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Abstract In the mining of perlite deposits, controlling the
generation of fine particles and the concentration of metals
is of outstanding importance to meet the environmental and
market requirements. Particle size and chemical purity are
conventionally manipulated during the processing of the
ore to achieve high product specifications. However, the
current practices do not consider a proactive approach that
focuses in the in-pit characterisation of the ore that would
minimise the environmental impact and optimise the
mining process since its early stages. This paper presents a
method for the in-pit detection of the perlite ore variability
that is related to the generation of fine particles and the
elevated concentration of metals. Particle size and chemi-
cal purity showed to be dependent on the mineralogical
variations of the ore, specifically opal and montmorillonite.
Using a portable infrared spectrometer, an index that
establishes the relative proportions of these minerals in the
perlite ore was created. Such index provided insight into
the correlation between mineralogy, fine particles and
concentration of metals. Consequently, the index could be
used not only for mineralogical determination but also as a
predictor of the presence of the main impurities in the
perlite ore. These results can be implemented in perlite
mining to reduce the generation of waste and can influence
the production of high-quality perlite products.
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Introduction

Perlite is a versatile material with unique properties, and it
is used in numerous industrial applications. In particular,
perlites chemical inertness and expansion capabilities make
it a preferred filter aid in the food, pharmaceutical and
chemical industries (Shackley and Allen 1992). Natural
perlite is a form of hydrated volcanic glass emplaced in the
top of high-silica rhyolite lava domes (Allen 1988; Fink
1983). In such an environment, the mineralogy and the
chemistry of the ore body vary according to the geological
features of the perlite deposit (Noh and Boles 1989).
Examples of such variations are those caused by
hydrothermal alteration, as described by Clarke (1989) and
Silberman and Berger (1985). The particular characteristics
of the deposit have a direct impact on the mining of perlite
deposits, by affecting the generation of mine waste and the
quality of commercial perlite products. Therefore, it is
fundamental to understand and control the variability of the
ore since the early stages of the mining activities.

The environmental regulations and the perlite market
conditions define the quality parameters that mining com-
panies must meet. Authorities such as the USEPA (1995)
and USPC (2012) describe the fine particles generated
during mineral processing and the content of metals in the
ore as potential environmental risks and therefore are
considered as cost penalties, which must be below certain
thresholds. The fine particles are generally treated as nui-
sance dust; what is more, evidence provided by Elmes
(1987) and Maxim et al. (2014) suggests that in large
amounts, these particles represent a factor of air pollution
and a potential health risk for workers. Regarding the
chemical purity, even though perlite is deemed to be an
inert material, it has been mentioned before that the
chemical composition of the ore can still be altered by the
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particular geological features of the deposit, which might
result in an enrichment of elements that ultimately con-
taminate the ore.

Due to the simplicity of the mining value chain and the
relative abundance of chemically pure perlite deposits,
there has been limited systematic research into the oppor-
tunities for optimisation in the mining and processing of
perlite. However, Bennett (2013) remarked that the
increasing demand for perlite products, as well as the
development of novel applications, might result in a
depletion of reserves. Therefore, new challenges in the
mining and processing of perlite ores are arising. Strategies
that aim for early detection of potential environmental risks
involved in perlite mining and processing are of consid-
erable interest for the industry. For doing so, the identifi-
cation of the contaminants, such as fine particles and
metals, can be addressed from a mineralogical perspective,
by analysing the composition of the ore and its different
size fractions. The approach involves identification of the
mineralogical content of the different size fractions of the
perlite, and the determination of the metals bearing mineral
phases. Sensor technologies that allow on-site and real-
time mineralogical characterisation of the ore would aid in
the in-pit identification of perlite impurities, assisting the
decision-making process during mineral extraction and
processing.

The purpose of this study is to create a method for
characterising perlite ores in-pit, with a focus on the
determination of the likelihood of generating fine particles,
and the assessment for the presence of chemical impurities.
This paper presents the characteristics of perlite samples
from a mine in the Dikili area in west-Turkey regarding
particle size analysis, chemistry and mineralogy. Infrared
spectroscopy was used to create a mineralogical index that
estimates the proportion of the mineral content in the ore,
which can be used to determine the ore variability in
relation to the environmental risks. The paper also dis-
cusses the potential for implementing the results of this
work in realistic in-pit conditions.

Perlite deposits in western Turkey

The Dikili perlite deposits (western Turkey) are associated
with the Western Anatolian Miocene volcanism. In this
area, the widespread magmatism related to the tectonic
evolution produced a variety of plutonic and volcanic
rocks. The volcanic associations range from dacite-rhyolite
to basaltic andesites (Karacik et al. 2007). During the Late
Miocene—Early Pliocene, a tectonic extensional regime
favoured the extrusion of rhyolitic domes and basaltic
trachyandesite lava dykes, which are structurally controlled
along NE-SW trending fault systems. At the top of the
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rhyolitic domes, obsidian and perlite are common. In such
environment, the perlite genesis is the result of the inter-
action between volcanic glass with fluids from hydrother-
mal or meteoric origin, leading to the hydration of the silica
phase, forming opal, in paragenesis with smectites, zeo-
lites, quartz and feldspars (Allen 1988; Fink 1983; Noh and
Boles 1989). Depending on the glass’ alteration, different
perlite facies range from classical, with characteristical
onion skin texture that indicates low degree of alteration, to
granular and finally pumiceous, as the highly altered facies
(Barker and Santini 2006).

The volcanic activity and active tectonics in western
Turkey served as a suitable environment for the presence of
metal enrichment in the perlite. This environment enabled
the circulation of hydrothermal fluids through major faults
and fracture zones that interacted with the perlite, leading
to the adsorption of metals at the glass surface (Baba and
Sozbilir 2012; Petit et al. 1990). One scenario that might
have permitted such interaction was the process of perli-
tisation of the volcanic glass, where the alteration fluids
could have carried metals. Another scenario was the
presence of fluids at a stage posterior to the perlite for-
mation, where the emplacement of younger epithermal
mineralisation systems, such as those presented by Yilmaz
(2002), cross-cut the perlite domes. These intrusions gen-
erated new hydrothermal pathways that altered the perlite
bodies, creating outcrop-scale alteration halos, following
the patterns described by Yanev (2008). In both scenarios,
the attribution of elevated contents of metals is given to
ascending hydrothermal fluids of magmatic origin and to
the percolation of ground water that leached metals from
the host rocks by oxidation of sulphides (Baba and Sozbilir
2012). Such metals are those commonly present in
epithermal environments, e.g. As, Fe, Zn, Pb, Cu, Nd, Co,
Hg and Sb, which are usually associated with Mn, Ba, Rb
and Ti (Clarke 1989; Silberman and Berger 1985).

Environmental risks associated with perlite ores

Perlite filter aids used for filtering liquids in the beverage,
food and pharmaceutical industries must not impart any
colours or odours, or contain any contaminant that could be
hazardous to human or animal health or the environment.
To deem perlite products as safe for their intended use,
they should meet the standards listed by the Food and
Agriculture Organization of the United Nations (FAO
2006), the Food Chemicals Codex (USPC 2012), the
Oenological Codex (OIV 2017) and other market-specific
purity acceptance criteria set by perlite customers. As
previously mentioned, depending on the particularities of
the geological setting, the perlite body can be exposed to
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potential contaminants that affect the chemical inertness,
and therefore, the acceptability for the use of perlite filters.

Along with chemical inertness, the expansion capability
is the most interesting property of perlite. The production
of lightweight filter aids consists of open-pit mining, par-
ticle size reduction (comminution and sizing) and thermal
expansion. In this last step, the ore is thermally treated at
temperatures between 800 and 1100 °C, causing expansion
up to twenty times the original particle size (Blunt 1994;
Shackley and Allen 1992). Stein and Murdock (1955)
pointed out that the success of the expansion process
greatly depends upon the plants capacity to generate par-
ticles conforming to the specifications for size distribution,
which normally varies between 50 um and 5.00 mm. For
this reason, comminution (crushing and milling) and sizing
are the main steps before thermal expansion. However,
since perlite is quite friable, the reduction of the particle
size inevitably produces large quantities of dust and
excessively fine material that, in most of the cases, are
dumped as a waste (Ray et al. 2007). Davidson et al.
(2005) reviewed evidence that shows that particulate
material generated during the mineral processing is a
matter of concern since it greatly contributes to air pollu-
tion in mining regions and has an influence on human
health. Nevertheless, Elmes (1987) mentioned that the
particles produced during perlite comminution could be
treated as a nuisance dust since they do not contain quartz
or fibrous minerals. Moreover, Cooper and Sargent (1986)
indicated that perlite dust does not pose a significant health
risk for workers. However, more recent studies, such as
those conducted by Maisanaba et al. (2015); Maxim et al.
(2014); Sampatakakis et al. (2013), suggest that excess of
exposure to perlite dust without the necessary protective
equipment might result in adverse health effects. In addi-
tion, they indicate that the potential impact of the other
minerals that are present in the perlite ore should not be
underestimated.

The mining style for perlite and the facilities that are
commonly available at the processing plants make difficult
to monitor the potential environmental risks proactively.
The laboratory facilities in the perlite processing plants are
rather small and are not capable of performing detailed
chemical or mineralogical analyses.

Methods
Sample collection

The samples for this study were collected from three dif-
ferent pits in a perlite mine in the Dikili area (west-Tur-
key). Even though classical and granular perlites are
present in the deposit, only classical perlite is sold to the

filtration market; therefore, only this perlite type was
surveyed.

The samples used for particle size analysis come from
Pits 1 and 2. The ore in these pits, which are currently
active, is deemed uniform. The samples come from run-of-
mine (ROM) stockpiles that normally serve as feed for the
processing plant. At each pit, the ore was extracted along
cross sections using mobile ripping; the material was then
transported to the processing plant where dumps from
aleatory parts of the pit were combined and homogenised
to form the stockpiles. Three random stockpiles were
chosen per pit, from which 5 kg was collected with a
shovel at the centre of the volume of every stockpile. This
sample collection strategy, which combines random and
clustering sampling, ensures the good representativity of
the collected material. In the normal processing operations,
the stockpiles are blended before crushing to homogenise
the ore. For this study, the samples from every pit were
treated separately to identify the ore variability between
pits.

In Pit 3, enrichment in chemical impurities was expected
due to a local rhyolitic intrusion. For this reason, Pit 3 is
not intended for commercial production, but it is used to
study the impact of hydrothermal alteration in the ore,
which is detrimental to the perlite quality. Therefore, this
pit cannot be regarded as representative from the entire
volume of the ore, but of undesired ore conditions. The
samples were systematically collected in a radius of 10 m
from the vein in two opposite directions (north and south)
in segments of 1 m wide to assess the distribution of the
elements of interest and the mineralogical variation of the
perlite. The sample set included one additional sample
from the rhyolite vein. Figure 1 shows the pit face used for
sampling and the location of the samples. The material was
collected from the surface of the pit face by ripping with
peak and shovel. The naming of the samples corresponds to
the location of the sample (north = N, south = S) and the
distance from the vein.

Fig. 1 Mine face of Pit 3, including the samples location

@ Springer
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Mineralogy

The mineralogical content was estimated using infrared
spectroscopy. The selection of the technique was due to its
ability to detect amorphous phases of minerals, which
provides an advantage for the detection of opaline silica,
which is the major constituent in perlite (Chester and
Elderfield 1968). Furthermore, the availability of infrared
field devices facilitates an in-pit implementation of the
results (Thompson et al. 1999). Spectra were first collected
in the laboratory for spectral characterisation, and later new
spectra were collected using a field portable device to
assess the opportunities for on-site implementation. Gen-
erally, laboratory data are recorded in wavenumbers
(cm™"), whereas for field spectroscopy applications the
wavelength is recorded in micrometres (pm). Since this
paper uses both laboratory and field spectra, the units are
reported in micrometres with the respective wavenumber in
parentheses. The spectral ranges used here follow the
conventions set by Gupta (2003) and Hackwell et al.
(1996). They are defined as Short-Wave infrared (SWIR),
from 1.00 to 2.50 pum (10,000—4000cm™"), and Mid-
Wave  Infrared (MWIR), from 2.50to07.00 pm
(4000—1429cm~"), and Long-Wave Infrared (LWIR),
from 7.00 to 16.00 um (1429—625cm™).

Laboratory Attenuated Total Reflectance (ATR) spectra
were collected using pressed powders with a Perkin Elmer
Spectrum 100 FTIR Spectrometer covering the MWIR-
LWIR spectrum, with a resolution of 2cm~! and 16 scans
per sample. Reflectance spectra collected with the field
portable spectrometer were measured on loose powders
placed in Petri dishes with a Panalytical ASD FieldSpec
spectrometer covering the SWIR range, using a contact
probe and an internal light source; the spectral resolution
was 0.01 um, and 50 scans were collected per sample.

In the MWIR-LWIR range, opaline silica can be iden-
tified by the strong Si-O features at 10.00 um (1000 cm™"),
water absorptions at 6.13pum (1631cm™!) and free-hy-
droxyl bands between 2.60 and 2.90 pm
(3846 and 3448 cm™!) (Parke 1974). Quartz and feldspars
have absorptions in between 9.50 and 13.00 pm
(1053 and 769 cm™!) (Moenke 1974). Clay minerals have
characteristic metal-hydroxyl bands around
10.00 and 12.00 um (1000 and 833 cm™!) and the free
hydroxyls bands around 2.60 and 2.90 pm
(3846 and 3448 cm™!) (Farmer 1974). In the SWIR range,
only minerals that bear metal-hydroxyl bonds are identifi-
able. In opaline silica (Si-OH) and clay minerals (Al-OH),
this absorption is present around 2.22 um (4505 cm™"). The
molecular water has a characteristic absorption at 1.90 pm
(5263 cm™!) (Hunt 1977).

@ Springer

Particle size

For particle size analysis, the samples from Pits 1 and 2
were sieved at ten different size fractions. Per every
stockpile sample, 600 grammes were fractioned in a lab-
oratory mechanical shaker during 15 min with a nest of
sieves between 6.30 and 0.06 mm. The aperture of the
mesh was selected based on the typical particle sizes pro-
duced during the perlite processing. The coarser size cor-
responds to the feed for the comminution, whereas particle
gradations between 4.00 and 0.06 mm correspond to the
size fractions generated for different applications. The
finest particles (< 0.06 mm) correspond to the dust frac-
tion, which is dumped as a waste. These samples were
named as Px-#, where x corresponds to the pit source (1 or
2), and # makes reference to the particle size.

Chemical impurities

The chemical composition of the samples was determined
using laboratory X-ray fluorescence. The measurements
were collected using a Panalytical Axios Max WD-XRF
spectrometer. The major elements were used to validate the
mineralogical interpretation, whereas the criteria for
selection of the elements regarded as chemical impurities
were based on the standards mentioned in “Environmental
risks associated with perlite ores” section. Table 1 lists the
chemical impurities as well as the accepted maximum
concentration level established by the accepted authorities,
which is taken as a reference level in this study. The
characterisation of the chemical impurities was firstly done
in the samples from Pit 3. Then those observations were
used to analyse such impurities in the size fraction samples
of Pits 1 and 2.

Table 1 Elements regarded as chemical impurities in perlite products
and their respective accepted maximum concentration level as per
established by authorities and perlite customers

Element Threshold Element Threshold
As 1-12 ppm Nd 20 ppm
Ba Report Ni 10 ppm
Cd 1-2 ppm Pb 5-30 ppm
Co 1 ppm Rb Report
Cr 5 ppm Sb 2 ppm
Cu Report Se Report

F 150 ppm Ti Report
Fe 300 ppm Zn Report
Hg 0.1-1.0 ppm
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Results and discussion
Mineralogical variability of the perlite ore

The mineralogical variability of the perlite ore was deter-
mined using ATR spectroscopy. Figure 2 shows the spectra
of representative samples for every pit in the MWIR and
LWIR regions where the relevant features for mineral
identification are present. The absorption at 10.00 pm
(1000cm~") was common to all samples. Thus, the pre-
liminary mineral identification was based on other smaller
yet detectable features. In general, the perlite samples were
characterised as mineral mixtures containing mainly opal
(feature at 12.5pum or 800 cm™!') and montmorillonite
(features at 2.6-3.0, 9.0, 10.9 and 11.9um or 3846 to
3333, 1111,917 and 840cm™!), and minor amount of
quartz (feature at 14.3 pm or 699 cm~') as main compo-
nents. Minerals of the zeolite group, usually associated
with perlite, were not detected. Complementary XRD
analysis suggested the presence of small amounts of pla-
gioclase and discarded other clay minerals. The plagioclase
was not detected in the ATR spectra since the dominant
absorptions of opal and montmorillonite overlap its spec-
tral features.

From the infrared spectra in Fig. 2 it is evident that the
abundance of the containing minerals in perlite ore varies
among samples. For an unambiguous determination of the
prevalence of one or the other mineral, it was necessary to
establish spectral parameters that make a distinction of opal
from montmorillonite. Figure 2 shows that the 10.0 um
absorption is narrower in the montmorillonite-like spec-
trum, and therefore it is expected that the overall area of the

1

absorption band is smaller than the one in the opal-like
spectrum. Moreover, the inset figure highlights an apparent
shift in the wavelength position of the deepest point of the
absorption. According to Milkey (1960), this shift is caused
by changes in the Al:Si ratio, in a way that the deepest
point of the band moves towards larger wavelengths as Al
increases. In this context, it would imply an increment in
the montmorillonite content.

Based on these observations, the spectral parameters for
opal montmorillonite differentiation were defined as the
area and the wavelength of the minimum point of the
10.0 um spectral feature. The parameters were computed
using built-in functions in The Spectral Geologist software
(CSIRO 2007) in continuum removed spectra. The area
parameter was calculated as the relative area of the
absorption bounded by the maximum reflectance between
7.69 and 11.9 um (840—1300cm™"). The wavelength of
the minimum parameter was calculated as the parabolic
interpolation of the wavelength at the lowest point of the
absorption in the same given range, using a fit of 7 chan-
nels. Table 2 presents the calculated values.

In order to confirm that the observed spectral changes
were due to the presence of montmorillonite, the spectral
parameters were compared with the major elements com-
position (Table 2). From these data, Pearson’s product-
moment correlation coefficients were computed, the results
indicated that Al,O3 , MgO and CaO correlated strongly
with the area parameter (ra; = — 0.88,rvg = —0.92 and
rca = — 0.87); whereas the correlations with wavelength of
minimum were smaller (ra =0.77, ryg =0.75 and
rca = 0.73), but the trend remained. Figure 3 shows the
correlation between the spectral parameters and Al,O3; and
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Fig. 2 ATR (MWIR and LWIR) spectra of the perlite samples that
represent the mineralogical variability of the ore. The identification of
minerals is based on the absorptions at 2.6—3.0pm,

9.0,109 and 11.9 pym for montmorillonite (M), 12.5pum for opal
(O) and 14.3 pm for quartz (Q). The inset enlarges the shape and
wavelength position differences in the 10.0 pm absorption
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Table 2 Calculated spectral
parameter values and major
element chemistry (XRF) of the
perlite samples
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Sample ID Spectral parameters Major elements composition

Area Wavelength® AlLO3 CaO MgO Na,O SiO,

(m) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
P1-630 98.6 9.89 14.1 0.84 0.39 3.95 74.8
P1-400 101.35 9.88 124 0.91 0.24 3.20 77.0
P1-200 101.08 9.87 13.7 0.76 0.28 4.08 76.0
P1-118 102.01 9.91 13.1 0.75 0.25 4.02 76.7
P1-060 103.29 9.89 13.1 0.74 0.24 4.01 77.0
P1-043 98.22 9.94 13.1 0.72 0.25 3.95 76.6
P1-021 98.99 9.93 13.4 0.76 0.35 3.71 76.5
P1-013 96.48 9.95 14.5 0.91 0.46 3.55 74.3
P1-006 96.12 9.94 14.5 1.00 0.62 3.10 74.4
P1-000 94.47 9.94 15.4 1.37 1.38 1.77 74.4
P2-630 96.73 9.92 13.9 0.83 0.56 3.48 75.9
P2-400 98.39 9.93 13.8 0.85 0.62 3.34 76.2
P2-200 101.42 9.81 13.7 0.79 0.57 3.52 76.1
P2-118 98.19 9.85 134 0.83 0.53 3.49 76.7
P2-060 99.08 9.88 13.7 0.97 0.62 3.53 75.9
P2-043 97.08 9.92 13.8 0.84 0.62 3.77 75.7
P2-021 96.28 9.94 14.3 0.92 0.87 333 75.4
P2-013 90.33 10.01 16.5 1.25 1.54 2.89 72.3
P2-006 88.19 9.99 16.9 1.54 227 2.14 71.8
P2-000 79.22 10.05 194 2.32 3.79 0.76 70.1
S8 79.56 10.09 13.6 1.25 0.79 2.19 75.2
S7 97.37 9.86 13.5 1.17 0.79 2.28 75.9
S6 76.87 10.02 13.2 1.07 0.54 2.61 76.2
S5 76.67 9.99 14.3 1.29 1.44 1.91 74.9
S4 86.80 9.96 15.3 1.55 2.14 1.49 73.7
S3 90.82 9.89 14.3 1.22 1.34 1.95 75.1
S2 95.22 9.89 13.7 1.16 0.90 2.13 75.7
S1 104.78 9.81 15.6 1.50 222 1.59 73.6
Vein 101.33 9.89 16.0 5.27 2.41 0.43 63.5
N1 103.28 9.87 18.4 2.17 3.06 0.89 70.6
N2 94.56 9.86 19.1 2.59 342 0.72 70.1
N3 88.93 9.90 17.1 1.76 2.21 1.41 72.6
N4 90.60 9.90 15.6 1.70 2.17 1.41 73.4
N5 87.32 9.92 14.2 1.19 1.16 2.00 75.2
N6 85.22 9.90 13.6 1.03 0.71 2.46 76.0
N7 88.91 9.90 13.7 1.02 0.57 2.70 76.0
N8 99.73 9.91 13.6 1.02 0.53 2.74 76.3
N9 99.14 9.90 13.9 1.08 0.81 2.40 75.8
N10 93.24 9.90 13.6 0.99 0.56 2.67 76.2
Mean 94.25 9.91 14.6 1.28 1.10 2.60 74.6
SD 7.45 0.06 1.7 0.78 0.92 1.02 2.6
Min 76.64 9.81 124 0.72 0.24 0.43 63.5
Max 104.78 10.09 19.4 5.27 3.79 4.08 77.0
Error 0.1 0.03 0.02 0.05 0.1

# Wavelength of the minimum
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Fig. 3 Correlation between spectral parameters and Al,O3 and MgO
indicating that small area and long wavelength values indicate the
presence of montmorillonite (error bars smaller than plot symbol)

MgO ; high concentrations of Al,O3; and MgO correspond
to spectra with a relatively narrow area and long wave-
length, thus confirming that these parameters indicate the
presence of montmorillonite. As expected from the corre-
lation coefficients, the area parameter explains better the
relationship between spectral and mineralogical changes,
whereas for the wavelength of minimum only the high
values show a clear correlation pattern.

The variability of the perlite ore was also characterised
using SWIR spectroscopy. This technique was chosen for
two reasons. Firstly, the results of the ATR analysis iden-
tified opal and montmorillonite as the primary constituents
in the samples; these two minerals are clearly detectable by
using SWIR spectroscopy. Secondly, the final aim of this
research is to develop an on-site method for characterising
the perlite ore. The availability of portable SWIR spec-
trometers is appropriate for that purpose.

In the SWIR range, the main features of opal and
montmorillonite share the same wavelength position, as
Fig. 4 shows, in a similar way as in the MWIR and LWIR
ranges. However, significant differences in the shape of the
spectra are due to the low crystallinity of the opal, and the
way that both minerals host water in their structure. In
order to establish a frame of end-members that define the
differences in the spectral signatures of opal and mont-
morillonite, reference data from minerals deemed as
spectrally pure were acquired from the USGS spectral
library (Clark et al. 2007). Figure 4 displays the spectral
differences of the reference opal and montmorillonite end-
members. Three main absorptions at
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Fig. 4 Reference SWIR spectra of opal and montmorillonite from the
USGS spectral library (samples Opal TM8896 and Montmorillonite
CM20). Variations in the absorptions at
1.40 and 2.22 pm (7143 and 4505 cm™') permit to make a distinction
between the two end-members

1.40,1.90 and 2.22 pm (7143,5263 and 4505cm™")
describe the variability of the spectra. The 1.40um
(7143 cm™") feature is related to chemi-adsorbed water,
which typically presents a deeper feature in montmoril-
lonite than in opal, due to stronger bonding. The 2.22 pm
(4505 cm™!) absorption is related to hydroxyl-metal bonds,
which are Si—OH for opal and Al-OH for montmorillonite;
this variation in composition results in a spectral band wide
and asymmetrical for opal, and a narrow and symmetric for
montmorillonite. The absorption at 1.90 um (5263 cm™")
corresponds to molecular water (Hunt 1977).

The combination of the spectral absorptions can be used
to discriminate between the dominant mineralogy in the
perlite ore. The narrowing of the 2.22 pm (4505 cm™~!) and
the deepening of the 1.40 um (7143 cm™!) features indicate
the enrichment from opal to montmorillonite. To visualise
this transition, the Opal-Montmorillonite (OM) Index was
defined, as follows:

OM Index = 2.2w/1.4d (1)

where 2.2w is the width at 2.22 um, measured as the dis-
tance between the shoulders of the absorption, and 1.4d is
the depth at 1.40 um. These parameters were calculated
using built-in functions in The Spectral Geologist software
(CSIRO 2007), with the reflectance spectrum in
micrometres and continuum removed. Calculation of the
OM index for the reference samples gave OM values of
0.97 for opal and 0.21 for montmorillonite.

The calculated OM index values for the perlite ore
samples are presented in Table 3. Extreme OM values

@ Springer



741 Page 8 of 18

Environ Earth Sci (2017)76:741

Table 3 Calculated OM index

values for the particle size Pits 1 and 2 Pic 3

fractions samples (Pit 1 and 2) Sample ID (mm) Particle size OM index Sample ID Distance (m) OM index

and for the alteration profile

samples (Pit 3) P1-630 6.30 0.81 S8 -8 0.54
P1-400 4.00 0.85 S7 -7 0.79
P1-200 2.00 0.86 S6 -6 0.95
P1-118 1.18 0.86 S5 -5 0.61
P1-060 0.60 0.88 S4 -4 0.32
P1-043 0.43 0.81 S3 -3 0.62
P1-021 0.21 0.81 S2 -2 0.64
P1-013 0.13 0.76 S1 -1 0.44
P1-006 0.06 0.75 Vein 0 0.23
P1-000 < 0.06 0.65 N1 1 0.23
P2-630 6.30 0.77 N2 2 0.25
P2-400 4.00 0.78 N3 3 0.33
P2-200 2.00 0.85 N4 4 0.5
P2-118 1.18 0.80 N5 5 0.65
P2-060 0.60 0.80 N6 6 0.82
P2-043 0.43 0.77 N7 7 0.71
P2-021 0.21 0.73 N8 8 0.74
P2-013 0.13 0.58 N9 9 0.69
P2-006 0.06 0.52 NI10 10 0.69
P2-000 < 0.06 0.46
Mean 0.75 Mean 0.56
SD 0.12 SD 0.21
Min 0.45 Min 0.23
Max 0.88 Max 0.95

4 alteration in the surrounding ore without the use of more

MgO (Wt.%)
[\S]

0 1 " 1 " 1 " 1 1
02 04 0.6 0.8 1.0
OM index

2 1 " 1 " 1 " 1 " 1
02 04 0.6 0.8 1.0
OM index

Fig. 5 Correlation between the OM index and Al,O; and MgO
content that confirms the presence of montmorillonite at low OM
values. (Error bars smaller than plot symbol)

indicate the presence of almost pure end-members. Major
element chemistry validated the robustness of the index. In
Fig. 5, the OM index is compared to the Al,O; and MgO
content, showing that in general there is an inverse corre-
spondence between the spectral index and the Al and Mg
enrichment, which confirms the presence of montmoril-
lonite at low OM values.

In Pit 3, the changes in texture and colour of the pit
face expose the rhyolite intrusion, as shown in Fig. 1.
However, it was difficult to assess the impact of the

@ Springer

sophisticated techniques. In this case, the OM index aided
in the characterisation of the mineralogical variation
associated with the intrusion. As seen in Table 3, the
lowest OM values are from the samples located in the
vicinity of the vein, and they increase with increasing
distance from the intrusion. The variations in the OM index
mean that in the zone of intense hydrothermal influence,
the ore is strongly altered to montmorillonite. With
increasing distance from the intrusion, the perlite ore is
gradually less disturbed, and therefore the mineralogy
becomes dominated by opal. Even though these consider-
ations might be self-evident in an epithermal alteration
setting, on-site observations (i.e. colour or textural differ-
ences) only permit distinction of the area next to the rhy-
olitic vein. The detection of a gradual transition from the
altered area to unaltered perlite ore can be only evident by
means of more sophisticated techniques, even more in
scenarios where the alteration is not uniform in all direc-
tions. In this context, the OM index is important since it
enables the establishment of spatial trends and the dimen-
sions of the altered zone, which are not visually apparent in
the pit.
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In Pits 1 and 2, the size fraction samples present the
same mineralogical variability as the samples from Pit 3.
The calculated OM index for Pits 1 and 2, presented in
Table 3, reproduces the observations made previously for
the MWIR and LWIR spectra (Fig. 7). The OM values for
Pit 1 vary between 0.65 and 0.88, reflecting a limited
mineralogical variation in the samples, which is opal-
dominant. In contrast, the OM values for Pit 2 fluctuate in a
broader range indicating that the mineralogical variability
includes both opal and montmorillonite dominance.

Particle size analysis

The cumulative and range particle size distribution (PSD)
curves of Pits 1 and 2 are displayed in Fig. 6. The cumu-
lative PSD curves show in general a similar pattern for both
pits, with a good representation of all the size fractions thus
indicating a well-graded material. However, subtle yet
relevant differences were detected, particularly in the small
size fraction up to 0.60 mm. In this range, the volume of
particles was larger in Pit 2 than in Pit 1, with the greatest
contribution at the 0.21 mm fraction; this trend changed at
0.60 mm where Pit 1 produced a larger volume of particles
than Pit 2, as the range PSD curve shows. The differences
in small size fraction between the two pits are relevant for
the determination of the source of fine particles, as is
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Fig. 6 Particle size distribution curves of Pits 1 and 2: cumulative
distribution (top) and range distribution (bottom)

further discussed in “Ore variability as detector of envi-
ronmental risks” section.

Figure 2 made evident the variation in mineralogy
related to the particle size. The coarse and medium frac-
tions (samples P1-630, P1-200, P2-630 and P2-200) have
only spectral features characteristic of opal, whereas in the
fine fraction (samples P1-000 and P2-000) the spectral
absorptions of montmorillonite prevail. It is also noticeable
that the variations in mineralogy differed in Pits 1 and 2,
particularly for the fine fraction.

Based on those observations, Fig. 7 shows a comparison
of the spectral parameters, presented previously in Table 2,
and the particle size fractions. In order to facilitate the
interpretation, arbitrary thresholds were established to
determine the dominance of opal, montmorillonite or a
mixture. The thresholds were not only based on the spectral
parameters but also on the secondary features and the cor-
relation coefficients. There are remarkable differences
between Pit 1 and 2. In general, Pit 1 presents less spectral
variation than Pit 2, indicating a more homogeneous min-
eralogy. A closer inspection of the size fractions shows that
in Pit 2, montmorillonite is dominant at the smaller particles,
from > 0.06 to 0.13 mm, whereas in Pit 1 this is the case only
for the finest fraction. In contrast, indicators of opal domi-
nance are more frequent in Pit 1, from 0.60 to 4.00 mm,
whereas in Pit 2 opal is only clearly dominant at 2.00 mm.

An integrated analysis of the particle size distribution
(Fig. 6) and the mineralogical variations permit the
understanding of their relationship. The perlite ore is
essentially a mineral mixture of opal and montmorillonite.
The grinding and sieving rapidly liberate the montmoril-
lonite, which due to its physical properties turns into the
main constituent of the small size fraction. Because of this,
in the medium size fraction the montmorillonite content is
minimised, and therefore the ore is richer in opal. As
indicated by the mineral content of the coarsest size frac-
tions, the raw ore of Pit 2 has more montmorillonite than
that of Pit 1; therefore, it has a higher potential of pro-
ducing small particles. Moreover, in Pit 2 remains of
montmorillonite along the entire size distribution hinder
the production of other size fractions consistently dominant
in opal. In contrast, the reduced proportion of montmoril-
lonite in the raw ore of Pit 1 limits the generation of large
volumes of fine particles. Furthermore, it favours the pro-
duction of particles with a nearly opal-dominant mineral-
ogy in a broader size fraction range. These observations
have direct implications for mineral processing and quality
control, as it will be further discussed.

Chemical impurities

The rhyolite intrusion in Pit 3 poses favourable conditions for
the analysis of impurities in the perlite ore. The samples
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coming from this pit were expected to have a higher content
of chemical impurities compared to the rest of the perlite
deposit, and therefore they were used as a pilot test to assess
their relationship with the ore. Table 4 provides the con-
centration of the chemical impurities detected by XRF. The
interpretation of high or low concentration values of a given
analyte was based on the standards reported in Table 1. It is
apparent from Table 4 that the Fe concentration is remark-
ably high along the sample set; the Nd, Pb and Sb concen-
trations are slightly over the accepted threshold; As, Co and
Hg are within the acceptance criteria, and Cr and Ni have
very low levels. Moreover, from the overall list of chemical
impurities Cd, F and Se are not reported. The concentration
values are higher at the hydrothermal vein for most of the
elements, except for As, Ba and Rb, for which the vein has
the lowest concentration values, and for Cr, Hg and Pb, for
which no striking values are noted.

A preliminary analysis using Pearson’s product-moment
correlation coefficients highlighted the expected elemental
associations between As—Ba (r = 0.89), As—Rb (r = 0.93)
and Ba-Rb (r = 0.89) on the one hand, and between Fe-Ti
(r =0.86), Fe—Zn (r = 0.94) and Ti—Zn (r = 0.77) on the
other hand. Principal Component Analysis (PCA) was
carried out to understand the nature of such associations in
the perlite pit and to elucidate any other possible correla-
tions. From the elements reported in Table 4, Co, Cr and
Ni were excluded from the analysis due to the frequent
presence of values below the XRF detection limit; the vein
sample was also excluded since its extreme values repre-
sent an anomaly in the data set.

The loadings of the first and second principal compo-
nents are displayed in Fig. 8a, b presents the geochemical
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transects of the elements with the higher loadings to sup-
port the PCA interpretation. PC1 depicts the correlations
already described by the Pearsons correlation. Specifically,
it establishes a negative correlation between the elements
that have a higher concentration at the rhyolite vein (rep-
resented by negative loadings), from those which concen-
trations are lower at that location (represented by positive
loadings). There are thus apparent opposite spatial trends
for the concentration of As—Ba—Rb and Fe-Ti—Zn. More-
over, the geochemical transect shows that Fe-Ti—Zn are
constrained to the central part of the system, whereas As—
Ba-Rb have increased values in the peripheral areas. For
the elements with positive loadings in PC2, the values at
the vein are the highest; even though there are spiky values
in the rest of the transect, as the Nd plot shows (Fig. 8b),
they lack any spatial trend and do not seem to have a
correlation with a specific sample location. The spatial
distribution of Hg, Pb and Sb does not seem to be related to
the rhyolitic intrusion since neither striking values nor
spatial trends are detected.

The alteration in Pit 3 involves displacement of Si,
which leads to Al enrichment next to the intrusion with the
subsequent formation of montmorillonite. Following the
methodology used by Christidis (1998), the metals regar-
ded as chemical impurities were compared with the Al,O3
content to assess the element mobility during the alteration
caused by the hydrothermal intrusion. The sample regarded
as opal-dominant according to the OM (“Mineralogical
variability of the perlite ore” section) index was used as a
reference for relative enrichment towards the Si phase. In
Fig. 9a, Ti has a linear relationship with the regression line
passing through the origin, indicating that Ti is immobile
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Table 4 XRF concentration of the chemical impurities in samples from Pit 3

Sample ID Distance As Ba Co Cr Cu Fe Hg Nd Ni Pb Rb SbTi Zn
(m) ppm  ppm ppm  ppm  ppm ppm ppm ppm  ppm  ppm  ppm ppm  ppm ppm
Threshold® 1-12  Report 1 5 Report 300 0.1-1.0 20 10 5-30 Report 2 Report Report
S8 — 8.0 9 1350 <1 2 2 5204 0.05 23 <1 36 130 6 671 37
S7 -7.0 8 1338 1 2 1 5567 0.05 17 <1 35 123 4 665 34
S6 - 6.0 9 1359 <1 <1 2 4581 0.04 25 <1 51 122 5 689 32
S5 -50 7 1236 <1 1 2 4973 0.03 21 <1 36 121 5 701 37
S4 — 4.0 7 1116 2 1 2 6057 0.02 23 1 40 114 4 737 39
S3 - 3.0 9 1242 1 1 2 4539 0.05 25 <1 36 121 5 671 35
S2 —-20 9 1324 1 <1 2 4812 0.03 23 <1 58 124 4 677 34
Sl - 1.0 7 1073 1 1 2 6169 0.14 25 <1 37 110 5 761 42
Vein 0.0 2 757 3 1 4 11,086 0.10 33 2 42 16 6 935 69
N1 1.0 5 750 1 2 1 9009 0.06 20 1 42 71 5 899 47
N2 2.0 5 618 1 1 1 6819 0.03 21 1 44 60 6 953 41
N3 3.0 6 1004 1 2 3 6917 0.07 24 1 37 89 5 839 39
N4 4.0 7 1191 <1 1 2 5868 0.07 19 <1 36 109 5 743 37
N5 5.0 8 1266 1 1 2 5658 0.03 30 <1 40 125 6 773 41
N6 6.0 10 1336 2 3 1 5428 0.06 21 <1 37 124 6 671 36
N7 7.0 9 1339 1 <1 2 4903 0.06 24 <1 36 123 6 671 33
N8 8.0 8 1342 <1 2 2 4784 0.02 22 <1 35 121 5 647 32
N9 9.0 9 1355 1 <1 2 5050 0.05 27 <1 36 123 4 671 34
N10 10.0 9 1357 <1 <1 2 4707 0.03 21 <1 34 124 5 653 32
Mean 7.5 1176.5 1.3 1.5 1.9 5901.6  0.05 23.4 0.32 394 108.2 5. 738.3 38.5
SD 1.95 233.92 0.63 0.65 0.7 1627.2  0.03 3.76 0.58 6.1 28.91 0. 98.23 8.4
Min 2 618 <1 <1 1 4539 0.02 17 0 34 16 4 647 32
Max 10 1359 3 3 4 11,086 0.14 33 2 58 130 6 953 69
Error 1 70 1 1 1 230 0.01 5 1 10 15 1 60 15

The values of the rhyolitic vein samples are in bold. All the values initially reported as oxides were converted into ppm to facilitate comparison

with the standards

* Threshold values for chemical impurities as specified in Table 1

Fig. 8 a Loadings of the first
and second principal
components of the chemical
impurities in perlite at Pit 3 to
establish correlations among
elements; b geochemical
transects in relation to the
position of the rhyolitic vein of
the elements with meaningful
correlations and higher PC1 and
PC2 loadings

and is enriched in the
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montmorillonite by residual beha-
viour. Zn and Fe also have a positive linear correlation
(Fig. 9b, c), but the shift in the intersection of the regres-
sion line in respect of the origin means that the alteration
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fluid phase introduced these elements. In the Rb, Ba and As
plots (Fig. 9d—f) the samples lie below the origin-to-opal
line, and the regression line has a negative slope indicating
leaching of these elements along with the Si phase, leading
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Fig. 9 Projection of perlite’s chemical impurities (ppm) over Al,O3
(Wt%) to assess their relative mobility due to hydrothermal alteration
in Pit 3 (a-h), and due to perlite formation or groundwater percolation
in Pits 1 and 2 (i-p). The solid circle is the most opal-dominant

to their enrichment in the opal-dominant ore. Lack of
patterns and scattering in the Nd and Cu plots (Fig. 9g, h)
suggest that their mobility is not related to residual
behaviour.

The chemical impurities of the size fractions samples
are displayed in Table 5. There are a number of significant
differences between the size fractions samples (Pits 1 and
2) and the hydrothermally influenced samples (Pit 3). First,
As, Co, Hg and Sb are not reported for Pits 1 and 2; the
values for these elements were very low already in Pit 3,
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sample according to the OM index, the full lines is the origin-to-opal
line as a reference for relative enrichment, and the dashed line is
linear regression

and it is possible that they are not present, or their con-
centrations are below the XRF detection limit. Second, Cu
and Nd are only present at certain size fractions. Interest-
ingly, the reported levels of these two elements along with
those of Cr and Ni are remarkably higher than in Pit 3.
The relationships in the chemical impurities for Pits 1
and 2 were analysed following the same PCA approach as
for Pit 3; Cu and Nd were excluded from the analysis due
to the missing values. The loadings of PC1 and PC2, shown
in Fig. 10a, present similarities with the Pit 3 analysis
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Table 5 XRF concentration of chemical impurities in samples from the size fractions of samples from Pits 1 and 2
Sample ID  Particle As Ba Co Cr Cu Fe Hg Nd Ni Pb Rb SbTi Zn

size

mm ppm  ppm ppm ppm  ppm ppm ppm ppm  ppm ppm  ppm ppm  ppm ppm
Threshold® 1-12 Report 1 5 Report 300 0.1-1.0 20 10 5-30 Report 2 Report  Report
P1-630 6.30 - 526 - 324 - 11,121 - - 1776 45 108 - 612 39
P1-400 4.00 - 766 - 220 - 10,002 - - 1328 57 135 - 887 57
P1-200 2.00 - 527 - 183 24 7554 - - 896 65 112 - 743 45
P1-118 1.18 - 498 - 157 547 7134 - 183 849 58 116 - 737 49
P1-060 0.60 - 513 - 143 - 7204 - - 753 41 112 - 629 46
P1-043 0.43 - 506 - 288 458 8883 - - 1690 42 97 - 683 32
P1-021 0.21 - 531 - 223 - 8253 - - 1194 45 115 - 695 44
P1-013 0.13 - 552 - 450 51 11,541 - 111 2986 74 112 - 725 42
P1-006 0.06 - 516 - 430 - 12,380 - - 2790 40 111 - 779 53
P1-000 < 0.06 - 590 - - - 9372 - - 37 44 120 - 983 108
P2-630 6.30 - 481 - 315 38 8813 - - 1532 52 109 - 731 38
P2-400 4.00 - 543 - 134 - 7554 - - 778 69 102 - 719 47
P2-200 2.00 - 261 - 183 52 6924 - - 504 78 96 - 755 44
P2-118 1.18 - 481 - 131 - 7204 - - 647 67 108 - 749 44
P2-060 0.60 - 379 - 130 - 8323 - - 678 51 113 - 671 46
P2-043 0.43 - 493 - 213 555 9512 - - 1360 39 109 - 635 35
P2-021 0.21 - 510 - 174 38 9163 - 94 998 64 112 - 713 39
P2-013 0.13 - 503 - 288 26 10,352 - - 1894 63 88 - 935 56
P2-006 0.06 - 377 - 338 36 11,750 - - 2035 58 83 - 965 73
P2-000 < 0.06 - 318 - - 388 9512 - - 34 56 54 - 1001 100
Mean - 493.51 - 240.19 201.32 91276 - 129.46 12379 5538 105.63 - 767.67 51.87
SD - 104.11 - 100.23  230.86 16642 - 47.48 79479 1183 16.55 - 120.4 20.07
Min - 261 - 130 24 6924 - 94 34 39 54 - 612 32
Max - 766 - 450 555 12,380 - 183 2986 78 135 - 1001 105
Absolute - 68 - 38 16 230 - 29 15 21 27 60 18

error

? Threshold values for chemical impurities as specified in Table 1

regarding the correlations between Ti—Zn and Rb—Ba. For
these four elements, the respective geochemical plots
(Fig. 91, j, 1, m) suggest similar enrichment mechanisms to
those in Pit 3, that is to say, in-situ enrichment of Ti and Zn
is due to immobility in respect of Al, and Rb and Ba are
leached along with Si. In this case, the alteration phase
might be related to the perlite genesis, which leads to the
formation of montmorillonite and opal, rather than a pos-
terior process. However, all the elements analysed in Pits 1
and 2 (Fig. 9i—p) present more scattering that the geo-
chemical plots of Pit 3; moreover, in the PCA plot it is
notorious that Fe does not correlate anymore with Ti and
Zn, but instead presents more similarities with Ni and Cr.
The increased scattering in the geochemical plots might
indicate a possible uptake of metals from an external
source, given either by the alteration fluid responsible for
the perlitisation or by percolation of groundwater that
leached the metals from the surrounding rock units.

A comparison between the chemical impurities and the
particle size permitted a first assessment of their

relationship. Figure 10b displays plots for Rb, Ti and Ni,
which represent the most extreme PC loadings and ease the
comparability with the results from Pit 3, against the size
particle. The elevated concentrations of Ti and Ni seem to
be associated with the fine particles, except for the smallest
size fraction where Ni is at its lowest. For this element, the
rest of the particles show a gradual change from high to
low concentrations in the middle size fraction, and again
towards relatively high levels in the coarsest particles.
However, it is not possible to establish a clear relationship
between the variations of the chemical impurities and the
size fractions. A probable reason for this is that the analysis
ignores the fact that particles of the same size fraction
might have different mineralogy, depending on the source
of the ore, as indicated in “Particle size analysis” sec-
tion. Therefore, for explaining the variations of the chem-
ical impurities, it is more appropriate to consider
mineralogical variables, as presented in the “Ore vari-
ability as detector of environmental risks” section.
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Ore variability as detector of environmental risks

The particle size analysis indicated that the mineralogical
content of the perlite ore could play a major role as a
controlling factor for some of the perlite properties.
Additionally, the presence of hydrothermal alteration in Pit
3 suggests that changes in the ore mineralogy and the
variations in the presence of chemical impurities might be
related. Therefore, the OM index calculated in “Miner-
alogical variability of the perlite ore” section was used to
check the validity of those observations.

Integration of the OM index and XRF data suggested a
possible correlation between the mineralogical variations
in the perlite ore and the chemical impurities. The inte-
gration approach included only the PCA results from Pit 3.
Figure 11a displays the scores and loadings of the PC1 and
PC2; every point represents a sample, and the colouring
corresponds to the respective OM index value. The plot
presents the likelihood of a montmorillonite- or opal-
dominant phase to have elevated concentrations of chem-
ical impurities. The scores in PC1 describe well the vari-
ations in mineralogy, where negative scores represent the
montmorillonite-dominant samples, and opal-dominant
samples are those with positive scores. From the PC
loadings, previously described in Fig. 8a, it can be seen
that the elevated Fe-Ti—Zn concentrations correspond to
the montmorillonite-dominant samples, whereas the high
As—Ba-Rb are characteristic of the opal-dominant ones.
The high Cu and Nd values, explained by the PC2 loadings,
confirm not to have a clear correlation to the dominant
mineralogy.

@ Springer
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As mentioned before, the distribution of the alteration is
not uniform; therefore, the intrusion per se does not fully
explain the variations in the concentration of a particular
element. Other factors such as the composition of the
parental rock, the perlitisation process or percolation of
groundwater should also be considered. In any case, the
mechanisms of enrichment are constant for some elements,
which appear frequently related to a particular mineral
phase. Based on these observations, a mineralogical-based
approach could be used to estimate the concentration of the
target elements in similar samples. The “Chemical impu-
rities” section showed that the differences in element
concentration are not strictly related to the variations in
particle size. The mineralogical analysis revealed that the
mineral composition of a particular fraction size is not the
same in the two pits. The PCA results for chemical
impurities and the OM index of the size fraction samples
were integrated taking those observations into account. The
PCA scores and loadings of PC1 and PC2 are shown in
Fig. 11b. The spreading of the data points, coloured
according to their respective OM values, shows a separa-
tion between the montmorillonite- and opal-dominant
mineralogy. With comparable results as those for Pit 3, the
loadings of the chemical impurities indicate that the
montmorillonite-dominant samples have higher Ti and Zn
concentrations, and the opal-dominant ones have a higher
amount of Ba and Rb. The Cr, Fe and Ni loadings lie
perpendicular to the direction of the mineralogical varia-
tion. Therefore, they cannot relate with certainty to a
mineral phase.
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Fig. 11 a Pit 3 integration of the OM index with the variability of
chemical impurities as analysed with PCA (scores and loadings of the
PC1 and PC2). The PC1 scores are related to the variations in
mineralogy, whereas the loadings indicate the likelihood of elevated
concentrations of the chemical impurities. Pb, Hg and Sb not shown
for readability; b pits 1 and 2 integration of the OM index with the
variability of chemical impurities as analysed with PCA (scores and
loadings of the PC1 and PC2). The loadings indicate the likelihood of
elevated concentrations of the chemical impurities. Pb not shown for
readability

Opportunities for implementation

Throughout the analyses, several differences were detected
between Pits 1 and 2. Even though it was anticipated that
the main factor affecting the quality of the perlite ore was

the presence of intrusions from a felsic epithermal system,
the elevated concentration of Fe, Ni, and Cr, especially in
Pit 1, indicated an additional source of contaminants. Such
source is likely related to volcanic rocks of mafic compo-
sition that preceded the formation of the perlite deposit.
Moreover, the reduced content of montmorillonite in Pit 1
indicated that locally the influence of the felsic
hydrothermal intrusions was limited, which resulted in a
lower content of the associated chemical impurities. In the
absence of evident in-pit features, such as fractures or
changes in colour and texture of the ore, it is difficult to
determine whether certain areas of the perlite deposit have
more or less influence of the identified sources of
contaminants.

In such geological context, the characterisation of the
perlite ore using the OM index provides with a tool to
determine the mineralogical composition of the ore,
enabling to focus further analysis in the more likely con-
taminants. The determination of the dominant mineralogy
in the perlite ore can be used to estimate the presence of
chemical impurities and the expected proportion of fine
particles generated during mineral processing. Perlite ores
with low OM index can be regarded as influenced mainly
by the hydrothermal intrusions, and thus they will be
possibly enriched in elements characteristic of felsic
epithermal systems; such ores will also produce a larger
amount of fine particles due to the increased clay minerals
content. In contrast, perlite ores with high OM index will
indicate no secondary alteration, with a consequent
homogeneous and opal-dominant mineralogy, which dur-
ing mineral processing will generate a smaller volume of
fine particles. In these ores, the type of chemical impurities
would be related only to the genesis of the deposit.

These observations provide a framework for the in-pit
characterisation of perlite ores, by offering parameters for
monitoring and control during the mining and processing
activities. As a result, a sensor-based in-pit or on-line
approach using of SWIR spectroscopy as a mineral iden-
tification technique could be practically implemented.
Portable SWIR devices permit the retrieval of data on-site
and in real time. Even though the samples used for this
study were measured as pressed powders, the results are
still valid for on-site point measurements. On the one hand,
the segment of the spectra used in the analysis is not
influenced by environmental conditions. On the other hand,
on-site measurements have the ease of collecting several
data points in the form of grids or transects to provide a
complete overview of the mine face, becoming even more
meaningful than the powder samples.

For the on-site measurement of the OM index, equal
care should be given to the sampling strategy as well as the
data processing. The selected mine face should be free of
vegetation, animal intervention, disruption by mining
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equipment or substances. The essential steps ensuring the
collection a good spectral record are:

1. Basic data collection Gathering of a general descrip-
tion of the pit where the measurements will be
gathered, as well as the date, time and environmental
conditions (rainy or dry).

2. Survey area selection Definition of a transect along the
ripping direction for ore extraction. Description of the
selected mine face including its specific location inside
the pit, identification of particular features (e.g.
fractures, veins, colour) and digital photographs.
Division of the transect into segments that are
approximately 1 m width. The spectral measurements
will be later collected for every segment covering an
area of 1 m? approx.

3. Spectral data acquisition Preparation of the spectrom-
eter according to the manufacturers specifications for
warming-up and calibration. Cleaning of the rock
surface for dust and other nuisance. Collection of 5 to
10 point spectral measurements, per every segment of
the transect, equally distributed on a surface of
approximately 1m?, ensuring that there is a full
contact between the rock surface and the spectrometer

Once all the spectral data is collected, the spectra should be
processed before calculation of the OM index:

1. Pre-processing Processing of the data to reflectance
and conversion of the wavelengths to micrometres.
Graphical evaluation of each spectrum to detect issues
or apparent outliers and attempt to explain them.
Outliers due to real variations should be kept, outliers
due to bad spectra quality, the data point should be
discarded.

2. Extraction of spectral parameters The parameters and
spectral enhancing methods required for calculating
the OM index are usually available in software
dedicated for spectral processing. The first step is the
removal of the continuum, followed by the extraction
of the 22w and 1.4d parameters. For the 2.2w
parameter, the shoulders of the absorption must be
sought between 2.0 and 2.4pum. The 1.4d parameter is
calculated as 1 — reflectance at 1.4 pm.

3. Calculation of the OM index Estimation of the OM
index using Eq. (1) and the parameters previously
extracted. Evaluation the OM values for each segment
and analysis of the perlite ore variability in the
surveyed mine face.

The OM index should be interpreted and used taking into

account the overall description of the mine face and the pit.

The calculation of the OM index gives a quick estimation

of the dominant mineralogy based on spectral data. Its

implementation could influence decision making prior to

@ Springer

mining, aiming to minimise the associated environmental
risks by identification and preferential extraction of low-
montmorillonite ores. Moreover, it could assist in the cre-
ation of a smart processing program to maximise resource
extraction efficiency, optimise the use of the exploited ore
and reduce the generation of waste. That would ensure the
production of safe perlite products and a reduction in the
environmental impact and the health risks associated with
the perlite mining and processing.

Conclusions

This study has presented a method for the in-pit charac-
terisation the ore variability of perlite in order to predict
factors that are deemed as environmental risks in mining
and processing. Based on the results, the mineralogical
variations in the ore were found to be a major controlling
factor when an epithermal system has influenced it. The
mineralogical analysis based on infrared (SWIR, MWIR
and LWIR) spectroscopy identified opal and montmoril-
lonite as the major constituents in the ore. By establishing
the relative proportion of one or the other in the crude ore,
it was possible to predict the generation of fine particles
and to estimate the concentration of chemical impurities.

The results of particle size analysis and mineralogy
showed that perlite ores with an opal-dominant composi-
tion produced particles mainly in a preferred size fraction,
leading to a smaller volume of fine particles. In contrast,
ores composed of a mixture of opal and montmorillonite
produced particles distributed more homogeneously along
the entire size fraction range. As a consequence, the
amount of fine particles was greater than in the opal-
dominant ore. With regard to the presence of chemical
impurities, montmorillonite-dominant ores hosted an ele-
vated concentration of elements characteristic of felsic
epithermal systems, whereas the impurities in opal-domi-
nant ores seem to be related to elements from rocks of
mafic composition.

The development of the Opal-Montmorillonite (OM)
index assisted in the determination of the dominant min-
eralogy in the ore. This index makes use of infrared
spectral data in the SWIR range to indicate whether a
perlite sample is opal-dominant or montmorillonite-domi-
nant. Based on this estimation, it could be assessed if the
ore is prone to the generation of large volumes of fine
particles and the type of chemical impurities likely to be
present. This result could be implemented during mining
and processing of the perlite ores. With the widespread
commercial availability of portable infrared devices, in-pit
mineralogical characterisation of the ore could be readily
and routinely achieved. This could be utilised for selective
mining and as a mechanism for monitoring and control of
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the process. This approach would have a positive impact on
reduction of generation of waste and the production of safe
perlite products.
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