nugget
effect, etc. Using the same sections of a gold-rich ore, a critical test was performed using an optical microscope
(OM) and an electron microscope (EM). In general, the two methods are consistent and useful for ore
processing. There are some minor differences, such as the detection of very fine gold grains is enhanced by EM.
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Introduction
Contemporary mining operations commonly deal with very
low-grade gold ores that can contain only a few grams of gold
per ton of ore. In such ores, the gold often occurs as fine grains
and frequently occurs with complex mineralogy and complex
texture. These attributes not only pose challenges for process-
ing and recovering the gold, but they also complicate the
mineralogical studies performed to characterize the gold. It is
on such studies that the ore processing is based. It is not a
simple task to have a representative gold mineralogy in a
polished section of a few square centimeters. The probabili-
ties of trace minerals, such as gold, appearing at the surface of
the polished section are not favorable. Furthermore, depend-
ing on the magnification used in the microscope, some fine
gold grains may be invisible. Nevertheless, for visible gold,
the microscope-based methods provide applicable informa-
tion that is directly related to the ore. Therefore, it is important
to optimize the methodology to maximize the gold mineral-
ogy information and to minimize possible sources of errors.

Instrumentation and objective
Image analysis, although subject to the above-mentioned
limitations, represents an important advance over traditional
manual techniques for finding and characterizing gold by
microscopy. Naturally, a manual technique is prone to errors
due to human fatigue and is particularly difficult when finely
ground mineral products need to be examined. It is now
possible to integrate digital image analysis with optical or
electron microscopy. This paper presents a comparative study
of image analysis by optical microscopy (OM) and image
analysis by electron microscopy (EM). In both cases, exactly
the same polished sections were used and the full area of the

sections was scanned. Therefore, differences in the results are
not related to differences in sample preparation methods. The
studies were performed in an independent manner. The part of
the study incorporating image analysis and optical micros-
copy was performed at the Madrid Polytechnical University
(Dept. of Engineering Geology, ETS Ing. Minas, Spain),
where the instrumentation consists of a Leica Q500MC image
analyzer linked to a Leica DMRXP reflected-light optical
microscope. The part of the study in which an electron
microscope was used was carried out at the CANMET-
MMSL Laboratory (Ottawa, Canada), where the instrumenta-
tion consists of a Carl Zeiss KS400 image analyzer (formerly
Kontron IBAS) linked to a JEOL 733 electron microprobe
fitted with energy and wavelength X-ray dispersive spectrom-
eters. The polished sections were first studied in Madrid,
Spain, and then sent to Ottawa, Canada.

Studied ores and descriptive mineralogy
The study was conducted using ores rich in gold. The gold is
present in mineralogical phases of simple determination,
mostly native gold with variable silver content. In addition,
the gold grain size is quite coarse. These factors simplify
imaging and detection of the gold grains.

The samples were taken from two veins at the Nueva
Esparta Mine (Los Andes, Nariño, SW Colombia): the Bruja
vein and the Gruesa vein. Under the direction of the first
author, these samples were the subject of mineralogical stud-
ies for Ph.D. and Master’s theses (Pantoja, 1999; Berrezueta,
2000). These studies include a descriptive mineralogical study
by reflected and transmitted optical microscopy. Mineraliza-
tion is of a mesothermal vein type with a low Ag:Au ratio,
related to lower Tertiary Andine magmatism. In the quartz and
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sulfo-arsenide ore, gold mineralization is associated with both
phases and related to partially brecciated, vein-fill textures.
The main minerals (>5% by volume) are quartz, carbonates,
arsenopyrite and sericitic/clay minerals. The observed acces-
sory minerals (<5% by volume) are tetrahedrite/freibergite,
sphalerite, galena, pyrite, native gold/electrum, chalcopyrite
and traces of sulfosalts/telluride. Gold occurs locked in quartz
or associated (locked or exposed) with the sulfide minerals
(arsenopyrite, galena, sphalerite, freibergite or sulfosalts).
The gold content is variable and can be up to 600 g/t. Figure
1 shows a typical area, rich in coarse gold grains.

 From a genetic and morphologic perspective, two aurifer-
ous generations can be distinguished. The early native gold
generation is the most abundant and has a granular morphol-
ogy. A later generation occurs as fillings in microfissures in
the minerals listed. Most of the gold grains are fine (<10 µm).
However, the major gold content is contained in the coarser
grain sizes (>7 µm).

Digital image analysis by optical microscopy
and electron microscopy

The basic methodology (e.g., image digitalization, clean-
ing of binary images) is very similar in the case of both
techniques. There are some minor differences related to the
image analysis software available at each laboratory. The
main difference lies in the fact that in one technique the image
source is an optical microscope (OM) and in the other an
electron microscope (EM). The operational and technological
differences between an optical microscope and an electron
microscope yield quite different images, which result in
differences in the image analysis routines used in each of the
two techniques.

Complete details on the instrumental setup for the OM
method are part of a Master’s thesis in Spanish (Berrezueta,
2000). Therefore, a brief description of the method is called
for in this paper.

As indicated, the instrumentation for the gold search by
optical microscopy technique consists of a Leica Q500MC
image analyzer linked to a Leica DMRXP reflected-light
optical microscope. An additional stabilized power source
was used to provide constant and reproducible power to the
illumination lamp of the optical microscope and to the entire
system. A video camera (CCD Javelin JE-3622X) was con-
nected to the microscope. The video camera has a 0.5-in.
(12.7 mm) pick-up element, an active picture element of 752
x 562 pixels and a resolution of 480 TV lines. The Y/C output
of the video camera was connected to a frame grabber in the
host computer along with the image analyzer. The micro-
scope was fitted with an air plan-corrected objective of 20X
magnification. There was no ocular lens between the video
camera and the objective lens. In addition, the C-mount
adapter between the video camera and the microscope had no
lens. The video camera reproduction was close to 1:1. How-
ever, the image was digitally magnified to obtain a 400 x 400
pixel image (TIF format) with a geometric scale correspond-
ing to 0.41-µm/pixel, equivalent to a virtual system magnifi-
cation of ~300X. The geometric scale was determined using
a standard micrometer grid.

Several tests were performed using various other objec-
tives. The 5X and 10X objectives were not considered ad-
equate to detect fine gold grains. At the same time, objectives
with magnification higher than 20X were discarded because
the image produced was much more difficult to focus, yield-
ing a lower image quality and greatly increasing the total time
required to scan a polished section.

Before acquisition of the OM images, the equipment was
allowed to warm up for one hour to obtain a stable response
from the video camera. Then, a calibration of the white
balance of the video camera was carried out using a white
LEITZ reflectance standard.

The acquired images from the polished sections were seg-
mented with the image analyzer into three binary images: one
for siliceous gangue, a second for all sulfide minerals (arse-
nopyrite, pyrite, sphalerite, galena, chalcopyrite, tetrahedrite,
etc) and a third for gold. The clear difference between the
reflectance of these phases made it possible to segment using
the color of the image rather than different values for each
separated RGB signal. The typical low and high set values for
the segmentation were: for gangue: R(0-40), G(0-40), B(0-
40); for sulfides: R(60-200), G(60-200), B(60-200) for sul-
fides; and for gold: R(210-255), G(210-255), B(210-255).

In general, the work procedure consisted of:

• the manual selection of the field using a stage with a
stepping grid to perform an orderly scan of a polished
section of the sample,

• the manual focusing of the image,
• image acquisition,
• image segmentation with operator supervision to check

and allow for fine adjustments and
• automatic measurement of parameters.

As indicated, the geometric scale of the acquired image
corresponded to 0.41 µm/pixel. It should be emphasized that
this geometric scale applies to a digitally magnified image
from the objective lens. Therefore, it does not represent the
resolution for the method. The theoretical optical resolution
(R) for the 20X objective lens used is a function of its
numerical aperture (NA = 0.45) and the wavelength of the
illumination source (γ ~ 0.55 µm). This resolution is given by
R = γ/2NA and corresponds to 0.61µm. To ensure reliability,
objects in the binary images that were smaller than 3µm were
considered noise and eliminated. Hence, the minimum size of
detectable gold grains was approximately 3 µm. The polished
section was scanned, and measured using 400 x 400-pixel
fields equivalent to 164 x 164 µm. On average, it took
approximately 13 hours to complete a scan and to process the
digital information from one 30 x 30-mm polished section.

Figure 1  — A typical area rich in coarse gold grains in a
Gruesa vein sample. Minerals shown are arsenopyrite
(asp), galena (gn) gangue (ga) and gold (Au). This is a
reflected-light photomicrograph of a polished section from
a fragment of unground ore.
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Detailed information concerning the fully automated gold
search by EM have been published elsewhere (Lastra et al.,
1999). The EM has a stabilizer circuit that monitors the
electron beam current every second and holds it at a constant
value. The image analyzer interfaced with the EM controls the
stage motors and the electron beam scan generator. In addi-
tion, the image analyzer can obtain a maximum of 16 X-ray
signal inputs from one energy dispersive spectrometer (EDS)
and two wavelength dispersive spectrometers (WDS). The
automated EM gold search consists of three main parts:

• Location of grains of high brightness in backscattered
electron (BSE) images at 400X magnification.

• A check for the presence of gold among the bright BSE
objects, using AuLα WDS X-ray signals.

• If a gold mineral is found, then the image and stage
location are recorded for subsequent retrieval.

 There was a 1:1 correspondence between the acquired
images and the BSE images at the EM and no further digital
magnification was used. Under these conditions, the geomet-
ric scale of the acquired image corresponded to approximately
0.31 µm/pixel. The polished section was scanned with 512 x
512-pixel fields equivalent to 159 x 159µm. On average, it
took approximately 15 hours to complete the scan of one
polished section.

It should be emphasized that the same polished sections
were used for both image analysis based on optical micros-
copy and image analysis based on electron microscopy. In
each case, the full area of the sections was analyzed. The only

difference in the polished sections was that a thin carbon coat
(approximately 10 nm) was applied on them for the EM study.
Therefore, differences in the results are related not to differ-
ences in sample preparation methods, but to differences re-
lated to performing image analysis with optical microscope
images or electron microscope images. Three polished sec-
tions from the Gruesa vein and three polished sections from
the Bruja vein were analyzed. The polished sections were
prepared from unground ore fragments that were cut to fit into
approximately 30 x 30-mm square molds. Cold setting epoxy
resin was used to hold the rock fragments into the square
holder. The unground ore fragments were large but did not
necessarily cover the whole 30 x 30-mm area. It is recognized
that, for better applicability of the results of gold characteriza-
tion to metallurgy, the sample must be crushed and ground.
However, the use of unground polished fragments simplify
the image analysis by OM. The objective of this paper is to
compare two digital image-analysis techniques. The use of
unground polished fragments ensures the best possible condi-
tions for OM. Image analysis by EM can work with unground
polished sections or with polished sections prepared from
ground products (Lastra et al., 1999).

The image analysis by optical microscopy measured the
following parameters: the number of detected gold grains and
the area, breadth and length of each gold grain detected. The
breadth was defined as the minimum value between two
parallel tangents enclosing the gold grain, and the length as the
maximum value between two parallel tangents enclosing the
gold grain. Figure 2 illustrates the concept of breadth. Addi-
tionally, the total area for all the gangue minerals and the total
area for all the sulfide minerals were measured.

Image analysis by electron microscopy (EM) involved
measurement of the number of detected gold grains and the
area of each gold grain. From the area of each gold grain, the
equivalent diameter was calculated assuming a circular geom-
etry (Fig. 3). In addition, the gold grains were classified
according to composition (determined by energy dispersive
analysis), by association with other minerals and by occur-
rence in the assemblage, either as locked or exposed. After the
automated gold grain search by EM, each grain detected as
gold bearing was manually verified. Because the samples
were rich in gold, manual verification was time-consuming
but ensured that no false detections were included in the
results.

The number of gold grains detected by each technique is a
function of the following factors:

Optical microscopy:
• Reflected-light optical microscopy detects only those

grains intersected at the surface of the polished section
(Fig. 4).

• Concerning the spatial resolution of the method, the
optical microscope was operated at 20X magnification
for the objective lens, with no ocular lens below the 1:1
video camera. This low magnification gives the best
balance between optimal resolution and image quality
and best operating time (Berrezueta, 2000) and in-
creases the speed of an automated gold search. One
drawback of using low magnification is that very fine
gold grains (<3µm) may not be detected. Therefore, the
number of gold grains in the fine grain portion may be
underrepresented.

• Gold grains appearing across acquired frames would be
detected as multiple entities. This problem is more
severe for very large gold grains.

Figure 3 — Representation of the equivalent circular
diameter

Figure 2  — Representation of the breadth for a gold grain.
Minerals shown are arsenopyrite (as), galena (gn) gangue
(ga) and gold (Au). This is a polished section from a
fragment of unground ore.
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• The composition of the detected gold grains
cannot be easily established. Therefore, all
detected gold grains, including electrum,
are considered as native gold. In addition,
not all of the gold minerals appear as bright
yellow in reflected light. Therefore, some
gold minerals may not be detected (e.g.,
calaverite, aurostibite, maldonite,
petrovskaite and criddleite).

Electron microscopy:
• The electron beam has a penetration depth in

the sample. The penetration of the beam in
the sample increases with an increase in
accelerating voltage and a decrease in sample
density. The electron microscope was oper-
ated at 20 kV. The lowest-density minerals
in these samples were silicates. Considering
an average density for silicates of 3 g/cm3,
the penetration depth would be approxi-
mately 3µm. In nonsilicate minerals, the
penetration would be less. The gold grains
detected by the electron microscope are those
contained within the volume defined by the
penetration depth of the electron beam (Fig.
4). Grains that overlap within the approximately 3-µm
depth would be detected as single grains.

• Concerning the spatial resolution, the method is based
on the use of an electron microscope operated at a
magnification of 400X (Lastra et al., 1999). Gold grains
as fine as approximately 1 µm are detected nine out of
ten times. Detection of gold grains in the range of 0.1 to
1 µm is random, and gold grains smaller than 0.1 µm are
not detected.

• For gold grains appearing between acquired frames,
images are recombined to detect them as single entities.
Therefore, very large gold grains are still detected as
single entities.

Results
The number of grains detected by each technique is depicted
in frequency diagrams in which the number of gold grains is
plotted against grain-size intervals. Figure 5 gives the results
for the three polished sections from the Gruesa vein samples.
The clear bars show the results for the technique based on
optical microscopy (OM), and the black bars show the results
for the technique based in electron microscopy (EM). Simi-
larly, Fig. 6 shows the number of grains detected in the three
polished sections from the Bruja vein samples. The EM
technique clearly detects many more fine gold grains (<7µm)
than those detected by the OM technique. In addition, the EM
technique detects some very coarse gold grains (>98µm for
the Gruesa vein and >161µm for the Bruja vein) that are
probably split into smaller size intervals by the OM technique.
However, in the intermediate size intervals, the results ob-
tained by the two techniques are very similar.

Figures 5 and 6 clearly show that image analysis based on
electron microscopy (EM) detected more gold grains than that
based on optical microscopy (OM). The major difference is
due to spatial resolution. Magnification of 400X was used for
images acquired from the EM, whereas an objective magnifi-
cation of 20X was used in the case of the OM. Nevertheless,
a correspondence must exist between the results of both
techniques. Figures 7 and 8 show a possible relationship
between the number of grains detected by the two techniques.

Figure 5 — Frequency size distribution of detected gold
grains, number of gold grains at different size intervals
from the Gruesa vein.

The following assumptions were made:

• In principle, for a given size range, the number of gold
grains detected by OM will be equal to or less than the
number determined by EM.

• The probability of OM not detecting a large gold grain
is minimal in comparison to the probability of not
detecting gold grains finer than 7µm.

• Very large gold grains will be detected by OM, but they
will be fractionated. This is due to the maximum dimen-
sion (approximately 160 x 160µm) of the acquired
fields. Very large gold grains are captured by adjacent
images and, because of limitations in the software, are
not treated as single entities. Although the EM also scans
using approximately 160 x 160-µm fields, if a very large
gold grain touches the edges of an acquired field, a lower
magnification is used to fit the grain. Therefore, a
correlation based on area is used for coarse sizes; i.e., the
areas of the grains detected by OM are added until they
equal the areas of large grains detected by EM.

The results of an automated gold search provide data on the
occurrence and distribution of the gold grains found. This data
can be used as an estimate of the occurrence and distribution

Figure 4 — Representation of the surface analyzed by an optical
microscope and the “surface” analyzed by an electron microscope.
Estimated maximum penetration (~3 µm) of the electron beam (20 kV)
in a mineral sample.
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of gold grains in the sample. Frequency diagrams based on the
number of gold grains (Figs. 5 and 6) can be used to compare
the results of the OM and EM techniques. However, from the
perspective of gold recovery and processing, it is important to

stress that distribution by num-
ber of gold grains found may not
have practical significance. This
is because small gold grains may
easily outnumber large gold
grains, yet they may constitute
only small fractions in terms of
weight. The results can be plot-
ted in terms of the area percent of
gold found in the sample for vari-
ous size intervals. This involves
simply dividing the total area of
gold in each size range by the
total area of gold grains found in
the search and expressing it as
percentage. This area percent in
each size class corresponds to

the weight percentage of the gold in the sample in each size
class. Such gold size distributions are shown in Figs. 9 and 10,
which reveal the importance of coarse gold grains in these
samples. Image analysis by OM results in an apparent smaller
grain size for coarse grains detected between adjacent images.
Image analysis by EM allows for reconstruction of images in
which grains occur between frames, thus making it possible to
correctly measure the size of such grains. It is clear that the
image analysis software linked to the OM needs to be im-
proved to permit the combination of images when gold grains
occur between frames. In general, approximately 60% of the
gold in the Gruesa vein occurs as grains coarser than 77 µm,
whereas less than 1% occurs as particles finer than 7 µm. In the
case of the Bruja vein, approximately 70% of the gold occurs
as grains coarser than 77 µm and less than 1% occurs as grains
finer than 7 µm.

Gold grades can be calculated based on the image analysis.
However, as indicated, these results should be viewed with
caution because of the possibility of high statistical errors
related to trace minerals. Nevertheless, for contrasting pur-
poses, the gold grades based on image analysis were calcu-
lated and are compared with the assay (Table 1). The gold
grades obtained from OM image analysis and presented in
Table 1 were based on the assumption that all areas of detected
gold minerals were pure gold.

The gold assay values are much lower than the grades
calculated from image analysis by OM (Table 1). This is due
to the assumption that all the area of detected gold minerals is
pure gold. However, image analysis based on EM allowed
detected gold minerals to be classified by approximate com-
position and revealed (Table 2) that detected gold-bearing
grains are not pure gold, but are actually electrum and contain
40% to 50% Ag. Yet, the gold grade calculated from image
analysis by OM is higher than the combined Au+Ag assay. If
the large density difference between gold (19.32 g/cm3) and
silver (10.5 g/cm3) is factored in, the combined assay would
be 318 +180*(19.32/10.5) = 649 ppm for the Bruja vein and
321 for the Gruesa vein. These values are closer to those
calculated from image analysis by OM. Strictly speaking, the
silver present in other minerals, such as tetrahedrite, should
also be taken into consideration. This is evident in the samples
from the Gruesa vein, whose assay gives 151 ppm Ag and 44
ppm Au (Table 1), although most of the electrum of these
samples has more than 60% Au.

Calculation of gold grade based on EM image analysis
resulted in values that are 2 to 2.5 times higher than those of
the OM. The reason for this difference is not clear. Each gold
grain automatically detected using the EM technique was

Figure 6  — Frequency size distribution of detected gold grains, number of gold grains
at different size intervals from the Bruja vein.

Figure 7 — Supposed relation between the number of
gold grains detected by optical microscopy (OM) and
electron microscopy (EM) for the Gruesa vein.

Figure 8 — Supposed relation between the number of
gold grains detected by optical microscopy (OM) and
electron microscopy (EM) for the Bruja vein.
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verified manually. The electron beam pen-
etration of gold grains seems to be too small
to account for such large differences. It is not
clear whether the three polished sections of
unground fragments are representative of the
whole sample or relatively richer in gold.
Further work is required to obtain an appro-
priate explanation. The gold grade calculated
by means of OM appears to correlate better
with the precious metals assay. Nevertheless,
in the case of gold, it is advisable to rely on the
grade determined by assay. Because of high
statistical errors associated with minerals
present in trace amounts, characterization of
gold minerals by microscopy techniques is
not intended to replace traditional gold assay
methods. However, microscopy methods pro-
vide information that is not available from
assay, such as gold mineral grain-size distri-
bution, identification of gold minerals, min-
erals associated with gold minerals, and lib-
eration degree of gold minerals.

In image analysis by OM, the shape of the
gold grains was defined by the measured
breadth and length. Image analysis by EM
derived an equivalent diameter. The math-
ematical correlation between these param-
eters is shown in Fig. 11. The correlation
between equivalent diameter and breadth is
very good. This correlation shows that, just as
the equivalent diameter of each grain was
derived from the measured grain area, derived
parameters may be calculated from measured
parameters. A single size parameter, such as
equivalent diameter, is more easily applied by
metallurgical engineers to the processing of
the ore. From the measured area of each gold-
bearing grain, it is also possible to calculate
other parameters such as equivalent square
side or equivalent square diagonal.

EM image analysis made it possible to
determine mineral associations for the de-
tected gold-bearing grains. This involved
determination of the mineral host and posi-
tion of a gold-bearing grain. Gold distribution
by mineral association is shown in Fig. 12. A
gold-bearing grain that is completely surrounded by another
mineral would be locked and is referred to in Fig. 12 by the
word “IN,” for example “IN” arsenopyrite (IN asp). The gold
inside other minerals would not be easily exposed by a
conservative grind and would require finer grinding and/or
more efficient and aggressive metallurgical processes. A
gold-bearing grain occurring on the edges of another mineral

or along large fractures of the associated mineral grain is
referred to by the word “WITH.” A gold-bearing grain in this
latter type of association would be easily exposed by a
conservative grind. Figure 13 illustrates some of these asso-
ciations. In principle, image analysis by OM could be used to
produce a similar classification. In the present case, this was
not done because of limitations in the image analysis software.

Table 2  — Gold mineral distribution in the Bruja and
Gruesa veins. Percent in the class based on the total area
of gold grains detected in the sample.

Gold mineral type Bruja Gruesa

  Percent in the class

Electrum: 30% to 40%Au – 60% to 70%Ag Nil 0.3

Electrum: ~50%Au – ~50%Ag 43.1 5.5

Electrum: 66% to 60% Au – 40% to 34% ≠Ag 56.9 94.2

Total: 100 100

Table 1  — Total content (ppm) of precious metals (Au +
Ag) in the Bruja and Gruesa veins determined by image
analysis based on optical microscopy (OM) and by
conventional chemical assay.

Vein Native gold + electrum Au Ag Au + Ag

Assay
Method

Bruja 685 318 180 498

Gruesa 230 44 151 195

OM

Figure 10  — Gold size distribution, the percentages of gold in the Bruja vein
samples at each size class.

Figure 9 — Gold size distribution, the percentages of gold in the Gruesa vein
samples at each size class.
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processes based on an economic feasibility study could in-
volve gravity concentration followed by flotation and
cyanidation. Results of gold characterization by image analy-
sis indicate that the Gruesa and Bruja veins have the potential
to yield a high gold recovery (approximately 95%). Only
approximately 4% of the gold in the Gruesa vein and 2% in the
Bruja vein (Fig. 12) occurs as very small grains completely
surrounded by other minerals. This latter type of gold could
only be recovered by modern, aggressive metallurgical pro-
cesses (e.g., pressure leaching).

Methods. Both methods of automated gold search, i.e., image
analysis interfaced with an optical microscope (OM) or an
electron microscope (EM), represent a great improvement
over traditional manual methods. Nevertheless, classical
manual observations by optical microscopy are still valuable
because they provide qualitative or descriptive mineralogical
information that can be used as a baseline for further studies
by more-complex methods, such as image analysis.

Figure 12 — Mineral association of gold-bearing grains in the Bruja and
Gruesa veins. Abbreviations: asp = arsenopyrite, sp = sphalerite, tt =
tetrahedrite, gn = galena. The word “IN” is used for gold-bearing grains
completely inside the associated mineral. The word “WITH” is used for
gold-bearing grains occurring on the borders or in coarse fractures of the
associated mineral.

Figure 11 — Correlation between length,
breadth and equivalent diameter for gold
mineral grains in the Bruja and Gruesa
veins.

Conclusions
Samples. The Gruesa and Bruja veins in Colombia are subject
to exploitation by small operations still using amalgamation.
Approximately 33% of the gold in the Gruesa vein is coarser
than 208 µm. In the Bruja vein, approximately 28% of the gold
is coarser than 161 µm. In the case of this coarse gold,
amalgamation would be an appropriate recovery method. In
contrast, gold coarser than approximately 77 µm could be
recovered by various conventional gravity concentration meth-
ods. Approximately 60% of the gold in the Gruesa vein is
coarser than 77 µm and approximately 70% of the gold in the
Bruja vein is coarser than 77 µm. Therefore, in addition to the
negative impacts on health and the environment, the positive
economic impact of concentration by conventional gravity
methods could encourage small mining operations to abandon
amalgamation, thereby, reducing heavy losses.

Higher gold recoveries could be achieved by combining
modern metallurgical processes; e.g., gravity concentration
followed by cyanidation. Alternatively, a combination of
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The parameters measured by each
method (breadth and equivalent diam-
eter) have a close mathematical corre-
lation and can be applied interchange-
ably to the understanding and design
of metallurgical processes.

In detail, there are differences in the
two automated gold search methods.
Image analysis by EM detects many
more fine grains of gold than image
analysis by OM. The number of fine
particles in the study samples is high,
but they account for a much lower
proportion of the area, volume and
mass than the coarse particles. The
EM-based method also allows for a
proper size measurement of the very
coarse gold-bearing grains. Con-
versely, because of limitations in the
software linked to the OM, gold-bear-
ing grains larger than the field of view
in this method are detected in parts
rather than as unique grains.

It is interesting to note that the gold
grade calculated based on OM image
analysis compared well with the pre-
cious metal assay. Nevertheless, it is
recommended that the gold grade de-
termined by assay take precedence.

The use of EM simplifies the deter-
mination of gold distribution in vari-
ous gold-bearing minerals. For ex-
ample, in the case of the ores used in
this comparative study, EM made it
possible to classify the detected miner-
als by approximate composition and to
determine that most of the gold grains
are electrum, containing 40% to 50%
Ag. This type of information can be
critical to the solution of metallurgical
problems.

Common gold minerals, such as native gold and various
types of electrum, have a characteristic bright metallic yellow-
to-white luster. However, there are a number of less-common
gold minerals that are gray and do not have this characteristic
luster. Therefore, an automated gold search by optical micros-
copy may not detect all potential gold minerals. However,
because all gold minerals appear as bright objects in BSE
images and gold is confirmed by an Au X-ray signal, an
automated gold search by EM would detect all such minerals.

Each method has its own application. Image analysis by
OM suffices for simple ores and metallurgical problems.
Image analysis by EM can provide better size measurement of
coarse gold grains, better detection of fine gold grains and
more complete information not easily accessible by OM. This
additional information can be critical in the case of more
complex ores or samples related to more complicated metal-
lurgical problems. An OM-based image analyzer has the
advantage of requiring a lower investment than one based on
EM. Additionally, an OM-based image analyzer could be
easier to install and probably transportable. Therefore, an
OM-image analyzer could be used to provide small mining
companies and on-site plant installations with relatively eco-
nomical initial gold characterizations, particularly in the case
of rich gold ores.
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Figure 13  — Backscattered electron images illustrating some of the minerals
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and tetrahedrite/freibergite (tt); (B) small gold grains in arsenopyrite and a large gold
grain (lower left) associated with arsenopyrite; (C): with arsenopyrite (asp); and (D)
with arsenopyrite, gold grains are in fractures. For all figures, the gangue (quartz)
appears as the black background and gold (electrum) is in white. Electrum with 66%
to 60% Au - 40% to 34% Ag is indicated as Au > Ag; electrum with ~50% Au - 50%
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