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This paper illustrates the potentialities of a home-made portable LIBS (laser-induced breakdown spectroscopy)
instrument in Earth sciences, more particularly in geochemically recognizing (i) tephra layers in lacustrine sed-
iments and (ii) fossilization processes in ammonites. Abundances for selected lines of Al, Ca, Fe, Ti, Ba and Na
were determined in lacustrine chalk sediments of the Jura, where the Laacher See Tephra (LST) layer is recorded.
A statistical treatment of elemental maps produced from the section of a sedimentary column containing the LST
event allows instrumental conditions to be optimized. Accumulating spectra from close shot positions gives
better results than multiplying shots at the same location. A depth profile method was applied to study ammo-
nite fossilization (pyritization, phosphatization) processes. Depth variations of Fe, Ca, Al intensities, and Fe/Ca
and Al/Ca ratios provide indications about pyritization, but phosphatization processes cannot be determined
with our device.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Many laser-induced breakdown spectrometry (LIBS) devices have
already been developed, as the literature shows (Hahn et al., 2012 [1],
and references cited therein). The simplicity of the apparatus creates
a natural demand for a portable LIBS system with on-site measure-
ment capabilities. The standard device consists of two main parts: a
laser for plasma generation, and a spectrometer for spectral analyses
of light from the plasma [2]. Cremers et al. (1996) presented a trans-
portable device equipped with a long fiber which was able to deliver a
laser pulse to a sample, and to collect light emitted from the plasma
[3]. The same year, a compact suitcase system weighing 14.6 kg was
presented for the first time [4]. This system was the basis for a new
generation of instrument developed by Wainner et al. (2001) [5], fi-
nally used for geochemical analyses in 2005 [6]. A few commercial
and portable LIBS systems are nowadays available on the market:
Easy LIBS from IVEA© (which integrates the compact laser developed
in our lab), PL100-GEO from Applied Spectra©, LIBSCAN 25 from
Applied Photonics©, Porta-LIBS-2000 from StellarNet Inc.©, and
IDEALIBS from Bertin Technologies©. Most of them are heavy (up to
ental Physics FMFI, Comenius
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25 kg) and transportable rather than portable. In the lightest systems,
lasers are either very expensive to attain high performance with re-
duced volume or if costs are lower, performance is reduced.

In geosciences and archeology, portable LIBS instruments have
already been used to identify alteration layers in speleothems, using
depth profiles of Sr and Ca [7], for in-situ analysis of bronze artifacts
according to their compositional classification [8], and for quarry
identification of historical building material [9]. A light LIBS system
(ChemCam), representing less than 10 kg of the total payload, has
been implemented in the rover Curiosity, which is en route to the
planet Mars, with an expected arrival time in August 2012. There
are also many papers on the capabilities of such a system to obtain
immediate results without sample preparation or use of chemical
reagents [10,11].

In the present study, a portable LIBS was developed to make the
instrument as small and light as possible. It consists of a small Nd:
YAG laser developed in our laboratory [12], a small compact spec-
trometer, and a laptop computer. The control of the laser, the acquisi-
tion and analysis of the spectra are performed by lab-made software
which can be directly operated by the computer touch screen. The
aim is to assess its potential for Earth sciences as a tool for geologists
in two circumstances: (i) to recognize volcanic eruption ash in sedi-
mentary sequences (tephra layer) and (ii) to evaluate the fossiliza-
tion processes of ammonites.

http://dx.doi.org/10.1016/j.sab.2012.07.018
mailto:jozef.rakovsky@fmph.uniba.sk
http://dx.doi.org/10.1016/j.sab.2012.07.018
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In event stratigraphy, volcanic eruptions and subsequent ash
deposits are among the best chronostratigraphical markers. During
the lateQuaternary, the Eifelwas themajor volcanic complex inGermany.
Twomain tephra layers are related to this volcanic complex: the Ulmener
Maar Tephra (UMT), and the Laacher See Tephra (LST), which produced
the greatest geographical extension of ash fall. The age of the LST is
13,180±40 calibrated years BP [13]. The eruption was multi-phased
with 3 main ash falls [14,15]. Its occurrence is recorded in the Jura
mountains, located about 500 km from the source, as mm-thick dark
layers in lake sediments [16,17]. However, in the field, it is difficult to
identify the origin of dark layers, which could either be LST or simply
organic. In this case, the identification of tephra can be performed via
the on-site measurement of magnetic susceptibility because ash parti-
cles are frequently more magnetic than the surrounding sediment,
or possibly at the laboratory via geochemical measurements. Conven-
tional geochemical analyses are often destructive and time-consuming
because of sample preparation. That is why geologists seek rapid, non-
destructive spot analysis methods. Here, the capabilities of LIBS are
evaluated and compared to those of a portable XRF, which generally
fulfills the above-mentioned requirements.

Ammonites were cephalopods occurring from the Devonian to
the Late Cretaceous, where they completely disappeared during the
well-known mass extinction of the Cretaceous–Tertiary boundary
[18]. They are among the most frequently used fossils for building
a temporal framework based on organismassemblages (amethod called
biostratigraphy). Besides their chronological capabilities, ammonites
belonged to ecological communities, which are nowadays studied to
reconstruct paleoenvironments [19]. Their fossilization process is an
important issue for such a purpose. Among the numerous modes of
fossilization which may occur, diagenetic pyritization and phosphati-
zation are common. In the phosphatization process, the original ara-
gonite of the ammonite shell is changed into calcium phosphate by
replacing carbon with phosphorus. In pyritization, dissolved iron orig-
inating from the surrounding sediment precipitates under the form of
iron sulfide [20]. Sometimes the shell vanishes and only the internal
mold remains. As this later process depends in part on the organic
Fig. 1. Portable LIBS system and its two main pa
matter content, it may inform about paleoenvironmental conditions.
With a portable LIBS, shooting at the same location provides elemental
depth profiles, allowing the shell to be chemically distinguished from
the internal mold sediment. Its use may help to recognize fossilization
processes in the field, and to select specimens suitable for further com-
plementary studies in the laboratory.
2. Experimental

2.1. Portable LIBS system

A pulsed Nd3+:YAG flash lamp laser, emitting at the fundamental
wavelength of 1064 nm and actively Q-switched (with double pulse
capability), was used as the laser source of the portable LIBS system
(see [12] for more details about main characteristics). The energy dis-
tributed in one pulse is up to 40 mJ, with a duration time of 4.5 ns and
a repetition rate up to 1 Hz. No advantage was recognized in applying
a double pulse regime [21,22] for our samples, so that the laser always
operated in single pulse mode. As the beam quality M2 is about 14, a
telescope with a magnifying factor of 2 was used in combination with
a focusing lens of short focal length of 50 mm. Such an optical arrange-
ment produces a laser spot less than 500 μm (typically 350 μm) in di-
ameter. Two crossed red laser beams, associated with four white LED
lighting the sample surface, and a compact color camera, allow the op-
erator to choose the shot position. The plasma light generated by the
laser shot is collected with an aspheric lens (from Ocean Optics), di-
rectly coupled to a transport fiber. A small chamber is situated between
the focus point of the laser and the collecting lens. This chamber is
separated from the laser arrangement by a fuse UV-silica plate. Two
O-rings are placed between the sample and the chamber, and between
the chamber and the silica window. This closed volume allows various
gases, pressures and air flows to be used. As a consequence, this con-
figuration notably improves shot-to-shot stability and signal intensity
[23]. It also reduces optic contamination by removing dust produced
by laser ablation.
rts, connected together with the umbilical.
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All these optical elements are mounted within a gun-shaped box,
designed for comfortable handling (see Fig. 1). Two color screens are
installed at the back of the gun. They display the laser settings and the
picture from the camera. The “laser gun” is connected by an umbilical
to a second box containing the spectrometer, the batteries, a computer,
a small pump, and a filter. Inside the umbilical, there is a fiber trans-
mitting light to the spectrometer, space for exhausting the sample
chamber, and several wires to power and control the laser. The spec-
trometer is a small Czerny-Turner Ocean Optics HR 2000+. Its band-
width ranges from 200 nm to 650 nm in wavelength, with an optical
resolution of 0.4 nm (spectral resolution of about 1000). It possesses
triggering capabilities with minimal integration time of 1 ms. A single
broadband spectrometer with low spectral resolution was preferred
to several narrowband spectrometers with high spectral resolution
in order to maintain volume, weight and cost as low as possible. Our
configuration offers a large spectrum allowing several elements to be
measured. The overall control of the system is provided by a small
touch screen computer. The software for acquisition and spectra pro-
cessingwas especially developed for this LIBS system. It provides auto-
matic correction of the background, the thermal shift of spectral line
positions, and the calibration of the spectrometer. It also possesses
an automatic detection mode able to associate spectral lines to their
corresponding chemical elements. The system is completely autono-
mous. Its working time is limited by the computer and the battery life-
time of about 6 h. The total weight of the system is 5 kg.
Fig. 2. Lithology, magnetic susceptibilty profile and chronology of the lake du Val core
2.2. Tephra layer

A sampling campaign was undertaken in the deposits of the littoral
platform of the lake du Val (Jura, France, 46° 37.917′ N; 5° 48.825′ E).
The lake, with a surface area of 64 ha, is known to have received and ar-
chived the atmospheric inputs (i.e. tephra layer) resulting from the
Laacher See volcano eruption. A 4.35 m sediment sequence, spanning
the end of the Late Glacial and the entire Holocene, was recovered
using a Russian peat corer (6 cm in diameter and 100 cm in length).
The whole core sequence (Fig. 2), reconstructed by overlapping five
core segments, highlights five main lithological units as follows, from
the base to the top: (unit A) gray laminated clayey silt; (unit B) lacus-
trine chalk including the black Laacher See tephra layer at 3.67 m
depth; (unit C) dark gray clayey silt; (unit D) a thick unit of lacustrine
chalk with a dark organic layer at 2.96 m depth; (unit E) organic mire
and peat. The core was logged at 5 mm increments with a Bartington
MS2 point sensor for high-resolution magnetic susceptibility (MS)
measurement. MS values are generally low (less than 10 SI), typical of
carbonate deposits. A sharp peak, reaching 156.4 SI at 3.67 m depth,
is nonetheless measured within a ~5 mm black layer (Fig. 2). Such
intensity at this depth in a lacustrine chalk unit (unit B) corresponds
to the well-known volcanic magnetic minerals originating from the
LST ash deposit recorded in the Jura Mountains [17]. The sedimentary
material presented a high water content (>60%). As a consequence,
the laser pulse energywas in great part consumed bywater evaporation
(Jura Mountains). The MS peak corresponds the LST position, at a depth of 3.67 m.

image of Fig.�2
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processes [24], so that the spectroscopic signals were too low to pro-
vide measurements in humid conditions. The sedimentary sequence
containing the LST was then cut into smaller pieces and dried at 50 °C
overnight. The drying process is also referenced to improve signal
stability in the case of powder samples [25,26]. For the spectra acquisi-
tion two different methods were used:

(a) Multiplying shots at a single location, then shifting locations by
1 mm along a line drawn perpendicularly to the tephra layer.

(b) Operating single shots, with locations distributed regularly
over the surface in order to create a grid of points 0.5 mm apart
perpendicular to the ash layer and 0.25 mm apart parallel to it.

In both cases, the laser was fixed in one position and the sample
was moved by an automatic transition system. The system was trig-
gered by a photodiode exposed to plasma emission. The acquired spec-
tra were normalized to the sum of the whole spectrum intensity. The
intensity of every selected spectral line for all acquired spectra was
automatically integrated and background corrected by the software.
The following elements and corresponding spectral lines were chosen:
Al I – 396.15 nm, Ca I – 487.81 nm, Fe I – 358.12 nm, Ti – 498.17 nm,
Ba II – 455.40 nm and Na I – 589.00 nm. These lines were selected in
order to avoid as much as possible interference from other elements.
In the case of the Al I – 396.15 nm line, there is however strong interfer-
ence from the Ca II – 396.85 nm line. Other possible Al lines exist at
308.22 nm and 309.27 nm, but the signal-to-noise ratios are too low
in this part of the spectrum. An Fe line also interferes with the selected
Ti line. Nonetheless, the lack of correlation between this Ti line intensity
and the stronger Fe line suggests that measuring Ti – 498.17 nm does
not constitute a major drawback.

For comparison, a commercial portable XRF system –Delta Handheld
XRF from Innov-X Systems –was also used. The device, which is origi-
nally hand held, was attached to a closed-beam workstation, and was
controlled by dedicated software. Elemental quantification was carried
out using an implemented 3-beam analysis method (integration time
of 30 s for each beam) optimized for the analysis of heavy, transition
and light elements in soils. Before themeasurements, a calibration pro-
cess was performed, as suggested by the manufacturer. It consists in
a calibration check, blank (pure commercial SiO2) measurement, and
one or several measurements of certified reference materials (CRMs):
NIST 2781 and NIST 2702. Acquisition was performed on the sedimen-
tary sequence in different positions, on a line of 50 mm, perpendicular
to and centered on the tephra layer, with a step of 2.5 mm. The diam-
eter of the measurement window is about 15 mm. Daily reproduc-
ibility was estimated under the basis of the values obtained on the
CRM replicates. Relative standard deviations (RSDs%) of 2–10% were
computed for lithophilic elements, such as Ti and Fe, while the RSD%
of Ba was much higher, at about 35%. This value is a consequence of
the high uncertainties related to each measurement, for which indi-
vidual RSDs% vary between 20 and 40%, at a concentration level for
Ba of 400–600 μg.g−1. In order to obtain a significantly more precise
Ba measurement for the Lasher See layer, the acquisition time was
multiplied by 3 when approaching the tephra horizon. Certified values,
when provided, allowed the accuracy of XRF measurements to be
checked. The recovery was 156–181% for Ti and 110–120% for Fe.
Such values lead to clear overestimations from a purely quantitative
point of view, but as measurements were proved to be fairly repro-
ducible, the examination of XRF-derived profiles should provide good
indications of variability in chemical compositions along the sequence.

2.3. Ammonites

The ammonites were collected from the Belmont quarry, located
close to Lyon, France. These outcrops are dated from the Lower to
Middle Jurassic (Toarcian to Aalenian). The ammonites studied
come from the Toarcian stage. One of the main interests of the quarry
is that it offers the opportunity to test various modes of fossilization
(pyritization and phosphatization). Five different ammonite species
were selected.

Specimens A1 and A2. Dumortieria munda. They possess well pre-
served thin ribs, and are completely white. This type of fossilization is
generally considered as phosphatization, which may correspond to a
chemical transformation of the initial aragonite (calcium carbonate)
shell. They belong to the Pseudoradiosa Zone (Lower Jurassic).

Specimens B1 and B2. Hildoceras bifrons. They are black or dark red
and are supposed to be pyritized on their external parts. They are fos-
silized as internal molds (absence of external shell layers). They be-
long to the Bifrons Zone (Lower Jurassic).

Specimen B3. H. bifrons. It is grayish green without any visible
shell layer. Therefore, the specimen seems to be an internal mold, to-
tally composed of sediments. It belongs, like B1 and B2, to the Bifrons
Zone (Lower Jurassic).

Specimen B4. Hammatoceras sp. It is grayish red, without any
visible shell layer. Therefore, the specimen seems to be an internal
mold, totally composed of sediments. It belongs to the Variabilis Zone
(Lower Jurassic).

3. Results and discussion

3.1. Spectrometer

The most critical part of a compact LIBS system is the spectrome-
ter, which has to be compact, light, and energy saving. To evaluate
the limitation of the Czerny-Turner installed in the LIBS, it was com-
pared with a high spectral resolution (up to 4500) Echelle spectrom-
eter [27,28]. With the Czerny-Turner spectrometer, the Sr II and Fe I
lines are difficult or impossible to resolve, while self-absorption is
not observable for the Ca I line as self-reversal (Fig. 3). The resolution
is low, about 0.4 nm, but sufficient for identification of many lines
corresponding to a large number of elements, when interferences be-
tween spectral lines are avoided. Such a resolution does not permit a
fully quantitative analysis [29–31]. However, interesting conclusions
about relative variations of elemental concentrations can be drawn,
given that measurements are carried out on material of the same
nature in order to prevent matrix effects [32].

As the sensitivity of the CCD detector used in the compact spec-
trometer is weak in the UV part of the spectrum, whereas the elec-
tronic noise is steady, the signal-to-noise ratio decreases greatly at
short wavelengths. This noise can be reduced or suppressed by signal
accumulation as depicted in Fig. 4. In practice, the number of shots ac-
cumulated is however limited by the low repetition rate of the laser
(maximum 1 Hz), and by the nature of the samples (see section 3.2.

image of Fig.�3


Fig. 6. 2D elemental abundance map for a 50 mm (vertical)×10 mm (horizontal) part
of core centered to the tephra layer. The origin of the Y-axis corresponds to the depth
3.645 m of the original core. The white horizontal bar at ~−35 mm of relative depth
corresponds to a 2 mm-wide crack in the core where measurements were not possible.
Laser was operated in single shot mode, producing a total of 100×40 points. Intensity
of lines is depicted by a color code.
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below) [33,34]. As a result, the visible lines (400 to 650 nm) are
privileged for further processing.

3.2. Tephra layer

Preliminary tests were conducted on lacustrine chalk to optimize
acquisition parameters (intensity and signal-to-noise ratio). Fig. 5 ex-
hibits the evolution of signal intensity and RSD% in relation to the
number of shots performed at the same location. All line intensities
fall to ~30% compared to the first shot, and stabilize after approxi-
mately 13 shots. The RSD% can reach more than 50% after 17 shots.
After 20 shots the crater reaches approximately 1 mm in diameter
and depth. Such a large volume of removed material is due to the spe-
cific nature of the sample (a powder), which is easily expelled by the
shock wave from plasma expansion. The ablation of material from the
focal point is responsible for the degradation in quality of the mea-
surements. Accumulating shots in the same position did not improve
signal intensity, signal-to-noise ratio, or RSD%, as initially expected.
The best choice consists either in moving the laser spot to different
but close locations after each shot (rastering), or in limiting the number
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of shots. A rastering procedure requires a precise displacement of the
system that is hardly compatible with our portable, handheld system.

Several 2D elemental abundance maps were produced for a seg-
ment containing the tephra layer. The area of interest covers 50 mm
(vertical)x 10 mm (horizontal) (Fig. 6). The tephra layer is clearly
noticeable by a positive anomaly in Fe, Na and terrigeneous elements
(Al, Ti, Ba), which are all strongly and positively correlated, and by a
negative Ca anomaly, which can be taken as a surrogate of carbona-
ceous chalk content. Such behavior is even clearer in a section view
performed by averaging all 40 horizontal points of the slice for each
vertical position, namely LIBS-40 (Fig. 7). A one-dimensional (vertical)
transect was performed as a test along the sedimentary sequence,
using only 5 shots, namely LIBS-5 (Fig. 7).With such settings, line inten-
sities should decrease, at most, to approximately 70% of the first shot
(Fig. 5), while the measured crater diameter does not exceed 0.3 mm.
Using only 5 shots limits the acquisition time, but it is hoped that mea-
surement quality will not be drastically degraded. The Ba, Al, Ti and Na
profiles obtained by LIBS-5 are comparable to those computed from the
map (LIBS-40), and therefore exploitable to detect the tephra layer.
In contrast, Ca and Fe profiles become too noisy to be of real geological
interest. XRF-derived Ti, Fe and Ca results are in good agreement with
LIBS-40. For Ba, the situation is less clear because several positive anom-
alies, which are not detected with LIBS-5 and LIBS-40, are measured
with XRF. To summarize, the tephra layer is characterized by high Ti,
Ba Al, and Na content which can be easily detected by LIBS and by XRF
for the first element. However, as the measurement window of the
XRF has a diameter of approximately 1.5 cm, the Ti profile obtained
by this method is over-smoothed in comparison with those deriving
from spot analyses by LIBS. LIBS is able to distinguish two local maxima
within the ash layer (which might be the result of post-depositional
migration), while XRF measurements provide a single broad peak.

Simulationswere performed from the elemental abundancemaps to
optimize the acquisition settings in the case of handheldmeasurements.
Two circles 5 mm in diameter were selected: one in the middle of the
tephra layer and the other within the lacustrine chalk. From 1 to 30
shots, replicated 1000 times, were simulated at random positions in
both circles. The resultingmean values, with their 95% confidence inter-
vals, are depicted in Fig. 8. Except for Fe, differences between the tephra
layer and the surrounding lacustrine chalk can be determined success-
fully by only 2 shots, except for Fe I— 404.58 nm; nine shots are neces-
sary to eliminate the overlap of the two 2-sigma error bars.
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Fig. 9. Intensity spectra of shell and infilling material for the ammonite A1. The spectral lines corresponding to Ca, Ti and Fe are reported.
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3.3. Ammonites

Phosphatization processes. The most straightforward approach to
study the phosphatization process would consist of monitoring phos-
phorus content. To test the possibility of phosphorus emission line
detection, an InP wafer (for semiconductor industry) was used as a
sample. The lines of this element are usually detected at the wave-
lengths of 253.65 nm, 255.32 nm [35], 213.62 nm, and 214.92 nm,
or in deeper UV. As mentioned above, it was not possible to detect
any phosphorus line in the 213.62–255.32 nm range with the InP
wafer, because of the low signal-to-noise ratio. In the deeper UV
part of the spectrum, the lines are also too weak to be detected. The
situation did not improve when a greater number of shots was accu-
mulated. As a result, it is not possible to determine the phosphatiza-
tion process by direct determination using our portable LIBS system.
Complementary measurements may however provide useful infor-
mation. The white ammonites (D. munda, A1 and A2), assumed to
be phosphatized, were measured by accumulating 10 laser shots at a
single location both (i) on the white material constituting the shell,
Fig. 10. Ca I – 422.67 nm/Fe I – 492.05 nm line intensities ratio for 275 spectra, all
acquired at the same locations on the white A1 ammonite. Intensities are obtained
after accumulating two laser shots and normalizing to the total area.
and (ii) on the redmaterial filling the shell. High Ca peaks, more partic-
ularly the peak at Ca I – 487.81 nm, are observed in the shell, while the
presence of Fe-rich fillingmaterial is demonstrated by a notable peak at
Fe I – 495.76 nm (Fig. 9). The same behavior can be observed with Al
(although not visible in this spectral range) and Ti, which are both
only present in the infilling material.

Accumulating shots at the same position is equivalent to digging
samples. It can therefore be considered as producing an elemental
depth profile in relation to the ablation power of the laser. A total of
275 spectra, performed with 2 shots each, was acquired at the shell
surface of the A1 specimen. The Ca I – 422.67 nm/Fe I – 492.05 nm in-
tensity ratio was around 120 for the 130 first spectra, then decreased
abruptly to ~20 and remained steady up to the last spectra (Fig. 10).
The breaking point around the #130 spectrum clearly illustrates the
transition between the shell and the infilling material. As a result,
shell and infilling material can easily be distinguished by their chem-
ical signature using LIBS.

Pyritization processes. As with the white ammonites, shell and
infilling material of the B1 specimen are chemically different in terms
of Ca, Fe and Ti intensity lines (Fig. 11). The situation is however
reversed as the shell is enriched in Fe, while the infilling material is
Ca-dominated. For the ammonites B1 (B1a and B1b) and B2, suspected
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of pyritization, elemental profiles exhibit similar patterns: Ca line inten-
sities increase with the number of shots, while Fe mirrors the Ca varia-
tions (Fig. 12). The negative correlation observed between Ca and Fe is
perfectly compatible with the assumption which consists of replacing
Ca by Fe during the pyritization process. The Ca and Fe profiles at B1a
present however a lower slope. This is related to the greater thickness
of the pyritized layer at that location. Line intensities do not drastically
change with the number of shots for specimens B3 and B4 (Fig. 12).
Such results are chemically in good agreement with our primary visual
inspection, which suggested that each fossil was totally composed of
homogeneous material, without any shell preservation.

4. Conclusion

To the best of our knowledge, this is the first time that a portable
LIBS system has been efficiently used to identify tephra layers in
lacustrine chalks. A clear geochemical difference between the tephra
layer and lacustrine chalks was observed for Al, Ca, Ti, Ba, and Na.
For Fe, the difference becomes clear after 9 shots because the geo-
chemical contrast between ash and the surrounding layers is low.
The thickness of the ash layer appears different when assessed with
Na and Ti (5 mm) and Al, Ca and Ba (10 mm), probably because of
post-depositional migration of the latter group of elements. In any
case, the LIBS system provides more accurate thickness determination
than XRF because of the large acquisition window in the XRF. Al and
Na were not successfully detected by XRF, whereas K, Cr, Mn, Co,
Zn, Rb, Sr, and Zr, were determined by XRF, but not detected by the
portable LIBS.
The resolution of the spectrometer and the sensitivity in the UV
region is not adapted to the study of the phosphatization process.
The pyritization process was chemically identified on precisely those 2
ammonite specimens that appeared as black or dark red to the naked
eye. An interesting application – because of the spot analysis capacities
of the LIBS – would be determining chemical shell patterns of several
specimens from the same layer in order to study fossilization processes
and their homogeneity.

Our portable LIBS system can therefore already be considered as a
useful and practical on-site tool for geology. Semi-quantitative or
quantitative measurements, long sought after by geoscientists, could
be the next improvement to our portable LIBS.
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