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Volumetric quantification of ore minerals is of interest using non-destructive laboratory X-ray tomo-
graphy, as it allows high throughput, fast analysis, without any/limited sample preparation. This means
traditional chemical analysis can still be performed on the same samples, but good information can be
provided in a very short time assisting in exploration, mining and beneficiation decision making as well
as sample selection for further chemical analysis. This paper describes a case study in which tungsten
WOs/scheelite is quantified in 35 mm diameter drill core samples and compared to subsequent tradi-
tional chemical analysis for the same samples. The results show a good correlation and indicates that
laboratory X-ray CT scanning could replace the more time consuming traditional analytical methods for
ore grading purposes in some types of deposits. Different image processing methods are compared for
these samples, including an advanced thresholding operation which reduces operator input error. The
method should work equally well for other types of ore minerals in which the mineral of interest is the
most dense particle in the scan volume, and for which the bulk of the particle sizes are at least 3 times
larger than the scan resolution.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

X-ray microCT (XCT) has increasingly been used in the geolo-
gical and earth sciences in the last few decades (Cnudde and
Boone, 2013; Mees et al., 2013). There are a variety of different
applications in which the method is used with great success, in-
cluding visualization and quantification of soil macro-porosity
formed through chemical displacement (Perret et al., 1999)
quantifying and characterizing the different types of porosity in
reservoir rocks (Van Geet et al., 2000), petroleum engineering by
imaging the distribution of porosity and permeability of fluid
phases in porous rocks (Akin and Kovscek, 2003), development of
new software for mineral characterization in geological samples
(Ketcham and Carlson, 2001) and determining the liberation effi-
ciency of copper using through heap leaching (Miller et al., 2003)
and phosphate rock flotation techniques (Miller et al., 2009),
amongst others.

To date, there have been limited reports of the use of XCT to
determine ore grade or concentration. In a study by Godel (Godel,
2013) XCT scans were performed on Cu-Ni-PGE samples in order
to determine the different mineral phases, shapes and as well as
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quantify each of the mineral phases in the sample (Godel, 2013).
Some research has also been performed to investigate mineral size
and shape relating to the origin of a Fe-Ti—(V) oxide deposit in
China (Liu et al., 2014).

The industry standard techniques for determining ore grade are
X-ray Fluorescence (XRF), Inductively Coupled Plasma Spectro-
scopy atomic emission (ICP-OES) and Inductively Coupled Plasma
Mass Spectroscopy (ICP-MS) analysis on powder milled samples to
determine bulk major and trace element concentrations. These are
destructive techniques which are not only time consuming but
require significant sample preparation and result in the loss of
information with regard to particle/grain sizes and particle dis-
tribution in the sample. The advantage XCT has over these tech-
niques is that it is non-destructive, requires no sample preparation
if the sample dimensions are within the required range and can be
used to perform a fast analysis of the mineral phases in situ. Re-
cent studies have used XCT in conjunction with non-destructive
XRF, however this was only applied to small samples and can only
do surface analysis and does not take the entire sample into ac-
count (Boone et al., 2011; Cnudde et al., 2013).

To date some attempts have been made to quantify ore mi-
nerals using XCT with limited success. A very recent study (Lin
et al., 2015) investigated the accuracy and reproducibility of vo-
lumetric quantification, and showed how this is affected by dif-
ferent sources of error, using an ore sample. In their work a global
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threshold is applied and the voxels in the selected region are
counted. An improvement to this method is the use of a surface
determination around the edges of ore minerals, allowing sub-
voxel accuracy through the use of a 3D surface determination al-
gorithm. Sub-voxel accuracy is realized with a local thresholding
algorithm as has been demonstrated on different types of samples
by (Reinhart et al., 2010; Becker et al., 2012). Additionally, the
human error in threshold choice as demonstrated in Lin et al.
(2015) can be overcome to a certain degree by a semi-automated
thresholding operation. Both of the above improvements are de-
monstrated in this case study.

The purpose of this case-study paper is to demonstrate the
method for fast XCT analysis to quantify ore mineral content and
ore grade and to demonstrate how a reduction in user input error
can be made during segmentation. In this case study scheelite-rich
core samples obtained from the Riviera tungsten-molybdenum
deposit (Rozendaal and Scheepers, 1995) are analyzed. The results
from the XCT scans are directly correlated with subsequent ana-
lysis of the same samples by an industry-standard destructive
technique: in this case Sodium Peroxide Fusion ICP.

2. Materials and methods

Individual XCT scans were performed on four 35 mm-diameter
scheelite bearing drill core samples. The samples were scanned at
the Stellenbosch University CT Scanner Facility using a General
Electric Phoenix VITomelX L240/NF180 at 50 pum resolution,
500 ms image acquisition time at 200 kV, 100 pA and the X-ray
beam was filtered with 1.5 mm Cu. Reconstructions were per-
formed with system-supplied Datos reconstruction software,
based on a modified Feldkamp algorithm, and incorporated a
beam hardening correction factor. The reconstructed data volumes
were analyzed using Volume Graphics VGStudio Max 2.2 using a
16 bit data type. Powder X-ray Diffraction (XRD) was performed at
iThemba labs with a BRUKER AXS with a D8 Advance dif-
fractometer and measurement of 3-8 scan in locked coupled
mode. After initial XCT analysis was completed, the drill core
samples were sent for Sodium Fusion ICP analysis at a commercial
geochemical analysis services company SGS Minerals Services Pty
Ltd.

In the first step of the 3D data analysis, the entire core sample
is selected using a region growing tool and the air surrounding the
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sample is removed. The histogram of the core sample now consist
of only two peaks, it is assumed that the left peak represents the
bulk silicate mineral matrix and the right peak the much denser
tungsten minerals (Fig. 1). In the schematic (Fig. 1), the tungsten
mineral and silicate matrix is separated by a vertical segmentation
line. This illustrates a typical global thresholding operation in
which all material to the right of the vertical line is selected to
create a region of interest, from which volumetric measurements
can be made and further analysis can be performed.

However due to the overlap of the peaks at the base of the
histogram, the region of interest contains some greyscale values
linked to the silicate matrix as well as missing some of the grey-
scale values linked to the tungsten mineral as illustrated by the
dotted lines in (Fig. 1). This initial region of interest is selected
through an automated global segmentation function in the soft-
ware which detects the two dominant peaks and places a global
segmentation line on the average gray value in the dip between
the peaks. At this stage an advanced surface fit is performed on the
region of interest which uses this automated global segmentation
line as a starting point (Fig. 1). Next a local threshold gradient
search is performed in the vicinity of the global threshold, effec-
tively detecting the sharpest change in gray value at the region
boundary.

Not only can the 3D local surface determination create sub-
voxel accurate boundaries from which volumes can be de-
termined, but the human error can be limited by the use of a local
gradient search within a pre-determined range. An example of this
is demonstrated on a tungsten particle in Fig. 2 in a slice image,
whereby the outer yellow line is the initial threshold selection, the
perpendicular lines on this contour indicates the local gradient
search distance and the new surface determination resulting from
this process is shown in brighter yellow (inner contour). In this
case a thin channel is now exposed which would have falsely
added to the volume of tungsten.

This method allows for sub-voxel accuracy in the detection of
the boundary of the mineral grain, effectively taking into account
partial volume affects and to some extent attenuation artefacts to
determine a very accurate grain boundary and in the process limits
user error. Clearly this method is also superior to thresholding
along (square) voxel boundaries. This new surface created on each
of the grains represents only the tungsten minerals and excludes
the silicate matrix surrounding the grains. A new region of interest
is now created for the tungsten grains from this surface

Region of interest

Tungsten

0

5000 10000 15000 20000 25000 30000 35000 40000 45000 50000 55000 60000 65000

Greyscale Value

Fig. 1. Schematic of the initial segmentation used to select the bulk of the greyscale values associated with the tungsten minerals.
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Fig. 2. The line with perpendicular search lines indicates the region of interest
determined by the segmentation indicated in Fig. 1, while the new solid line
without short perpendicular lines indicates the result of an advanced refinement
from this surface. This improved local surface determination allows more accurate
edge boundary determination. (For interpretation of the references to color in this
figure, the reader is referred to the web version of this article.)

determination and is used to determine the volume of the grains,
and can be used for further grain size distribution analysis or
visualization.

3. Results

In this study the segmentation method described above was
applied to four tungsten-bearing samples from the Riviera deposit
(Rozendaal and Scheepers, 1995). In order to perform the analysis
it is assumed that the tungsten minerals are the densest particles
in the sample and have a substantial enough histogram peak
which can be used for a reasonable initial threshold choice in the
analysis, which was the case in these samples. It is therefore en-
visaged that the method is not applicable to low-grade ores. Fig. 3
illustrates a 3D view of a XCT scan performed on drill core W01
with a particle size analysis performed on the mineral grains. The
color-coding is based on tungsten grain volume, i.e. the largest
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grain is red and the smallest blue. The image to the left shows the
core surface while the image to the right is a semi-transparent 3D
view showing the location of the grains in the core in 3D.

During the analysis the segmentation line for each of the
samples (W01-W04) was placed at the bottom dip of the histo-
gram between the two dominant peaks (Fig. 4).

From this segmentation the volume of the mineral particles of
each of the core samples are calculated using the method de-
scribed in the previous section. Each of the core samples are
weighed in order to calculate the grade per weight percent
(Table 1).

The weight of scheelite in each core is calculated by multiplying
the segmented and XCT-calculated mineral volumes (from Fig. 4)
by the density of scheelite (6.1 g/cm?®). By performing a simple
weight ratio calculation between the total weight of the core
sample and the weight of the scheelite minerals an average grade
can be deduced as shown in Table 1.

4. Discussion

In this study it is assumed that the second peak of the bi-modal
histogram contains only tungsten and that no other dense mi-
nerals are present in the core samples (Fig. 4). In order to justify
this assumption, samples were sent for powder XRD analysis to
determine the mineral phases present in the sample. The powder
XRD results indicate that the core samples mainly consists of
scheelite, pyrite, pyrrhotite and quartz as shown in Fig. 5. However
this does not indicate that sheelite is necessarily the densest mi-
neral in the core samples. The calculated theoretical X-ray at-
tenuation coefficient (Berger et al., 1998) of each of these minerals
is plotted in Fig. 6 to determine which of these minerals attenuate
the most X-rays indicating which mineral will appear the densest
in the XCT data.

The combined results of the XRD (Fig. 5) and theoretical X-ray
attenuation (Fig. 6) indicate that scheelite is the only tungsten
mineral and is the most X-ray dense mineral in the core samples.

To date various thresholding algorithms have been used for
segmentation e.g., global threshold and voxel counting (Lin et al.,

[N (] ]

Fig. 3. CT scan image of drill core W03, showing a color coded scheelite mineral grain analysis, with largest volume grains in red and smallest in blue (scan at 50 um voxel
resolution). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Histogram of each core sample W01-W04 indicating the ideal global threshold (red line). The yellow region indicates selections that vary the volumetric result in a
range of up to 10%, when using a simple global threshold only. However with the advanced method this variation is less than 3%. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

Table 1
Grade calculation of the four core samples using the advanced segmentation
method.

Sample Core weight (g) CT (W) volume(mm?) CT (W) grade(wt%)
Wwo1 77.00 39.26 0.20
W02 55.40 214.37 1.51
wo3 63.00 375.37 2.32
W04 40.00 149.30 145
2 102 211 4314 24 2 4 3
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Fig. 5. Powder XRD analysis of all four core samples demonstrating that scheelite is
the only tungsten mineral and is the most dense mineral are present in the various
cores. (1) Sheelite; (2) Quartz; (3) Pyrite; (4) Pyrrhotite.

2015), maximum entropy algorithm (Kapur et al., 1985) and dual
thresholding (Vlassenbroeck et al., 2007), however these methods
have their limitations and in most cases are based on visual
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Fig. 6. Theoretical X-ray attenuation coefficient of the range of dense minerals that
are present in the core samples. The graphs indicate that at energies between 60
and 200 keV, scheelite will have the highest attenuation by a large margin.

inspection of the material transition (material edge). When using a
global threshold method, voxel counting is also limited in its ac-
curacy especially for small particles as shown by Lin et al. (2015)
and the number of voxels inside a small object can vary depending
on the cubic voxel's orientation relative to the object, ie. different
scan angles can affect the result.

In order to demonstrate the effectiveness of the advanced
segmentation method, it is compared to global threshold seg-
mentation (Fig. 7). In this comparison global threshold values from
13,000 to 63,000 are selected in intervals of 1000. The volume
determination for varying threshold choices is calculated using
both methods to illustrate the variance of the result with threshold
choice. Both methods can be directly compared and clearly the
advanced method allows a larger range of threshold choices with
minimal effect on the result (Fig. 7). The maximum percentage
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Fig. 7. A comparison between the tungsten volumes calculated using both Global
and Advanced threshold methods. The volumes of the Global threshold indicate a
strong variation: as the greyscale value is increased the volume of the selected
region decreases. The advanced segmentation has a range of values in the middle
that produce almost the same volume.

difference of the calculated volume left and right of the intersec-
tion (gray value 26,000-42,000) between the Global Surface (SG)
and the Advanced Surface (AS) (Fig. 7) is 20% and 3% respectively.
It also indicates that the first 3000 gray values left and right of the
intersection has a difference in calculated volume of less than 1%
when using the AS method. This results in volumetric measure-
ments that are less dependent on threshold choice and based on
local greyscale gradients, hence making it more accurate.

In order to confirm the accuracy of the advanced segmentation
method, the calculated tungsten grade of the four core samples
were compared to industry standard Sodium Peroxide Fusion ICP
(ICP) analysis (Table 1) for the exact same samples. The results
indicate that the grade obtained from the Advanced Segmentation
method for samples W02, W03 and W04 are well correlated to the
ICP results. The XCT grade calculation of W01 however is lower
than the ICP result; this could be as an error in the ICP analysis as a
result of the W standards used for the ICP analysis which have a
minimum concentration of 0.3 wt% (Table 2).

The results from (the two methods correlate well and what is
not noted above is that the traditional method of sample sub-
mission, processing and analysis has a turnaround time of weeks
to months while CT analysis can be within the same day or the
same week depending on transportation and facility booking
schedules. Besides ore grade information, the entire core volume is
determined in the same process which can be useful for average
density determination, especially useful when considering that
this information is possible with much faster scans allowing
higher throughput than the other analysis presented here.

In addition to the grade information provided, additional 3D
information is available which is not possible by any other tech-
nique including grain size analysis, grain shape information and

Table 2
Expansion of the initial XCT volume analysis comparing the ICP data to the XCT
data and correlation of results.

1000
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Fig. 8. Particle size distribution of the quantified scheelite particles in the W03
sample. The particle size distribution indicates large quantities of small particles
<0.1 mm?, while the largest particle is 9.24 mm?® with an effective diameter of
5.63 mm.

3D distribution of mineral grains in the core. Fig. 8 shows the grain
size distribution indicating a large number of small grains
<1 mm? in volume.

The CT method quantifies the entire core, but is limited to the
resolution capability which is limited by the field of view of the
system. This determines the smallest quantifiable features or grains,
which is generally limited to comprise at least 8 voxels. This results
in a spherical feature of diameter 0.1 mm in this case study as the
minimum-diameter detectable particle (due to the voxel resolution
0.05 mm and assuming a spherical feature will cover 2 x 2 x 2
voxels). Hence all particles with diameter less than 0.1 mm will
suffer from partial volume effects and not be included in the ana-
lysis. In this type of deposit, this is acceptable and is known be-
forehand. The resulting particle size distribution of mineral grains
in situ can thus be provided from the determined surface data, with
results shown in Fig. 8. The histogram indicates that the largest
particles are in the 10 mm? range, while the average particle size is
0.089 mm? (equivalent diameter=0.554 mm). The largest particle
in this core sample is 5.63 mm in diameter, and there are 4246
particles larger than 0.1 mm in this core, more parameters for all
four core samples are indicated in Table 3.

The type of scan produced here can be done in 1h for in-
spection only and with 1 additional hour for analysis as described
in this paper. Since there are a range of CT service providers, the
method is accessible and cost effective. In addition to ore grading
and grain analysis in situ, the method can be used to make a se-
lection of samples for further analysis, based on 3D visual and
grade information.

5. Conclusion

An advanced segmentation method is demonstrated to quan-
tify the ore grade of 35 mm diameter drill core samples using

Table 3
Tungsten mineral grain analysis.

Sample Core CT core CT tungsten CT tung- ICP Difference(%) Largest grain Avg grain Effective grain
weight volume  volume sten grade  grade volumes size (mm) diameter(mm)
(8) (mm?®)  (mm®) (wt%) (wt%) (mm?)

wo1 77.00 25,641 39.26 0.20 0.29 —31.52 W01 1.08 0.039 2.31

W02 55.40 17,162 214.37 1.51 1.40 +7.65 W02 8.98 0.025 4.59

W03 63.00 20,583 375.37 2.32 2.20 +5.49 W03 9.24 0.089 6.61

W04 40.00 13,113 149.30 1.45 1.40 +3.85 wo04 3.51 0.015 3.44
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laboratory XCT. A scan of a drill core section allows volumetric ore
determination when the ore mineral is the densest mineral in the
sample, and when there are no overlapping densities of other
minerals. Additional information can be gained by a variety of
tools (such as XRF, XRD, ICPMS as shown in this case study) as well
as from geological knowledge of the samples. This case study
demonstrates that quantitative results from semi-automated
analysis is consistent with traditional analysis such as ICP. From
these results it is clear that XCT can confidently be used as a tool to
quantify the grade of drill core samples, as well as provide addi-
tional 3D grain information such as grain sizes, number of grains
and 3D distribution of grains.
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