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This chapter (Laser-Induced Breakdown Spectroscopy (LIBS)) is a contribution to the Geostandards and Geoanalytical
Research Handbook of Rock and Mineral Analysis – an online textbook that is a fully revised and updated edition of
A Handbook of Silicate Rock Analysis (P. J. Potts, 1987, Blackie, Glasgow).
Chapter 13 (from Section 3 of the handbook dealing with microbeam techniques) provides first a history of the
development of laser-induced breakdown spectroscopy, and of the LIBS process, followed by an examination of the
fundamental principles of LIBS and its instrumentation. Discussion is then provided on the preparation of sample material,
LIBS matrix effects and signal processing. Different modes of compositional analysis that can be tackled by LIBS are
described, including quantitative measurement (covering isotope measurements), compositional mapping, depth profiling
and the determination of physical properties of geological materials. The recent tandem coupling of LIBS with laser
ablation ICP-MS instrumentation is explored. Finally, a suite of examples of LIBS analyses of silicate rocks and minerals is
provided, demonstrating the utility of this measurement principle in rapid compositional assessment, detailed petrological
studies and microgeochemical mapping.
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13.1 Introduction

This article discusses the application of laser-induced
breakdown spectroscopy (LIBS) to theanalysis of silicateminerals
and rocks. LIBS is a form of atomic emission spectroscopy that
employs a pulsed laser for sample heating and optical
excitation with the capability to undertake rapid, simultaneous
multi-element analysis of any material – solid, liquid, or gas.
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This article is centred on LIBS analysis of silicates,
although other types of minerals and rocks are mentioned
where appropriate, and the emerging technology of tandem
LIBS/LA-ICP-MS is also discussed. For more details about the
LIBS technique, particularly regarding the fundamental
physics of the LIBS process and other facets of LIBS, readers
are referred to the books by Miziolek et al. (2006), Noll
(2012), Cremers and Radziemski (2013), Musazzi and
Perini (2014), Galbács (2015), Palleschi (2020), Singh and
Thakur (2020) as well as the recent review papers on LIBS
geoscience applications by Fabre (2020) and Harmon and
Senesi (2021).

13.1.1 Brief history of LIBS

LIBS has been used for chemical analysis since shortly
after development of the pulsed laser and then Q-switched
lasers in the early 1960s (Radziemski 2002). For the
following three decades, LIBS was a specialised research
technique within the physics, chemistry and spectroscopy
communities because of the large size and high cost of
lasers and spectrometers, with researchers assembling LIBS
systems from lasers, light focusing and collection optics,
detectors/spectrometers, and system control components in
different configurations to study laser-material interaction,
breakdown phenomena in different media, and particular
aspects of plasma physics, or to demonstrate the efficacy of
LIBS for analysis of different types of material. LIBS has only
been applied for geochemical analysis since the first
published analysis by Grant (1990), but over the past
decade has been demonstrated to be an effective analytical
tool for a wide range of practical geoscience applications
that includes the rapid qualitative and quantitative analysis
of a wide range of geological media including fluids,
minerals, rocks, sediments and soils.

Technological advances in computer chips and the
miniaturisation of lasers of high stability and energy
reproducibility, the development of small detectors and
compact high-resolution spectrometers, and the broad
application of chemometrics to LIBS spectral data has taken
LIBS out of the research laboratory and into the field for
practical applications through the development of the first
commercial LIBS systems in the 1990s and then small
handheld (h) LIBS analysers in the 2010s (Radziemski and
Cremers 2013, Connors et al. 2016, Senesi et al. 2021). The
demonstrated success of LIBS for mineral and rock analysis,
including its deployment by NASA as a part of the
ChemCam and SuperCam, and the Chinese MarSCoDe
instruments on the Mars rovers has greatly boosted interest in

using LIBS for geological applications on Earth. Presently,
there are at least half-a-dozen commercial instrument
manufacturers offering hLIBS analysers for field use that
can achieve elemental detection in the μg g-1 range or
better for many elements (Senesi et al. 2021). Software
control has automated the entire LIBS analytical process
and facilitated real-time data processing.

13.1.2 LIBS overview

As every element in the periodic table has one or more
optical emission lines in the spectral regions between 190 to
900 nm, LIBS is ideally suited for the multi-element analysis of
all types geological media, including silicates, because it
provides simultaneous detection of all chemical elements in
solids, liquids and gases with little to no sample preparation
with a single laser pulse. Because LIBS is a laser-based form
of optical emission spectroscopy, there is nothing intrinsically
particular or specific to the analysis of silicates by LIBS.
Notable, however, is that LIBS is particularly sensitive to the
low atomic number elements H, Li, Be, B and C that cannot
be readily determined by many other analytical methods
and to first-row transition elements of the periodic table that
together comprise the bulk of the Earth’s silicate crust and
mantle. Thus, as shown in Figure 13.1, these elements have
the lowest detection limits (LODs). Most elements of the
periodic table have been observed in LIBS spectra of
geological media, but although LIBS LODs have been
steadily improving over the past two decades, concomitant
with technological progress in LIBS instrumentation, it is
important to understand that they are highly dependent on
sample matrix and the operational capabilities of the LIBS
system used for the analysis.

13.1.3 The LIBS process

In LIBS analysis, a short-duration, pulsed laser light is
tightly focused onto the sample so as to cause material
‘breakdown,’ i.e., the conversion of a minute amount of
sample by laser energy absorption into a vapour and
particulate-bearing aerosol which leads to the generation of
a high-temperature plasma (Russo et al. 2008, Hahn and
Omenetto 2011). Information on the chemical composition
of a sample can then be achieved by measuring the
emission spectrum from this laser-induced plasma because
element abundances in the sample analysed are reflected
in the intensities of elemental emission lines in the LIBS
spectrum, but self-absorption effects which are always
present in LIBS plasmas might produce a non-linearity in
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the relation between intensity and elemental abundance
(Russo et al. 2008).

The LIBS analytical process, which has been described
in detail by Cremers and Radziemski (2013), is schemati-
cally illustrated in Figure 13.2. For LIBS, the beam from a
high power, low-energy laser, typically a compact
Q-switched Nd-YAG laser pulsed in the femtosecond (fs)
or nanosecond (ns) time regime, is tightly focused onto
the surface of a sample to create a power density on the
sample surface at GW cm-2 levels for the duration of the
laser pulse. Although the threshold breakdown value
depends on the specific character of the laser and the
state of aggregation of the material being analysed, an
irradiance of � 1 GW cm-2 is generally sufficient for material
ablation and breakdown to form a high temperature and
high electron density plasma (Radziemski and
Cremers 1989). This laser energy is converted into heat,
causing an induced dielectric breakdown, ablation and
ejection from the surface of less than a microgram of the
sample. This produces a hot, highly luminous plasma
through successive vaporisation, dissociation and ionisation
of the ablated material. The pulse from fs lasers is short and
concludes before the plasma forms, whereas the pulse from
ns lasers is sufficiently long that some of the pulse energy
remains after plasma formation to continue excitation of the
plasma constituents.

The LIBS plasma consists of an assembly of free
electrons plus weakly ionised molecular, atomic and ionic
species characterised by strong electrostatic interactions. At

the termination of the laser pulse, the high-temperature
(T > 10,000 K) plasma plume cools down rapidly through
expansion at supersonic velocity, with light emitted at
characteristic wavelengths as species recombination and
de-excitation occurs. A LIBS plasma initiated by a single
laser pulse is characterised by high ionisation at early times
with neutral atoms and then molecules subsequently
formed by electron-ion recombination (Figure 13.2b). The
lifetime of fs-induced plasmas is shorter and characterised
by less background than for ns-induced plasmas. During its
very short lifetime (� 10 μs in air) the plasma emits light
both as a background continuum and as discrete spectral
lines and bands (Figures 13.2c and 13.2d). The continuum
emission decays more rapidly than the atomic, ionic and
molecular emission as the plasma cools, so that character-
istic elemental and molecular emission lines can be
detected at later times when the recombination of ions to
bound states is dominant and the peak shapes are more
clearly defined (Noll 2012). This LIBS emission is collected
and analysed spectroscopically for the direct determination
of sample elemental composition or for the indirect
estimation of certain sample physical properties. Because
many electron orbital transitions occur for most elements, a
LIBS emission intensity spectrum consists of multiple peaks
for the majority of elements and typically contains numerous
spectral lines for most geological materials (Figure 13.3).
The overlap of elemental peaks, shifts in emission line
position and changes in spectral peak shape are common
problems encountered in the multi-element analysis of
geomedia that can usually be addressed by spectral post-
processing.
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Figure 13.1. Approximate detection limits for measurements by LIBS. These conservative estimates are highly

dependent on the LIBS instrument used, the type of material analysed, and the analytical conditions. Modified from

Buckley (2021).
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13.2 Some LIBS fundamentals

Laser-material interactions and plasma emissions are
governed by quantum mechanics principles describing
how photons are absorbed or emitted by atoms. If an
electron absorbs a photon, the electron reaches a higher
energy quantum mechanical state. Electrons tend to lower
permitted energy levels, so the electron emits a photon
during the de-excitation of an atom, ion, or molecular
fragment. Due to quantisation, the different energy levels of
a species generate narrowband emissions at distinct

photon energies. This light emission comprises the LIBS
spectrum.

For ns lasers, which are the types used in commercial
LIBS instrumentation, the electron-lattice heating time is ca.
10-12 s, i.e., much shorter than the laser pulse time. As a
consequence, thermal effects dominate the ionisation
process. As the laser energy melts and vaporises the sample,
atoms in the ablated material will be energised and ionised
by the high temperature of the plasma. Photo-ionisation
occurs when photon energy is higher than bond energy. The

Figure 13.2. The LIBS process. (a) Schematic illustration showing the four stages of the LIBS process from laser

heating and ablation of a solid sample to generation of the LIBS emission spectrum, (b) the time evolution of the LIBS

plasma from the onset of the laser pulse through the femtosecond (fs), picosecond (ps), nanosecond (ns) and

microsecond (μs) time regimes into the millisecond (ms) time regime noting the specific physical processes and

phases of spectral emission occurring during the LIBS analysis, (c) spectral emission evolution of an elemental peak

as function of time after delay of detector opening, and (d) evolution of the broadband LIBS emission as a function of

delay time between the firing of the laser and the opening of the detector. Modified from figures in Liu et al . (1999),

Russo et al . (2002) and Harmon et al . (2009).
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first electrons generated are the most external ones, i.e., the
most distant from the nucleus as they have the lowest
ionisation potential. Then, more electrons can be detached
by an additional input of energy. Due to the laser radiation
the plasma becomes opaque within 10-9 to 10-8 s, so that
the final portion of the laser pulse interacts with the plasma
surface and is absorbed or reflected, therefore not ablating
additional material.

Plasma formation in fluids (gases or liquids) is different
than in solids because the ablation mechanism is replaced
by cascade ionisation. Initially, a few electrons are produced
through multiphoton ionisation and then are accelerated
and acquire enough energy under the laser electric field to

ionise other atoms and create an avalanche process. The
irradiance threshold for this multiphoton ionisation process
depends on the type of fluid and is typically much higher
than the ablation threshold in solids.

The primary operational factors that affect the amount
of mass removed by laser ablation of solid materials,
ablation stoichiometry, plasma character, electron temper-
ature and density, and ultimately the intensity of the LIBS
emission are laser irradiance and wavelength. Only a
fraction of the sample mass is excited and capable of
producing a detectable optical emission and the energy
absorption properties of a material depend on the
wavelength of laser radiation, so that ideally the choice
of laser wavelength should depend on the sample material
and the type of application (Fantoni et al. 2006). For
example, ultraviolet laser light is preferred for the analysis
of glass and some minerals because shorter wavelength
light is more readily absorbed by translucent and
transparent materials. Ideally, the laser wavelength used
for a particular LIBS analysis would be that at which the
light absorption by the sample being analysed would be
maximised, a situation that can only be realised in a routine
way in a research laboratory using bespoke LIBS systems
configured on a case-by-case basis for a particular
experiment or in LIBS systems designed for a specific
application. Commercial LIBS systems typically employ ns
Nd-YAG lasers that generate infrared light at 1064 nm,
which is efficiently absorbed by free electrons to heat the
LIBS plasma after generation.

When the energy applied to an atom is sufficient to
overcome its ionisation potential, electrons will be detached
from the atom creating free electrons and positive ions.
Initially, the detached electron is the most external one, i.e.,
that most distant from the nucleus because it has the lowest
ionisation potential. More electrons can be detached by an
additional input of energy. In a LIBS analysis, a short-
duration, pulsed laser light is tightly focused onto a sample
to cause material ‘breakdown,’ that is, conversion of a
minute amount of sample by laser energy absorption into
vapour and particulate-bearing aerosol which leads to the
generation of a high-temperature plasma (Russo et al. 2008,
Hahn and Omenetto 2011).

When laser energy above the breakdown threshold
couples to a solid sample, a sub-microgram amount of
material is ablated by both thermal and non-thermal
mechanisms. The ablated material is vaporised and subse-
quently dissociated to form a high-temperature plasma. As
noted above, plasma formation and its properties depend on
laser wavelength. For ns lasers, plasma initiation results from

Figure 13.3. Examples of LIBS spectra acquired using a

handheld LIBS analyser: (a) between 180–680 nm for

a Quaternary age volcanic andesite from northern

Chile showing spectral emission lines for the common

silicate rock-forming elements Si, Al, Mg, Ca, Fe, Na

and K along with the trace elements P, Ti, Ba, Mn and

Sr (b) between 180–880 nm for a muscovite mica in

pegmatite outcrop at a lithium prospect in the Carolina

Tin-Spodumene Belt in Gaston County, North Carolina.

Modified from figures in Harmon et al . (2018) and

Wise et al . (2022).
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two processes: (i) inverse Bremsstrahlung absorption is the
process in which an electron absorbs a photon while colliding
with an ion or with another electron; and (ii) photo-ionisation of
excited species and excitation of ground state atoms through
interaction of a photon with an atom or molecule. Brems-
strahlung absorption is stronger at infrared wavelengths
(Cabalin and Laserna 1998), whereas the photo-ionisation
mechanism dominates at ultraviolet wavelengths so that the
fluence (energy per unit area) required to initiate ablation is
lower (Russo et al. 2000). When inverse Bremsstrahlung
absorption occurs during LIBS, part of the ns laser beam
reheats the plasma, which increases the plasma lifetime and
intensity while concomitantly increasing the background
radiation. Longer wavelength laser light increases inverse
Bremsstrahlung plasma shielding, but reduces the ablation
rate and increases the redistribution of elements between
solid and liquid phases in the plasma which modifies its
emission (Mao et al. 1996).

The collection of ions within a laser-induced plasma
emits photons during the recombination process, as ions
absorb a free electron during either the free-bound
transition or free-free transition de-excitation processes in
which ions and electrons loose kinetic energy. This light
emission forms a continuum due to the mixture of energies
and different energy transitions that can mask the discrete
emission lines generated by the de-excitation of ions and
neutral atoms at discrete energies. However, this continuum
emission decays rapidly so that the emission lines from the
atomic species that are characteristic for each element
emerge in the emission spectrum (Figure 13.2d) at later
times. Hence the need for time gating in the acquisition of
LIBS spectra.

The extent of the continuum emission depends on both
temperature and density of the plasma and thus is greater
during the initial stages of plasma life that is characterised by
a higher temperature and electron density (Figure 13.2d).
For ns LIBS, atomic emission occurs after about a μs and
molecular emission happens at later times from species
recombination (Figure 13.2b). The discrete lines that char-
acterise the material have three main features: wavelength,
intensity and shape. Atoms for every element have different
excitation energies that determine the wavelength of photon
emissions, whereas the intensity and shape of the lines
depend strongly on the ambient environment of the emitting
atom in the plasma.

The generalised time evolution of a LIBS plasma is
illustrated schematically in Figure 13.2b and described in
more detail in Figure 13.4. The lifetime of the LIBS plasma
plume occurs in four phases: (i) ignition, (ii) heating and

expansion, (iii) cooling and (iv) condensation. The ignition
process comprises bond breaking and plasma develop-
ment. For ns LIBS, atomic emission occurs after about a μs
and molecular emission occurs at later times from
recombination of species in the plasma. The continuum
emission depends on both temperature and density of
plasma, which are high during the initial stages of
plasma evolution. For this reason, gating of the detector is
necessary to delay the acquisition of the LIBS emission
(Figure 13.2d).

Most LIBS spectra are recorded from several hundreds of
ns to several μs after the laser pulse. Understanding plasma
ignition and plasma expansion processes during this time
period is critical for optimising a LIBS measurement. Plasma
ignition processes include bond breaking and plasma
shielding during the laser pulse, whereas plasma expansion,
which occurs at supersonic speed, and cooling are
influenced by plasma conditions occurring after the laser
pulse terminates. The amount and forms (kinetic, ionisation
and excitation) of energy that atoms and ions acquire are
influenced by bond breaking mechanisms. Plasma shielding
can be dominant when the laser irradiance reaches certain
thresholds and can increase the energy by additional
heating before the laser pulse ends. The extent of plasma

Figure 13.4. Schematic illustration of the time evolu-

tion of the LIBS plasma from the laser shot to light

emission. Modified from Gonçalves et al . (2021).
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shielding, which reduces the ablation rate because the laser
beam does not reach the sample surface, is determined by
laser irradiance and wavelength together with ambient
atmosphere environment of surrounding gases and pressure
in which the LIBS analysis occurs (Aguilera et al. 1998,
Vadillo et al. 1999).

Plasma temporal evolution changes with laser pulse
duration, with the laser-plasma interactions resulting in
increased plasma heating and temperature elevation with
longer pulse duration. For fs lasers, continuum emission is
observed within a ns after laser excitation, whereas for ns
lasers, atomic emission occurs a few ns after the laser pulse –
immediately after plasma formation, although the continuum
emission typically dominates the LIBS spectrum in the first
hundreds of ns. The last portion of a ns laser pulse interacts
with the developing plasma to reheat it, extends its lifetime,
and increases the intensity of line emission. However, a
stronger spectral background is generated for ns LIBS, which
decreases its sensitivity. The ablated mass in the plasma is
not excited during the recombination and condensation
phase, so that ablated atoms become cold and the plasma
condenses and aggregates into nanoparticles that con-
dense as a rim surrounding the ablation crater
(Figure 13.2a). The optimal acquisition time for the LIBS
spectral emission depends on both the type sample being
analysed as well as the experimental conditions and the
ambient environment in which the plasma forms (Castle
et al. 1998).

The size, energy and velocity of propagation, and
emission properties of the plasma are determined partly by
the ambient atmosphere into which the plasma expands
(Iida 1990), which can enhance or prevent plasma
shielding. If the LIBS analysis is conducted in a pressurised
confining gas such as He or Ar, the plasma plume is a
mixture of atoms and ions from both vaporised material and
the ambient gas, whose pressure will influence plasma
expansion. Formation and expansion of the plasma into low
pressures will increase energy losses and diminish the
uniformity of plasma energy distribution. Shockwaves
from the plasma plume will compress the surrounding
medium and the plasma will thus be more confined and
shielded than if the analysis is conducted in air or in a partial
vacuum.

Stark line broadening is a phenomenon frequently
encountered in LIBS. The Stark effect causes spectral lines to
broaden because of pressure and electric field effects
associated with the collision of charged particles (i.e.,
electrons and ions) within dense plasmas and the different
electrical fields associated with fast moving electrons and

slower moving ions, which split and shift the atomic energy
levels (Stark 1914, Griem 1974). Emission lines are broad-
ened and change in their intensity and shape as a
consequence of these perturbations.

Self-absorption occurs when an emitted photon is
absorbed by an atom of the same chemical species in the
same excitation state, thus resulting in diminished spectral
line intensity (Cowan and Deike 1948). The probability of
self-absorption increases as the number of emitting atoms
increases, so that for elements of high abundance in a
sample, there is no longer a linear relationship between the
number of emitting atoms and the measured intensity for
certain emission lines.

Plasma thickness must be thoroughly considered for an
accurate evaluation of LIBS parameters. Generally, plasmas
can be distinguished as thin and thick ones (Rezaei 2016). A
plasma is characterised as being optically thin when the
re-absorption of radiation is negligible, i.e., the emitted
radiation crosses and escapes from the plasma without
significant absorption or scattering. Consequently, in spec-
troscopic analysis, the spectral radiation that is not
self-absorbed is evaluated by considering the summation
of all spectral emissions along the line of sight. Radiation
trapping occurs in high-density optically thick plasmas, which
leads to the self-absorption phenomenon, i.e., the outward
emission is reabsorbed by the plasma itself so as to
decrease the radiation intensity and broaden the spectral
line width (Bredice et al. 2006). Thus, the reduction of
self-absorption is essential to obtain quasi-optically-thin
spectral lines and an accurate LIBS analysis.

As previously noted, the intensity of the LIBS plasma
emission can be increased by creation of a laser spark in
an inert gas (Iida 1990), through a multi-pulse approach
(Cremers and Radziemski 2013), by secondary excitation
of the plasma by an electric pulse following the laser
ablation pulses (Bol’shakov et al. 2016), or by utilising
interaction between microwave radiation and laser-
induced plasma with microwave-assisted (MA)-LIBS (Liu
et al. 2010). The intensity of the LIBS emission can be
enhanced to increase elemental detection limits by the
deposition of metallic nanoparticles on the surface of a
sample before analysis (De Giacomo et al. 2014). For
example, Koral et al. (2018) observed an enhancement of
the LIBS emission signal by several orders of magnitude
after depositing a thin layer of Au nanoparticles on the
surface of gem minerals, which improved the signal to
noise ratio and not only observed reduced the elemental
LODs but also hardly any discernable physical damage to
the sample surface.
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Double-pulse (DP) LIBS has been extensively investi-
gated as a means of achieving spectral intensity
enhancement. In DP-LIBS, two pulses from the same laser
are directed to a sample either in a collinear or an
orthogonal reheating configuration. In the former arrange-
ment, described in Corsi et al. (2006), the laser pulses
propagate along the same axis, orthogonal to the sample.
Signal enhancement is produced by the reduced shielding
of the plasma that is produced when the second laser
pulse encounters the sample in the low-pressure environ-
ment created by the shock wave generated by the first
pulse. In the orthogonal reheating arrangement, the first
laser pulse generates the plasma and the second pulse
reheats it. In this configuration the ablated mass is the same
as in single pulse LIBS. The timing between the two pulses
will depend on the specific material, but is generally on the
order of a few microseconds (μs). The amount of matter
ablated by DP-LIBS is considerably greater than by
conventional LIBS for the same total laser energy input
(e.g., St-Onge et al. 2002) and, therefore the total plasma
light emission greater (Figure 13.5).

For example, Burakov et al. (2009) compared Pb
content measurements in pelletised soil samples doped
with different amounts of Pb acetate, observing that the
intensity of the Pb I line at 405.8 nm in the DP-LIBS spectrum
was 2–5 times more intense than in the SP-LIBS spectrum,
with the LOD for Pb determined to be � 20 μg g-1. Kwak
et al. (2009) used DP-LIBS to determine As mass fraction in
sixteen soil samples collected from five different mine
tailing sites in Korea. The DP-LIBS approach yielded a
mean enhancement of 13% of the As signal intensity, a
165% improvement in the signal-to-noise ratio for As
emission lines, and a smaller relative standard deviation
(RSD) for the derived calibration curve compared with
SP-LIBS analysis.

Any characterisation of the LIBS plasma begins by
describing the properties of its assembly of atoms, molecules,
electrons and ions, rather than individual species. If a
thermodynamic equilibrium exists then plasma properties,
such as the relative populations of energy levels and the
speed distribution of particles, can be described through the
concept of temperature (Cremers and Radziemski 2013)
and the theoretical Boltzmann–Maxwell and Saha–Eggert
expressions, which relate fundamental plasma parameters
to the concentration of elemental species in a sample, can
be considered valid (Cristoforetti et al. 2010). An operational
approximation is used, i.e., the local thermodynamic
equilibrium (LTE) condition in which all the processes in the
plasma are at thermal equilibrium, except for the radiation.
This condition implies that the ionisation/recombination and
excitation/de-excitation processes in the plasma should be
much faster than the radiative ones. Generally, the
approximation is valid when a sufficient number of particle
collisions have occurred to thermalise the plasma, which
spreads the energy in the plasma across its volume and
species, although not all species may be in thermodynamic
equilibrium (Cremers and Radziemski 2013). In particular,
heavy species (atoms and ions) and light species (electrons)
often equilibrate separately more quickly, and then later with
each other. This is due to the fact that the share of energy
between colliding particles is more equal if their masses are
closer. Typical LIBS plasmas, which are characterised by a
dominance of electron impact processes and a negligible
contribution of radiative loss, are well described by the LTE
model. In particular, this model assumes that it is possible to
define a local temperature, T, at each spatial point so that
the whole system (comprised of atoms, ions and electrons)
can be fully described through statistical mechanics theory
by defining few parameters, such as the electron, excitation
and ionisation temperatures and the electron number
density (van der Mullen 1990a, b, Cristoforetti et al. 2010).

Figure 13.5. Broadband spectra for analysis of marine sediment certified reference material PACS-1 using (a) SP-

LIBS with one laser pulse of 160 mJ and (b) DP-LIBS using two 80 mJ laser pulses. Modified from Corsi et al . (2006).
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The most popular gauge reported in the literature dealing
with plasma diagnostics, and that typically invoked as a
proof of the existence of LTE in the plasma, is the McWhirter
(1965) criterion, which defines the minimum electron number
density of a plasma in order to warrant the existence of LTE.

Electron temperature and electron number density of the
plasma can be determined from the characteristics of the
spectrum i.e., from the emission line properties such as widths,
shapes and shifts (Cremers and Radziemski 2013). Temper-
ature is an important thermodynamic feature of the plasma
as it can describe and predict other plasma characteristics,
such as the relative populations of energy levels and the
speed distribution of particles. The Boltzmann plot method,
which has a straight-line slope of 1/E/kT, is the common
means for graphically calculating the plasma mean
temperatures by the use of multiple lines characterised by
known degeneracies, transition probabilities and upper-
energy values (Cremers and Radziemski 2013). The electron
number density describes the number of free electrons per
unit volume and is generally determined by evaluating the
broadening of spectral lines (Hariral et al. 1997), which is
caused primarily by the Stark effect.

13.3 LIBS instrumentation

The main components of a LIBS instrument are illustrated
schematically in Figure 13.6. Although bespoke constructs for
LIBS research in the laboratory can be quite complex, LIBS
instrumentation can be both simple and robust, as
demonstrated by the recent development of commercial
hLIBS analysers (Connors et al. 2016).

A typical LIBS system, whether a bespoke and reconfi-
gurable laboratory system or a commercial system of fixed
component configuration, consists of four basic components:
(i) a Q-switched flashlamp pumped Nd-YAG laser with
repetition rate < 100 Hz used to create the plasma on the
target, (ii) optics for focusing the laser light onto the sample
and then delivering the light emitted from the plasma event,
(iii) a coupled fibre optic detector/spectrometer for acquisi-
tion of the plasma light emission and spectral resolution and
intensity analysis of the light spectrum, and (iv) a computer for
system control and data processing. Although LIBS analysis
can be made in the ambient atmosphere (i.e., in air), it is
becoming increasingly common to flow an inert gas (e.g., Ar
or He) at low pressure across the sample surface. Doing this
has three benefits as it restricts the plasma expansion and
thus enhances the LIBS light emission, allows for the analysis
of N and O, and prevents particulates from the ablation of
the sample from accumulating on the system optics.

The laser requirements for LIBS are that it has a high
energy delivered at short pulse duration. Although a variety of
laser types (N2, CO2, ArF, KrF, XeCl and Ti–sapphire) may be
used for LIBS, most LIBS systems utilise a Nd-YAG laser,
operated at its fundamental wavelength of 1064 nm or one
of its shorter wavelength harmonics (i.e., 532, 355, or 266
nm), that is pulsed in the fs or ns time regime and focused
tightly onto the sample surface to produce a local power
density that exceeds hundreds of MW cm-2. The main
parameters of laser control are its wavelength, pulse time,
energy delivered per pulse, the number of pulses per laser
burst (St. Onge et al. 1998). Laser wavelength is an important
consideration in LIBS analysis of silicates. In general, the
shorter the laser wavelength, the higher the ablation rate and
the lower the elemental fractionation (Abdellatif and
Imam 2002). Optical penetration is shorter for lasers that
emit at wavelengths in the ultraviolet spectral range of 150 to
400 nm, providing higher laser energy per volume unit of
material than for higher wavelength laser light. The coupling
between laser light and solid materials is better at shorter
wavelengths, but the threshold for plasma formation is higher.
A Nd-YAG laser operating a its fundamental wavelength of
1064 nm is suitable for the analysis of most silicate minerals
and rocks, but the coupling of laser light of this wavelength is
poor for transparent minerals and glass (obsidian), so that
frequency-doubled or frequency-quadrupled Nd-YAG laser
light at 532 nm or 266 nm is preferred for this application
(Barrett et al. 2008).

For LIBS, detectors need to be time gated to permit the
plasma optical emission to be collected and measured at a
time interval after the laser shot. A detector delay on the
order of a few μs is needed to diminish the interference from
the background continuum radiation (Figure 13.2d). A wide
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Figure 13.6. Schematic diagram showing the standard

components of a typical LIBS system.
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variety of spectrometer designs are used in LIBS systems, i.e.,
Echelle, Czerny-Turner, Paschen-Runge, and broadband
diode array designs are commonly used for large laboratory
and commercial LIBS instruments, whereas miniature Echelle
and Charge-Coupled Device (CCD) arrays are suitable for
use in field-portable (fp) and hLIBS analysers.

Operational control of the LIBS system is by computer
control. It is important to optimise the measurement
parameters of the LIBS analysis (i.e., laser energy, number
of pulses, and delay time for signal acquisition) for the
specific type of sample being analysed and the element(s) of
interest. This can be a challenge for multi-element analysis
for the analysis of silicate minerals of different type and
hardness because these parameters have a complex co-
dependent influence on plasma generation and, therefore,
the LIBS emission signal. Computer processing of LIBS
spectra after collection can also include simple spectral line
identification to determine the presence or absence of an
element in a sample above its LOD, mapping of the
elemental spatial distributions across a raster grid, the

creation of calibrations for real-time quantitative elemental
analysis, and sample classification/identification from spec-
tral library matching.

An intrinsic characteristic of LIBS is its versatility. LIBS
instrumentation can be configured as open-beam systems in
which the laser is focused onto a sample in an unenclosed
space. Thus, LIBS systems have been developed for standoff
analysis in which the laser is targeted on a sample located
at some distance from the detector/spectrometer, with the
light emitted from the LIBS plasma collected by a telescope
focused on the point of analysis. The most notable examples
of such standoff LIBS systems are those for chemical analysis
in the deep ocean by remotely operated vehicles (Thornton
et al. 2015, Guo et al. 2017, Takahashi, et al. 2020) and the
ChemCam and Super Cam LIBS systems shown in
Figure 13.7 that presently are operating on NASA’s Curiosity
and Perseverance rovers - a truly spectacular example of
extra-terrestrial geochemical analysis (Wiens et al. 2020). A
Chinese rover Zhurong is also exploring the Martian surface
as a component of the Mars Surface Composition Detection

Figure 13.7. Artist’s conception of the Mars rover Curiosity (a) showing the ChemCam standoff LIBS system (b) on the

raised mast of the rover and the LIBS spectrum and (c) the ultraviolet, violet and visible-near infrared spectral ranges

observed by ChemCam LIBS system for Coronation Rock, the first Martian rock analysed. Modified from original

images courtesy of NASA/JPL-Caltech/LANL, Pasadena, CA (USA).
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Package (MarSCoDe) deployed on the Tianwen-1 Mars
exploration mission (Liu et al. 2021). Benchtop LIBS instru-
ments, fpLIBS systems and hLIBS analysers (Figure 13.8) are
presently being produced by multiple commercial manufac-
turers and bespoke designs have been produced for the
rapid processing and grading of ore by the mining industry
(Pedarnig et al. 2021).

13.4 Other considerations

13.4.1 Sample preparation

One attractive feature of LIBS analysis is that, in many
circumstances, geological samples can be analysed directly
and rapidly, because a set of cleaning shots can be used to
remove any surficial contamination or alteration. For
example, it is common in the laboratory to analyse minerals
and rocks without any sample preparation (e.g., McMillan
et al. 2006, 2007) and fresh rock outcrops can be directly
analysed in the field in situ using a hLIBS analyser, (e.g.,
Harmon et al. 2021, Wise et al. 2022).

However, it should be emphasised that appropriate
sample preparation may be necessary to achieve the best
possible analytical results. Such sample preparation can
improve LIBS analytical performance in terms of accuracy,
repeatability and reproducibility (Jantzi et al. 2016). Minerals

can be extracted from rocks by crushing, with separated
mineral crystals then prepared as grain mounts, spread on
double-sided sticky tape affixed to a glass slide, or
embedded in epoxy for analysis (Jantzi et al. 2014).
Petrographic sections can be prepared and mounted onto
glass slides to expose mineral grains of interest or make fluid
inclusions accessible to LIBS analysis (e.g., Fabre et al. 2002,
Derome et al. 2007). The bulk composition of a macroscop-
ically heterogeneous sample can be determined after
milling, homogenisation, and then preparation of a
consolidated powder pellet using a small hydraulic press
(Hark et al. 2021) or by a glass disc created by high-
temperature fusion (Pease 2013). Granular materials may
be analysed directly particularly if indurated, but it is
generally more useful to analyse a more consolidated
pressed pellet sampley. Sperança et al. (2018) have
described a procedure for quantitative analysis of minerals
in which solid samples were first ground into a fine powder,
mixed with water in different proportions, the mixture
homogenised, and a constant mass of a standard liquid
solution added prior to analysis.

13.4.2 Matrix effects in LIBS

Both the chemical composition of the matrix and its
physical characteristics affect the measured abundance of
an analyte present in the plasma and thus the elemental
LODs for LIBS analysis of different material types (Cremers
and Radziemski 2013), with the latter effect being more
complicated and problematic to address than the former.
Chemical matrix effects occur when an element of low
ionisation potential inhibits the emission behaviour of other
elements in the plasma, because the readily ionisable
species elevate the concentration of ionised particles in the
plasma and thereby decrease the abundance of the other
ionic species in the plasma (Russo et al. 1995). Physical
matrix effects influence the quantity of mass ablated
because differences in material properties, such as thermal
conductivity, specific heat and latent heat of vaporisation,
affect the intensity of the emission signal. Thus, samples
having the same elemental abundance in a dissimilar
matrix will produce different signal intensities because of
the change in the amount of sample ablated per laser
pulse (Eppler et al. 1996, Gornushkin et al. 2002). Also,
sample characteristics such as degree of sample coher-
ence (compaction) and hardness, grain size and porosity,
crystallinity and crystal orientation, reflectivity, foliation, and
roughness that produce variable surface textures will
directly affect the degree of laser energy coupling, and
thus also cause variability in the laser pulse energy
distribution within the material and therefore in the

Figure 13.8. Three examples of the current generation

commercial LIBS analysers, (a) the J200 laboratory

desktop system developed by Applied Spectra, Inc. of

West Sacramento, CA (USA), (b) the MODI field-

portable double-pulse LIBS system developed by the

Applied Laser Spectroscopy Laboratory in Pisa (Italy),

and (c) the Z-903 handheld LIBS analyser produced by

SciAps Inc. of Woburn, MA (USA).
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subsequent extent of material ablation. For example, there
will be a different degree of laser energy coupling to
samples that have a rough versus smooth surface, dissimilar
grain sizes, variable extents of induration, or exhibit
different degrees of transparency to the laser light - all of
which can generate a significant pulse-to-pulse variation in
the LIBS emission signal. The combination of these effects
means that an element present at equal mass fraction in
different host materials will exhibit different LIBS emission
intensities as the laser is rastered across the surface of a
sample or as it drills down from the surface to the interior.
Thus, it is essential for quantitative LIBS analysis to limit
physical matrix effects, which is done through the
development of calibration curves using matrix-matched
reference samples or through the preparation of pulverised
powders that are pressed into pellets for analysis (Lepore
et al. 2017, Rifai et al. 2017).

13.4.3 LIBS signal processing and chemometrics

In common with other spectroscopic techniques, LIBS is
affected by signal intensity fluctuations that need to be
addressed in order to obtain the high-quality LIBS spectra
needed for meaningful chemometric analysis and calibra-
tion curve development because it is common practice to
obtain 10s, 100s, or even 1000s of laser shots for a LIBS
analysis. The pre-processing of LIBS spectra data is aimed
at mitigating the effects of both physical and chemical
matrix effects, the variations in plasma emission intensity
arising from shot-to-shot fluctuations in laser-material
coupling, baseline drift, differences in spectrometer resolu-
tion, spectral interferences and background from the
continuum emission that may be of significant magnitude.
Spectral normalisation is essential and the different
approaches that can be used have been recently reviewed
by Guezenoc et al. (2019). Baseline correction is a critical
component of LIBS data pre-processing (Dyar et al. 2016).
Background subtraction reduces the contribution from any
non-gated background continuum radiation. The effects of
noise, which may be a significant portion of the LIBS
emission signal and seriously affect the accuracy of
quantitative analysis, can usually be diminished by spectral
smoothing and averaging.

LIBS spectral pre-processing canconsist of someor all of the
following steps depending on the quality of the LIBS spectra
and particular application: baseline correction, outlier and
noise filtering, and spectral averaging or smoothing
(Figure 13.9). Decomposition and deconvolution by mathe-
matic analysis is one of the approaches to address the situation
of overlapping peaks. Common approaches employed

include curve fitting, peak sharpening, wavelet transformation,
Fourier deconvolution and neural network methods.

As described by Geladi (2003), chemometrics is the use
of mathematical and statistical methods to optimise
measurement procedures and to extract the most relevant
information from a spectroscopic analysis. Chemometric tools
are ideally suited to LIBS because a LIBS analysis produces
extremely large data sets, with an individual 200–900 nm
broadband spectrum typically having 1–2 × 104 intensity-
wavelength data points. Chemometrics has been widely
used in LIBS for the design and selection of optimised
measurement procedures and experimental methods, for
spectral pre-processing, and for subsequent data processing
and interpretation.

Chemometrics is particularly useful because LIBS emis-
sion spectra are complex and can be non-linear as a
consequence of several factors that influence the plasma
emission, such as differential laser-material coupling, chem-
ical and material matrix effects and differential self-
absorption of strong lines. Simultaneous consideration of
multiple variables provides a number of advantages that
include noise reduction, mitigation of matrix effects and
spectral interferences, the identification of outlier analyses,
development of calibrations, and extraction of maximal
information from a dataset (Radziemski and Cremers 2013).
Techniques for chemometric analysis and machine learning
have been utilised widely within the LIBS community for data
dimension reduction, cluster analysis, pattern recognition and
discrimination and data quantification (see reviews by
Gottfried 2013, Poř́ ızka et al. 2018, Zhang et al. 2018).
Multivariate statistical analysis has been widely utilised as
a means of using all of the chemical information contained
in a LIBS broadband spectrum rather than only that
contained in a limited portion of it, and then relating this
spectral information to the composition of a sample for
identification and discrimination of different materials.
Multivariate methods also have opened new paths for
quantitative analysis beyond the traditional univariate
approach.

Typically, chemometric approaches to classification and
discrimination are based on the principal components
concept of dimensionality reduction method that transforms
a large set of variables into a smaller set of orthogonal
vectors that retains most of the information in the large
dataset. However, several approaches not based on the
principal component concept exist that include artificial
neural network (ANN), self-organising maps, graph cluster-
ing, decision trees and random forest methods. For example,
Sirven et al. (2007) used three chemometric methods, (PCA,
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PLSDA and SIMCA) to process LIBS spectra for a series of
rock samples that included basalt, gabbro, trachyandesite,
trachyte and obsidian. More recently, Pagnotta et al. (2020)
demonstrated that a simple nonlinear multivariate
approach, known as the Lucas–Tooth and Pyne algorithm
in XRF analysis and as the Franzini and Leoni algorithm in
other geological applications, was able to predict the
composition of silicate rocks much better than traditional
univariate or multivariate linear approaches, with precisions
of the same order of those achieved by optimised ANN.

13.5 Compositional analysis by LIBS

13.5.1 Qualitative analysis

Qualitative analysis focuses on elemental detection and
use of the LIBS spectrum as a geochemical fingerprint based
on the premise that geomedia of different chemical
composition will generate unique LIBS signature that is
captured by its broadband spectrum (Figure 13.3). Since all

elements have at least one atomic emission line in the
wavelength region between 200–900 nm, this may be as
simple as the identification of specific atomic or molecular
emission lines present in a LIBS spectrum (Tan et al. 2012) or
as complex as using all of the compositional information
contained in the entire broadband LIBS emission spectrum
for applications such as discrimination of geological media
of similar bulk composition, stratigraphic correlation, prove-
nance discrimination, or site scanning for hazardous element
contamination (e.g., Harmon et al. 2005, 2006, McMillan
et al. 2007, 2012, Alvey et al. 2010, Kochelek et al. 2015,
Harmon et al. 2017, Farnsworth-Pinkerton et al. 2018, Def-
net et al. 2021).

13.5.2 Quantitative analysis

An attractive characteristic of LIBS is the possibility of
quantitative determination of major, minor and trace element
mass fractions in a single broadband spectrum. By
identifying the different spectral peaks for an analysed
sample, its chemical composition can be rapidly determined.

Figure 13.9. LIBS spectral pre-processing: (a) flowchart for the five pre-processing steps of LIBS spectra and (b)

example of baseline correction, normalisation, and smoothing of a broadband LIBS spectrum. Modified from Sobron

et al . (2012).
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Elemental abundance in a sample can be quantified by
measuring the intensity of the plasma emission at specific
wavelengths because the magnitude of an emission line
during its transition from an excited state is described by the
relationship:

Iki =GAkiυki
giN0

Z Tð Þ exp � Ek
kT

� �
(13.1)

where Iki is the intensity of an elemental emission line for the k
to i energy state transition, k and i are the indices of the
higher and lower quantum states, Aki is the probability of
transition for spontaneous emission from k to i, νki is the
transition frequency, gi the degeneracy of the upper energy
state transition, N0 the density of the emitted species, Z is the
distribution function, T is the excitation temperature, Ek is
the energy level of the excited electronic level and k the
Boltzmann constant. A correction factor, G, takes into account
the instrumental effects.

Quantitative analysis by LIBS can be achieved through
appropriate spectral pre-processing, careful selection of
emission lines, and creation of univariate or multivariate
calibration curves using physically and compositionally
similar matrix-matched reference materials. Typically, a
calibration curve approach is used for quantitative analysis
or multivariate methods can be applied after a suitable
‘training’ using samples of known composition, although a
calibration-free (CF) LIBS approach can be utilised to obtain
quantitative results in situations where matrix-matched
reference materials do not exist.

The calibration curve approach directly relates the
measured intensity of an elemental peak in the LIBS emission
spectrum after pre-processing, which is considered repre-
sentative by the mass of ablated sample in the plasma (i.e.,
the normalised peak area), to known composition reference
materials of the same matrix type measured under the same
analytical conditions. This need for matrix matching can
present a significant challenge for geomedia analysis, where
it may be difficult to obtain a direct match between the
physical and chemical character of reference material and
sample. As a consequence, LODs can be variable for
different types of geomedia.

Rocks, minerals and soils are naturally heterogeneous at
some spatial scale. As LIBS analysis is performed at the size
of the laser spot diameter, typically between 10 to 100 μm,
the complicating influences of physical and chemical
heterogeneities in minerals, rocks and soils can be mitigated
either by pulverising and homogenising the sample, by using

an algorithm to discard anomalous spectra that are non-
representative of the bulk sample, or by making a large
number of analyses distributed across the sample using 2-D
raster scanning across a pre-determined grid pattern which
are then averaged as a representative estimate of sample
bulk composition (Anzano et al. 2006, Rifai et al. 2017,
Fabre et al. 2022, Wise et al. 2022).

Cremers and Radziemski (2013) and El Haddad
et al. (2014) discuss the creation of calibration curves from
LIBS spectra and the determination of analytical figures of
merit (e.g., LODs, precision and accuracy). Palleschi (2020)
provides a detailed discussion of the five-step process of
LIBS calibration curve development, noting that: (1) a set of
reference samples of known composition and of similar
matrix to the unknown samples to be analysed must be
used; (2) the intensity of one or more spectral lines of the
element(s) of interest of known mass fraction is then
calculated for the reference samples; (3) next, a calibration
curve is constructed by fitting a regression model to the
known elemental abundances of the measured line
intensities or peak areas of the reference samples,
choosing an emission line that is free of spectral
interferences and self-absorption effects and with a good
signal-to-noise ratio; (4) the measurement schema is
repeated for the unknown samples maintaining the same
experimental conditions; (5) finally, the mass fraction
corresponding to the measured intensity is calculated, by
inverting the relation between line intensity and mass
fraction defined by the calibration curve. In developing
calibrations, it is commonplace to use the ratio of two lines
instead of just the intensity or peak area of a single line. It
is important to stress that that a relatively high number of
matrix-matched reference samples for model training and
model validation is required for robust calibration. An
example of a LIBS calibration curve for determining the Li
content of the Li-rich minerals spodumene, lepidolite and
petalite is shown in Figure 13.10.

The conceptually different CF approach (Ciucci
et al. 1999, Corsi et al. 2006, Tognoni et al. 2009) was
developed to address the sample matrix issue by avoiding
the use of calibration materials. This concept is based on the
assumption that the LTE condition is established amongst the
chemical species present in a LIBS plasma, which then
allows calculation of the plasma electron temperature and
density, information from which the elemental composition of
the sample can be estimated. In theory, the CF-LIBS method
enables calculation of the mass fractions of all elements in
the sample down to their LODs, but this technique can be
particularly problematic with complex matrices as rocks.

7 7 6 © 2024 The Author(s). Geostandards and Geoanalytical Research © 2024 International Association of Geoanalysts.

 1751908x, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ggr.12560 by C

A
PE

S, W
iley O

nline L
ibrary on [05/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



13.5.3 Compositional mapping

LIBS has a unique capability for 2-D and 3-D
compositional imaging of geomaterials because it is a
point-source analyser with a tens of micrometre spatial
resolution that simultaneously collects information on all
elements present in a sample above the LOD with a single
laser shot. For compositional imaging, the laser beam can
remain stationary to drill into a sample with successive laser
shots to hundreds of micrometres depth or the laser beam
can be rastered over sample surfaces, such as drill core with
lengths > 1 m, at acquisition speeds up to kHz per pixel
(Anderson et al. 1995, Yoon et al. 1998, Kim et al. 1998,
Bette and Noll 2004, Kuhn et al. 2016, Grassi et al. 2017,
Fabre et al. 2018, Jolivet et al. 2019, Rifai et al. 2018,
2020a).

Yoon et al. (1997) undertook the first LIBS mapping study
using a motorised stage to move samples of a polished
manganese nodule and granite slabs under the laser beam
to obtain 50 mm × 50mm images of elemental distribution
in half an hour. For 2-D compositional mapping, a LIBS
analysis is acquired at different positions on the sample
surface in a pre-defined pattern covering the region of
interest (Novotný et al. 2008, Jolivet et al. 2019). After
extracting the average line intensities associated with the
elements of interest from each recorded LIBS spectrum in a
set of measurements, pre-processing of this data as
appropriate, a 2-D matrix containing the elemental emission
line intensity at each spatial position on the sample surface
can be displayed as a false-colour intensity variation map
(Figure 13.11). With multi-element LIBS raster scanning it is
now possible to acquire thousands to millions of LIBS

emission spectra from a single sample in minutes to a few
hours (Rifai et al. 2020a, b). Nardecchia et al. (2020)
described a new spectral analysis strategy, called embed-
ded k-means clustering, developed for simultaneous detec-
tion and identification of major and minor constituents in a
geological sample along with the generation of associated
compositional maps.

13.5.4 Compositional depth profiling

A single laser shot by LIBS will provide an analysis of the
sample surface, but analysis of a sample through depth
profiling is possible, as sequential ablation with successive
laser pulses progressively tunnels downwards into a sample
to progressively greater depths. This LIBS capability was
applied to the microscale compositional variations in rock
varnish, the dark-coloured and finely-laminated veneer of
poorly crystallised Fe-Mn oxyhydroxides present in a matrix
of detrital clay minerals and silica that slowly accumulates
over time on rock surfaces in dryland regions in recent
studies by Goldsmith et al. (2014) and Lanza et al. (2015).
More recently, Harmon et al. (2021) examined the varnish
layer on a quartzite cobble from Death Valley, California
(USA) and observed a cyclic behaviour in the spectral
intensity of Mn, Fe, Si and Al, as well as for Li, Na, Ca, K and
Ba, which documented a repetitive compositional variation
through the varnish layer interpreted to reflect multiple
climatically-modulated depositional episodes.

13.5.5 Geomedia physical property determina-
tion by LIBS

It is also possible to determine mineral and rock physical
properties by LIBS. Two recent studies have suggested that
LIBS analysis can be used to determine the hardness of rocks.
El-Saeid et al. (2019), using a double-pulse LIBS analysis,
observed that the intensity ratio of an ionic to atomic
emission (Ri/Ra) line for Fe was higher for three igneous rocks
(gabbro, basalt and trachyte) than for three sedimentary
rocks (limestone, dolomite and siltstone) and Galmed
et al. (2021) observed that the excitation temperature (Te)
calculated for the LIBS plasma displays a linear dependence
with sample hardness. Dubey et al. (2021) combined these
approaches in a study of six gem minerals (amethyst, beryl,
bloodstone, citrine, diposide and enstatite), observing strong
positive corrections (R2 = 0.98) of both Te and Ri/Ra for Si
with mineral hardness.

Villas-Boas et al. (2016) described a procedure for
estimating the relative proportions of sand, silt and clay in

Figure 13.10. LIBS calibration curve for sixteen Li-rich

minerals: eight spodumene [LiAlSi2O6], three lepidolite

[K(Li,Al)3(Al,Si,Rb)4O10(F,OH)2], and five petalite

[LiAlSi4O10] reference samples. Modified from Fabre

et al . (2022).
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soil from LIBS analysis. In a pair of studies, Washburn
et al. (2017a, 2017b) used LIBS analysis for specific surface
area determinations for a suite of nanoporous geological
materials and then to assess the pore size distribution in
different sandstones. Harmon et al. (2019) described how
proxies developed from LIBS data can be used to assess the
size of Cu-sulfide grains in drill core from a porphyry Au–Cu
deposit.

13.5.6 Isotope determination by LIBS

Determination of the isotope ratios of minerals and rocks
is central to modern geochemistry and geochronology.
Typically, stable and radiogenic isotope ratios are measured
by isotope ratio mass spectrometry after a lengthy laboratory
preparation process, although isotope measurement by in
situ LA-ICP-MS is becoming more common. Recent research
has demonstrated that isotope ratios also can be deter-
mined by LIBS in real time through measuring shifts in optical
spectra of the electronically, vibrationally and rotationally
excited molecular isotopologues of dimers, oxides, nitrides or
halides that form in the laser ablation plasma in ambient air
at atmospheric pressure. Termed laser ablation molecular

isotopic spectroscopy (LAMIS) by Russo et al. (2011), this is
possible because isotopic shifts in optical spectra are orders
of magnitude greater for molecular emissions compared
with atomic emissions. Isotopic measurements by LAMIS have
been demonstrated for H, B, C, N, O, Cl, Ca, Fe, Sr
(Figure 13.12) and Zr (Mao et al. 2011, Russo et al. 2011,
Dong et al. 2013, Sarkaer et al. 2013, 2014, Bol’shkov
et al. 2014, 2016, Amiri et al. 2018, Choi et al. 2021).
Although much fundamental research remains, LAMIS has
potential for geoscience application as a technique for the
rapid determination of isotope ratio variations because
natural variations in the isotopic systems studied to date are
much larger than limits of isotopic sensitivity and precision
limits for determination by LAMIS. For example, the precision
of 9‰ for B isotope measurements by LAMIS (Sarkar
et al. 2014) is an order of magnitude less than the 90‰
variation across the natural environment.

13.6 Tandem LIBS/LA-ICP-MS

Although a highly sensitive technique for precision
analysis, ICP measurement does not provide analysis for
all elements and ICP-MS is not generally suitable for major

Figure 13.11. Distribution of nine elements (Si, Mg, Na, Ca, K, Al, Fe, Cu and S) acquired in six minutes by LIBS

scanning at kHz speed of 801 × 601 points over a 40 mm × 30 mm area on the surface of a flat but unpolished Pd-Pt

mineralised drill core from the JM Reef at the base of the Banded Series zone of the mafic Stillwater Complex in

south-western Montana (USA) consisting of the silicate minerals bytownite plagioclase, olivine and actinolite plus

the sulfide minerals chalcopyrite, pyrrhotite, pentlandite and braggite. Each map was generated from 4096

wavelength intensity measurements, with emission line intensity for selected elements scaled between 0 (blue) and

1 (red) as shown in the colour scale bars. Modified from Rifai et al . (2020a).
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element analysis (Gray 1985, Longerich et al. 1996, Russo
et al. 2002, Günther and Hattendorf 2005, Liu et al. 2008,
Sylvester and Jackson 2016). In ICP-MS for both elemental
and isotopic measurement, an aerosol produced from the
laser ablation event is delivered to the ICP ion source of the
mass spectrometer via an inert carrier gas, with quantifica-
tion relying on instrumental calibration via internal standards
whose compositions are obtained by the stoichiometry of the
material being analysed, derived from pre-analysis by
another analytical technique, or by recalculation after to
100% after summing up measured major constituents.
However, ICP-MS is affected by its intrinsic limitations in
determining elements with a high ionisation potential,
elements subject to atmospheric and argon based interfer-
ences, and major elements due to detector saturation. ICP-
MS cannot detect H, C, N and O.

LIBS uses optical spectrometry to measure the light
emission from a laser induced plasma at the sample surface
across the entire optical spectrum for emission lines of every
element in the periodic table. LIBS can determine the low
atomic number elements (e.g., H, Li, Be, B, C, N and O)
beyond the reach of most other techniques for multi-element
measurement, and broadband LIBS is particularly efficacious
in situations where the elements in a sample are not known
prior to analysis. Elements difficult or impossible to measure

by ICP-MS can be measured with LIBS down to low mass
fraction levels.

One of the most exciting recent advances in analytical
geochemistry is the appearance of commercial tandem
LIBS/LA-ICP-MS instruments, which can provide a compre-
hensive chemical and isotopic analysis that typically would
require three to five separate analytical instruments. Because
the laser ablation sampling process is the same for LIBS and
LA-ICP-MS, the combination of these two analytical into a
single integrated tandem LIBS/LA-ICP-MS system expands
the elemental coverage and the dynamic range for the
simultaneous measurement of trace, minor and major
element mass fractions in the plasma generated by a single
laser ablation event. This important technical development
allows for both qualitative and quantitative analysis of the full
periodic table, including the determination of isotope ratios,
with a single laser ablation event.

Surface micromapping and depth profiling is also
possible with tandem LIBS/LA-ICP-MS analysis. A fundamen-
tal requirement for quantitative analysis by both LIBS and LA-
ICP-MS analysis is that the mass of the ablated material be
the same across a suite of samples. This typically is not
possible because of intrinsic shot-to-shot variations in the
extent of coupling between the laser light and the sample,

Figure 13.12. LIBS emission spectra, normalised to the intensity of the band heads, for the A1Σ+ (ν = 2)→X1Σ+
(ν = 0) transition measured for three SrO isotopomeric radicals 86SrO, 87SrO and 88SrO for 88Sr-, 87Sr- and 86Sr-

enriched SrCO3 samples, and for the NIST (SRM 987) SrCO3 reference material having natural isotopic abundances.

Modified from Mao et al . (2011).
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and thus this variation must be corrected. In LIBS, this is done
by normalisation of the spectral emission line intensities,
whereas an internal standard is typically used in LA-ICP-MS.

Chirinos et al. (2014) demonstrated how tandem
LIBS/LA-ICP-MS could be used for highly spatially resolved
mapping of both major and trace element abundances
within an REE-bearing ore sample from the Mountain Pass
deposit in south-eastern California (USA) and noted that
combination of the two techniques provided complementary
measurements for elements that are unattainable by one or
the other analytical technique due to low sensitivity and/or
strong interferences. Simultaneous surface mapping of
bastnasite [(Ce,La)(CO3)F] by LIBS and LA-ICP-MS generated
8 mm × 8 mm 2-D elemental composition maps
(Figure 13.13a), with computer tomography then used for
3-D volumetric visualisation of compositional variation at five
depths in the sample (Figure 13.13b). More recently, Berlo
et al. (2022) used LIBS in conjunction with laser ablation
inductively coupled plasma quadrupole mass spectrometry
(LA-ICP-QMS) to the compositional analysis of hyper-acidic
crater lake brines from the Kawah Ijen volcano in Indonesia
and the Poas volcano in Costa Rica. A cryogenic approach
that involved freezing samples to -30 °C and then
determining their major element compositions by simulta-
neous LIBS and LA-ICP-QMS, with measured trueness values
of 5% for Na, 4% for Mg, 7% for Al, 3% for S, 6% for Cl,

< 1% for K, 5% for Ca, and 1% for Fe by LA-ICP-QMS and
< 1% for Na, 4% for Mg, 2% for Al, 8% for S, 9% for Cl,
10% for K, 9% for Ca, and 17% for Fe by LIBS.

13.7 Examples of LIBS analysis of
minerals and rocks

As described and illustrated in the preceding sections,
LIBS can be used as a tool for rapid geochemical analysis,
both in the laboratory and the field, in four different ways: (i)
for element detection; (ii) for quantitative chemical analysis;
(iii) for microscale geochemical mapping, and (iv) for
classification and discrimination of samples of similar
character or to identify an unknown mineral by comparison
with a pre-assembled spectral library. Presently, there are
multiple commercial instrument manufacturers producing
LIBS analysers that can achieve elemental detection in the
μg g-1 range or better for certain elements (Senesi
et al. 2021). Software control of the analytical process,
together with real-time signal processing, has automated
the entire analytical process and facilitated the diverse
variety of applications discussed below. The paragraphs that
follow highlight some of the ways that LIBS analysis has been
applied to the analysis of minerals and rocks, with a specific
focus on silicates. The reader is referred to Harmon and
Senesi (2021) for a review of LIBS analysis of tektites and

Figure 13.13. High spatial resolution 2-D (a) and 3-D (b) elemental maps obtained by tandem LIBS/LA-ICP-MS

analysis for a 0.8 mm × 0.8 mm piece of the REE-bearing mineral bastnäsite [(Ce,La)CO3F] showing the distributions

of the major elements Si and Ca from LIBS analysis and the minor and trace elements Mn and Ce from LA-ICP-MS

analysis. Differences in elemental abundance are shown in a gradient of colours that varies from red for high

abundance to purple for low abundance. Modified from Chirinos et al . (2014).
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meteorites and to the NASA websites that describe how LIBS
is being utilised for geomedia analysis on Mars as a
component of the ChemCam system deployed on both the
Curiosity and Perseverance rovers.

The first systematic LIBS investigations of silicate minerals
were undertaken by McMillan et al. (2007) and Harmon
et al. (2009) who analysed large suites of silicate minerals
and observed that broadband LIBS had the potential for
rapid mineral identification and discrimination. Two recent
studies applied LIBS analysis to tourmaline, [(Ca,K,Na)(Al,Fe,
Li,Mg,Mn)3(Al,Cr,Fe,V)6(BO3)3(Si,Al,B)6O18(OH,F)], one of the
most compositionally complex silicate minerals and one that
frequently is used as an indicator mineral for prospecting in
mineral exploration and sediment provenance determina-
tion. Farnsworth-Pinkerton et al. (2018) used LIBS analysis to
determine sediment provenance detrital tourmaline from the
Rinconada and Piedra Lumbre in Picuris Mountains of New
Mexico (USA). That same year, McMillan et al. (2018)
processed LIBS spectra through a series of four binary PLSR
models to distinguish between tourmalines from Li-rich
pegmatites, Li-poor pegmatites and silicic igneous rocks,
calcareous metamorphic rocks, pelitic metamorphic rocks
and hydrothermal related deposits.

In a study of different types garnet from more than ninety
locations worldwide, Alvey et al. (2010) concluded that
chemometric analysis could readily discriminate garnets of
different composition and had the potential to discern
geographic origin. Applying a hLIBS analyser to the same
sample suite, Harmon et al. (2018) used chemometric
processing of broadband spectra by PCA to identify the
distinct chemical features of the garnet sample suite from
spectral differences in minor and trace constituents, with
PLSDA achieving an overall classification success rate
> 90%. Considering the potential application of LIBS to
diamond exploration, it was observed that pyrope from
South African kimberlites could be discerned from all other
pyropes at a success rate of 90% and different diamond-
bearing kimberlites in South Africa differentiated at an
overall success rate of 97%. More recently, Defnet
et al. (2021) evaluated two practical applications of LIBS
analysis of garnet, the validation of labels assigned to
garnets in museum collections and the discrimination of LCT
and NYF pegmatites based on garnet geochemical
fingerprinting. High attribution success rates (> 98%) were
obtained using chemometric analysis by PLSDA and SVM,
implying that LIBS could be used in a museum setting to
assign garnets of unknown type quickly and accurately. This
study also observed that LIBS can also identify changes in
garnet composition associated with increasing mineral and
chemical complexity of LCT and NYF pegmatites.

Gem minerals have been a particular focus of LIBS
application because of its capability for real-time minimally
destructive elemental detection and quantification. Beryl,
[Be3Al2(SiO3)6], is an important gem mineral most com-
monly occurring in pegmatites formed during the emplace-
ment of granitic magmas into the continental crust, as a
product of hydrothermal alteration, or as a result of contact
metamorphism. McMillan et al. (2006) developed an
analytical methodology for beryl and McManus et al.
(2008) then applied this analytical protocol to a suite of
beryls from the Palermo Pegmatite Mine in New Hampshire
(USA). Samples from the core, core margin and intermedi-
ate zone of the pegmatite fall into two broad compositional
groups on the basis of PCA, compositionally similar samples
from the core and intermediate zones and the core margin,
which exhibited a wide compositional variability. It was
suggested that the core margin formed late in the
solidification history of the pegmatite, well after crystal-
lisation of the core and intermediate zone through
interaction of the residual magma with groundwater as
the first principal component from the PCA was dominated
by elements soluble in groundwater (Li, Ca, Sr, Ba). Noting
that gemstone colour is a primary consideration in
establishing gemstone quality and market value, Kzremnicki
et al. (2004) illustrated how LIBS analysis could be used to
recognise Be diffusion in sapphire and Rossi et al. (2014)
used LIBS as part of a multi-technique study of the gem
minerals kunzite, hiddenite, alexandrite, elbaite and topaz,
demonstrating how LIBS can be used for the identification
and characterisation of minerals as well as for the rapid
screening of the chemical composition that includes the
light lithophile and common chromophore elements.
Tempesta et al. (2020) demonstrated that the CF-LIBS
technique is suitable for the precise quantification of major
and minor elements of both low and high atomic number
in a single crystal of red beryl from the Wah Wah
Mountains of Utah (USA) and can produce a mineral
formula that is in excellent agreement with that determined
by crystal-structure refinement analysis based on single-
crystal X-ray diffraction analysis.

LIBS spectral analysis was used by Panczer et al. (2010)
to study luminescent centres in pezzottaite, a Cs–Be–Li
aluminosilicate, focusing on the detection of the major
elements Al, Si, Be, Li and Cs as well as the impurity elements
Na, K, Ca, Sc, Rb and Sr that had substituted into the
pezzottaite structure and by Agros̀ı et al. (2014) to distinguish
between synthetic emerald [Be3Al2(SiO3)6] produced
through the Chatam flux and Biron hydrothermal methods.
Yu et al. (2018) described successful provenance determi-
nation of the nephrite [Ca₂(Mg, Fe)₅Si₈O₂₂(OH)₂] species of
jade through processing LIBS spectra by five different
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multivariate statistical methods, with pairwise PLSDA achiev-
ing a successful classification rate of > 98% for 638 samples
from different sources in Russia, Korea, and Luodian,
Xinjiang, and Qinghai in China.

Roux et al. (2015) used a fpLIBS instrument for the in-field
analysis of a suite of Icelandic volcanics. Discrimination
based upon PCA of nineteen spectral emission lines for Na,
Mg, Al, Si, Ca, Ti, Cr, Mn, Fe, Cu, Sr and Ba allowed twenty-
one rocks belonging to three different magmatic series to be
correctly discriminated with only an altered sample mis-
assigned. Shortly thereafter, Harmon et al. (2018) applied
LIBS broadband spectral analysis to suites of pristine samples
from nine young volcanic centres in the Antarctic (Mount
Erebus), Ecuador (Sierra Negra in the Galapagos Islands),
Italy (Vesuvius, Stromboli and Lipari), and the USA (Mount St.
Helens and Kilauea in Hawaii consisting of both sub-alkali
and alkali compositions, with the different volcanic sources
successfully distinguished through multivariate chemometric
analysis.

Fabre et al. (2018) describe a method for LIBS data
processing specifically designed for megapixel LIBS imaging
of multi-phase geomedia that was applied to LIBS spectral
analysis and imaging of a hydrothermal ore sample from the
Tighza mine in Morocco having a complex paragenesis of
sulfide ore minerals (galena, sphalerite, chalcopyrite and
pyrite) set in a gangue of quartz and carbonates (calcite,
siderite and/or ankerite). A surface area of � 5 cm2 was
analysed on the ore sample (Figure 13.14), which com-
prised > 2 × 106 million spectra from 1900 × 1100 pixels
at a spatial resolution of 15 μm. Not only was the
geochemical substitution of trace elements at the μg g-1

level in different minerals (Be and Al in quartz; Cd in
sphalerite; Ag, Sb and Bi in galena, and Sn in chalcopyrite)
recognised through the LIBS imaging, but the ability of LIBS to
detect and image Y and the low atomic number REE La in a
carbonate host was also demonstrated.

Lithium-bearing pegmatites have been a recent focus of
LIBS analysis because of the importance of Li to a future

Figure 13.14. (a) Cut surface optical image of a hydrothermal ore sample from the Tighza mine, Morocco; (b) multi-

elemental LIBS image showing spatial distributions for the major elements Pb (red) in galena, Cu (yellow) in

chalcopyrite, Zn (magenta) in sphalerite, Ca (blue) in carbonate, and Si (grey) in quartz at the same scale as (a); (c)

10× magnification of the region shown by the white rectangle in (b); and (d) superimposed single-shot LIBS emission

spectra over the spectral range 270–340 nm determined in the five different regions of the sample shown in (c).

Modified from Fabre et al . (2018).
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green energy economy and the efficacy of LIBS for low
atomic number element measurement. Sweetapple and
Tassios (2015) used LIBS for the semi-quantitative in situ
mapping of Li in the aluminosilicate mineral spodumene
and accompanying primary and secondary minerals from
altered Li-rich granitic pegmatites at Mt. Cattlin (Australia).
LIBS mapping effectively discriminated between spodumene
[LiAlSi₂O₆], lepidolite [K(Li,Al)3(Al,Si,Rb)4O10(F,OH)2], quartz,
matrix minerals, and sericitic [KAl2(AlSi3O10)(OH)2] alter-
ation. Wise et al. (2022) described and illustrated the
different capabilities of hLIBS for mineral exploration at an
active Li-pegmatite prospect in North Carolina (USA),
demonstrating elemental detection, microchemical map-
ping, depth profiling and quantitative analysis. Muscovite
samples here exhibit reasonably high Li contents of 0.11–
0.19% m/m, but do not reach the > 1.5% m/m levels of
lepidolite. K/Rb ratios calculated from the K766.43 and
Rb779.97 emission lines plot within the mineralised field of
granitic pegmatites globally and confirm the highly fraction-
ated nature of these spodumene-bearing pegmatites. This
approach to identify fractionated LCT pegmatites has wide
potential for rapid identification of mineralised pegmatites by
the exploration geologist in the field, as both Li content and
K/Rb ratio can be calculated in real time by on-board
software from a single LIBS mica analysis. Fabre et al. (2022)
applied hLIBS analysis to a suite of sixteen pegmatite-hosted
Li ore minerals comprising the three main Li-bearing
aluminosilicate minerals spodumene, lepidolite and petalite
[LiAlSi₄O₁₀] that contained between 1.36 and 3.54% m/m Li.
A univariate calibration curve was developed for LIBS
quantification of Li in these minerals using the Li610.36 and
Li670.79 emission lines. Simultaneous quantification of Li
contents and measurement of major element ratios (e.g.,
Si/Al) using hLIBS permits rapid discrimination between
spodumene and feldspar and between spodumene and
petalite, which can be difficult in the field.

LIBS has also been demonstrated as a useful petrolog-
ical tool. LIBS chemical analysis was used by Konter
et al. (2019) for the rapid shipboard characterisation of
sea floor dredge samples obtained during the RR1310
expedition to the Tuvalu Seamounts along the Rurutu and
Samoa hotspots. Chemometric analysis using a univariate
statistical methodology was used for a comparison of total
alkalis (Na2O + K2O) versus silica (SiO2) for 586 dredge
samples of common rock volcanic types (Figure 13.15a), a
sample set much larger than could normally be analysed
on-board during a dredging operation or would typically be
used for post-expedition laboratory analysis. A majority of the
dredged samples were alkali basalts produced during the
shield-building stage of hotspot volcanoes, but several
dredges contained rocks of different composition although

still within previously observed compositional ranges for the
Rurutu and Samoa hotspots. Samples from three dredges
along the Lau Basin boundary have compositions similar to
other Lau Basin boundary area lavas. Then, noting that
plutonic rock nomenclature is based on modal mineralogy,
Nikonow et al. (2019) developed an automated data fusion
and analysis approach that combined chemical, mineral-
ogical and textural information from LIBS, μ-EDXRF and
hyperspectral imaging for petrographic analysis of plutonic
rocks (Figure 13.15b). Mineral distribution maps were
obtained by image analysis of spectral information and
mineral geometrical data (spatial location size and
orientation) to determine modal mineralogy for plutonic rock
classification in a QAP-diagram (Figure 13.15c).

Finally three examples illustrate the versatility of LIBS
analysis for rapid compositional assessment of silicates.
Using a bespoke commercial instrument designed for rapid
drill core analysis, Rifai et al. (2020b), demonstrated the
ultrafast mapping of elemental distributions of Na, Mg, Al,
Si, S, K, Ca, Fe, Ni, Cu, Pd and Pt over 30 mm × 40mm
areas acquired on drill cores from a Pt-Pd mine in the
Stillwater layered mafic complex in Montana (USA).
Composite elemental maps were prepared from nearly
half-million LIBS spectra and PCA was used to identify the
seven minerals present in the drill cores (Figure 13.16).
Rammelkamp et al. (2021) used a hLIBS analyser to
examine a layered volcanic ash sequence on Vulcano, in
the Aeolian Islands of Italy. The major elements Al, Si, Na,
Mg, K, Ca and Fe were identified, together with the minor
and trace elements F, Li, Mn and Sr. Chemometric analysis
of the LIBS spectral data by unsupervised PCA observed
elemental variations between the ash layers and correla-
tions of specific elemental emission intensities confirmed the
shoshonitic-alkaline character of the deposit. Miema
et al. (2022) used a prototype LIBS microscope scanning
instrument to rapidly examine cryptic variations mineral
chemistry of chromite, orthopyroxene and plagioclase from
Merensky Reef and UG-2 chromitite horizons in the PGE-
mineralised Bushveld Layered Igneous Complex of South
Africa. Variations in the ratios of Mg/Fe, Cr/Al and Ca/Na
were determined directly from spectral line emission
intensities for the specific elements of interest, with
progressive variation in the Cr# of chromite, Mg# of
orthopyroxene, and Ca# of plagioclase determined to
visualise the chemical variation over vertical sequences in
the Merensky Reef layered intrusion. Distinct compositional
trends were recognised in the 6 m core documenting that
the Merensky Reef displayed general crystal fractionation
trends interrupted by new magma input, upon which were
superimposed paragenetic excursions hat included enrich-
ment of phlogopite, K-feldspar and sufides.
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Figure 13.15. (a) Plot of total alkali (Na2O + K2O) versus silica (SiO2) determined by LIBS analysis for volcanic rocks

from deep-sea dredge hauls from the Tuvalu Seamounts along the Rurutu and Samoa hotspots, with dredge

locations denoted in coloured text. Samples from most dredge hauls define narrow compositional fields, all plotting

above the alkalic–tholeiitic divide (red line). Three distinct compositional groups are defined by coloured ellipses: (i)

basanite/tephrite (pink), (ii) akalic basalts from the Rurutu and Samoa hotspots (lavender) and Lau Basin back-arc

basalt (green). Several samples, including a Rurutu hotspot volcano and both younger and older edifices, define a

more alkalic basanite/tephrite group, whereas others define individual groups, including some very silica-

undersaturated compositions and a few trachybasalts. (b) Il lustration of the automated classification data fusion

method developed by Nikonow et al . (2019) to combine chemical, mineralogical and textural information from LIBS,

micro-energy dispersive X-ray fluorescence (μ-EDXRF) and hyperspectral imaging (HI). Element distributions from μ-
EDXRF (left) and LIBS (middle) in a syenogranite sample and its mineralogical classification (right). Whereas μ-EDXRF
can only identify plagioclase, LIBS can detect low atomic number elements and thus distinguish between Li-rich and

Li-poor plagioclase and different biotites. (c) Quartz-Alkali Feldspar-Plagioclase (QAP) ternary classification

diagram resulting from the μ-EDXRF/LIBS/HI data fusion. Modified from figures in Konter et al . (2019) and Nikonow

et al . (2019).
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13.8 Concluding remarks

Interest in the compositional analysis of geological
materials varies widely from purely scientific investigations to
more practical industrial and environmental applications. Thus,
there has been a persistent need for appropriate analytical
instrumentation for the efficacious chemical analysis of
geological materials outside of the traditional analytical
laboratory. The versatility and low-cost of LIBS addresses this
need. LIBS has been demonstrated to be effective both for the
qualitative and quantitative analysis of atmospheric gas,
geological fluids, and a broad spectrum of minerals, rocks,
sediments and soils both in the laboratory as well as in situ - in
the field. LIBS offers geoscientists a capability for routine analysis
of any type of geological sample rapidly and with little to no
preparation. Other attributes of LIBS are its simplicity of analysis
and its capacity to be utilised for both surface analysis and
depth compositional profiling of solid geological media. The
applications of LIBS are broad and, when coupled with
chemometric data processing, extend frommineral recognition
to sample provenance determination and stratigraphic corre-
lation. Geochemical imaging is a powerful tool for understand-
ing the complex history of rocks and minerals and LIBS offers a
unique capability for rapid compositional mapping.

The literature published over the last decade demon-
strates that LIBS represents a very promising and attractive
geochemical tool because of its capability to rapidly provide
both qualitative and quantitative multi-element compositional

information, not only in the laboratory but also in the field,
especially in remote and extreme environments. Continuous
improvement in the quality LIBS analytical data is expected to
result in robust databases that can be processed by the
techniques of artificial intelligence and machine learning to
gain new insights into complex geological applications. For
example, the capacity to link hLIBS devices directly to a GPS
receiver should further facilitate mineral exploration and
environmental assessment.

Scientific editing by Dieter Garbe-Schönberg.

Data availability statement

Data sharing is not applicable to this article as no new
data were created or analysed in this study.
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(2008)
Mapping of different structures on large area of granite
sample using laser-ablation based analytical techniques,
an exploratory study. Spectrochimica Acta Part B, 63,
1139–1144.

Pagnotta S., Lezzerini M., Campanella B., Legnaioli S.,
Poggialini F. and Palleschi V. (2020)
A new approach to non-linear multivariate calibration in
laser-induced breakdown spectroscopy analysis of silicate
rocks. Spectrochimica Acta Part B, 166, 1058041.

Palleschi V. (2020)
Laser-induced breakdown spectroscopy: Principles of the
technique and future trends. ChemTexts, 6, 18.

Panczer G., Gaft M., de Ligny D., Boudeulle M. and
Champagnon B. (2010)
Luminescent centres in pezzottaite, CsBe2LiAl2Si6O18.
European Journal of Mineralogy, 22, 605–612.

Pease P. (2013)
Fused glass sample preparation for quantitative laser-
induced breakdown spectroscopy of geologic materials.
Spectrochimica Acta Part B, 83, 37–49.

Pedarnig J.D., Trautner S., Grünberger S., Giannakaris
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Rammelkamp K., Schröder S., Ortenzi G., Pisello A.,
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