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Abstract: Laser-induced breakdown spectroscopy (LIBS), which has recently emerged as tool for
geochemical analysis outside the traditional laboratory setting, is an ideal tool for Li exploration
because it is the only technique that can measure Li in minerals, rocks, soils, and brines in-situ in the
field. In addition to being used in many products essential to modern life, Li is a necessary element for
a reduced carbon future and Li–Cs–Ta (LCT) granitic pegmatites 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. We
focus here on the LCT pegmatites of the Carolina Tin-Spodumene Belt (CTSB) situated in the Kings
Mountain Shear Zone, which extends from South Carolina into North Carolina. The CTSB hosts both
barren and fertile pegmatites, with Li-enriched pegmatites containing spodumene, K-feldspar, albite,
quartz, muscovite, and beryl. We illustrate how handheld LIBS analysis can be used for real-time Li
analysis in the field at a historically important CTSB pegmatite locality in Gaston County, N.C. in four
contexts: (i) elemental detection and identification; (ii) microchemical mapping; (iii) depth profiling;
and (iv) elemental quantitative analysis. Finally, as an example of a practical exploration application,
we describe how handheld LIBS can be used to measure K/Rb ratios and Li contents of muscovite
and rapidly determine the degree of pegmatite fractionation. This study demonstrates the potential
of handheld LIBS to drastically reduce the time necessary to acquire geochemical data relevant to
acquiring compositional information for pegmatites during a Li pegmatite exploration program.

Keywords: laser-induced breakdown spectroscopy; LIBS; Li analysis; LCT pegmatites; K/Rb-Li
systematics

1. Introduction

Lithium is a metal widely used in the production of pharmaceuticals, glass, lubricants,
and alloys; is present in most modern electronic devices; and used in many chemical
processing and manufacturing processes [1]. It is also a critical element in the transition
towards a low-carbon economy because it is central to the manufacture of the batteries
that comprise energy storage systems and power electric vehicles. Because Li does not
occur naturally as a native element, its current production comes from natural brines
and granite-associated pegmatites in which Li concentrations have been strongly elevated
above the average crustal abundance of 35 ± 11 ppm [2] to economically extractable levels.
Brine deposits are the predominant source for Li at present (66%) and comprise the largest
reserves but such deposits are geographically limited in distribution and face multiple
production challenges. Pegmatite deposits (26%) will, therefore, remain an important
source of Li because they are widespread globally and have a higher lithium concentration
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compared to brines and clays [3–6]. Granitic pegmatites, in which Li typically occurs as a
primary constituent in spodumene, petalite, and lepidolite, as well an important source
of other important metals, including Be, Sc, Rb, Nb, Sn, Cs, Ta, REEs, Th, and U [7]. A
particularly important type of granitic pegmatites is the Li–Cs–Ta (LCT) family [8,9].

2. Overview of LCT Granitic Pegmatites

LCT pegmatites are largely considered to be late magmatic products of extreme frac-
tionation of peraluminous S-type granites [8], although the anatectic melting of supracrustal
and mantle-related source lithologies has been proposed as an alternative process for the
generation of some LCT pegmatite populations [10–12]. Granites parental to LCT peg-
matites (i.e., fertile granites) often occur as texturally heterogeneous, zoned plutons that
may include facies of (i) fine-grained biotite granite, (ii) two-mica granites, (iii) coarse-
grained pegmatitic leucogranites, (iv) sodic aplites; and (v) highly mineralized pods and
lenses of pegmatites in the apical portions of the pluton [13].

The population of LCT pegmatites cogenetic with fertile S-type granites ranges from
barren bodies that lack significant rare-element mineralization to pegmatites that display
varying degrees of enrichment in Li, Rb, Cs, Be, Sn, Ga, Ta > Nb, B, P, and F. This moderate
to extreme fractionation of pegmatite melts typically results in rare-element mineralization
that includes beryl, columbite-group minerals, the compositionally complex borosilicate
tourmaline, and Li-minerals, such as triphylite-lithiophilite, amblygonite-montebrasite,
spodumene, petalite, and lepidolite.

In many districts and fields, granite-pegmatite suites show patterns of regional zoning
where LCT pegmatites are situated within 10 km of their parental granite [14]. The exposed
regional zoning pattern is rarely concentric, but instead is asymmetrical in most pegmatite
fields and strongly influenced by the nature and structure of the host rock, by the shape of
the parental intrusion, and the current erosional level of the granite–pegmatite system. In
general, the least evolved and poorly mineralized bodies are found closest to the margins of
the source granitic pluton, whereas the most chemically evolved Be-, Ta-, and Li-enriched
pegmatites occur in distal areas relative to the parental pluton [15]. Spodumene- and
petalite-bearing pegmatites typically occur the farthest away from their parental granite.
This oversimplified sequence of pegmatite types extending outward from the margins
of their parental granite is further characterized by progressive complexity of internal
structural zones/units within individual pegmatite bodies, increasing diversity of mineral
species, increasing degrees of metasomatic replacement, along with a gradual enrichment
in Li, Rb, Cs, B, P, and F.

From an economic perspective, elemental abundance (e.g., Rb, Cs, Ta) and ratios
(e.g., K/Rb, K/Cs, Nb/Ta) serve as valuable tools for the rapid assessment of the degree of
rare-element fractionation in granite-pegmatite suites. Typically, low values of K/Rb
(~2–400) and K/Cs (~20–2000) in K-feldspar, K/Rb (~1–50) and K/Cs (~10–1000) in
muscovite, Na/Li (~2–20) in beryl, Fe/Mn in garnet (~0.007–2.0), Nb/Ta (~0.001–24) in
columbite-group minerals, and Zr/Hf (~0.01–13) in zircon are encountered in pegmatites
that have undergone moderate to extreme levels of fractionation and accumulation of
rare lithophile elements [16,17]. These geochemical indicators of fractionation have been
successfully used to identify parental granitoids, establish regional trends of rare-element
enrichment in large pegmatite populations, and distinguish barren from mineralized peg-
matites suitable for the extraction of potential rare-element ore minerals.

3. Geological Setting of the Carolina Tin-Spodumene Belt

The Carolina Tin-Spodumene Belt (CTSB) is of particular importance as a host of the
most extensive and historically important Li pegmatite deposit in North America. Here,
pegmatites of Carboniferous age [16] are concentrated in a belt across the Kings Mountain
Shear Zone. This 0.5 to 3-km-wide, northeast-trending structure marks the boundary of the
Inner Piedmont and Kings Mountain lithotectonic domains, with the shear zone extending
approximately 60 km from Gaffney, South Carolina to Lincolnton, North Carolina (Figure 1).
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Enclosed within the metamorphic rocks of the CTSB, which exhibit evidence of multiple
periods of deformation, are hundreds of granitic pegmatite dikes, many containing spo-
dumene and the tin oxide mineral cassiterite. Pegmatite intrusion occurred after major
periods of deformation, but before the last of the tectonic movement [18,19]. The peralu-
minous 2-mica Cherryville granite lies just west of the CTSB in the Inner Piedmont belt
and is considered by some investigators to be the source of the CTSB pegmatites, although
derivation from the biotite-bearing High Shoals granite east of the CTSB has also been
suggested [20–25].
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Figure 1. Carolina Tin-Spodumene Belt (green) showing the Kings Mountain Shear Zone (orange),
the Kings Mountain and Hallman-Beam Li mines, and Piedmont Lithium’s Carolina Lithium Project
(CLP) prospect in Gaston County, N.C. that has an estimated reserve of 44.2 Mt at 1.08 wt. % Li2O
(modified from map provided by Piedmont Lithium Inc. on 29 October 2021).

Different types of pegmatites have been identified within the CTSB that include
(i) barren pegmatites containing primarily K-feldspar, oligoclase, quartz, with accessory
muscovite, biotite, and garnet; (ii) barren pegmatites composed of K-feldspar, albite, quartz,
and beryl; and (iii) lithium pegmatites bearing spodumene, K-feldspar, albite, quartz, and
beryl [26]. Barren granitic pegmatites are most common within and near the Cherryville
granite, whereas spodumene-bearing pegmatites are concentrated away from the granite
body [27]. Accessory minerals in the pegmatites include beryl, garnet, titanite, cassiterite,
zircon, Mn-bearing fluorapatite, triphylite, and columbite-group minerals [28,29].

Individual Li-bearing pegmatites are complex structures having typical surface di-
mensions of a few to a hundred meters in width and up to a kilometer in length that were
intruded generally parallel to foliation in the surrounding country rocks [21]. Typically
having a modal composition of ~20% spodumene, ~32% quartz, ~41% feldspar, and ~6%
muscovite (Figure 2), these pegmatites are remarkably homogeneous, with minimal internal
compositional zoning [23,28]. As illustrated in Figure 3, CTSB pegmatites can be quite
coarse grained, with individual crystals > 1 m in length.
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Figure 2. Two samples from the CLP in Gaston County, North Carolina: (a) hand specimen showing
the typical mineralogy of spodumene, feldspar, quartz, and muscovite; (b) slab face of outcrop sample
D0017573 showing a mineralogy of spodumene, quartz, albite, and muscovite.
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Figure 3. Carolina Lithium Project drill core 17-BD-46 between 107.51–110.21 m depth showing from
top to bottom metamorphic country rock, and typical pegmatite containing a 70-cm-long crystal of
spodumene and a 1-m-long albite crystal.

Estimates of Li reserves for the CTSB are large, >100 Mt averaging about 0.7% Li [30].
Active mining of spodumene was undertaken in the CTSB from the 1950s–1990s at two
major mines: the Kings Mountain Mine operated by the Foote Mineral Company and the
Hallman-Beam Mine operated by the Lithium Corporation of America (Figure 1). Recent
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industrial demand for Li has resulted in renewed exploration activity across the CTSB, with
the Piedmont Lithium’s Carolina Lithium Project (CLP) presently assessing a large prospect
in Gaston County near Bessemer City (Figure 1). The in-field LIBS analyses reported here
were undertaken on drill core and at multiple outcrops across this prospect.

4. Laser-Induced Breakdown Spectroscopy

Laser-induced breakdown spectroscopy (LIBS) is a versatile form of atomic emission
spectroscopy that can be used qualitatively for elemental detection or quantitatively for
determination of elemental concentration [31,32] and references therein. In LIBS, a rapidly
pulsed laser beam is focused onto a sample to ablate a minute amount of it and create a
plasma on the sample surface in which constituent elements can be detected and identified
through spectral analysis of emitted light. Because all elements have at least one emission
line over the spectral range between 200–900 nm, any element can be analyzed by LIBS in
situations where its abundance is above the limit of detection in the materials of interest [32].
As discussed by Harmon and Senesi [31], the rapid acquisition by LIBS of such information
can be particularly useful to the mining industry for resource exploration and grade control
during mining and ore beneficiation.

LIBS was one of many techniques restricted to chemical analysis in the laboratory
or in industrial settings that have included mine and ore-processing sites [33] until the
introduction of commercial handheld LIBS analyzers in 2016 [34]. Since that time, handheld
LIBS has been used for a variety of geological applications that include the identification
of elements and minerals; the discrimination of carbonate muds, limestone/dolomite
stratigraphic sequences, volcanic rock suites, and meteorites; and natural resources ex-
ploration [35–49]. An important governing consideration with LIBS is the set of chemical
and physical phenomena termed ‘matrix effects’ e.g., [31,50] and references therein, which
determine the amount of mass ablated by an incident laser pulse. Chemical matrix effects
occur when the emission behavior of one element in the plasma is interfered with by the
presence of another element. By contrast, physical matrix effects arise from the nature
of the sample. For example, there are a multiplicity of factors that determine the extent
of laser–material coupling with geological materials, and therefore the resultant plasma
character, which is primarily determined by the nature of the sample (e.g., its composi-
tional homogeneity, degree of crystallinity or induration, hardness, grain size and porosity,
surface texture and roughness, moisture and organic content, absorptivity and thermal
conductivity, and optical transmissibility and reflectivity). Although full, broadband LIBS
spectra may be used without preprocessing for elemental detection and applications, such
as geochemical fingerprinting [50], the shot-to-shot variation that characterizes LIBS analy-
sis of geological materials requires preprocessing that includes baseline correction of spectra
and peak intensity normalization for development of calibration curves for quantitative
analysis [51–55].

4.1. Laboratory LIBS Analysis of Li in Geological Materials

Li is an element effectively analyzed by LIBS because of its strong emissivity, which
makes it readily detectable in geological materials, even when present at low ppm abun-
dance levels. Analysis of Li in geological materials has been demonstrated in several
studies over the past two decades using laboratory LIBS systems.

Fabre et al. [56] developed a quantitative calibration using 16 synthetic glasses and
two micas that had a detection limit for Li of ~0.0005 wt. %. This calibration was then
used to estimate the Li content of a suite of Li-bearing minerals that included spodumene
and petalite with 6–8 wt. % Li from granite-associated pegmatites in Portugal, the glass
(0.009–0.044 wt. %), and daughter minerals (up to 6.2 wt. % Li) for melt inclusions in quartz
phenocrysts in a rhyolite from the Streltsovka caldera in the Transbaikalia region of eastern
Russia, and in hydrothermal and diagenetic quartz (up to 0.034 wt. %) from the Sierra de
Guadarrama in central Spain. McMillan et al. [57] observed strong Li emission in a LIBS
survey of more than 96 beryls from 16 countries, and McManus et al. [58] determined that
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Li was an important element for discriminating the provenance of beryl from pegmatite
locations across the New England region of the northeastern United States.

Sweetapple and Tassios [59] demonstrated semi-quantitative mapping of Li, Be, and
B in altered spodumenes and other Li-rich minerals from the Neoarchean Mt. Cattlin Li-
pegmatite deposit in Australia and used this to discriminate spodumene; its accompanying
sericitic alteration; and the matrix minerals, lepidolite, albite, and quartz. This study
estimated a Li detection limit of ~0.024 wt. % based on Li-doped borosilicate glass as
standards.

LIBS microchemical mapping and chemometric analysis was utilized by
Romppanen et al. [60] to identify and discriminate the Li-bearing ore mineral spodumene
from gangue minerals across the Kaustinen LCT pegmatite province of western Finland
and to map sample texture. That same year, Janovszky et al. [61] undertook LIBS analysis
of monzogranite from the Mórágy Granite Complex in the Eastern Mecsek Mountains of
Hungary for the classification of constituent mineral grains and for Be and Li prospecting in
granitoid rocks. This study demonstrated that valuable information about the distribution
of elements in minerals can be obtained from LIBS elemental mapping, especially when
combined with emission intensity data derived from matrix-matched calibrations.

Riberio et al. [62] used a portable XRF analyzer and a bespoke laboratory LIBS system
to examine the same locations on quartz, montebrasite, and turquoise in a slab cut from a
hydrothermal vein at the Argemela Tin Mine in Central Portugal. LIBS results demonstrated
that montebrasite can be distinguished from turquoise because the turquoise did not contain
Li. Micromapping by LIBS was successful in identifying minerals and their alteration
products in a petrographically described thin section. The differences in spot size between
XRF (5 mm) and LIBS (300 µm) resulted in a poorer performance by XRF in accurately
identifying mixed minerals.

4.2. Li Analysis by Handheld LIBS

Senesi [39] described the potential for handheld LIBS analysis across the geosciences.
Subsequently, Harmon et al. [37] described the use of a SciAps Z-300 handheld LIBS
analyzer for quantitative Li analysis on-site during an exploration campaign at the Agua
Fria Li prospect in the Sonora region of Mexico, where a Li-bearing hectorite clay and marl
sequence is contained within the clastic sediments of an Oligocene to Miocene volcano-
sedimentary basin sequence. The multielement composition of composite samples from
3 m intervals of the drill core was determined by ICP-MS analysis. LIBS measurements
taking <3 seconds each to acquire for a 3 × 4 raster pattern at 12 locations on pressed pellets
of each composite sample were averaged to produce a single-composite LIBS spectrum.
The Li contents determined by handheld LIBS analysis agreed well with the laboratory
results, with an R2 observed of 0.86 for the suite of core samples analyzed.

Most recently, Fabre et al. [63] described the use of a SciAps Z-300 handheld LIBS
instrument in the laboratory to acquire >4000 LIBS spectra for the Li-bearing minerals,
including spodumene, petalite, lepidolite, zinnwaldite, amblygonite, or montebrasite, as
well as various altered Li minerals and pegmatite samples from the Fregenda–Almendra
pegmatite field that outcrops from the Guarda district in Portugal to the Salamanca province
in Spain. These analyses were undertaken on minerals, rock thin sections, and pressed
powder pellets and glasses prepared from pulverized minerals. The major elements ob-
served were Al, Si, O, Mg, Ca, Li, Na, K, and Fe, with Be, Sr, Ba, Cs, Sn, Ta, and W being the
most common minor and trace elements identified.

5. Analytical Methodology and Samples

Handheld LIBS is an attractive tool for undertaking geochemical measurements during
exploration, drilling, or ore assessment campaigns because in-situ analytical results can
be acquired rapidly under ambient environmental conditions with a minimum of sample
preparation. Handheld LIBS analyzer has a unique capability to answer three questions in
the field for the exploration geologist:
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• What elements are present in a mineral, rock, or soil?
• How much of an element of interest is present?
• Is a sample compositionally homogeneous?

5.1. Samples

A wide variety of samples from the CLP prospect (Figure 1) were analyzed on site
during 21–22 October 2021, either at the core storage facility (Figure 3) or at field outcrops
(Figure 4) that included minerals in the drill core and outcrop, the pulverized drill core,
and the soil. Minerals analyzed included spodumene, muscovite, quartz, albite, K-feldspar,
tourmaline, and vivianite.
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ples of the different minerals analyzed—feldspar (b); feldspar, quartz, spodumene, and tourmaline
(c); spodumene (d); and quartz (e).

5.2. Handheld LIBS Analysis

For this study, we used a SciAps Z-300 handheld LIBS analyzer (Figure 4). This
instrument contains a Nd:YAG diode-pumped solid-state pulsed laser that generates a
beam of focused laser light at 1064 nm that delivers a 5–6 mJ pulse of 1 ns pulse duration
onto a 100-µm area of the sample at a user-selected firing rate between 1 and 50 Hz. The
instrument records light emission from the LIBS plasma, typically after a 650 ns delay
over a 1-ms integration time, between the 190 to 950-nm spectral range, over which every
element has at least one emission line. The Z-300 has the capability for the analysis to be
conducted in Ar, which confines the plasma for enhanced emission, particularly in the deep
ultraviolet portion of the LIBS emission between 190–300 nm. The light signal is collected
and passed by fiber optic cable into three spectrometers with time-gated, charge-coupled
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diode (CCD) detectors having respective spectral ranges and resolutions of 190–365 nm
with a full-width half-maximum (FWHM) value of 0.18 nm, 365–620 nm with a FWHM
value of 0.24 nm, and 620–950 nm with a FWHM value of 0.35 nm. This analysis produces
composite LIBS spectra over the 23,432 channels of the spectrometer.

The sections that follow present examples of the Element Pro, Geochem, and Geochem
Pro applications that are the on-board software programs facilitating the broad analytical
capability of the Z-300 analyzer. Before our fieldwork, calibrations were prepared on the
instrument in the laboratory for mica and bulk powdered pegmatite of known composition
prior to using it at the CLP prospect to answer the three questions posed above. Four
different analytical approaches were employed. First, for elemental identification using the
Element Pro application, averages of four recorded spectra were collected after two cleaning
shots at a laser firing rate of 50 Hz across a 4 × 3 grid. Next, microscale mapping with
the Geochem Pro application was undertaken with a single laser shot at 256 locations over
a 16 × 16 grid over 2 mm2 areas of mineral surfaces to obtain distributions of elemental
relative concentrations in the form of relative abundance ‘heat maps’. Then, elemental depth
profiles were obtained by firing between 288-300 successive laser shots at single locations
and recording 4-shot averages. Finally, quantitative analysis for Li was undertaken using
the Geochem application by processing the average LIBS intensity values obtained from
averaging of four spectra from 12 locations on a sample using the on-board calibrations.

The sections that follow present examples of the Element Pro, Geochem, and Geochem
Pro applications described above. Before our fieldwork, calibrations were prepared on the
Z-300 in the laboratory for mica- and bulk-powdered pegmatite of known composition,
prior to using the handheld LIBS instrument at the CLP prospect to demonstrate its ca-
pability to answer the three questions posed above. Four different analytical approaches
were employed, all of which used the option to undertake the LIBS analysis in an Ar
atmosphere. First, for elemental identification using the Element Pro application, averages
of four recorded spectra were collected after two cleaning shots at a laser firing rate of
50 Hz across a 4 × 3 grid. Next, microscale mapping with the Geochem Pro application
was undertaken with a single laser shot at 256 locations over a 16 × 16 grid over 2 mm2

areas of mineral surfaces to obtain distributions of elemental relative concentrations in
the form of ‘heat maps’. Then, elemental depth profiles were obtained by firing between
288–300 successive laser shots at single locations and recording 4-shot averages. Finally,
quantitative analysis for selected elements was undertaken using the Geochem application
by processing the average LIBS intensity values obtained from averaging of four spectra
from 12 locations on a sample using the calibration.

6. Application, Results, and Discussion

Exploration programs for rare-element granitic pegmatites typically utilize an inte-
grated geological, mineralogical, and geochemical approach for identifying exposed and
buried pegmatites of economic interest. Rock and mineral geochemistry has proven to be
extremely effective in differentiating barren pegmatites lacking rare-element minerals from
pegmatites that carry significant Be, Nb, Ta, Sn, or Li mineralization. The trace element
content of pegmatite feldspars and micas have been proven to be useful markers for distin-
guishing chemically primitive pegmatites from moderately to highly evolved rare-element
enriched pegmatites [16]. In a pegmatite field or district, where tens to hundreds of min-
eralogically diverse pegmatite bodies may be present, the inexpensive and rapid analysis
of Li, K, Rb, and Cs in feldspar and muscovite by handheld LIBS can be a unique tool for
identifying prospective Li-enriched pegmatites in the field during an exploration program.

The wallrock of some LCT pegmatites may develop exomorphic halos enriched in Li,
Rb, Cs, B, and Be via interaction with pegmatite-derived fluids [64,65]. The occurrence of ex-
omorphic minerals, such as holmquistite, biotite, tourmaline, and emerald, in amphibolitic
and schistose wallrock surrounding pegmatites attest to episodes of metasomatic alteration,
which have been shown in some cases to be a useful tool in pegmatite exploration. LIBS
analysis of alteration assemblages in wallrocks surrounding rare-element-enriched peg-
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matites has the potential to be an integral part of any pegmatite exploration program aimed
at targeting Li-enriched pegmatites.

The geochemistry of soils and saprolite overlying pegmatite bodies has been shown
to be successful in finding buried rare-element pegmatites [66]. Soils and saprolites that
develop from weathered pegmatites can maintain low levels of trace elements inherent to
the unweathered pegmatite body [67,68]. Because LIBS instruments can quickly detect low
levels of Li and other trace elements, handheld LIBS is ideally suited for conducting soil
surveys in pegmatite fields where outcropping bodies are scarce or absent.

6.1. Elemental Detection

For rapid qualitative analysis, the Z-300 is used in the Element Pro mode for element
detection and identification. Relative emission strengths for each emission line in an ac-
quired broadband LIBS spectrum are interrogated and compared with an onboard spectral
library of selected elemental emission lines for the entire periodic table derived from the
NIST atomic spectra database [69]. After each analysis, the list of elements identified in the
sample is displayed (Figure 5), accompanied by a “likelihood” ranking that is a measure of
the ratio of the number of elemental emission lines present in an acquired spectrum to the
number of lines for each element in the spectral library and an estimated elemental “relative
abundance” comparing how much of an element is present in the sample compared to other
elements, with the caveat that there is no direct correlation between relative abundance and
absolute element concentration. Used in this way, handheld LIBS analysis can be employed
in the field to (i) detect the main elements present in a rock, mineral, or soil; (ii) rapidly
distinguish between minerals of similar appearance; or (iii) identify an unknown mineral.
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Figure 5. Z-300 screen shot sequence generated at the time of analysis showing the LIBS spectrum for
spodumene in pegmatite outcrop 21-PLAC-02 on the Carolina Lithium Project prospect in Gaston
County, N.C. and the 12 elements recognized with confidence in this sample—Li, Al, Si, Ca, O, Na,
Rb, Fe, C, H, K, and Cs. The number in black text on the right-side column is the “likelihood” value,
i.e., percentage of spectral lines in the on-board spectral library present in the LIBS spectrum, whereas
the green number in the middle column is the “relative abundance” value. See text for discussion.

Analysis using the Z-300 handheld LIBS instrument identified 20 elements present in
minerals of the pegmatite rock samples, drill cores, and outcrops analyzed across the CLP
prospect above their different limits of detection (Table 1)—Al, B, Ba, Be, Ca, Cs, Fe, H, K,
La, Li, Mg, Mn, Na, O, P, Rb, Si, Sr, and V in some samples. Most elements are observed in
the primary pegmatite minerals spodumene, quartz, feldspar, and/or muscovite; H and
O are most pronounced in hydroxyl-bearing species; Be and La are only observed in the
aluminosilicates; and P is only present in the phosphates (Figures 6–9). This is essentially
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the same set of elements recorded by Fabre et al. [63] in their handheld LIBS analysis of
Li-bearing pegmatite minerals from the Fregenda–Almendra pegmatite field of the Iberian
Peninsula.

Table 1. Emission lines for most common elements identified in pegmatite minerals from the Carolina
Lithium Project prospect in Gaston County, North Carolina (USA).

Element Wavelength
(nm)

Wavelength
(nm)

Wavelength
(nm) Element Wavelength

(nm)
Wavelength

(nm)
Wavelength

(nm)

Al 394.40 396.15 309.77 Li 670.79 610.36 460.29
B 249.77 249.68 - Mg 279.53 282.27 285.22

Ba 455.40 553.55 493.41 Mn 257.61 260.57 356.95
Be 313.04 - - Na 589.00 589.59 -
Ca 393.37 396.85 422.67 O 777.20 - -
Cs 852.11 894.35 257.80 P 213.62 214.95 -
Fe 259.94 438.35 371.99 Rb 780.03 794.76 -
H 656.28 - - Si 288.16 251.61 390.55
K 766.49 766.90 404.41 Sr 407.78 460.73 -
La 492.18 518.34 505.65 V 267.93 373.73 410.98
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Figure 6. Handheld LIBS spectra for the primary pegmatite minerals quartz (a), albite (b), muscovite
(c), and spodumene (d) from pegmatite outcrops on the Carolina Lithium Prroject prospect in Gaston
County, N.C. The unlabeled peaks in the infrared portion of the spectrum between 700–870 nm are
for the Ar purge gas used for the analysis.



Minerals 2022, 12, 77 11 of 28Minerals 2022, 12, x FOR PEER REVIEW 13 of 31 
 

 

 

Figure 7. Handheld LIBS spectra between 170–870 nm for the pegmatite accessory min-
erals tourmaline (a) and fluorapatite (b) in pegmatite samples from the Carolina Lithium 
Project prospect in Gaston County, NC. The unlabeled peaks in the infrared portion of 
the spectrum between 700-870 nm are for the Ar purge gas used for the analysis. 
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hypidiomorphic mineral along a fracture plane in a drill core (a) that was analyzed by 
X-ray diffraction analysis (b), and LIBS (c). LIBS analysis identified the presence of Fe, Li, 
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subsequently confirmed by the X-ray diffraction analysis. 

Figure 7. Handheld LIBS spectra between 170–870 nm for the pegmatite accessory minerals tour-
maline (a) and fluorapatite (b) in pegmatite samples from the Carolina Lithium Project prospect in
Gaston County, NC. The unlabeled peaks in the infrared portion of the spectrum between 700–870 nm
are for the Ar purge gas used for the analysis.

Visually distinguishing between feldspar and spodumene or the micas muscovite and
lepidolite rapidly in outcrops during an exploration campaign can sometimes be difficult
but is immediately obvious by comparison of LIBS spectra based on the presence of the
primary Li emission peaks at 610.36 nm and 670.79 nm in the Li-rich minerals (Figure 6).
Similarly, phosphate minerals can be readily identified because the Z-300 analyzer records
the ultraviolet region of the LIBS emission spectrum and, therefore, can observe the P
emission lines at 213.62 nm and 214.95 nm (Figure 7). Non-metal elements, such as F, are
particularly difficult to analyze by spectroscopic techniques, so it is notable that the two
prominent molecular bands for CaF between 529–543 nm and 590–606 nm are present in
the LIBS spectra for tourmaline and fluorapatite shown in Figure 7. Residual minerals in
the regolith cover of the critical zone can be a useful guide to the presence of mineralized
pegmatite at depth. For example, the presence of Li in detrital quartz in areas of deep soil
cover lacking outcrop can be an important pathfinder to mineralization in the subsurface.
Finally, under favorable circumstances, LIBS analysis can be helpful for rapid identification
of accessory and uncommon minerals can be readily identified on site through a LIBS
analysis (Figure 7).
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Figure 8. (a) Fine-grained vivianite [Fe3(PO4)2·8H2O] on a fracture in drill core 18-BD-288 from
the Carolina Lithium Project prospect in Gaston County, N.C.; (b) X-ray diffraction pattern (Mo Kα

radiation) of vivianite after background subtraction (black), with International Centre for Diffraction
Data pattern matches shown by vertical blue bars; and (c) handheld LIBS spectrum of vivianite
showing the prominent P peaks at 213.62, 214.92, and 255.32 nm and the major Li peak at 670.79 nm.
The suite of weak unlabeled peaks in the ultraviolet and visible portions of the LIBS spectrum between
234–278 nm and 404–441 nm are Fe emissions. The unlabeled peaks in the infrared portion of the
LIBS spectrum between 700–870 nm are for the Ar purge gas used for the LIBS analysis. The very
strong H peak at 656.3 nm in this spectrum, compared to those shown in Figures 6 and 7, indicate
that this sample is a hydrated mineral and further supports its identification as vivianite.

Late-stage mineralization is common along fissures and fractures throughout the
strongly tectonized and deformed CTSB. Figure 8 shows the occurrence of a blue-black,
hypidiomorphic mineral along a fracture plane in a drill core (a) that was analyzed by X-ray
diffraction analysis (b), and LIBS (c). LIBS analysis identified the presence of Fe, Li, and P,
indicating that this mineral was either triphylite [LiFePO4] or vivianite [Fe3(PO4)2·8H2O]
produced from the alteration of triphylite, with the latter attribution subsequently con-
firmed by the X-ray diffraction analysis.

6.2. Element Spatial Distribution

Whole-rock lithogeochemistry of outcrop and drill core samples, together with mi-
croscale analysis of individual minerals, are two of the primary exploration tools for
mapping the geochemical signature of ore systems. LIBS can be helpful in this context in
two different ways. The Z-300 analyzer has a computer-controlled 3-D translational stage
that permits rastering of the laser beam across the sample in the XY-direction at 12.5 µm
steps over an area of up to 2 × 2 mm2, with the grid size and the number of laser shots
fired at each point defined by the user. A user-selected number of non-analytical ‘cleaning’
shots can be performed prior to data collection. Therefore, compositional variation within
a sample can be examined by the Z-300 analyzer at the ~100 µm spatial scale of the LIBS
analysis through either the microscale mapping feature where the laser is rastered over a
2 mm area of the sample surface or by depth profiling in which successive laser shots are
undertaken at the same spot to ablate a sample to progressively greater depths.
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Na = 588.99 nm, and Si = 288.16 nm. 
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surface of a muscovite crystal in outcrop sample 21-PLAC-02. Two features are of partic-
ular note across the 2 × 2 mm2 surface domains for the element distributions shown in 
Figure 9. The first is the general compositional homogeneity of the spodumene compared 
to the muscovite at this spatial scale. By comparison to the nine ‘heat maps’ for 
21-PLAC-03 spodumene, which are dominated by shades of dark and light blue, the in-
dividual ‘heat maps’ for 21-PLAC-02 muscovite exhibit the full range of color variation 
from almost entirely dark blue for Ca and Mn to domination by yellow and red colors for 
Al. The second is the coherent geochemical behavior of Li-K-Rb and Mg-Ca-Sr for the 
spodumene and Li-Na-K-Rb-Cs and Ca-Fe-Mn for the muscovite.  

Figure 10 shows depth profiles for spodumenes in two outcrops. The profiles rep-
resent 4-shot averages of LIBS emission intensities of 10 spectral lines (Mg279.52, Si288.16, 
Be313.04, Al309.27, Ca422.67, Na589.59, Li610.36, K766.49, Rb794.76 , and Cs852.11) for 300 successive laser 

Figure 9. Elemental distribution ‘heat maps’ obtained by Z-300 raster scanning of a spodumene
(a) and muscovite (b) specimens from outcrops on the Carolina Lithium Project prospect in Gaston
County, N.C. Elemental emission intensity variations for different elements are shown in a gradient
of colors that varies from red for high relative abundance to blue for low relative abundance. The
spectral lines used for these microchemical maps are: Al = 396.15 nm, Ca = 393.37 nm, Cs = 852.11
nm, Fe = 438.35 nm, H = 656.28 nm. K = 766.49 nm, Li = 670.79 nm, Mg = 279.55 nm, Mn = 403.31 nm,
Na = 588.99 nm, and Si = 288.16 nm.

For microscale mapping, the Geochem Pro mode of the Z-300 analyzer is used to
identify spectral peaks and then generate relative concentration maps based on the recorded
elemental intensities [37,46]. 2-D maps of relative emission intensity, commonly termed
‘heat maps’, are produced from individual laser shots spaced 12.5 µm across the surface
of a sample over a 16 × 16 grid pattern. Examples from the CLP prospect are shown in
Figure 9 for spodumene and muscovite crystals from two outcrop samples, 21-PLAC-03
and 21-PLAC-02. Such information can reveal whether a mineral is homogeneous at the
spatial scale of the LIBS analysis and also can be helpful in understanding the geochemical
behavior of different elements at a small spatial scale, which can provide insight into the
process of pegmatite formation.

The panels in Figure 9a display the spatial distributions of variations in Si, Al, Fe, Li,
K, Rb, Ca, Mg, and Sr abundances on the surface of a spodumene crystal in outcrop sample
21-PLAC-03, whereas those in Figure 9b show the spatial distributions of variations in Si, Al,
H, Na, Li, K, Rb, Cs, Ca, Fe, and Mn abundances across a 2-mm domain on the surface of a
muscovite crystal in outcrop sample 21-PLAC-02. Two features are of particular note across
the 2 × 2 mm2 surface domains for the element distributions shown in Figure 9. The first is
the general compositional homogeneity of the spodumene compared to the muscovite at
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this spatial scale. By comparison to the nine ‘heat maps’ for 21-PLAC-03 spodumene, which
are dominated by shades of dark and light blue, the individual ‘heat maps’ for 21-PLAC-02
muscovite exhibit the full range of color variation from almost entirely dark blue for Ca and
Mn to domination by yellow and red colors for Al. The second is the coherent geochemical
behavior of Li-K-Rb and Mg-Ca-Sr for the spodumene and Li-Na-K-Rb-Cs and Ca-Fe-Mn
for the muscovite.

Figure 10 shows depth profiles for spodumenes in two outcrops. The profiles represent
4-shot averages of LIBS emission intensities of 10 spectral lines (Mg279.52, Si288.16, Be313.04,
Al309.27, Ca422.67, Na589.59, Li610.36, K766.49, Rb794.76, and Cs852.11) for 300 successive laser
shots at a single spot on sample 21-PLAC-03 and 288 successive laser shots at a single spot
on sample 21-PLAC-04. These intensity variations are displayed on a logarithmic scale, as
element intensities vary over five orders of magnitude for sample 21-PLAC-03 and four
orders of magnitude for sample 21-PLAC-04. Thus, elements present in the samples at
high abundance show subdued variation compared to elements of low concentration. Both
depth profiles are characterized by significant variation over the first 5–6 depth intervals
(i.e., 20–24 laser shots), which records decreases for some elements (e.g., Na, Mg, Ca) yet
increases for others (e.g., Si, Al, Li, Rb, Cs). This behavior is interpreted to reflect the
cumulative effect of surficial weathering of the spodumene that has caused elements of
contrasting geochemical behavior being mobile to different extents. The other feature of
note is the sharp increases in emission intensity for Na, Mg, Ca, K, and Be together with
concomitant intensity decreases for Si, Al, Rb, and Cs observed for spodumene 21-PLAC-04
over the 40–45 laser shot depth interval. This compositional discontinuity likely reflects the
encounter of the laser beam with an inclusion a few 10s of microns in size. Fabre et al. [56]
have described how such inclusions can be probed and compositionally interrogated using
a laboratory LIBS system.

6.3. Quantification

LIBS can measure the elemental abundance by measuring the intensity of the light
captured at specific spectral wavelengths because the intensity of the plasma emission
is proportional to the concentration of an element in a material of interest. Quantitative
analysis by LIBS can be straightforward if the material being analyzed is compositionally
homogeneous, as is the general situation for metal and alloy analysis where LIBS is well
established and has been widely applied for a variety of industrial applications [33,40,70–75].
This is not generally the case for geological materials, which are intrinsically variable in
terms of composition, crystallinity, and texture. Both the chemical composition of the matrix
being analyzed by LIBS and its physical characteristics affect the measured abundance
of an analyte present in the plasma [32] because these characteristics directly influence
the excitation properties of the laser plasma produced by the ablation process [76] and,
therefore, the emission line intensity measured for any element. Chemical matrix effects
arise when the presence of an element of low ionization potential in the plasma elevates
the plasma density and thereby inhibits the emission of other elements to decrease their
abundance in the plasma [77]. Differences in material physical characteristics, such as
crystallinity, hardness, opacity, grain size, coherence and texture, influence the degree of
laser energy-material coupling so that elements of the same abundance in a dissimilar
matrices will produce different emission intensities because of changes in the amount of
sample ablated into the plasma with each laser pulse [78,79]. Further discussion of physical
matrix effects is beyond the scope of this paper but has been described in detail in numerous
previous studies, e.g., [31,36,78,80–88]. Chemical matrix efects are more readily ameliorated
through optimization of the LIBS analytical system than physical matrix effects [32] which,
therefore, present the greatest challenge to, and impediment for, quantitative analysis of
geomaterials by LIBS. Despite these complications, quantitative analysis is possible by
LIBS, but to do so requires careful selection of emission lines and creation of univariate
or multivariate calibration curves using physically and compositionally similar matrix-
matched standards.
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Figure 10. Depth profiles illustrating compositional variations just below the surface in two spo-
dumene crystals from outcrops 21-PLAC-03 and 21-PLAC-04 on the Carolina Lithium Project prospect
in Gaston County, N.C. Emission intensities are displayed for 10 elements (Mg, Si, Be, Al, Ca, Na, Li,
K, Rb, and Cs) for 300 successive laser shots at a single spot on spodumene 21-PLAC-03 grouped into
4-shot averages (a) and 288 successive laser shots at a single spot on spodumene 21-PLAC-04 also
grouped into 4-shot averages (b).

Quantitative analysis can be accomplished using Geochem mode of the Z-300 analyzer
developed beforehand from the analysis of a set of matrix-matched reference materials
using either single-element or multivariate calibration procedures. Two general calibrations
curves are installed on Z-300 analyzers purchased for geoscience applications; a general
geochemistry calibration (“geochem”) based on >70 different geological materials and
NIST standards and an iron ore calibration (“Fe ore”) based on a smaller number of
OREAS 400 series standard reference materials. Additionally, users can create bespoke
calibration curves using the Z-300 Profile Builder PC-based software package as described
in Harmon et al. [37].

Creating Z-300 calibrations utilizes a concentration versus intensity ratio approach
that depends on two considerations: the number spectral lines for an element of interest
and the presence of distinct emission lines that are not affected by overlap with lines from
other elements present in the sample. Any LIBS calibration curve will perform best when
developed for a specific matrix of interest. First, intensity values for elements are calculated
after performing a Savitsky-Golay smoothing [89] on the LIBS spectrum, followed by a
background subtraction, and finally integration of measured emission intensities across the
defined spectral region of interest (ROI) to obtain a summed area under the peak value.
Intensity ratios are then calculated by combining one or more summed peak intensity
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values for the analyte element of interest in the numerator of the ratio and the denominator
consisting either of the emission intensity for a single element or the sum of emission inten-
sities of multiple elements for complex matrices. Ideally, elements used in the denominator
comprise the bulk of the sample composition and remain relatively constant from sample
to sample. Whilst concentration values are required for each of the target elements for
which the calibration is being developed, they are not required for the elements in the
denominator as elements of approximately constant composition (e.g., Al, Si and other
major elements in silicate minerals) are used for this spectral intensity normalization. Once
a set of calibration curves has been constructed, subsequent LIBS analysis using the Z-300
in the Geochem mode will calculate and display elemental concentrations for a test sample
in real time.

As noted above, two provisional calibration curves have been developed on the
Z-300 instrument from our initial work at the CLP prospect to illustrate this capability.
These calibrations will be refined and enhanced, and new calibrations for other minerals
developed, as our study continues and more samples of known composition are acquired.
The first calibration (Figure 11) is for a set of mica samples with Li contents ranging from
0.014 to 2.59 wt. % from the collection of the U.S. Smithsonian Institution National Museum
of Natural History that represent different LCT pegmatite subtypes and encompass a broad
range of lithologies and geologic settings [90]. The second calibration (Figure 12) is for
a suite of pressed pellets from 17 pulverized pegmatite core samples representing 1-m
intervals in three drill holes on the CLP prospect previously analyzed by X-ray fluorescence
(XRF) and inductively coupled plasma mass spectrometry (ICPMS). Low- and high-range
calibration curves were developed for these samples, which ranged in Li content from
0.015 to 1.12 wt. %. Li contents measured for minerals, drill core, and soil from across the
CLP prospect with the Z-300 handheld LIBS analyzer using these calibrations ranged from
0.005–2.672 wt. % (Table A3).
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Figure 11. Handheld LIBS calibration curve for mica using the suite of nine mica specimens of known
composition described in Table A1. The RMSE of the calibration is 0.0204%.

The calibration spectra were acquired with the same laser raster and pulse settings of
12 locations with two cleaning pulses and four data acquisition pulses per location. The
laser was pulsed at a rate of 50 Hz and detector gating was used to avoid the collection
of continuum light emitted early in the plasma lifetime, thus producing sharper spectra
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with lower background. All 48 data pulses were averaged to produce a single spectrum for
calibration use. Each sample was analyzed five times in this way and resulting intensity
ratios were averaged. For the mica calibration, the Li intensity ratio consisted of the Li peak
at 610.36 nm in the numerator and the sum of the peaks for Al at 394.40 nm, Ca at 396.85 nm,
and Na at 819.48 nm in the denominator. The pegmatite powder calibration for our work
at the CLP prospect used the intensity of Li nm peak at 610.36 nm in the numerator that
was normalized to a combination of the intensities for the Al peak at 394.40 nm and the Fe
peak at 438.35 nm.
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Figure 12. Handheld LIBS calibration curve developed from analysis of 18 pulverized pegmatite
core samples from the CLP prospect described in Table A2. The RMSE values for the high and low
calibrations are 0.0465% and 0.0021%, respectively.

Figure 13a shows the Z-300 Geochem mode screen display of LIBS spectra and sample
Li composition of a muscovite from pegmatite outcrop sample 21-PLAC-02 and a surface
exposure of the Cecil soil on the CLP prospect determined by comparison of an analyzed
sample against the calibration that is provided to the analyst in real time.

The pegmatite powder calibration (Figure 12) was validated by analysis of a set of
14 pelletized powdered pegmatite samples from the Kleiber Oy Li deposit in Kaustinen-
Kokkola area of central Ostrabothnia in western Finland, where Paleoproterozoic albite-
spodumene pegmatites crosscut the Pohjanmaa schist belt situated between the Central
Finland Granite and Vaasa Migmatite Complex of the Svecofennian Orogen [91,92]. Li
contents for this validation suite range from 0.01–1.12 wt. % and, as shown in Table 2,
analysis of the Kleiber Oy pegmatite powders against the calibration for the CLP pegmatite
powders yielded Li contents very close to the assay values (LiLIBS = 0.941Liassay, R2 = 0.97).
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Figure 13. Screen shots from the Z-300 Geochem mode for a muscovite from Carolina Lithium Project
prospect pegmatite outcrop sample 21-PLAC-02 (a) and a surface exposure of the Cecil soil on the
CLP prospect (b). The Z-300 screenshots show the broadband LIBS spectrum recorded for each
sample and estimated elemental abundances derived from the spectral emission line intensities. The
Li content for the muscovite was determined from the mica calibration of Figure 11, whereas that for
the Cecil soil was determined from the pegmatite powder calibration of Figure 12.

Table 2. Comparison of measured Li contents (wt. %) for pegmatite powders from the Kleiber Oy Li
deposit, Finland with estimates using the CLP pegmatite powder calibration.

Sample # KOP-21 KOP-22 KOP-23 KOP-24 KOP-25 KOP-26 KOP-27

Assay Li content 0.048 0.630 0.394 0.837 0.527 0.003 0.004
LIBS predicted Li content 0.046 0.703 0.322 0.856 0.484 0.002 0.003

Sample # KOP-28 KOP-29 KOP-30 KOP-31 KOP-32 KOP-36 KOP-40

Assay Li content 0.214 0.746 0.251 0.863 1.016 0.608 0.009
LIBS predicted Li content 0.089 0.684 0.278 0.843 1.112 0.777 0.011

This example shows that calibrations for quantification can be developed using hand-
held LIBS in situations of appropriate matrix matching between standards and samples.
But what if that isn’t possible? We considered this through analysis of a dozen samples
from soil core 20-BD-359 from the CLP prospect drilled through the Cecil soil into saprolite.
The Cecil soil is a well drained and moderately permeable soil derived from the deep
weathering of felsic, igneous and high-grade metamorphic rocks on uplands throughout
the Piedmont region of North Carolina [93] that is comprised primarily of Al and Fe oxy-
hydroxide minerals [94] rather than the aluminosilicate matrix on which the pegmatite
powder calibration is based. The soil core samples, which were prepared as pressed pel-
lets in exactly the same way as the pulverized pegmatites, were analyzed using both our
pegmatite powder calibration and the SciAps general geochemistry calibration. Neither
calibration produced the robust results shown in Table 2 for the Kleiber Oy pegmatite
powders, but the latter yielded a more statistically significant relationship between Li assay
values and LIBS abundance estimates than the former: LiLIBS = 0.828Liassay, R2 = 0.18 using
the pegmatite powder calibration versus LiLIBS = 0.368Liassay, R2 = 0.52 using the Z-300
general geochemistry calibration. As illustrated in Table 3, soil Li abundances are closer
to actual values for this general geochemistry calibration, which is based on >70 different
geological materials that include a variety of soils, than for the calibration derived solely
from the pegmatite powder which has an aluminosilicate matrix. A similar situation is
observed when the suite of micas used to develop the mica calibration is analysed using
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the pegmatite powder calibration (Table 4), with Li abundances lower using the pegmatite
powder calibration than with the mica calibration. These two examples highlight the
importance of matrix matching for quantitative LIBS.

Table 3. Comparison of Li analysis for a soil core on the Carolina Lithium Project prospect using
different calibrations (CAL). PP = pegmatite powder, SAGG = SciAps General Geochemistry.

Z-300 ID Sample
Number

Li Assay
(wt. %)

LIBS Li
(wt. %) CAL Z-300 ID Sample

Number
Li Assay
(wt. %)

LIBS Li
(wt. %) CAL

392 E00097886 0.023 0.009 PP 473 E00097886 0.023 0.014 SAGG
395 E00097887 0.049 0.018 PP 475 E00097887 0.049 0.032 SAGG
398 E00097888 0.035 0.018 PP 477 E00097888 0.035 0.022 SAGG
401 E00097889 0.043 0.02 PP 479 E00097889 0.043 0.031 SAGG
404 E00097890 0.030 0.008 PP 481 E00097890 0.030 0.025 SAGG
407 E00097891 0.039 0.015 PP 483 E00097891 0.039 0.049 SAGG
410 E00097892 0.022 0.006 PP 486 E00097892 0.022 0.024 SAGG
413 E00097893 0.030 0.012 PP 488 E00097893 0.030 0.033 SAGG
416 E00097894 0.036 0.012 PP 490 E00097894 0.036 0.035 SAGG
419 E00097895 0.029 0.012 PP 492 E00097895 0.029 0.031 SAGG
422 E00097896 0.033 0.013 PP 494 E00097896 0.033 0.030 SAGG
425 E00098117 0.033 0.005 PP 496 E00098117 0.033 0.011 SAGG

Table 4. Li analysis of mica using the mica (MC) and pegmatite powder (PP) calibrations.

Z-300 IDs Sample Number LiMC (wt. %) LiPP (wt. %)

292 & 293 21-PLAC-02 0.091 0.007
306 & 307 Mt. Mica-11 1.357 1.159
341 & 342 Mt. Mica-56 0.052 0.005
361 & 362 Mt. Marie-15 0.052 0.004
376 & 377 Brown Derby Mine 1.943 1.437
433 & 434 Grosmont 1.842 1.75
456 & 457 Viitaniemi 2.202 0.008

6.4. Lithium Geochemistry for Exploration

Elevated values of Li in muscovite can suggest the presence of Li-bearing assem-
blages in LCT pegmatite populations. Lithium can substitute in the octahedral site of the
muscovite structure via coupled substitutions involving Si, Al and vacancies [95,96]. The
absolute value of Li in muscovite from granitic pegmatites can be as high as 3 wt. % Li,
however, a minimal threshold of approximately 0.05 wt. % serves as a guide to prospecting
for spodumene-bearing pegmatites [97]. Evolved muscovite compositions in LCT peg-
matites generally show low K/Rb ratios and high Li contents with fractionation trends
characterized by decreasing K/Rb with increasing Li contents.

Muscovite samples from the CLP prospect analyzed by the Z-300 handheld LIBS
analyzer show reasonably high Li contents of 0.107–0.186 wt. % (Table A1), but does not
reach the >1.5 wt. % levels observed for lepidolite [98]. K/Rb ratios calculated from the
K766.43 and Rb779.97 spectral emission lines range from 3.0–8.6. As seen in Figure 14, our data
for the CLP prospect plots within the mineralized field of granitic pegmatites and compares
quite favorably to the domain of muscovite compositions from spodumene- and petalite-
bearing pegmatites determined from other studies. The K/Rb and Li data for muscovites
from the CLP prospect confirm the highly fractionated nature of these spodumene-bearing
pegmatites. This approach to identifying fractionated LCT pegmatites has wide potential
for rapidly identifying mineralized 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.
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Figure 14. Comparison of muscovite K/Rb-Li (ppm) systematics for the CLP prospect with muscovite
K/Rb-Li relationships for other Li-pegmatites worldwide: Bailongshan field, China [99]; Central
Galicia field, Spain [100]; Fregenda area, Spain [101]; Kenticha pegmatite, Ethiopia [102]; Monts d’
Ambazac field, France [103]; Moose pegmatite, Northwest Territories, Canada [104]; Tanco pegmatite,
Manitoba, Canada [105]; and Dike 1, Wekusko Lake field, Manitoba, Canada [106].

7. Summary and Conclusions

LIBS is an analytical technique that has long been used for the analysis of ore minerals
in laboratory [107–111] and, more recently, bespoke industrial LIBS systems have been
developed for mineral exploration and exploitation [71,112–116]. The rapid acquisition
of compositional data afforded by LIBS facilitates the interpretation of geochemical data
in exploration, prospect evaluation, and ore processing contexts. Commercial handheld
LIBS was developed in 2016 [34] and its potential for use in resources exploration was
demonstrated shortly thereafter [37,46,48,117]. Here, we have described and illustrated the
different analytical capabilities of handheld LIBS for mineral exploration, demonstrating
elemental detection, microchemical mapping, depth profiling, and quantitative analysis
with specific examples drawn from our analysis of soil, rocks, outcrops, and drill core from
an active Li prospect in North Carolina (USA).

Using qualitative elemental analysis, the LIBS can differentiate minerals with similar
field appearance such as muscovite and lepidolite and can identify accessory minerals like
tourmaline and secondary minerals such as vivianite. Through microchemical mapping we
illustrated how LIBS provides information about chemical homogeneity or heterogeneity
at the 10s of micron spatial scale, yielding useful insights into coupled or decoupled
behavior of elements within a sample. Similarly, the depth profiling ability of LIBS can
be used to observe elemental distributions below the surface, allowing recognition of the
effects of surficial weathering, a change in mineralogy, and presence of inclusions. Using
laboratory-derived calibrations prior to fieldwork, quantitative chemical abundances in
rocks, minerals, and soils can be readily measured in the field by handheld LIBS. Our new
data both demonstrate the reliability of such calibrations and document the importance
of having matrix matching when using a calibration. Finally, we illustrated the ability
of handheld LIBS to effectively measure K/Rb and Li contents of muscovite, which has
the potential for on-site recognition of the barren or fertile nature of the host pegmatite
with regards to Li-enrichment. This is vital in an exploration or evaluation situation where
spodumene might not be present on the surface outcrop of a pegmatite, but other minerals
like muscovite are still available for chemical analysis. Overall, our study demonstrates
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the ability of LIBS to provide rapid geochemical analyses in support of Li exploration of
LCT pegmatites, which has the potential to save exploration endeavors money, time, and
resources.
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Appendix A

Table A1. Minerals analyzed by handheld LIBS on the Piedmont Lithium Carolina Lithium Project
prospect, Gaston County, N.C. (USA).

Sample Number Description

Mica
PL_21-BD-490 Coarse muscovite rosette in barren pegmatite drill core
PL_S2L1_21-PLAC-01 Muscovite in East Pit Steep pegmatite outcrop
PL_S2L2_21-PLAC-03 Muscovite in pegmatite outcrop
Quartz
PL_18-BD-228 Quartz crystal in pegmatite drill core
PL_21-BD-490 Quartz crystal in pegmatite drill core
PL_S2L2_21-PLAC-03 Quartz crystal in pegmatite outcrop
PL_S4L1 Quartz crystal in pegmatite outcrop
PL_S4L2_21-PLAC-06 Quartz crystal in pegmatite outcrop
Feldspar
PL_21-BD-446 Albite crystal in pegmatite drill core
PL_17-BD-46 100 cm-long feldspar crystal in pegmatite drill core
PL_17-BD-62 Feldspar crystal in pegmatite drill core
PL_18-BD-228 Feldspar crystal in pegmatite drill core
PL_S2L1_21-PLAC-03 K-feldspar crystal in pegmatite outcrop
PL_S3L1 Feldspar crystal in pegmatite outcrop
PL_S3L2 K-feldspar crystal in pegmatite outcrop
PL_S3L2 Plagioclase crystal in pegmatite outcrop
PL_S3L2 Albite crystal in pegmatite outcrop
PL_S4L1 K-feldspar crystal in surface float
PL_S4L1 Albite crystal in surface float
Spodumene
PL 21-BD-444 Spodumene in pegmatite drill core
PL 17-BD-46 70-cm spodumene in pegmatite drill core
PL hand specimen-1 Altered spodumene in saprolitic pegmatite
PL_D0017573 Spodumene in sample D0017573
PL_S2L1_21-PLAC-01 Spodumene in East Pit Steep pegmatite
PL_S2L2_21-PLAC-03-1 Spodumene in pegmatite outcrop
PL_S2L2_21-PLAC-03-2 Spodumene in pegmatite outcrop
PL-S2L3_21-PLAC-04 Spodumene in pegmatite outcrop
PL_S2L1 Spodumene in surface float
PL_S4L2_21-PLAC-06-1 Spodumene in pegmatite outcrop
PL_S4L2_21-PLAC-06-2 Spodumene in pegmatite outcrop
Other Minerals
PL_18-BD-228 Vivianite on fracture surface in drill core
PL_21BD-490 Fluorapatite in in drill core
PL_S3L2 Tourmaline in pegmatite outcrop

https://www.osf.io/zhr9x/
https://www.osf.io/zhr9x/
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Table A2. Chemical analyses for mica calibration and pegmatite powder calibration curves (values in
wt. %).

LCT Pegmatite Micas Element

Sample ID Locality Li K Rb Cs

Willis-7 Willis Warren, ME, USA 0.014
Willis-2 Willis Warren, ME USA 0.033
Mt Marie-15 Mt. Marie, Paris, ME, USA 0.042
Mt Mica-56 Mt Mica, Paris, ME, USA 0.107
Mt Mica-11 Mt Mica, Paris, ME, USA 0.334
NMNH-165134 Bikita, Zimbabwe 1.779
NMNH-105719 Brown Derby, CO, USA 2.088 8.388 1.712 0.071
NMNH-R11827 Vitaniemi, Eräjärvi, Finland 2.209 8.733 0.778 0.271
NMNH-128243 Grosmont, Western Australia, Australia 2.589 8.752 1.054 0.118

Drill Core Pegmatite Powders, Carolina Lithium Project Prospect

Sample ID Locality Li SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O

20-BD-359 E00098037 Gaston County, NC (USA) 1.120 75.020 16.28 1.68 0.06 0.20 1.77 1.98
21-BD-413 F00097299 Gaston County, NC (USA) 1.046 75.920 16.18 1.21 0.01 0.20 2.88 1.90
21-BD-413 F00097290 Gaston County, NC (USA) 1.040 72.140 18.37 0.83 0.02 0.23 2.46 3.98
21-BD-398 F00098075 Gaston County, NC (USA) 1.010 74.490 15.89 1.40 0.09 0.25 1.91 2.40
21-BD-413 F00097297 Gaston County, NC (USA) 0.943 75.300 16.11 1.07 0.05 0.21 3.45 1.58
21-BD-413 F00097301 Gaston County, NC (USA) 0.839 73.640 16.69 0.95 0.04 0.30 3.98 1.89
20-BD-359 E00098047 Gaston County, NC (USA) 0.806 74.430 15.87 1.19 0.03 0.39 3.26 2.45
21-BD-398 F00098077 Gaston County, NC (USA) 0.526 74.170 15.16 1.25 0.09 0.44 3.64 2.62
20-BD-359 E00098045 Gaston County, NC (USA) 0.425 74.060 16.27 1.55 0.06 39.00 3.08 2.49
21-BD-398 F00098074 Gaston County, NC (USA) 0.441 74.510 15.55 0.96 0.05 0.29 5.19 2.06
20-BD-359 E00098043 Gaston County, NC (USA) 0.265 72.670 16.23 1.10 0.15 0.49 4.42 3.34
21-BD-398 F00098078 Gaston County, NC (USA) 0.185 75.020 15.08 0.93 0.06 0.31 5.40 1.75
20-BD-359 E00098033 Gaston County, NC (USA) 0.158 66.330 19.08 2.53 0.97 0.00 0.38 4.41
21-BD-413 F00097310 Gaston County, NC (USA) 0.021 72.700 15.44 0.92 0.16 1.53 6.90 0.98
21-BD-413 F00097275 Gaston County, NC (USA) 0.018 73.720 15.99 0.78 0.06 0.27 4.00 2.69
21-BD-413 F00097277 Gaston County, NC (USA) 0.018 73.000 15.78 0.66 0.07 0.52 5.70 2.95
21-BD-398 F00098065 Gaston County, NC (USA) 0.015 76.670 14.71 1.33 0.12 1.13 3.91 1.88
20-BD-359 E00098451 Gaston County, NC (USA) 0.014 72.830 15.92 1.03 0.19 0.60 3.54 6.38

Table A3. Li contents (wt. %) determined for minerals, drill core, and soil from the CLP prospect
by handheld LIBS using the Z-300 handheld LIBS (M = mica calibration, PP = pegmatite powder
calibration, GG = SciAps general geochemistry calibration).

Z-300 ID Sample Description Comment Li (wt. %) Cal

test 194 PL core—21-BD-490 mica in coarse mica rosette in barren pegmatite 0.118 M
test 196 PL core—21-BD-490 mica in coarse mica rosette in barren pegmatite 0.096 M
test 197 PL core—21-BD-490 mica in coarse mica rosette in barren pegmatite 0.137 M
test 200 PL core—21-BD-490 mica in mineralized pegmatite 0.204 M
test 202 PL core—21-BD-490 mica in mineralized pegmatite 0.189 M
test 203 PL core—21-BD-490 mica in mineralized pegmatite 0.205 M
test 204 PL core—hole 21-BD-444 spodumene in barren pegmatite 0.142 PP
test 205 PL core—hole 21-BD-444 spodumene in barren pegmatite 0.143 PP
test 206 PL core—hole 21-BD-444 spodumene in barren pegmatite 0.140 PP
test 207 PL core—hole 21-BD-444 mineralized pegmatite 0.298 PP
test 208 PL core—hole 21-BD-444 mineralized pegmatite 0.435 PP
test 213 PL core—hole 21-BD-444 mineralized pegmatite 0.282 PP
test 218 PL core 18-BD-228 quartz 0.053 PP
test 221 PL core 18-BD-228 quartz 0.418 PP
test 224 PL core 18-BD-228 quartz 0.117 PP
test 226 PL core 18-BD-228 feldspar 0.011 PP
test 227 large hand specimen altered spodumene in saprolite 0.006 PP
test 230 PL core—21-BD-490 quartz 0.162 PP
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Table A3. Cont.

Z-300 ID Sample Description Comment Li (wt. %) Cal

test 243 21-PLAC-01 mica; East Pit Steep 0.186 M
test 245 21-PLAC-01 spodumene; East Pit Steep 2.672 PP
test 246 21-PLAC-02 spodumene; East Pit Steep 1.603 PP
test 247 21-PLAC-02 spodumene; East Pit Steep 1.972 PP
test 248 21-PLAC-02 spodumene; East Pit Steep 0.984 PP
test 249 21-PLAC-02 spodumene; East Pit Steep 0.979 PP
test 250 21-PLAC-02 spodumene; East Pit Steep 1.153 PP
test 251 21-PLAC-03 Spodumene-1 2.671 PP
test 252 21-PLAC-03 Spodumene-2 1.377 PP
test 253 21-PLAC-03 Spodumene-2 1.505 PP
test 254 21-PLAC-03 large mica 0.126 M
test 255 21-PLAC-03 large mica 0.137 M
test 256 21-PLAC-04 spodumene 1.015 PP
test 257 21-PLAC-04 spodumene 1.573 PP
test 258 Stop 2 soil on road 0.006 PP
test 261 Stop 2 Na-feldspar float in soil 0.010 PP
test 263 Stop 2 quartz float in soil 0.021 PP
test 264 21-PLAC-06 spodumene 1.800 PP
test 472 PL core 20-SBD-017 soil core 1.2–2.4 m 0.009 PP
test 473 PL core 20-SBD-017 soil core 1.2–2.4 m 0.014 GG
test 474 PL core 20-SBD-017 soil core 2.4–4.0 m 0.017 PP
test 475 PL core 20-SBD-017 soil core 2.4–4.0 m 0.032 GG
test 476 PL core 20-SBD-017 soil core 4.0–5.5 m 0.018 PP
test 477 PL core 20-SBD-017 soil core 4.0–5.5 m 0.022 GC
test 478 PL core 20-SBD-017 soil core 5.5–8.5 m 0.020 PP
test 479 PL core 20-SBD-017 soil core 5.5–8.5 m 0.031 GG
test 480 PL core 20-SBD-017 soil core 8.5–10.0 m 0.008 PP
test 481 PL core 20-SBD-017 soil core 8.5–10.0 m 0.025 GG
test 482 PL core 20-SBD-017 soil core 10.0–11.5 m 0.059 PP
test 483 PL core 20-SBD-017 soil core 10.0–11.5 m 0.049 GG
test 485 PL core 20-SBD-017 soil core 11.5–13.1 m 0.006 PP
test 486 PL core 20-SBD-017 soil core 11.5–13.1 m 0.024 GG
test 487 PL core 20-SBD-017 soil core 13.1–14.6 m 0.018 PP
test 488 PL core 20-SBD-017 soil core 13.1–14.6 m 0.033 GG
test 489 PL core 20-SBD-017 soil core 14.6–16.2 m 0.012 PP
test 490 PL core 20-SBD-017 soil core 14.6–16.2 m 0.035 GG
test 491 PL core 20-SBD-017 soil core 16.2–17.6 m 0.012 PP
test 492 PL core 20-SBD-017 soil core 16.2–17.7 m 0.031 GG
test 493 PL core 20-SBD-017 soil core 17.7–19.2 m 0.013 PP
test 494 PL core 20-SBD-017 soil core 17.7–19.2 m 0.030 GG
test 495 PL core 20-SBD-017 soil core 19.2–20.7 m 0.005 PP
test 496 PL core 20-SBD-017 soil core 20.7–22.3 m 0.011 GG
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