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Abstract: Until recently, the classic approach to mineral exploration studies was to bring the field
samples/drill cores collected during field studies to the laboratory, followed by laborious analysis
procedures to generate the analytical data. This is very expensive, time-consuming, and difficult for
exploring vast areas. However, rapid technological advances in field-portable analytical instruments,
such as portable visible and near-infrared spectrophotometers, gamma-ray spectrometer, pXRF,
pXRD, pLIBS, and µRaman spectrometer, have changed this scenario completely and increased their
on-site applications in mineral exploration studies. LED fluorimeter is a potential portable tool in
the hydrogeochemical prospecting studies of uranium. These instruments are currently providing
direct, rapid, on-site, real-time, non-destructive, cost-effective identification, and determination of
target elements, indicator minerals and pathfinder elements in rock, ore, soil, sediment, and water
samples. These portable analytical instruments are currently helping to obtain accurate chemical
and mineralogical information directly in the field with minimal or no sample preparation and
providing decision-making support during fieldwork, as well as during drilling operations in several
successful mineral exploration programs. In this article, the developments in these portable devices,
and their contributions in the platinum group elements (PGE), rare earth elements (REE), gold, base
metals, and lithium exploration studies both on land and on the ocean bed, have been summarized
with examples.

Keywords: portable instruments; indicator minerals; pathfinder elements; core scanners; pXRF;
pXRD; pNIR-SWIR spectrometer; µRaman spectrometer; LIBS; mineral exploration; on-site analysis

1. Introduction

The improvement in the living standards of a country is directly related to the coun-
try’s ability to find, exploit, and manage its mineral resources. The exploration and mining
industry requires new methods and tools to address the challenges of declining mineral
reserves and increasing discovery costs. As the lucrative ore targets located in easily acces-
sible metalliferous environments are depleting fast, the attention of exploration scientists is
being shifted to the highly under-explored and often problematic and inaccessible areas.
Mineral exploration is a multidisciplinary team effort involving experts from different
areas, such as geology, geophysics, geochemistry, petrology, and engineering, where geo-
chemical techniques, in particular, have significantly contributed to the discoveries of
several mineral deposits. Statistical data from China reveals that 71% of the total mineral
deposits were discovered by geochemical methods during the period 1981–2000 (Figure 1),
which demonstrates the power of geochemical exploration techniques. A large variety of
approaches, such as lithogeochemistry, stable and radiogenic isotopes, indicator minerals,
hyperspectral scanning, biogeochemistry, hydrochemistry, and sediment geochemistry,
are utilized for understanding geochemical vectoring [1–4]. The use of isotopic data in
exploration geochemistry has still not become routine as getting such data is still difficult
and expensive [5].
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In mineral exploration studies normally, geochemistry can help us with three aspects:
(i) lithology, particularly mobile element geochemistry, (ii) alteration related to mineralogy,
and (iii) direct detection of mineralization with multi-element geochemistry. During the
last half-century, the world has witnessed rapid advancements in analytical instruments
for geochemical studies with the introduction of a series of new analytical techniques and
technological advancements in allied areas [6]. As a result, there have been significant
developments in the accuracy and precision obtainable by even field-portable analytical
instruments, such as portable X-ray fluorescence spectrometers (pXRF), portable X-ray
diffractometers (pXRD), portable near-infrared and short-wave infrared spectrometers
(pNIR-SWIR spectrometers), µRaman spectrometers, portable laser-induced breakdown
spectrometers (pLIBS), LED fluorimeters, core scanners, and portable gamma spectrometers,
used for mineral exploration studies. Although portable spark optical spectrometers are
commercially available, their usefulness for geochemical analysis is not demonstrated yet.
With the capability to generate rapid and high-quality data, these analytical techniques have
been making the most significant contributions to relatively less expensive geochemical
exploration studies leading to new discoveries. Though portable techniques such as pXRF
existed earlier, in recent times, they have become more versatile, incorporating lightweight
rechargeable batteries, global positioning systems (GPS), wireless computer technology,
Bluetooth, remote control, operation capability, and have become more accurate and helping
the mineral exploration and mining industry in a big way. For example, most exploration
geochemists use GPS to establish field/sample locations and these systems are now being
integrated into all these field-portable instruments. This article discusses the utility of the
information on indicator minerals and pathfinder elements obtained by various portable
instruments for identifying different ore deposits both on land and the ocean floor. The
basic principles on which these portable instruments work, their strengths and limitations,
and evaluation of their performance using some practical examples are also presented.
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2. Indicator Minerals

Magmatic and hydrothermal minerals, such as zircon, apatite, titanite and rutile, are
resistant to weathering and so end up in the soil, till, or stream sediments, indicating their
presence in the bedrock of a specific type of mineralization, hydrothermal alteration, or
lithology, and these minerals are increasingly targeted in mineral exploration studies [8].
These are called indicator minerals, which provide information of source magma chemistry,
including crystallization temperatures, degree of fractionation, water content, and oxidation
state. Indicator minerals have become important in the exploration of gold, diamond, rare
earth elements (REE), platinum group elements (PGE), base metals, and lithium deposits in
the past four decades and now. Currently, suites of indicator minerals for different types of
deposits have been identified by several studies (Table 1). For example, an indicator mineral
survey in a glacial dispersal terrain containing highly elevated concentrations of sphalerite
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grains and minor galena helped to discover the prospect of base metal deposits hosted
within the Cretaceous shale bedrock of northern Alberta, Canada [1]. Fayalite (Fe2SiO4),
a reddish-brown to black mineral, the iron-rich end-member of the olivine solid-solution
series, which can be found worldwide in igneous and abyssal rocks, is mainly mined for
use as a gemstone and also for sandblasting. Fayalite crystals in the sediment of granite-like
magma can contain large amounts of HREE [9]. Hence, fayalite helps to locate untapped
REE deposits. Porter et al. [10] described the use of the chemistry of detrital rutile as an
indicator of mineralizations and identified some trace elements that uniquely distinguish
rutile grains derived from mineralizations from those sourced from barren rocks. For
example, rutile minerals sourced from Au deposits and enriched in Sb can be distinguished
from rutile from pegmatites, which are enriched in Nb, Ta and Sn. Rutile minerals from
barren rocks can be identified using W and Fe contents. Nzulu et al. [11], in their gold
exploration studies in the Kubi Gold Project in the central region of Ghana with XRD
studies, observed that the major pathfinding minerals for gold were quartz, magnetite, and
hematite. On the other hand, the contributions from minerals such as pyrite, arsenopyrite,
iridosmine, scheelite, tetradymite, garnet and gypsum were found to be insignificant.

Table 1. Different types of deposits, pathfinding minerals, and elements.

Deposits of
Interest Type of Deposit Main Pathfinder Minerals Main Pathfinder

Elements Reference

Gold

Pyrite, chalco-pyrite, arsenopyrite, bismuthinite
magnetite, tellurides, tetrahedrite, pyrite,

sphalerite, muscovite, monazite, bastnäsite,
quartz, scheelite, wolframite, cassiterite.

Fe, Mn, Cu, Co,
Ni, Sb, Zn, As, Bi,
Te, Sn, Se, Tl, Ag,

Hg, Pb, Mo
and W.

[12–14]

REE

Carbonatite rocks
Bastnäsite group, ancylite,
monazite, (fluor)apatite,

pyrochlore, xenotime, florencite.

Na, Mg, Fe, P, Ba,
F, S, Sr, Ca, Nb,

Th, U, Zr, Cu, Ta,
Ti, V, Mn, Pb.

[15]

Igneous rocks
(including

hydrothermal upgrade)

Bastnäsite group, aegirine, eudialyte, loparite,
allanite, monazite, fergusonite, zircon, xenotime,

fluorapatite, ancylite, gadolinite, euxenite,
mosandrite.

Na, K, Fe, Al, Zr,
Ti, Nb, Ta, Li, F,

Cl, Si, Th, U, P, Cs,
Rb, Sn, W, Mo, Be,

Ga, Hf, Mn, B.

Placers and
palaeoplacers

Monazite, xenotime,
allanite, euxenite.

Ti, Nb, Zr, Au, Sn,
Th, U, Pb, F.

Laterites

Monazite, apatite,
pyrochlore, crandallite

group, bastnäsite group, churchite, rhabdophane,
plumbogummite, zircon,

florencite, xenotime,
cerianite.

Fe, Al, Nb, Zr, Ti,
Sn, Mn, P, low Si,

negative
Ce anomaly.

Ion-adsorption Clay minerals (mainly
kaolinite and halloysite).

High Si (>75%),
low P.

Iron oxide-associated
(including IOCG)

deposits

Bastnäsite, synchysite,
monazite, xenotime,
florencite, britholite.

Fe, Cu, U, Au, Ag,
Ba, F, P, S.

Seafloor deposits, such
as manganese nodules,
ferromanganese crust,

phosphorite.

Vernadite, todorokite, Fe-oxyhydroxide,
carbonate fluorapatite, francolite.

Mn, Fe, P, Cu,
Ni, Co.

Cu-Ni-PGE
pentlandite, chalcopyrite, pyrite,

millerite, PGM, chromite, Cr-diopside,
enstatite, olivine, Cr-andradite.

Ni, Cu, Pd, As, Cr,
Co, S, PGE [16,17]
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Table 1. Cont.

Deposits of
Interest Type of Deposit Main Pathfinder Minerals Main Pathfinder

Elements Reference

Volcanogenic
massive

sulphide (VMS)
deposits (Cu,

Pb, Zn, Ag, Au)

Galena, sphalerite, chalcopyrite,
pyrrhotite, gold, pyrite, gahnite,
staurolite, cassiterite, spessartine,

sillimanite, andalusite, beudantite,
jarosite, barite, tourmaline, hogcomite, nigerite.

Cu, Zn, Pb, Ag,
Mo, Sn, Ba As, Sb,
In, Te, Bi, and Tl

[17–19]

W-Mo-Bi, and
Sn-Zn-In
deposits

Cassiterite, wolframite, molybdenite, topaz,
chalcopyrite, galena, sphalerite, arsenopyrite,

pyrite, loellingite, beudantite, anglesite,
plumboferrite, plumbogummite.

Ag, As, Cd, Cu,
Pb, Re, Te, Tl [20]

Li

Spodumene, petalite, amblygonite, quartz,
K-feldspar, albite, or montebrasite, lepidolite,

zinnwaldite, eucryptite, cassiterite, lithiophilite,
holmquisite, triphylite, quartz, muscovite, apatite,

tourmaline tantalite-columbite, beryl.

K, Ca, Rb, Sr, Y,
Nb, Sn, Cs, Ta, Sb,
W, Bi, As, Ga, Tl,

and the REE

[21,22]

Kimberlite-
hosted

diamonds
- Cr-pyrope, Cr-diopside, eclogitic garnet,

Mg-ilmenite, chromite, olivine, diamond. C [17]

U

Uraninite (pitchblende), thorianite, tourmaline,
sulphides, monazite, allanite, zircon, baddelyite,

niccolite, U-Th anatase, U-Th rutile,
brannerite, magnetite.

Cu, Ag, As, Cr,
Pb, Zn, Ni, Co, Re,

Be, P, Mo, Mn,
REE and

radiogenic
Pb isotopes

[23–25]

3. Pathfinder Elements

During exploration studies, pathfinder elements together with indicator minerals
(Table 1) provide a means to evaluate large areas for their mineral potential by eliminating
likely barren areas from the areas under consideration. For example, mercury has been
recognized as an indicator element for both noble and base metal deposits [26]. In addi-
tion, As, Mo, Ag, Sn, Sb, Te, W, and Bi are also found to act as pathfinder elements for
gold [27]. Though the use of As, Sb, and Bi in stream sediments as pathfinder elements
for base metal mineralization is well known, the influence of groundwater pH on the
hydromorphic dispersion patterns of As, Sb, and Bi are required to be considered during
data interpretation [18]. Somarin and Steinhage [28] used Ni and Cu as pathfinder elements
in the exploration study of PGE. These two elements were easily detected by pXRF and
also showed positive correlations with the precious metals, indicating that they can be used
as pathfinders. Thus, the indicator minerals and pathfinder elements together provide
a powerful and cost-effective means to evaluate large areas for their mineral potential.
Sometimes the strongest signal came from the pathfinder element, such as Tl, and the target
elements Pb and Ag gave only a weak signal [29]. Nude et al. [12], in their gold exploration
studies in the Wa-Lawra Belt, Northwest Ghana, using a multivariate statistical approach,
found that Fe and Mn are strongly associated with gold, and alongside Pb, Ag, As, and
Cu, these elements could be used as pathfinders for gold in the area, with ferruginous
zones as targets. Kadel-Harder et al. [30], in their study identifying pathfinder elements
for gold in the Cripple Creek alkaline igneous rock-related, low-sulfidation epithermal
gold telluride deposit in Colorado, US, found that Ag, As, Bi, Te, and W are the best
pathfinders, and tellurides, fluorite, quartz, carbonates, roscoelite, tennantite-tetrahedrite,
pyrite, sphalerite, muscovite, monazite, bastnäsite, and hübnerite are the indicator minerals
to gold mineralization in low-grade disseminated ores.



Minerals 2022, 12, 394 5 of 35

Element Ratios

Sometimes, the element ratios may be useful to evaluate litho-geochemical data as a
guide to different types of mineralization in rocks that either display alteration or have
no recognizable alteration. For example, K/Rb values of 4.8 indicated highly fractionated
bedrock and, therefore, a possible target for Li during lithium exploration studies [31].
These ratios can be used for the identification and assessment of granitic parent rock
fertility with respect to the hosting potential of pegmatites. Lithium-bearing pegmatites are
commonly referred to as lithium-cesium-tantalum (LCT) pegmatites due to the enrichment
in the incompatible elements of Li, Cs, Sn, Rb, and Ta. Fertile granites exhibit elevated
Rb, Cs, Sn, and Ta, as well as lower K/Rb ratios than typical granites. Granites associated
with mineralization commonly show a high Rb/Sr ratio as a result of fractionation, and an
increase in Rb/Sr values has been reported from the periphery to the core of a porphyry
copper deposit [32]. Recently Mg/Fe, Cr/Al and Ca/Na ratios were used in order to
understand the chemical and mineralogical expressions of large- and local-scale processes
and to make detailed interpretations relevant for the genesis of mineralizations and metal
distributions in chromite, orthopyroxene, and plagioclase in drill cores from Merensky Reef
and UG-2 [33]. Cao et al. [34] used the whole-rock Ba, V/Ti, and Cu/S determined by pXRF,
and plagioclase, olivine, and clinopyroxene compositions measured by bench-top scanning
electron microscope-energy-dispersive spectrometer (SEM-EDS) to explore PGE deposits.

4. Portable Techniques for Mineral Exploration Studies

As most of the surface and near-surface mineral deposits have already been identified,
the current emphasis is to look for deposits in unexplored or under-explored areas, inac-
cessible regions, and also low-grade ore regions. After identifying surface expressions, it
is necessary to take advantage of the help of the techniques that have the ability to locate
deeply buried mineral deposits, and drilling is required to confirm the deposits later on.
However, currently, satellite images and aerial photographs provide clear information on
the geological structures and mineral alteration patterns by which potential areas for min-
eral exploration can be identified. In addition, both multispectral and hyperspectral sensors
play a greater role in mineral exploration studies as they can cover larger areas. Several
studies [35,36] have demonstrated that geostatistical analysis techniques of bedrock and
stream sediments were successful in determining the background and threshold values and
identifying Au and pathfinder anomalies. In addition, the number of faults and folds, in
particular their junctions, also help because those faults, fracture systems, and permeability
together enhance an easier and faster flow of hydrothermal fluids towards the surface,
which results in the formation of geochemical anomalies. For example, critical aspects, such
as the geological setting, rock types, minerals, pathfinder element enrichments, the drainage
patterns, and the geophysical signatures, must favor identifying a deposit. Recent studies
indicated that groundwater is an important medium for the geochemical exploration of
different styles of mineralization, including those of PGE, gold, and uranium [37–39]. Mod-
ern commercial miniature devices are commonly lighter than two kilograms and can be
used in the field with ease [40]. Crocombe [41] gave a very comprehensive summary of
portable instruments, which includes their history, technologies used, applications, and
current developments. Some of the most important portable analytical techniques used for
the determination of indicator minerals and pathfinder elements will be discussed in the
following in a more detailed manner.

4.1. Portable Vis-NIR-SWIR Macro-Spectroscopy

Hyperspectral imagery (HSI) or reflective spectroscopy using field-portable visible–
near-infrared–short-wave infrared (Vis-NIR-SWIR) spectroscopy is a valuable tool in the
mineral exploration industry. Short-wavelength infrared (SWIR) spectrometers, which
provide high spectral and spatial resolution data that may be used to map a broad range of
mineral species associated with alteration and mineralization, help in increasing exploration
throughputs. Infrared spectrometry is used to determine the mineral species, mineral
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composition, and crystallinity of some common clay, carbonate, and sulfate minerals
present in rock samples. This technology measures the wavelengths of infrared light
absorbed by the different chemical bonds to identify minerals present in a sample [42].
Each of the target minerals has a characteristic IR absorption pattern using which the
mineral can be identified in addition to chemical variations and degree of crystallinity of
minerals. These features can assist the exploration geologist in the interpretation of the
style of the mineral system under investigation and also understand mappable vectors
toward zones that may host higher grades of the target commodity. The HSI remote
sensing technique is applied from airborne and spaceborne platforms directly to map a
wide range of minerals in large areas. While satellite or airborne based his platforms are
advantageous for large-scale regional mapping, ground-based or drone-borne HSI can
provide structural and mineralogical maps of outcrops with mm to cm precision. Earlier
instruments covered visible (Vis) and near-infrared (NIR) spectral ranges, but current
instruments can cover the short-wave infrared (SWIR) and thermal infrared (TIR) ranges
also. Figure 2 presents a portable UV–Vis–NIR (250–2500 nm range) spectrometer used for
field geology. These field spectrometers with powerful sensors allow data capture over
a wide spectral range and provide information about the abundance and spatial location
of ore and pathfinder minerals in drill-core, hand samples, and outcrops with mm to cm
precision in small, selected areas. Recently, Booysen et al. [43] were able to identify lithium-
bearing pegmatites at Uis, Namibia, by hyperspectral imaging of mineralized outcrops.
Later, these findings were validated by drill-core data generated by XRD analysis and LIBS
measurements. Many of the alteration minerals, such as quartz, adularia, chlorite, illite,
calcite, and pyrite, can only be identified using XRD or SWIR reflectance spectroscopy.
Reflectance spectroscopy analyses are mostly made in the field using portable instruments
directly on the rock sample that permits the collection of large datasets of closely spaced
samples and require no sample preparation, unlike XRD. XRD can detect a wider range of
minerals; on the other hand, SWIR spectroscopy is a very rapid, low-cost technique and
permits the collection of large datasets of closely spaced samples, which is not possible
by XRD [44]. For example, VNIR-SWIR spectra of muscovite/white mica spectrum are
shown in Figure 3. HSI can be used to identify various surficial rock-forming minerals, as
well as rare earth elements (REE). Neodymium (Nd) has some of the most pronounced
absorption features among the REE and, therefore, can be used as a key pathfinder element
for total REE. Nd has characteristic absorption features in the visible to near-infrared
(VNIR) range of the electromagnetic spectrum at 580, 750, and 800 nm. Booysen et al. [45]
carried out REE exploration studies using an innovative and non-invasive unmanned
aerial vehicle (UAV)-based hyperspectral methodology for the first time, demonstrating
the direct mapping of REE with lightweight hyperspectral UAV platforms. Recently,
Barton et al. [46] used a drone and tripod-based field hyperspectral imaging for large-scale
mineral mapping in and around the active Lisbon Valley copper mine, demonstrating
the utility of hyperspectral imaging as a technique for general mineral characterization
in mining applications. Stuart et al. [47] went a step further and introduced a low-cost
smartphone-based hyperspectral imaging system that can convert a standard smartphone
camera into a visible wavelength hyperspectral sensor and obtained a dataset of an obsidian
flow-banded ash tuff, clearly highlighting the individual flow bands with the key reflectance
feature spectral curve for sulfur at ca. 500 nm. In the case of lithium exploration, two
of the major pathfinder minerals for lithium are lepidolite and spodumene (Table 1). A
sample can be identified as lepidolite with distinct features at 580, 2190, and 2340 nm. A
spodumene sample could show absorption features at 550, 1980, and 2320 nm by a NIR field
spectrometer covering the 350–2500 nm range. Soil spectroscopy by portable instruments
also minimizes the number of soil samples collected for laboratory studies, which also
require extensive sample pre-treatment procedures, such as drying and grinding. The near-
infrared spectroscopy can distinguish the crystallinity of single minerals (clay minerals,
chlorite, serpentine, etc.), containing hydroxy silicate minerals (epidote, amphibole, etc.),
sulfate minerals (alunite, pyrite potassium alum, gypsum, etc.), and carbonate minerals
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(calcite, dolomite, etc.) in the layered silicate. Liancun et al. [48] used a portable near-
infrared spectrometer to acquire characteristic spectra of altered minerals, and to establish
the relationship between altered minerals and ore-forming.
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4.2. Portable Fourier Transformed Infrared Spectrometer (FTIR)

In the pursuit of the search for valuable minerals and obtaining insight into the dis-
tribution of mineral grades, yet another low-cost and rapid technique called portable
Fourier transformed infrared spectrometer (FTIR) was developed, which is based on the
absorption of light from the spectrum of a light source. The first portable Fourier transform
infrared (FT-IR) spectrometer, with the size of a briefcase, was introduced by SensIR in
about 2000 [41]. IR spectroscopy absorbs a monochromatic IR light at a time and draws
the spectrum, whereas in FTIR, multi-chromatic (a beam from several frequencies of light)
takes a summarized absorption of light and distributes it to create a spectrum using FTIR.
Dispersion or Fourier transform is used for spectral analysis. FT-IR is a faster, more effective,
and non-destructive technique that provides information about the chemical composition,
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mineralogical, and structural features of a geological sample and requires little or no sample
preparation. In general IR, mineralogical techniques can be applied to crystalline, non-
crystalline, organic, and inorganic materials. Near-IR band (pNIR) or the middle IR band
(pMIR) of the electromagnetic spectrum can be used to determine the presence of certain
minerals by identifying features in a transmitted or reflected spectrum. Figure 4 presents
a photo of a commercial portable FTIR spectrometer and its schematic diagram. These
instruments usually operate in diffuse reflectance, but attenuated total reflection (ATR) can
also be used for spot surficial measurements for identifying a variety of minerals, as well
as organic compounds [49]. Near-infrared (NIR), as well as hyperspectral visible to near-
infrared (VNIR), have been considered as potential tools for ore sorting. Silicate, carbonate,
and hydroxide minerals are known to be active in the middle infrared (MIR) range and
display a unique reflectance feature due to fundamental stretching and vibrational mo-
tions [50]. FTIR is a rapid, non-destructive, and low-cost method that requires little sample
preparation (samples are crushed and pelletized before measuring the reflectance spectra)
or no sample preparation, and the modal mineralogy data obtained often complement the
elemental analysis by pXRF and LIBS for target identification and delineation.
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4.2.1. FTIR Spectroscopy in Copper Mining and Metallurgy

Dehaine et al. [52] used portable FTIR spectroscopy to measure the mineralogy of
drill core samples from the sediment-hosted Cu-deposits of the Democratic Republic of
Congo. The type of mineral assemblages and gangue mineralogy will have a bearing on
the extraction process (i.e., leaching vs. flotation) to be used for the extraction of Cu and
Co. A comprehensive understanding of the variation of ore mineralogy and texture in the
deposit is essential in order to optimize resource efficiency and reduce technical risks and
environmental impacts.

4.2.2. FTIR Spectroscopy in Limestone Industry

With the current focus in the mining industry on reducing costs while simultaneously
improving ore quality, FTIR is a tool that can potentially assist companies to meet both
challenges. Changes in the nature of infrared spectra are strongly influenced by changes
in mineralogy, which is a key input variable for exploration and mining. Carbonate
rocks mostly contain calcium magnesium carbonate (MgCa(CO3)2) and calcium carbonate
(CaCO3), and are particularly used in the construction sectors as cement raw materials
or used in the production of fertilizers. Thus, they can be classified into two dominant
minerals: dolomite (MgCa(CO3)2) and limestone (CaCO3) in the form of calcite, vaterite, or
aragonite. Bawa et al. [53] successfully used FTIR, as well as XRD, for the identification of
the limestone from Chadawanka (Tahoua, Niger).

4.2.3. Characterization of Different Minerals in River Sand

FTIR spectroscopy was utilized for the identification of different minerals in the river
sand samples collected from Ponnai river, Tamil Nadu, India. IR peaks observed for quartz,
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feldspar, kaolinite, calcite, gibbsite, and organic carbon were confirmed by XRD technique,
as well as energy-dispersive X-ray spectrometry (SEM/EDS) analysis [54].

4.2.4. FTIR in Hydrocarbon Exploration

Several studies had demonstrated the capability of FTIR spectroscopy and microscopy
for the identification of clay minerals in reservoir rocks, non-destructive and express
analysis of the chemical structure, and distribution of organic matter in rocks, including the
study of kerogen composition and its maturity in organic-rich shales for guiding regional
oil exploration [55–57].

4.3. Radiometric Surveys

Radiometric or gamma-ray spectrometry surveys have been widely used in studies re-
lated to mineral exploration, geological mapping, and environmental radiation monitoring.
One of the most significant advances in uranium exploration has been the development of
gamma-ray spectrometric techniques beyond several other applications, including geother-
mal exploration [58,59]. Using the natural radioactivity of certain elements/isotopes (e.g.,
40K, 234Th, 238U), the concentrations of these elements can be determined by using hyper-
spectral remote sensing γ-ray spectrometry (e.g., Geiger–Müller counter), fluorimetry, and
other geochemical techniques by drone and handheld instruments for the generation of
precise mapping of these radioactive elements in selected areas. The radiometric methods
are capable of detecting these elements at the surface of the ground, in drill holes, and
even on outcrops. The common radioactive minerals are uraninite, monazite, thorianite,
rubidium-rich feldspars in a granitic pegmatite, muscovite, and sylvite in acid igneous
rocks. The earliest detectors on logging tools were Geiger–Müller counters, but these have
been replaced by crystal scintillation detectors in most modern tools. These techniques are
especially valuable in studies related to uranium exploration [60]. Maden and Akaryali [61]
used potassium as a pathfinder element along with magnetic data to identify gold min-
eralization zones associated with the K alteration in the eastern Pontide orogenic belt of
the Alpine-Himalayan system. The deposit has a high level of altered rock surrounding
the deposits, which usually have a distinct radioelement signature useful for exploration
studies. Portable gamma-ray spectrometry surveys are particularly well suited to REE
exploration studies as the ores of REE may contain traces of anomalous concentrations of
radioactive elements, K, U, and Th [62].

4.4. pXRF

Portable XRF (pXRF) is fast becoming an important toolkit for geochemical exploration
studies. Bosco [63] described the history and instrumental developments and general
applications of pXRF instruments. When a sample is bombarded with an X-ray beam
with spot sizes of 0.5 to 2 mm, electrons get displaced from the inner shell of an atom,
and the vacancy from the inner shell then gets replaced with an electron from an outer
shell. As this electron fills the vacancy of the inner shell, it releases energy in the form of a
secondary X-ray fluorescence, which is characteristic of each element. By measuring these
characteristic radiations at a particular wavelength or energy, it is possible to determine
the elements (both qualitative and quantitative) present in the sample. The detection
and measurement of emitted X-rays are performed in two different ways: (a) wavelength
dispersive XRF (WD-XRF) employs a crystal, a kind of diffraction grating to disperse the
spectrum according to X-ray wavelength—rather like a prism that splits visible light into
the colors of the rainbow, and (b) energy-dispersive XRF (ED-XRF) determines the energies
of different X-rays in the spectrum directly. Portable XRF (pXRF) is a miniature version
of ED-XRF. A schematic diagram showing the configuration of a typical handheld XRF
analyzer is presented in Figure 5. A portable XRF is simple to use, can easily be carried
and operated using only one hand and can provide an on-site non-destructive chemical
analysis of over 30 elements ranging in concentration from about 10 µg/g to 100%, in less
than a minute with detection limits ranging from 5 to 10 µg/g in the field (Table 2). Figure 6
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depicts a spectrum of serpentinite and meta basaltic rocks obtained by portable XRF. Recent
developments in microelectronics and advanced chips helped to drastically reduce the size
of specialist components of sophisticated analytical instrumentations in general [64–67].
The triboluminescent X-ray generation technology eliminated the high-voltage power
supply and has a profound impact on current day XRF technologies, enabling cost and size
reductions at a scale not possible with conventional technology [68]. These advancements
made new generation pXRF instruments very powerful. Some important features include
the rapid collection of data on a large number of samples and replicate analyses, the
acquisition of higher data density compatible with geostatistics, lower detection limits for
several elements, most inter-element interferences are automatically corrected for different
elements across the periodic table, and these instruments do not require a laboratory
environment for proper functioning. However, pXRF has limitations, such as matrix
interferences on the elements that can be measured; for example, the interferences from the
REE on transition elements can affect the data, which cannot be completely corrected [69].
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Table 2. Limits of detection (LOD) for some important elements (in µg/g) across the periodic table
by portable XRF [72].

Element. pXRF LOD Element pXRF LOD Element pXRF LOD Element pXRF LOD

Ag <10 Cr <10 Pb <0.05 Ti <10

As <5 Cu <10 Rb <5 V <10

Au <10 Fe <10 S <200 W <10

Ca <50 K <50 Sn <20 Y <5

Cl <200 Mn <10 Sr <5 Zn <5

Co <10 Mo <5 Th <5 Zr <5

An XRF is capable of analyzing elements from Mg to U, and its use in the exploration
for specialty metals, such as gold, REE, PGE, Nb, Zr, and Ta, has achieved varying degrees
of success. Among a number of advantages of pXRF, the possibility to perform on-site
measurements with minimum sample preparation is important. Measuring samples in
the field will often require some kind of sample preparation, such as preparation of a flat
smooth sample surface each time before acquiring the data to ensure accuracy, repeatability,
and reliability. However, when sample preparation is not possible, multiple scans with
multiple data points are necessary to produce some potential averages. Mini pulverizers
and pelletizing kits are also commercially available for grinding small amounts of samples
and making quick-pressed sample pellets for the on-spot measurements.

4.4.1. pXRF in Mineral Exploration Using Surface Sediments

pXRF methods of exploration were tested in northern Finland using surface till as
a sample material for gold, Ni, and PGE using pathfinder elements (Al, Fe, and Mg) of
hydrothermal alteration (Sarala, 2009). The pXRF analyses of some major (Ca, Fe) and most
of the base metals (such as As, Cr, Cu, Mn, Ni, Pb, Zn) correlate well with the aqua regia
geochemical data of the same elements. The distribution of these elements was comparable
to the lithological changes in the underlying bedrock, demonstrating the utility of pXRF
in collecting the geochemical data for tracing sources of multi-metal mineralization. For
gold exploration studies by pXRF, indicator elements, such as As, Bi, Cu, Mn, and Sb,
have to be used instead of Au because of its high detection limit (Table 2) for gold [73].
Somarin et al. [74] demonstrated that a pXRF can produce data of good correlation with the
laboratory analysis while utilizing the technique for Ta-Nb-Sn-W ore exploration studies.

4.4.2. pXRF in Li Exploration

Unfortunately, Li and Be are not accessible by this technique as lighter elements have
fluorescent X-ray energy levels that are low enough to not reach the detector without being
absorbed. Even if they escape the sample, some of them will not be able to penetrate the air
between the sample, and the instrument to reach the detector. There must be a recognizable
peak within the background noise for the element concentration to be calculated, and with
the low-energy light elements, this is a challenge. Though pXRF cannot determine Li, it can
accurately detect several pathfinder elements of lithium, such as Cs, Ta, Nb, Sn W, Km and
Rb (Table 1), and thus can be extremely useful in the LCT pegmatite exploration studies.
van de Ven [75] used pXRF for obtaining an internally consistent geochemical dataset
of LCT-pathfinder elements (e.g., Li, Cs, Ta, Nb, Be, Sn, W, K, and Rb) for an effective
exploration strategy for LCT pegmatites in New Zealand to identify prospective pegmatites
in an 1831 km2 licensed area.

4.4.3. pXRF in REE Exploration

Sedimentary phosphate deposits are the main sources of raw materials for the phos-
phate fertilizer industry. However, in recent times, these phosphate deposits have been
identified as potential sources for REE. Portable XRF was used in the first stage of an



Minerals 2022, 12, 394 12 of 35

orientation survey for sedimentary phosphate occurrences containing REE in South-eastern
British Columbia, Canada. The data was used to identify zones of phosphate rocks en-
riched in REE [76]. Uranium and thorium concentrations can also be monitored by pXRF to
eliminate zones containing high concentrations of these elements for the fertilizer industry
as these radioactive elements can potentially get accumulated in agricultural soils and even
eventually get into the food crops in high concentrations.

4.4.4. Gold and PGE Exploration Studies Using pXRF

Portable XRF was found to be a powerful exploration tool for gold and PGE exploration
studies. The determination of a low concentration of desired elements in ore samples is
commonly challenging due to matrix effects and peak overlaps. However, in several cases,
there is a very good correlation between the data obtained by pXRF in the field and the
laboratory data obtained by established techniques, such as ICP-MS [28]. While pXRF
instruments may not work well to detect low concentrations of precious metals, they can
be excellent for detecting some pathfinder elements, such as Cu, Mg, and Ni. pXRF was
successfully utilized to identify the anomalous zones of PGE and Au (target elements) using
pathfinder elements Ni and Cu in the exploration of the Pilanesberg PGE deposit, Bushveld
Complex, South Africa. Sixty-three core samples were analyzed using both pXRF and
laboratory methods. In these samples, Pt < 8 µg/g, Pd < 5 µg/g, and Au < 1 µg/g, which
were not detected by pXRF; however, Ni and Cu are up to 6540 and 3560 µg/g, respectively,
which were easily detected by the same method. These elements show a positive correlation
with the precious metals, indicating that they can be used as pathfinders. Sometime back,
Robertson and Feather [77] developed an automated energy-dispersive XRF, which took
the detection limit of gold to <1 µg/g. This is very competitive to the well-established fire-
assay methods [78]. If this technology is made available for the current pXRF technology,
it will be very handy for the gold mining industry in the future. Lemiere [79] provided a
comprehensive review of pXRF applications for applied geochemistry studies related to
real-time decisions on exploration, mining, site remediation, and waste management.

5. Portable X-ray Diffraction Spectrometer (pXRD)

pXRD provides geologists with reliable, qualitative, and quantitative mineralogical
data in near real-time in the field. pXRD is a more definitive mineral identification tech-
nique that can identify and quantify a wider range of minerals compared to either SWIR
reflectance spectroscopy or Raman spectroscopy. Borisov and Podberezskaya [80] pre-
sented the major stages of the development in single-crystal X-ray diffraction analysis.
Etter and Dinnebier [81] gave a short overview of powder diffraction, beginning with
the first powder diffraction experiment to the current state-of-the-art XRD instruments,
which are nowadays supported by extensive software packages and manifold techno-
logical possibilities. Figure 7 depicts a schematic diagram and a prototype instrument
of a handheld back-reflection ED-XRD technique. XRD is based on crystal constructive
interference of monochromatic X-rays and a crystalline sample, following Bragg’s Law.
When a monochromatic X-ray beam passes through the sample crystal lattice, some of
the radiation is diffracted at an angle known as the Bragg angle and reaches the detector,
which is equal to half the angle of the incident radiation. Each crystalline material has a
characteristic atomic structure, which is seen in the X-ray diffraction pattern. The peak
positions in an XRD spectrum provide information on the spacing of the unit cell, as well
as its symmetry, which is crucial for crystal identification. Hansford and Thomas [82]
presented a detailed account of the development of energy-dispersive XRD. The portable
XRD allows rapid mineral identification in the field but can only analyze powdered rock
samples. The technique can easily distinguish between minerals and recognizes them
because of their differing crystal structures. The instrument only requires about 15 mg
of powder sample and the sample preparation is also very easy; accurate mineral data
can be obtained in a few minutes. From the diffractograms obtained (e.g., Figure 8), one
can identify the minerals in the rock samples under testing. Modern XRD instruments are
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very compact in size and are rapid, accurate, and have the ability to perform automated
mineral analysis providing useful information in exploration, mining and beneficiation
studies. Current global lithium production is derived from lithium-bearing pegmatites, and
lithium brines often concentrated in economic mining sites. pXRD can identify the number
of Li-bearing minerals (Table 1) in LCT pegmatites [21]. Figure 8 depicts an XRD pattern
of the lithium mineral petalite (95% quartz and 5% petalite). Pöllmann and König [83]
calculated the lithium content from quantitative mineralogical analysis using pXRD, which
led to a fast and reliable lithium determination in the ores and concentrates during lithium
exploration studies. With several advancements in instrumental components, such as X-ray
tubes, detectors, processors, and more powerful software packages, the pXRD has become
a highly reliable qualitative and quantitative mineralogical tool with potential applications
in exploration and mining.
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6. pLIBS

This instrument was developed commercially only around 2014 [84–88]. In recent
years, there has been a surge in the application of LIBS technology as a result of the
development of more compact, even portable, systems that enable in-field use. pLIBS is an
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emerging low-cost portable geochemical and mineral exploration analytical tool that can
provide rapid, in situ, compositional analysis of a wide range of materials, including all
kinds of geological samples at a level of precision of ~5–20% RSD [89]. The LIBS technology
utilizes a short and high-energy laser to ablate the surface of the sample, creating a plasma
of small amounts of ablated material. The interaction between focused laser pulses and
the sample material creates plasma composed of ionized matter with laser ablation craters
of the order of 30–400 µm diameter, depending on the laser wavelength, pulse duration
of laser, chemical composition of the target material, and matrix effects. The extremely
high temperatures within the plasma (>100,000 K) cause the ablated material to dissociate,
atomize, and ionize, and during the cooling process, the characteristic atomic emission can
provide “spectral signatures” of the chemical composition of the sample material (solid,
liquid, or gas state), including lighter elements, such as Be and Li, which is not possible
by pXRF. Each element of the periodic table produces a LIBS spectral peak unique to
itself, which allows for simultaneous multi-elemental analysis of most elements in the
periodic table, which can provide information of the chemical composition of a mineral
or a rock, and also the geological processes associated with its formation [89]. By using
a detector to measure the unique characteristics of light emitted, it is possible to detect
what elements are present within the sample. It is a near non-destructive technique, as
only a minute amount of the sample is ablated and removed from the sample specimen
during analysis. LIBS also has the ability to provide depth profiles. A schematic diagram
of LIBS is shown in Figure 9, which involves a laser source, spectrometer (usual range,
200–1100 nm with 0.1 nm resolution), and an intensified CCD (ICCD) detector or CMOS
detectors with a minimum gate time of ~1 millisecond. Nd:YAG (yttrium aluminum
garnet) is the most common laser used for pLIBS due to its relatively high efficiency and
good thermal conductivity [90]. The sample can be a direct rock sample or a sample
powder pellet, just as in the case of the laboratory XRF, and sample thickness should be
a minimum of 40 µm (corresponding to common thin rock sections). For geochemical
analysis by LIBS, 193 nm excimer lasers and 213 nm Nd:YAG lasers are normally preferred
among nanosecond-duration lasers. pLIBS is capable of qualitative, semi-quantitative, and
quantitative analysis of most of the elements in the periodic table [91,92]. Detection limits
are typically in the low µg/g range (Figure 10) for most elements in the periodic table.
However, the detection limits are highly dependent on the type of laser, spectrometer, and
the sample matrix used for analysis. For example, higher absolute detection limits can be
obtained by using femtosecond lasers, their high cost prohibits their use in portable LIBS
instruments, and femtosecond lasers are usually used only in lab instruments [92]. A typical
LIBS spectrum in the entire wavelength range obtained from different Li-rich minerals
can be seen in Figure 11. Individual emission peaks of different elements are clearly seen.
In most cases, solid samples can be directly analyzed by LIBS without any pretreatment.
However, sometimes in order to obtain accurate, precise, and reliable data, minimal sample
preparation is required. These approaches can be a simple mechanical separation of the test
portion, cutting and polishing in order to access a homogeneous sampling region. More
details on the sample preparation of solid, as well as liquid samples, for LIBS analysis are
provided by Andrade et al. [93]. Because of these excellent performance characteristics, LIBS
has wide potential to be utilized in mineral exploration, prospect evaluation, and mining
studies. pXRF cannot measure elements lighter than Al (Z = 13), while there is no such
limitation for pLIBS. The technique is particularly useful for the analysis of light elements
of low ionization energy (e.g., Mg, Na, C, B, Be, and Li), some of which are important target
elements as well as pathfinder elements for mineral exploration. Thus, these two analytical
techniques are complementary for geochemical analysis. Harmon et al. [91] recently gave
a detailed account of the application of LIBS and pLIBS for mineral exploration studies
and also for unraveling the complex geological history of most ore systems. pLIBS can also
do the analysis of mineral and element distribution mapping within a sample when the
analyzer is set up to perform a small step raster pattern. The element maps can be created
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for various elements by integrating the peak area measured for a particular element for
each physical location measured. More details are provided by Connors et al. [86].

Measurements of REE are sometimes difficult due to weak emission lines, but several
authors showed examples of successful detection of the number of different REE in different
geological materials [94]. Recently, a new type of LIBS system was developed without
a built-in temporal gating, using an Nd-YAG laser beam as an excitation source and
a highly temporally resolved optical detector system with a compact, low-cost optical
multichannel analyzer (OMA) system. The practical analysis results on several types
of samples, including geological materials, were encouraging [95]. Harmon et al. [91]
described the recent advances in both laboratory and field-portable LIBS for mineral
exploration studies through rapid, qualitative to quantitative geochemical analyses.
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6.1. pLIBS to Trace Gold Provenance

Handheld LIBS devices can be used for rapid in situ analysis of gold, thereby serving as
a field-based decision-making tool. The best pathfinder element to trace gold mineralization
is gold itself; because it is dense, chemically stable, and easily found in the erosional
products of gold systems (i.e., alluvial gold from placers). Indeed, drainage sediment
sampling, often the first step in a gold exploration strategy, is to detect the silver (Ag)
content or its mineral inclusions at its most intense emission line at 546.58 nm, in order
to establish a link between a secondary (placer) deposit and its potential primary deposit.
(Pochon et al.) [97]. The results obtained in this study also demonstrated that it is possible
to discriminate between distinct populations of gold in concentrates/gold bullion to trace
the origin of gold from the area of French Guiana gold districts, which is affected by
illegal mining. This is done by performing principal component analysis (PCA) on the
dataset obtained on other elements commonly associated with native gold, such as Cu,
Zn, Ag, Pb, As, Se, Sb, Sn, Hg, and Te. This feature of pLIBS has some advantages over
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laboratory-based laser ablation-ICP-MS (LA-ICP-MS) for tracking illegal gold mining
in addition to several other advantages, such as it is less expensive, faster, and more
convenient than by the laboratory-based laser ablation-ICP-MS technique [98]. Such studies
also help in distinguishing gold sources and potentially yield insights into geochemical
processes operating during gold deposit formation [99]. Harhira et al. [100] obtained a
practical detection limit of 0.75 µg/g in gold-bearing rocks and also in drill core samples
demonstrating the potential of the techniques for gold exploration studies.
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6.2. pLIBS in Li-Exploration Studies

Currently, lithium is in high demand due to the rapidly growing production of electric
vehicles that use Li-ion batteries. It is produced from hard rock mines by countries such as
Australia, and from brine mines of Argentina, Chile, and China. Li-exploration studies were
carried out in the outcrops, mainly consisting of pegmatites. LCT pegmatites (containing
Li–Cs–Ta) are an important source of Li. Such pegmatites can have varying degrees of
enrichment in Li, Rb, Cs, Be, Sn, Ga, Ta > Nb, B, P, and F. The crustal abundance of Li is
17 µg/g, but the concentration in the mineralized rocks can go up to ~3% [101]. Though
hyperspectral imaging data (HSI) generated by portable VNIR and SWIR spectrometer was
also utilized for Li exploration studies, pLIBS is an ideal geochemical tool because it is the
only technique that can measure Li concentration in minerals, rocks, soils, and brines in the
field. Figure 11 presents the LIBS spectra of three Li-rich minerals obtained from different
Li-rich minerals in the entire wavelength range [97]. Wise et al. [101] recently demonstrated
the potential of pLIBS in the LCT pegmatites of the Carolina Tin-Spodumene Belt (CTSB)
situated in the Kings Mountain Shear Zone, USA. pLIBS was utilized for the identification
and quantification of lithium (detection limit < 100 µg/g), measurement of K/Rb ratios,
lithium mapping, and depth profiling. The use of pLIBS drastically reduced the time
necessary to acquire the required geochemical data during a Li pegmatite exploration
program. Fabre et al. [102] used portable LIBS for the in situ determination of Li and other
minor/trace elements, such as Be, Rb and Cs, in rare metal pegmatites and granites for Li
exploration studies.

7. µRaman Analyzer

Ray et al. [103] presented the history and evolution of portable Raman spectrometers.
Very recently, Mitsutake et al. [104] presented a historical review of Raman spectroscopy,
including fundamentals and current developments. Since the development of the first
commercial Raman spectrometer in 1953, advances in lasers and detectors have expanded
the use of this technique in several areas. The first µRaman spectrometers were developed in
1974 and commercialized. Exploration scientists understood the potential of this innovative
technique for mineral exploration studies to unearth the hidden mineral deposits and
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realized the remarkable capability of the µRaman spectrometer in obtaining chemical as
well as mineralogical information [105]. Levitan et al. [106] realized the importance of
Raman spectroscopy as it was very effective in distinguishing among the serpentine-group
minerals, chrysotile, antigorite, and lizardite, which have similar XRD patterns. Thus,
Raman spectrometers deliver both chemical composition and structural information in a
single measurement. A µRaman spectrometer is also a non-destructive portable analytical
technique, and out of the techniques described here, it is the only technique that can
identify both inorganic and organic compounds without the need for any chemical or
mechanical sample preparation. Figure 12 is a schematic diagram of a modern portable
Raman spectrometer. A visible light or UV or IR from a laser source is delivered through
a lens and a filter. The light is then reflected by a mirror and focused onto the sample
through a microscope objective lens where the laser light interacts with molecular vibrations,
phonons, or other excitations in the system, resulting in the energy of the laser photons
being shifted up or down. This shift in energy is known as the “Raman effect”, which is
detected by the detector providing information about the vibrational modes in the system
(sample). Thus, the Raman spectrum can be regarded as the fingerprint of the molecule, and
it is evidently a non-destructive technique. The typical spectral resolution of a handheld
spectrometer is around 10 cm−1, which is contrasted to the typical values of 1–2 cm−1 for
full-fledged laboratory spectrometers. Laboratory-based instruments were commercially
available in the late 1980s, and currently, miniaturized instruments that can be taken to the
field are also available. Visual identification based on their specific physical properties, such
as color, hardness, and cleavage, as well as their crystal structure, can be relatively simple for
some minerals in the field, but for detecting many common rock-forming minerals, special
equipment, such as pXRD or µRaman spectrometer, is necessary. Sergeeva et al. [107], using
a portable Raman spectrometer, discovered a complex mineral called ammoniovoltaite,
(NH4)2Fe2+

5Fe3+
3Al (SO4)12(H2O)18, in a complex hydrated sulfate of the volatile group

on the surface of the Severo-Kambalny geothermal field, Kamchatka, Russia. In another
example, Raman micro-spectroscopy with a visible 532 nm wavelength excitation confirmed
the biogenic presence of the cyanobacterial mat, which had a significant impact on the
formation of the unique Nb-REE Tomtor deposit, Russia [108]. Figure 13 shows Raman
spectra of some common heavy minerals of different origins. Generally, the identification of
serpentine minerals in rocks carried out by scanning electron microscopy-energy-dispersive
spectrometry (SEM-EDS) and transmission electron microscopy (TEM), are very expensive
and require complicated sample preparation procedures. Groppo et al. [109] used less
expensive micro-Raman spectroscopy to accomplish this task, which also requires no
sample preparation. Recently, Orlando et al. [110] gave a comprehensive account along
with various applications of Raman spectroscopy.

Carbonate rocks act as reservoirs in sedimentary rocks and can also be host rocks
related to numerous metalliferous ore deposits in magmatic, hydrothermal, or sedimen-
tary environments. Kim et al. [111] analyzed the spectral features associated with the
identification and compositional variation of Ca-Mg-Fe-Mn natural carbonate minerals
with a calcite structure (calcite, ankerite, dolomite, siderite, rhodochrosite, and magnesite)
by using a portable Raman device with a 532 nm excitation laser and a portable infrared
spectrometer with ATR (Attenuated Total Reflection). These authors demonstrated a strong
correlation between Mg# acquired from a portable XRF device and the band positions
from both a portable Raman and a portable IR spectrometer. Arbiol and Layne [112] ap-
plied both Raman and Vis-NIR-SWIR spectroscopy methods in a complementary fashion
for the identification of four key hydrothermal alteration minerals (pyrophyllite, white
mica, chlorite, and alunite) in situ that are common in precious metal epithermal systems,
revealing the potential of these techniques for the application to other ore deposits of
hydrothermal origin.
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8. LED Fluorimeter

A portable LED fluorimeter can be taken to the field for the measurement of uranium
concentration in water directly with a detection limit of 0.2 ng/mL, and this technique has
been in use for environmental studies [115] and can be conveniently used even in uranium
exploration studies. In general, the concept is based on the interaction between ground-
water and the mineralized zone and the leaching of trace/heavy metals under favorable
pH-Eh conditions. The sub-surface recharge of groundwater results in the greater likelihood
of rock–water interaction with buried mineralization compared to surface geochemical
methods [39]. LED fluorimetry comprises the steps of exciting the uranyl ion in the sample
by using electromagnetic energy of suitable wavelengths and measuring the decay with
time of the uranium phosphorescence after the termination of the incident electromagnetic
radiation. The fluorescence yield varies for different complexes of uranium. Therefore,
an inorganic reagent, Fluren (fluorescence enhancing reagent-5% sodium pyrophosphate
solution), will be added to the water sample in the ratio of 1:10 to convert all the complexes
into a single complex having the same fluorescence yield [116–118]. The measurement
of fluorescence provides information about the concentration of uranium in the sample.
Figure 14 shows a schematic diagram of the working principle together with a photo of a
commercial LED fluorimeter. This instrument can be a valuable tool in uranium exploration
using hydrogeochemical methods of prospecting, as uranium is the best pathfinder for
uranium itself [119]. It has a large linear dynamic range up to 1000 ng/mL. LED fluorimeter
is very rugged, works on a 12 V battery, is suitable for field applications, and requires
minimum maintenance. Unfortunately, some of the well-known portable instruments such
as pXRF and pLIBS cannot detect uranium at very low concentrations. On the other hand,
µRaman spectrometer can also be taken to the field for the direct measurement of uranium
in water samples, which offers detection of 0.2 ng/mL for uranium [115]. Though LED
fluorimetry is capable of determining uranium at ng/mL levels and can be useful as a
field technique, one has to be aware that this method suffers interferences from dissolved
organic matter, manganese, iron, and high TDS [120]. Suitable dilutions can be performed
in order to reduce these interference effects.
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9. Core Scanners

Core scanner technologies are based on XRF, LIBS, and IR hyperspectral (HS) sensors
to obtain petrophysical, mineralogical, and geochemical data in general [121–123]. These
core scanners provide rapid scanning of drill cores that are extracted from a drill hole and
provide high-resolution analytical data to identify sweet spots, mineralization, and alter-
ation with minimum or no sample preparation at relatively high speed. LIBS is a promising
technology for the fast detection of enriched areas in drill cores and is easy to apply to
numerous core sections on the mining site, allowing detailed interpretations relevant for
the genesis of mineralizations and metal distributions, based on a comprehensive dataset.
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The LIBS technique is much faster than other time-consuming methods, such as electron
probe microanalyzer (EPMA) and LA-ICP-MS. Recently, LIBS, with its capability to provide
both high-resolution and low-resolution data, has proven to be a high-performance and
high-speed drill core scanner [123]. A LIBS-based core scanner was used to investigate
continuous spatially resolved variations in the chemical and mineralogical composition
of chromitite ore from Merensky Reef ore, Bushveld complex, South Africa, from the sub-
millimeter to the meter scale, and could distinguish between several base metal sulfides,
rock-forming minerals, and accessory minerals well [124]. LIBS technology also suffers
from matrix effects, just like any other spectroscopy technique. Similar mineral phases
will produce similar LIBS spectra with similar matrix effects and classification; therefore, it
seems very effective for handling matrix effects in LIBS-based images of coarse-grained
geological samples. The technique can provide semi-quantitative elemental data for well-
defined phases using point counting, and the technique can also detect Pt and Pd when
they occur in nuggets. Core scanners based on LIBS technology also provided elemental
ratios, such as Mg/Fe, Cr/Al, and Ca/Na ratios, which were successfully validated by
EPMA on multiple polished sections [33]. The new LIBS scanner can scan a drill core of
about 4 m in less than 5 min, generate the mineral and chemical maps at representative
resolutions, and provide high-resolution optical photographs [123]. Thus, core scanners
based on LIBS technology provide on-site and real-time information and contribute to
exploration success.

A core scanner, based on XRF technology (XRF-CS) originally designed for non-
destructive determination of the chemical composition of marine bottom sediments on-
board ships and at laboratories ashore, can provide rapid high-resolution (down to 1 mm)
records of the chemical composition on split sediment cores. The range of applications has
now broadened beyond sedimentology and paleoclimatology and extends into scanning
samples of stalagmite, speleothems, corals, mumiyo mounds, rocks, sedimentary nodules,
archaeological artifacts, tree sections, and melt segregations [125]. Other areas exploiting
the capability of XRF core scanners are mineral exploration, geotechnical characterization,
soil remediation studies, and carbon capture and storage research [126].

Hyperspectral (HS) IR scanners have rapidly developed to improve the reliability and
efficiency of core logging in the characterization of ore deposits in mineral exploration
studies. For example, Rosa et al. [122] used drill-core hyperspectral data for mineral quan-
tification at the deposit scale in the Iberian Pyrite Belt VMS deposit. In another interesting
study, Eichstaedt et al. [127] presented the results of predictive models for estimating chem-
istry grades for gold, copper, and iron in drill cores, based on the mineralogy data derived
from the hyperspectral observations and using automated tools for gaining insights into
the geochemistry to support exploration geologists in target detection. Table 3 provides a
summary of all described portable instruments with their working principle, components,
parameters, features, and applications.
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Table 3. A summary of all described portable instruments with their working principle, components, parameters, features, and applications.

S. No Name of the Portable
Instrument Working Principle Components Features Applications

1 Short-wavelength infrared
(SWIR) spectrometer

Can measure reflectance in the short wavelength
infrared range of 1300–2500 nm based on the interaction
between light and molecular bonds of minerals present

in the sample.

Czerny–Turner, Echelle and
Transmission Optical

Spectrographs,
NIR covers from 780 to 1400 nm,
and SWIR from 1400 to 3000 nm.

Operates in
absorption/transmission/reflection

modes. High sensitivity over the
NIR and SWIR range. Spectral
analysis can identify several

minerals, most minerals can be
detected up to 0.01 wt.%.

Used for
mapping both mineral assemblages and
changes in mineral composition, as well

as providing data to aid lithological
characterization and the development of

alteration maps and help to develop
three-dimensional deposit models.

2 FTIR

FTIR spectroscopy is a dispersed method in which
measurements are performed over a broad spectrum

instead of a narrow band of frequencies. The
interferogram signal is transmitted through or bounces

from the sample surface, where specific energy
wavelengths are absorbed. The beam eventually passes

through the detector and is further passed on to the
processing computer for Fourier transformation of

energy signals.

Different components of FTIR are
the IR source, interferometer, and

a detector.

It is a non-destructive technique for
obtaining molecular information,

offers high precision, accuracy,
speed, enhanced sensitivity, and

ease of operation.

To determine the mineral species,
mineral composition.

3
Instruments for

Radiometric surveys
(Geiger–Müller counter)

It detects ionizing radiation, such as alpha particles, beta
particles, and gamma rays, using the ionization effect

produced in a Geiger–Müller tube.

A G–M counter has two main
parts—a sealed tube, or chamber

filled with gas, and an
information display.

The sensitivity of the GM tube is
such that any particle capable of

ionizing a single atom of the filling
gas of the tube will initiate an

avalanche of ionization in the tube.

It can detect radioactive isotopes such as
40K, 234Th, and 238U in rocks, minerals,

and soils in the course of
mineral prospecting.

4 XRF

When X-ray radiation strikes the sample, the inner shell
electrons of the atoms of elements within the sample

with sufficient energy to cause an electron in the K and
L-shells to be displaced. The atom reestablishes

equilibrium by another electron dropping into the
vacated electron position. This return to atomic stability

emits a photon of energy that is characteristic of each
element present in the sample.

Comprises an X-ray excitation
source, X-ray detector, and a data

acquisition and analysis unit.

Detection limits of 5 to 30 µg/g for
most trace elements, low
background noise, high

temperature stability, high
resolution at high count rates, and

fast processing times.

Used for the determination of the
elemental composition of rocks,

sediments, and other geological materials.

5 XRD
The diffraction patterns result from constructive

interference between X-rays scattered by successive
parallel atomic planes of the crystal structure.

Portable XRD houses a 2.7 W Rh
anode transmission X-ray tube

source and a 10 mm2 silicon drift
detector (SDD).

The limit of detection in XRD is in
the 1–5% range, which depends on

the sample matrix.

XRD can perform qualitative and
quantitative identification of minerals in

rocks, soils, and other geological
materials.

6 LIBS

When an intense and highly focused laser pulse interacts
with a sample (solids, liquids, and even gases), a small

plume of plasma consisting of electronically excited
atoms and ions is created. As these atoms and ions decay

back into their ground states, they emit characteristic
wavelengths of light, which are isolated and detected.

A unit to generate a pulsed laser
(typically an Nd-YAG 1064 nm
laser) with a focusing system to
vaporize a small portion of the

sample, a spectrometer to capture
the emitted light and isolate the
light of the desired wavelength,

and a detector.

No need for sample preparation,
can detect all elements present in
any type of sample using a single

laser shot.

Determination of major, minor, and trace
elements in rocks and other geological

samples for pure and applied geochemical
studies, ability to determine provenance
using multivariate analysis, also can be

used as a screening tool for selecting
important samples for more precise

analysis in a laboratory.
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Table 3. Cont.

S. No Name of the Portable
Instrument Working Principle Components Features Applications

7 Raman Spectrometer

When light energy in the form of a laser interacts with
molecules in a gas, liquid, or solid, which results in the
energy of the laser photons being shifted up or down,

the shift in energy gives information about the chemical
composition of the sample.

There are three primary
components to any Raman
spectrometer: An excitation

source, a sampling apparatus,
and a detector.

Chemical identification,
spontaneous and stimulated,

detection of minerals up to 1 µg/g
concentration. This instrument was

also used in the deep ocean to
identify different minerals on the

ocean floor.

Can provide chemical and structural
fingerprint information for earth materials
(solids, powders, and liquids), can deliver
both chemical composition and structural

information in a single measurement.

8 LED fluorimeter

The uranyl ion is excited in the sample by using
electromagnetic energy of suitable wavelengths and the

decay is measured with the time of the uranium
phosphorescence after the termination of the incident

electromagnetic radiation.

Light source of suitable
wavelength, excitation filter,

sample holder,
dichroic beam splitter, and

emission filters.

Low cost, easy to operate, offers
very low detection limit

for uranium.

Mostly used in water quality monitoring,
potential tool for uranium exploration

studies, especially by hydrogeochemical
prospecting methods.

9 Core scanner based on XRF
technology Works on the principle much similar to a portable XRF.

An X-ray generator, a filter to
reduce background noise, optics,

and a detector.

Requires an XRF core scanner to be
positioned accurately above the
sediment surface, provides rapid
high-resolution (down to 1 mm)

records of chemical composition on
split sediment cores.

Offers fast, non-destructive closely spaced
analysis of major, minor, and some trace
elements in drill cores by scanning the

surface of split sediment cores.

10 Core scanner based on
LIBS technology

The laser-induced plasma emission is collected by
achromatic lenses and the optical signal is then spectrally

resolved by a spectrometer that covers 220 to 990 nm
with the detection of intensity light at selected

wavelengths by a
CMOS detector.

The laser source, the
spectrometer, the 2-axis drill

core translation table, and the
ablation chamber in a fully
automated configuration.

LIBS core scanners work in the full
220–990 nm range and a camera

that can read 1000 full frames
per second.

It can be
used for both high-resolution

mineralogical imaging and low-resolution
core scanning.

11 Core scanner based on IR
hyperspectral technology

Hyperspectral imaging is a chemical imaging technique
by reflectance spectroscopy to identify minerals based on

their spectral response to infrared light.

A tray table for carrying the core
wooden tray under the

field-of-view of the imaging
spectrometer and a sensor to

cover the IR regions of the
electromagnetic spectrum. The
entire setting is installed in a

transportable Container.

The mineral liberation, texture, and
grain information can be provided
by the scanning and mapping of
drill core samples, acquires data

from hundreds of meters of core per
day without any

sample preparation.

It helps in mineral identification and
quantification of the entire borehole from

small samples, with high resolution
mineralogical information strategically

selected throughout the deposit.

All these devices will have a rechargeable battery each, which will last up to 6 to 8 h of work.
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10. Portable Multi-Analytical Devices and Micro Analytical Devices to Explore
Terrestrial and Extra-Terrestrial Rocks

In order to study the surface rocks of Mars, the National Aeronautics and Space Ad-
ministration (NASA), USA, sent the Perseverance Rover with a suit of miniature analytical
instruments in different modules known as Mastcam-Z, MEDA, MOXIE, PIXL, RIMFAX,
SHERLOC, and SuperCam, in which PIXL contains micro-XRF to determine the fine-scale
elemental composition of Martian surface materials, and SHERLOC contains micro-UV
Raman spectrometer to provide complementary measurements with other instruments in
the payload [128]. In the earlier Curiosity Rover, there was a module known as ChemCam
(Chemistry and Camera). ChemCam was actually two different instruments combined as
one: a LIBS and a Remote Micro Imager (RMI) telescope. The purpose of the LIBS instru-
ment was to provide elemental compositions of rock and soil, while the RMI would provide
high-resolution images of the sampling areas of the rocks and soil that LIBS targets [129].
Now such combinations of miniature instruments are also available commercially for
the study of terrestrial rocks. Recently, Qu et al. [130] tested a remote Raman system for
its applications to study planetary materials. The results indicated that the instrument
could acquire Raman spectra from a distance of 4 m and identified silicates, carbonates,
sulfates, perchlorates, water/water ice, and organics that have been found or may exist on
extra-terrestrial planets. One of the most popular and extremely valuable combinations
for obtaining both geochemical and mineralogical information of geological materials is a
micro-XRF and a micro-XRD in one instrument, which complement each other [131]. These
kinds of instruments can be operated in single and/or multi-modes and provide more
complementary information from the same sample in a shorter time leading to faster and
sometimes more reliable results in the field than data obtained from traditional instrumen-
tal methods. For example, during Li-exploration studies, pXRD technology can detect most
lithium minerals (Table 1) and provide a complete picture of the pegmatite mineralogy. A
combination of pXRD and pXRF may be more useful where the crystal structures are similar
but differ in their elemental composition, as pXRD is only sensitive to spacings. Bloise
and Miriello, [71] used a portable multi-analytical device, which combines portable digital
microscopy (p-DM), pXRF, and a µRaman analyzer to analyze serpentinite and metabasite
rocks containing asbestos. The portable digital microscope enabled it to distinguish fibrous
and other morphologies. pXRF was used to obtain the in situ rapid chemical discrimination
of serpentinite and metabasite rocks. Finally, the chrysotile and tremolite asbestos were
easily identified due to their characteristic Raman spectrum. Dhanada et al. [132] recently
reviewed the development of different combinations of instruments having a laser as a
source, such as LIBS, Raman spectroscopy, and laser-induced fluorescence spectroscopy
(LIF) systems, in portable/miniature assemblies in the future. Thus, this kind of combina-
tion provided remarkable improvements and advantages over conventional techniques
during the last three decades and significantly broadened their applications in the analysis
of geological materials [66]. In fact, such combination instruments normally increase our
ability to interpret the data collected and help in successful exploration programs.

11. Role of Portable Analytical Tools/Sensors in Deep-Sea Exploration

As the land-based mineral deposits are producing lower grades at higher production
costs and new discoveries are becoming harder to locate, exploration scientists started
looking towards oceans for the critical minerals and metals. Deep-sea hydrothermal
areas, polymetallic nodules and crusts, and marine mud, which are widely distributed
all over the world, contain an abundance of metal resources that have become the focus
of marine research in recent years. Though the deep-sea mining companies have not
started their operations on a commercial scale in international waters due to environmental
concerns, some feel that deep-sea mining becomes investable in the future for the supply
of minerals/metals for the green energy revolution [133]. However, a lot of exploration
studies are going on worldwide. Seafloor REE deposits occur in environments with low
sedimentation rates, from shallow continental shelves to deep abyssal plains, where they
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are typically adsorbed onto iron-manganese nodules, crusts, or muds [134]. Spectroscopic
techniques, especially the miniaturized devices, are currently expanding their horizon
from Mars in the solar system to the deep oceans. pXRF devices for the characterization of
REE are extremely valuable for offshore quantification and strategies during expedition
cruises [135]. In addition, the emergence of underwater remotely operated vehicles (ROV)
equipped with chemical sensors, such as LIBS, Raman spectrometers, near IR spectrometers,
and laser-induced fluorescence spectrometers, for in situ detection started showing their
potential to be used in deep-sea geological explorations. Because of the highly sensitive and
selective detection capabilities, some of these miniaturized spectroscopic techniques are
getting deployed in ROVs in deep marine environments to perform in situ multi-element
geochemical analysis of both seawater and mineral deposits on the ocean beds. In fact,
for instruments such as Raman spectrometers and LIBS, underwater environments pose
a lot of challenges, such as plasma quenching effects due to the nearly incompressible
fluid medium, which can significantly degrade the quality of the signals obtained. To
overcome this, underwater LIBS systems will utilize the double-pulse technique [136];
more details are provided by Thornton et al. [137]. Figure 15 shows the typical spectrum of
a manganese nodule sample from the deep sea in Jiaozhou Bay, China; after background
subtraction processing, the characteristic lines of major metallic elements of Fe and Mn can
be clearly observed. A comparison of the data of seawater composition determined in situ
by LIBS and in the laboratory can be seen in Table 4. These results on the simultaneous
determination of major elements (Na, Mg, Ca, K) and Li over a range of concentrations
demonstrate that the deep-sea LIBS instrument has sufficient sensitivity and accuracy
relevant to oceanic applications. Oceanic in situ sensors based on spectroscopic technology
have many advantages, such as simultaneous detection of multiple components, non-
contact, high-speed analysis, wide adaptability, strong flexibility, and are becoming one
of the hot topics in marine research [138]. The demand for REE is increasing day-by-day
with ever-increasing applications of these metals in high technology products, and the
exploration activities for finding new resources have increased greatly in recent years [139].
The most enriched REE mud has occurred in pelagic deep-sea regions more than 2000 km
from mid-ocean ridges, at depths greater than 4000 m. In an effort to find out an efficient
way to explore the ocean floor for REE deposits, Obhod̄aš et al. [140] developed two
nuclear techniques for the in situ measurements of REE in deep-sea sediments: (i) passive
measurement of 176Lu radioactivity, which is appropriate if long-term in situ measurements
are possible, and (ii) the use of the neutron sensor attached to an ROV for rapid in situ
measurement of gadolinium by thermal neutron-capture. As lutetium and gadolinium
show a strong linear correlation to the ∑REE concentrations in deep-sea sediments, it is
possible to deduce the total REE content by measuring just Lu or Gd concentrations.
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Table 4. Comparison of seawater composition determined by in situ determination by LIBS probe
and analysis of the samples in the vicinity by ICP-AES in a laboratory [137].

Description Na (mmol/kg) K (mmol/kg) Ca (mmol/kg) Li In (µmol/kg)

In situ determination by LIBS 470 ± 2 10.3 ± 0.2 9.7 ± 1.0 25 ± 9

In lab determined by ICP-AES 452 10.2 9.4 43.2

Milinovic et al. [135] used a pXRD for studying the mineral composition of marine
sediments on-board ocean exploration cruises. The results were validated later on by using
the conventional laboratory instruments after the exploration mission. It was shown that
mineralogy could be efficiently assessed during the cruises at sea, i.e., within 20 h, it was
possible to analyze a batch of up to 24 gravity corer sediment samples. Milinovic et al. [141]
demonstrated that by using the portable infrared mineral analyzer (PIMA) using SWIR
spectral analysis, it is possible to get both qualitative and quantitative results of mineral
components and geochemistry (e.g., La, Ce, Pr, Nd, Sm, Gd, Dy, Er, Yb, and Y) on board in
previously studied ocean-floor areas, with high sensitivity. This instrument can also replace
the destructive wet chemical sample digestion and extraction and analysis by conventional
ICP-MS [142]. Thus, obtaining empirical SWIR-reflectance data by SWIR spectral analysis
in near real-time can be valuable for the exploration of geochemical deposits in the ocean
floor, particularly to make any changes in exploration strategies.

12. Comparison of Performances of Field-Portable Instruments versus
Laboratory Instruments

In general, the laboratory instruments, such as atomic absorption spectrometry (AAS),
XRF, ICP-OES, and ICP-MS, have a long history of providing consistent and very accurate
results for various major, minor, trace, and ultra-trace elements in different geological mate-
rials [66,143]. Though the field-portable instruments have come later on, the recent rapid
progress in technology and their application in mineral exploration studies has increased
manifold. These instruments offer a possibility of cost-effective, non-destructive, real-time,
direct, on-site measurements of a wide range of both inorganic and organic analytes in
gaseous, liquid, and solid samples, and are slowly gaining acceptance as a complement
to traditional laboratory analytics, especially in mineral exploration studies [49,144]. In
several exploration studies, these portable instruments are used for screening purposes
to select the few most appropriate samples for more precise laboratory studies. Since
the quality of data produced by field instruments varies with field conditions, rock/soil
composition, and sample preparation procedure, the samples are brought to the laboratory
for more careful analysis and comparison of the results and confirmation many times. In
addition, quality assurance and quality control protocols usually require that a number of
field samples are split and sent to a laboratory for confirmatory analysis. While pXRF and
pLIBS are the most frequently used analytical techniques for on-site measurements, labora-
tory analyses are usually performed by XRF, ICP-OES, and ICP-MS. In favorable cases, field
measurements and these laboratory analyses show a good correlation (Figure 16). These
confirmatory analyses can provide valuable information on the effectiveness of the field
methodology adopted using portable instruments. Arne et al. [145] made a comparison
of pXRF data from unsieved samples in the field with those obtained by ICP-MS from
the <100-µm grain size fraction digested in aqua regia in gold exploration studies. The
data showed a good correlation between field data by pXRF and ICP-MS data obtained
in the laboratory for selected elements, such as As and Cu (Figure 16). However, a poor
correlation was obtained between pXRF and laboratory data for elements such as Sb and
Fe, which may reflect the heterogeneity in the samples, as well as incomplete digestion
of all Fe-bearing minerals in an aqua regia digestion for some samples (e.g., chromite).
Table 5 presents a comparison of pXRF (in field) and laboratory XRF results for the four
reference samples [146], proving that these portable instruments can generate analytical
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data of dependable quality. Several other studies proved that these portable techniques can
provide acceptable results with adequate precision and accuracy [147].
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Table 5. Comparison of pXRF (in field) and laboratory XRF results for the four reference till
samples [148].

Element/Sample Identity POS$-2012-41.10 POS$-2012-70.10 POS$-2012-92.10 POS$-2012-102.10

pXRF Lab XRF pXRF Lab XRF pXRF Lab XRF pXRF Lab XRF

Mg % <LOD 0.95 <LOD 1.04 <LOD 1.07 <LOD 1.02

Al % 6.6 7.95 6 8.01 6.3 8.04 6.3 8.08

Si % 35.7 32.7 31.9 32.4 34.6 32.3 33.7 32.2

P % <LOD 0.075 <LOD 0.072 <LOD 0.072 <LOD 0.075

K % 2.28 2.18 2.26 2.18 2.36 2.25 2.27 2.18

Ca % 1.48 1.65 1.48 1.67 1.43 1.62 1.52 1.67

Ti % 0.3 0.312 0.31 0.336 0.32 0.336 0.32 0.336

Mn (µg/g) 420 372 432 411 419 418 453 411

Fe % 2.90 3.10 2.95 3.41 3.2 3.40 3.04 3.38

S % <LOD 0.028 <LOD 0.026 <LOD 0.035 <LOD 0.029

Cl % <LOD 0.008 <LOD 0.009 <LOD 0.011 <LOD 0.009

V (µg/g) 78 70 75 70 75 75 74 74

Cr (µg/g) 76 48 82 58 81 57 87 56

Ni (µg/g) 16 <20 <LOD <20 <LOD 22 29 <20

Cu (µg/g) 26 30 29 30 36 44 40 30

Zn (µg/g) 41 53 41 55 50 66 38 66

As (µg/g) 37 20 28 21 33 25 38 <20
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Table 5. Cont.

Element/Sample Identity POS$-2012-41.10 POS$-2012-70.10 POS$-2012-92.10 POS$-2012-102.10

pXRF Lab XRF pXRF Lab XRF pXRF Lab XRF pXRF Lab XRF

Rb (µg/g) 79.6 90 71.9 97 83.8 100 76.8 100

Sr (µg/g) 185 229 172 236 199 232 195 238

Y (µg/g) 15 18 11 26 16 21 13 26

Zr (µg/g) 225 198 198 187 223 193 219 191

Mo (µg/g) <LOD <0.001 <LOD <0.001 <LOD <0.001 <LOD <0.001

Sn (µg/g) <LOD <0.002 <LOD <0.002 <LOD <0.002 <LOD <0.002

Sb (µg/g) <LOD <0.01 <LOD <0.01 <LOD <0.01 <LOD <0.01

Pb (µg/g) 10 <20 10 24 13 21 8 <20

Bi (µg/g) <LOD <30 30 <30 <LOD <30 <LOD <30

Th (µg/g) <LOD 0.001 <LOD 0.001 <LOD <0.001 <LOD 0.001

U(µg/g) <LOD <0.001 <LOD <0.001 <LOD <0.001 <LOD <0.001

13. Challenges in Data Quality and Ways to Overcome

Traditional laboratory-based instruments, such as WD-XRF, ICP-MS, and Raman
spectrometers, are normally housed in stationary locations with a controlled environment
and temperature. On the other hand, portable instruments, such as pXRF, pLIBS, and
µRaman spectrometers, are normally used in variable temperature conditions and rugged
environments in the field. For example, Iceland offers a range of environments, including
volcanically active regions, extensive lava fields, geothermal springs, and large swaths of
ice-covered terrains, and in some counties across the globe, the temperature can go beyond
45 ◦C. Bower et al. [149] combined pLIBS, pRaman, and UV/VIS/NIR spectroscopy to
characterize the mineral assemblages, hydrated components, and biomolecules in rock and
sediment samples collected from some sites in the volcanically active Kverkfjöll-Vatnajökull
region. However, the results obtained in the field do not always match with those obtained
in the laboratory due to several reasons: (i) the differences in environment, including
dust, (ii) temperature differences, (iii) differences in sample preparation (sample geometry,
density, grain size, and moisture), and (iv) technical limitations of portable instruments (e.g.,
sensitivity). Laboratory sample preparation procedures ensure sample representativity,
which can be taken care of to some extent through grid or multiple measurements in
field conditions. Thus, if these aspects are completely understood and proper attention is
given to careful sample preparation, and following appropriate quality procedures, the
portable instruments can also provide reliable data in field conditions [150]. In the case
of pXRF, it is a surface/near-surface technique that is assumed to penetrate down a few
micrometers to several millimeters depending on the nature of the sample matrix and only
measures the portion of the sample directly in front of the window. On several occasions,
comparable data can be obtained by pXRF and laboratory instruments, such as ICP-MS,
on the same samples for certain elements, such as As, Cu, and Pb (Figure 16). However,
for elements such as Sb, the agreement was not good because the concentrations of Sb
were close to the lower limit of detection by pXRF [145]. This much accuracy may be
sufficient in exploration studies, particularly when looking for trends rather than very
accurate values. However, in other activities, such as mining and grade control, greater
care in sample preparation, instrument calibrations, and quality control protocols are
required for obtaining more reliable information. For LIBS element detection, the signal
is usually sufficient for identification even if the sample is not strictly flat (for the scale of
the window 3 × 4 mm). For µRaman spectroscopy work, instrumental parameters, such as
focal plane precision, exposure time, and ambient light conditions in the field can affect the
acquisition and interpretation of spectroscopic data from the specimens [151]. The real-time
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chemical and mineralogical analyses on drill cores by pXRF, pFTIR spectrometer, XRD,
and Raman spectrometer are challenging because of the drill core surface condition and
sample heterogeneities. A study by Duée et al. [152] revealed that the surface condition has
minor influence on the results of the portable instruments. Their study also showed that a
multi-technique approach was the best to overcome the drawbacks of the variations in the
core texture.

There is no replacement for proper sample preparation, testing protocol, and follow-
ing rigorous quality assurance and quality control (QA and QC) protocols by utilizing
international matrix matching certified reference materials (CRMs) for obtaining accurate
quantitative data [153,154]. This method minimizes matrix effects due to the compatibility
between sample chemical and physical characteristics and calibration standards. Other
traditional calibration strategies, such as standard addition (SA) and internal standard-
ization (IS), can be utilized to reduce matrix effects [6]. To minimize the influence of the
matrix elements on a particular element, matrix-matched international CRMs are analyzed,
and correction factors are applied to get the most accurate data, even in field conditions.
Durance et al. [72] used laboratory-based whole-rock analyses of representative samples
from a project area and matrix-matching international CRMs to derive correction factors
from applying to the pXRF data in order to ensure that the data are both accurate and pre-
cise. Then, the results obtained by these portable instruments can match the data obtained
by laboratory-based instruments provided the user is sufficiently experienced and generates
the data with sufficient care, and then the data can constitute powerful data sets. Despite
these facts, portable techniques are getting established and producing data with compa-
rable accuracy to those of well-established laboratory-based analytical techniques [155].
Fuchs et al. [156] developed a data library consisting of high-resolution spectral informa-
tion in the visible to near-infrared range (350–1080 nm), which will deal with spectral
overlap effects and be useful for the identification of some elements, such as REE.

Users must also understand the dangers of X-rays and lasers and know the fun-
damentals of radiation protection. Although LIBS and Raman instruments do not emit
ionizing radiation, they do have open beam lasers, with consequent concerns about the
eye’s safety [41]. pXRF requires licensing and operator safety training as it has an open
beam X-ray source.

14. Conclusions and Future

Exploration geoscientists and mining companies are currently facing challenges of
declining mineral reserves and increasing discovery costs. Geochemical exploration tech-
niques, both laboratory-based and field-based, can provide an excellent support system
in this endeavor in the future to help the new discovery of ore bodies at reduced envi-
ronmental and exploration costs. Especially, the development of low-cost field-portable
analytical instruments, such as portable short-wave infrared (SWIR) spectrometers, pXRF,
pXRD, pLIBS and µRaman spectrometers, are allowing the possibility of obtaining geo-
chemical and mineralogical information while engaged in field investigations over the last
couple of decades, allowing real-time decisions to be made with reasonable confidence.
The striking advantages of these instruments are: (i) rapid analysis; (ii) low purchase and
maintenance costs compared to laboratory-based instruments; (iii) rechargeable battery
operation; (iv) requirement of no or little sample preparation; (v) GPS, Bluetooth, wireless
computer technology, internet connectivity, and remote control operation; (vi) safety for
the operator; and (vii) easy operation. These instruments are extremely valuable not only
in exploration, mining, and processing studies but also in quality control, trading, and
safeguarding the environment.

Recent success in the discoveries of new mineral deposits using these portable tech-
niques has made these techniques very popular. The ability of these portable techniques,
combined with the GPS and Bluetooth facilities, enables even more exciting applications,
such as physical mineral mapping across large areas in the field and instant data trans-
mission back to a central database. In situ analytical techniques are more appropriate and
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useful for the successful exploration, mining of deep-sea minerals, and to understand the
ecosystem. They can be used for the analysis of rocks and soils with varied compositions
with no or minimal sample preparation. However, a clear understanding of the matrix
interferences is extremely important for obtaining optimum results. The application of
multivariate methods may be helpful, especially for heterogeneous samples.

Portable XRF technology is currently established in exploration, mining, and met-
allurgical studies. Portable LIBS is one of the few techniques that can detect lithium as
well as all the halogens in the field. Current developments in the on-site analysis together
with sound QA and QC protocols are increasing the confidence levels of the exploration
scientists. Laser technology is constantly improving with laser size reduction and pulse
power enhancement, and with improved optics, it is expected that there will be further
progress in these portable laser-based instruments in the future. In fact, these devices have
already become a part of the equipment of many modern mineral exploration laboratories,
especially in private mining companies.
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