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Abstract: Testing on physical equivalents of mining blocks under controlled conditions offers reduced
research costs and improved experiment repeatability. In this study, specimens consisting of ore,
waste aggregates, and cement as binder are fabricated to resemble the mineralogical composition and
physical properties of real mining blocks of a ferro-nickel lateritic deposit. These specimens were
measured using sensors on robotic scanners for onsite characterisation, including pLIBS, pXRF, a
magnetic susceptibility sensor, and a laser profilometer. Results showed that these analogue rocks
could retain the properties of the source rocks, but also that the intensity of the recorded signal is
strongly affected by specimens’ water content, porosity, and surface roughness.

Keywords: onsite characterisation; mining robotics; recycled waste

1. Introduction

Productivity in operating mines is reducing due to several factors such as the decreas-
ing ore grades [1]. Innovations needed for the establishment of effective selective mining
methods could increase productivity. Because the main driver for innovation in the mining
industry is the cost reduction of the processes rather than the diversification of the final
product [2], finding funding for research and development is difficult. To compensate,
companies are collaborating with universities to innovate. Prototypes like in the case of
automated hauling [3] were initially developed by organisations and pilot tests were carried
out without interrupting the operation of the mine.

In situ and on-site rock characterisation during mining for ore discrimination could
boost selective mining. On the one hand, this can be achieved by using portable instru-
ments such as portable laser-induced breakdown spectroscopy (pLIBS) and portable X-ray
fluorescence (pXRF). The LIBS and XRF techniques are well established for ex situ analy-
ses of processed samples in the laboratory. Moreover, handheld instruments are widely
used in the field of geological exploration [4,5], where ore or pathfinder phases have been
discriminated in situ. The main challenge for this operation of these portable instruments
regards the signal interpretation of the unprocessed in situ samples due to matrix and other
effects of natural rocks. Such effects can occur from the material’s properties such as the
surface roughness, porosity, and water content, both for pXRF [4] and pLIBS [6].

On the other hand, ore discrimination could be achieved by estimating the mineralog-
ical composition using multispectral or hyperspectral images. In this case, the difficulty
concerns the need for verification of the relationship between the ore grade and the spectral
features of the minerals of the ore [7].
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On-site analysis takes place during or after the exploration or the production phase of
the deposit. As advanced exploration methods, various robotic scanners [6] for automated
analysis of the extracted core exist. Elemental analysis during drilling has not been achieved;
however, there are some experimental and pre-commercial products for open hole logging
using XRF [8], hyperspectral imaging, and LIBS techniques [9].

Regarding the excavation phase, only hyperspectral imaging has been conducted in
underground environments for stand-off mineralogical analysis of the rock [10,11], without
applications in operating mines. Notably, LIBS and XRF technologies are very promising
because the LIBS signal can be detected from large distances [12], while XRF technology
provides a safer option for short (cm) to very short distances (mm), making it suitable
for bucket sensing [13]. To develop operational solutions, further research is needed to
overcome the challenges of whole-rock sampling.

Testing these innovative systems necessitates disruptions of mining workflows, lead-
ing to substantial financial losses. The scope of this study is to investigate the possibility
of substituting natural rocks with artificial equivalents to test stand-off rock inspection
prototypes. For this purpose, analogue rocks are fabricated and scanned with contactless
techniques (Figure 1a,b) to show how the different properties of the material will affect
the signal of each instrument. In particular, this study’s novelty lies in the development
of a custom pLIBS scanner that ensures precise instrument movement and the use of
commercially available solutions to accurately measure rock properties.
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Figure 1. (a) Geotek’s BoxScan and (b) SciAps Z-903 pLIBS on the core scanner used for the measure-
ments. The 3-axis motion system for the pLIBS instrument constructed for the needs of this study
(source: self-elaborated).

2. Materials and Methods

To simulate rocks in a laterite mine, three composite blocks were created, and their
properties were measured with SciAps Z-903 pLIBS (Woburn, MA, USA) and Olympus
Vanta pXRF (Tokyo, Japan) mounted on 3-axis robotic motion systems (Figure 1a,b). Addi-
tionally, measurements were acquired with Geotek’s BoxScan (Daventry, UK) using a laser
profilometer and a magnetic susceptibility sensor.

The duration of a measurement with pXRF was 2 min to achieve adequate accuracy
for the elements. An approximation of the volume of the measured sample can be assumed
from the penetration of X-rays, which usually is up to a depth of mm in common rocks
and minerals [4], while the laser beam spot size diameter is about 500 µm. In contrast, the
pLIBS can measure a large number of elements in one location within 3 s or less but the
penetration depth is only about 20–50 µm and the laser beam spot size diameter is about
50 µm.

For the rock analogues, three small artificial blocks were cast and cured in room
conditions from (A) fine-grained lateritic ore (Lat) and (B) limestone waste aggregates
(Lim0.38, Lim2), while white cement was used as binding material. For the Lat specimen,
a 4 × 4 × 16 cm3 mould was used, while for Lim0.38 and Lim2, 5 × 5 × 5 cm3 moulds
were used.
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In Figure 2a, the particle size distribution is depicted, while in Figure 2b the cement to
aggregates (C/A) and water to cement (W/C) ratios are presented. The main constituents
of the laterite, derived from XRD analysis, were quartz, clinochlore, hematite, goethite,
and calcite. The main constituents of the limestone were calcite, dolomite, and quartz. A
typical composition of the major elements of white cement is CaO (67%), SiO2 (22%), and
Al2O3 (4%).
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Figure 2. (a) Normalised particle size distribution of the limestone and laterite aggregates (right
column cumulative weight, left column weight of each fraction). (b) Cement to aggregate (C/A) and
water to aggregate (W/A) ratios for the three mortars.

Additionally, aluminium powder was added in the second and the third mixtures.
Aluminium powder reacts with the Ca(OH)2 formed in the hydration of cement, and
produces hydrogen gas. The gas accumulates, forming voids in the mortar, resulting in
the creation of porosity within the specimen. To simulate different amounts of surface
roughness, the top side of each specimen was treated with sandpaper, and, lastly, distilled
water was added after curation to increase the moisture content. The final density of the
laterite analogue was 2.11 g/cm3, while the limestone analogues with aluminium powder
concentrations of 0.38% and 2% (cement-based) resulted in a density of 1.88 g/cm3 and
1.54 g/cm3, respectively, indicating an increased porosity in the last case.

The two sides of each specimen were scanned with the laser profilometer and the
magnetic susceptibility was measured on each side. Data from portable instruments were
acquired when the specimens were dry and wet, as well as on their rough and flat sides.
Because of the small inspected mass and the fast acquisition of the pLIBS, consecutive
measurements were acquired on a grid (100 µm step) inside an area of 500 × 500 µm2. In
contrast, the XRF technique has a larger inspected mass and slow acquisition; thus, only
three measurements were carried out in one location on each side.

3. Results

The maximum average depth measured with the laser profilometer for the Lim2
specimen was approximately 4 mm. This average includes not only the small-scale varia-
tions (e.g., roughness) but also large-scale variations (e.g., inclination of the surface). An
improved indicator for the surface roughness is the kurtosis of the distribution along the
depth profile. Rougher surfaces have kurtosis > 3, while flat surfaces have kurtosis < 3 [14].
For the Lim2 specimen, the kurtosis values were 4.2 and 2.2 for the rough and flat surfaces,
respectively.

The magnetic susceptibility values of the laterite under dry conditions were
800–1100 × 10−5 SI and under wet conditions 400–600 × 10−5 SI on both sides. The magnetic
susceptibility values of the Lim0.38 specimen were slightly positive from 2 to 10 × 10−5 SI and
those of the Lim2 were from −8 to −12 × 10−5 SI under dry or wet conditions.

The elemental composition was derived automatically from the internal software of
the pXRF. In Figure 3, the concentration (%) of silicon and calcium are presented for all
measured specimens under different conditions (wet or dry specimens and flat or rough
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exposed surface). The results indicate that there was an increased apparent percentage of
silicon in laterite, while in limestone the concentration of calcium was high.
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Figure 3. Calcium and silicon composition using pXRF. Each value corresponds to an average of three
measurements of the limestone analogues, Lim0.38 and Lim2, and an average of three measurements
of the laterite analogue, Lat (last 4 columns).

The impact of the specimens’ water content on the recorded signal is obvious from the
observed calcium concentrations (Figure 3) in Lim0.38 and Lim2 specimens. The apparent
concentration is reduced from 34% to 26% in Lim2 on the flat side, while in Lim0.38 it is
reduced from 32% to 26% on the rough side. The impact of specimen water content on
measured silicon concentration is similar.

The effect of the surface roughness on the pXRF measurements is depicted in Figure 4,
where the difference in the composition of some chemical elements between the flat and
rough sides are depicted. The observed calcium concentration in limestone analogues was
slightly higher on the flat side. In particular, the difference in the concentrations from the
flat to the rough side were, for the dry specimens, from 34% to 32% (Lim0.38) and from
33% to 30% (Lim2), while for the wet specimens they were from 29% to 26% (Lim0.38) and
from 26% to 23% (Lim2). In the laterite analogue, silicon concentration was measured as
8% on the flat side and 5.5% on the rough side. In general, the rougher the surface was, the
less intense the signal was for both the dry and wet specimens. An exception was the case
of calcium in the laterite analogue.
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Figure 4. Differences in the composition in terms of the aluminium, silicon, iron, and calcium
concentration between the flat and the rough sides of Lat, Lim0.38, and Lim2 specimens under dry
and wet conditions scanned with the pXRF.

Comparing differences in the chemical composition between dry and wet conditions
in the laterite specimens, acquired with the pLIBS, it is found that the increased percentage
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of water had a severe impact on silicon, aluminium, and nickel, while for iron the difference
was not significant (Figure 5a,b). In particular, the nickel content was under the detection
limit in the wet specimen according to the interpretation software of the pLIBS instrument.
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Figure 5. (a) Aluminium, iron, nickel, and (b) silicon composition of Lat specimen scanned with the
pLIBS instrument under dry and wet conditions. These measurements are the average from sampling
on a 500 × 500 µm2 grid with 100 µm step with 3 shots per node.

4. Discussion

In the examined specimens, the variation in their properties had a significant impact
on the signal response of the majority of the used sensors. Specifically, when considering
magnetic susceptibility, differences were found between the artificial laterite and limestone
specimens, as well as between different artificial limestone specimens.

The results of the pXRF indicate that specimens with higher water content, higher
porosity, and rougher surfaces displayed a generally lower detected concentration of
calcium. Calcium can be correlated to the calcite, portlandite, calcium silicate hydrate, and
calcium aluminate hydrate phases in the cured specimens.

This behaviour can be attributed to several factors, including the higher attenuation
of X-rays and emitted fluorescence radiation in the presence of water and air within the
material. Additionally, the scattering and diffusion of X-rays and emitted radiation on
rough surfaces contribute to this outcome. Similarly, the recorded intensity in the pLIBS
results was lower for the specimens with high water content due to the absorption of laser
energy by water.

The diameter of the inspection spot (0.5 mm) is similar to the mean apparent diameter
of the particles (Figure 2a), for both the limestone and laterite aggregates. As a result, the
inhomogeneity from the particle size distribution could affect the measurements. This
effect is more significant on the measurements of the analogue laterite due to the different
chemical composition of the coarser aggregates from the white cement. Additionally, the
pLIBS method cannot penetrate as deep as pXRF inside the specimen; as a result, the
pLIBS measurements will have larger variations. In this study, a portion of the very large
difference in silicon in the laterite analogue between the dry and wet conditions (Figure 5b)
obtained with the pLIBS instrument could be attributed to local variations in the particle
size distribution in the Lat specimen.

It is important to note that the acquired measurements were valuable for comparing
different measuring conditions but not suitable for the accurate estimation of the elemental
composition due to the lack of calibration curves for each condition. For instance, higher
concentrations of calcium did not correspond to lower concentrations of other elements.
This study focused on quantifying the signal response under different conditions (water
saturation, porosity, and roughness) without providing precise quantification of each
of these parameters. To our knowledge, no previous relative measurements have been
acquired with pXRF and pLIBS scanners on analogue rocks.
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5. Conclusions

In situ chemical analysis with handheld instruments is prone to matrix and other
effects of the rock that emerge due to the lack of sample preparation. These characteristics
make the upscaling of an innovation to industrial application difficult because extensive and
costly trials are needed during the mining phase to determine the relationship between the
real and the apparent values. High-precision novel motion systems were used to study this
relationship, and it was found that analogue rocks with different properties could be created
and used as a material for piloting contactless rock-sensing techniques. More specifically,
despite the addition of the cement, specimens could retain their chemical and magnetic
properties. These property differences between the ore and waste analogues remained
observable. Furthermore, the calibration with laboratory techniques, the quantification of
specimens’ properties, and the sampling on larger areas of the specimen could provide
insights into the signal’s response, such as the usefulness of pLIBS and pXRF in mines
where water is intermittently present.
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