
Spectrochimica Acta Part B 103–104 (2015) 63–69

Contents lists available at ScienceDirect

Spectrochimica Acta Part B

j ourna l homepage: www.e lsev ie r .com/ locate /sab
In situ Laser Induced Breakdown Spectroscopy as a tool to discriminate
volcanic rocks and magmatic series, Iceland
C.P.M. Roux a,⁎, J. Rakovský a, O. Musset a, F. Monna b, J.-F. Buoncristiani c, P. Pellenard c, C. Thomazo c

a Laboratoire interdisciplinaire Carnot de Bourgogne, UMR 6303 CNRS-Université de Bourgogne, BP 47 870, F-21078 Dijon Cedex, France
b Laboratoire ARTéHIS, UMR 6298 CNRS-Université de Bourgogne, 6 Boulevard Gabriel, F-21000 Dijon, France
c Laboratoire Biogéosciences, UMR 6282 CNRS-Université de Bourgogne, 6 Boulevard Gabriel, F-21000 Dijon, France
⁎ Corresponding author. Tel.: +33 3 80 39 59 41; fax: +
E-mail address: clement.roux@u-bourgogne.fr (C.P.M.

http://dx.doi.org/10.1016/j.sab.2014.11.013
0584-8547/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 12 June 2014
Accepted 28 November 2014
Available online 9 December 2014

Keywords:
Laser Induced Breakdown Spectroscopy
Portable laser
Punctual analysis
Compositional data
Elemental analysis
This study evaluates the potentialities of a lab-made pLIBS (portable Laser-Induced Breakdown Spectroscopy) to
sort volcanic rocks belonging to various magmatic series. An in-situ chemical analysis of 19 atomic lines, includ-
ing Al, Ba, Ca, Cr, Cu, Fe,Mg,Mn, Na, Si, Sr and Ti, from 21 sampled rockswas performed during a field exploration
in Iceland. Iceland was chosen both for the various typologies of volcanic rocks and the rugged conditions in the
field in order to test the sturdiness of the pLIPS. Elemental compositions were also measured using laboratory
ICP-AES measurements on the same samples. Based on these latter results, which can be used to identify three
different groups of volcanic rocks, a classification model was built in order to sort pLIBS data and to categorize
unknown samples. Using a reliable statistical scheme applied to LIBS compositional data, the classification capa-
bility of the pLIBS system is clearly demonstrated (90–100% success rate). Although this prototype does not pro-
vide quantitative measurements, its use should be of particular interest for future geological field investigations.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Laser Induced Breakdown Spectroscopy (i.e. LIBS) is a technique
used to take elementary chemical measurements on natural and syn-
thetic samples regardless of whether they are solid, liquid or gaseous.
It is based on the analysis of the radiation spectra of a plasma produced
during laser irradiance [1,2] that was developed in the 1960's for the
spectrochemical analysis of areas [3]. It is a versatile technique now
widely used, for example, to measure pigments in paintings [4] and to
perform quality control analyses [5]. The goal of the first study with a
geological interest using this technique was to spot the elemental con-
stituents of aqueous solutions [6]. Over the past decade, LIBS has been
successfully applied to characterize rocks and minerals using mostly
heavy laboratory equipment ([7,8] and references therein). One of the
most striking examples is the operation of the Chemcam LIBS system
on the Curiosity rover for the Mars Science Laboratory mission [9,10].
Thanks to recent technical advances, it is now possible to miniaturize
the twomain parts of the LIBS device, namely the laser and spectrome-
ter, in order to carry them from the lab to the field. The gain in terms of
compactness and outdoor operability is however offset by a notable loss
in spectral resolution, sensitivity, and laser efficiency, precluding the
traditional mathematical treatment of the LIBS spectra [11].

A portable LIBS system (pLIBS), easy to operate in field conditions (it
fits in a backpack or a light suitcase, Fig. 1) has been recently developed
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at the ICB laboratory at the Université de Bourgogne [12,13]. Its efficien-
cy has already been demonstrated for distinguishing lithological varia-
tions from shale to volcanic ashes in a sediment core [13]. Outdoor
applications to volcanic rock studies can now be envisaged. Among
these applications, the direct classification of volcanic rocks into mag-
matic series (information not accessible without chemical analysis)
would be very useful for geologists. Iceland is a good candidate to fur-
ther test the capabilities of the pLIBS to fulfill this objective. As a matter
of fact, Iceland includes fresh and recent basalt to rhyolite lavas of Late
Pleistocene to Holocene age from tholeiitic to alkaline magmatic series.
It is also a unique site in the world where recent magmatic activity, in-
cluding several volcanic processes (hotspot and oceanic spreading
ridge) has occurred. Because of the rugged Icelandicfield conditions, an-
other secondary objective can be pursued: to try out the pLIBS during
remote geological field work. The device obviously has to be resistant
to the vibrations caused by transportation in a 4-wheel drive as well
as to temperature variations.

In practice, a set of volcanic rocks was sampled and measured in the
field using the pLIBS. Once back at the laboratory, a bulk powder analy-
sis using classical laboratory ICP-AES was performed to sort the rocks in
terms of the magmatic series. Provided that this information was
known, a state-of-the-art supervised statistical learning process (see
[14] and references cited therein), including the preparation of training
datawith a compositional approach followedby a discriminant analysis,
was used to treat the pLIBS measurements. The pertinence of the ob-
tained model was then evaluated by two methods: a leave-one-out
cross-validation and the posterior attribution of control samples, for
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Fig. 1. Portable LIBS system and its two main parts, connected together by an umbilical. Photo from J.-F. Buoncristiani.
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which the membership is known. As a result, the possibilities of the
pLIBS system to classify volcanic rocks into magmatic series in the
field are discussed.

2. Material and methods

2.1. Geological setting and sampling

Iceland is located on the North Mid-Atlantic Ridge plate boundary,
which separates the Eurasian and North American plates. It results
from the volcanism formed by the coincidence of the spreading bound-
ary of these plates and by a hotspot called the “Iceland plume” [15,16].
Iceland's magmatic rocks, related to different geodynamical contexts,
range frommafic (i.e. basalts) to silicic lavas (i.e. rhyolites). Three volca-
nic series, categorized by their chemical and mineralogical characteris-
tics, are defined: tholeitic, sub-alkaline and transitional alkaline series
Fig. 2.Map of Iceland with volcanic
[17,18]. Based on the examination of the geological map and petro-
graphic observations in the field, a total of 21 sites (Fig. 2), located in
the south-western part of the island, were selected. The goal was to
sample a collection of rocks representing, as much as possible, the dif-
ferent kinds of volcanic rocks and magmatic series outcropping within
this area. At each location, two rock samples (hereafter called A and
B), freshly cut in the field, were collected (ca. 200 g each). The texture
of these selected rocks ranges from microlithic to vitreous. They were
measured using the LIBS portable device before storage for later ICP-
AES analysis.

2.2. LIBS technique

2.2.1. The portable LIBS system
The gun-shaped prototype developed at the ICB Laboratory incorpo-

rates a pulsed Nd3+:YAG flash lamp laser, that emits in infrared at a
zones [23] and sampling sites.
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wavelength of 1064nm. Although the device has a double pulse capabil-
ity [19,20], no advantagewas recognized in applying this type of regime
to volcanic rocks, and therefore, the laser was always operated in single
pulse mode (maximum 1 Hz). The duration of a pulse is approximately
5 ns and the energy delivered reaches 40 mJ. The output laser beam is
magnified by a ×2 telescope to divide the laser spot diameter by two
at the focal point of a 50 mm lens. The irradiance is above the ablation
threshold of most materials (about 1 GW/cm2) using a spot diameter
of 400 μm. The depth of focus, defined as 2× the Rayleigh length, is ap-
proximately 7 mm. A transparent silica window located between the
sample and focusing lens protects the laser from particles generated
by ablation. This is done inside a hollow aluminum cone, corresponding
to the analysis chamber. Amembrane pump is used to evacuate the shot
residues, which could damage the silica window. The whole configura-
tion renders the device safe because laser shots are only possible when
there is direct contact between the sample and aluminum cone. The
precision of the shot location is ensured by two crossed red laser
beams and by a color camera pointed at the zone to be analyzed. The
plasma light generated by the laser shot is collected through the silica
window with an aspheric lens and transmitted to the spectrometer by
a transport fiber. A small casing containing the spectrometer, batteries,
the pump and its filter, and the computer is connected to the gun by
an umbilical. The spectrometer is a compact, wide range, triggered,
Czerny-Turner Ocean Optics HR 2000+. Its bandwidth ranges from
200 nm to 650 nm in wavelength, with an optical resolution of ca.
0.4 nm, corresponding to a spectral resolution of approximately 1000.
Its minimum integration time is 1 ms. The wavelength calibration of
the spectrometer is corrected from temperature variations, which are
recorded using an embedded probe. The intensity of the spectrometer
is calibrated at the laboratory to take into account the low sensitivity
of the CCD detector in the UV range, and the highly variable efficiency
of the grating. The spectrum is analyzed by an embarked laptop via a
lab-made software suite [13]. The system is completely autonomous,
with an operating time limited to approximately 6 h, corresponding to
the lifetime of the computer battery. Its total mass is ca. 5 kg, computer
included (without the backpack or the suitcase), making it easy to carry
in the field. It was transported in a standard plastic suitcase with foam
stuffing. The suitcase was placed in the trunk of the vehicle without
any particular precaution, and was therefore subject to shocks and
vibrations.

2.2.2. In-field LIBS measurements
Given that volcanic rocks can be heterogeneous and that laser shots

are by definition punctual, large variations in the measurements are
Fig. 3.Exampleof a raw spectrum(sample21A)obtained in thefield beforenormalization.
The acquisition is performed between 300 nm and 650 nm. Note that the Y-axis is
expressed with an arbitrary unit.
expected for the same sample. It is necessary to set up an experimental
protocol to compensate for chemical heterogeneity. The experimental
protocol, described below, was also designed to reduce the thermal
and random noise of the detector. Measurements were organized into
15 spectra (Fig. 3), each of them consisting of an accumulation of 10 in-
dividual shots performed at 10 different locations, randomly chosen on
the surface of the rock. This number of shots is limited in order to reduce
the acquisition time of one single spectrum to 10 s, which is compatible
with a hand-held system. The atomic species were identified by com-
paring the position of the observed lines to the atomic wavelengths
listed in two reference databases [21,22]. The lines chosen must be
much greater than the spectrometer noise, and each of them must be
properly isolated from the others. A total of 19 atomic lines, useful to
characterize volcanic rocks, were retained: Al, Ba, Ca, Cr, Cu, Fe, Mg,
Mn, Na, Si, Sr and Ti. Their peak areas were calculated by integrating
the signals between the two boundaries reported in Table 1. Raw data
for the 19 lines are obtained by averaging the areas of the 15 spectra. Co-
efficients of variations are typically ca. 10–20% for each line. All of the
samples belonging to both the A and B series were measured in the
field as described above.
2.3. In-laboratory determination of the elemental compositions

Approximately 500 mg of finely powdered samples (b100 μm) be-
longing to series A was measured for their major elements expressed
aswt.%, and for Ba and Sr by Actlabs, Ontario, Canada (Table 2). Total di-
gestion was achieved by lithiummetaborate/tetraborate fusion, follow-
ed by nitric acid dissolution. The solutions were then measured by ICP-
AES. A set of certified reference materials (CRMs): NIST 694, DNC-1,
GBW 07113, W-2a, SY-4, BIR-1a, was measured in the same batch. The
concentrations appear to be within ±1–5% of the certified values,
when the concentrations are sufficiently above the detection limits.
Sample 9A was duplicated, providing deviations between both mea-
surements below ±3% for the major and trace elements.
2.4. Statistical treatments

Statistical treatment, including a compositional analysis, was per-
formed using the free R software (R Development Core Team, 2008,
http://www.r-project.org/) with the MASS, compositions, rgr, klaR,
and Hotelling packages.
Table 1
Measured elements and their position lines corresponding to the maximum of the inten-
sity. Low and high values represent the lower and upper limits in which the area of the
peak is integrated.

Elements Position (nm) Low value (nm) High value (nm)

Al I-a # 309.2 308.7 309.6
Al I-b # 394.1 393.8 394.5
Ba II # 455.4 454.9 455.7
Ca I-a # 422.5 422.0 422.9
Ca I-b # 445.3 444.5 446.1
Cr I # 358.0 357.4 358.9
Cu I # 327.2 326.8 327.7
Fe I-a # 373.4 372.8 373.9
Fe I-b # 404.4 403.9 404.8
Fe I-c # 438.2 437.7 438.7
Fe I-d # 495.7 495.4 496.1
Mg I-a # 517.1 516.0 517.8
Mg I-b # 518.3 517.8 518.8
Mn I # 403.0 402.4 403.6
Na I # 588.9 587.8 590.4
Si # 390.5 389.2 390.8
Sr I # 460.7 460.2 461.0
Ti I-a # 453.3 452.9 453.8
Ti I-b # 498.1 497.6 498.5
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Table 2
Elemental compositions of the collected rocks and corresponding detection limits.

Analyte symbol SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 Ba Sr

% % % % % % % % % % μg g−1 μg g−1

Detection limit 0.01 0.01 0.01 0.001 0.01 0.01 0.01 0.01 0.001 0.01 2 2
Sample

1A 47.05 15.35 13.44 0.185 8.57 12.39 1.97 0.2 1.172 0.13 31 156
2A 47.41 15.22 13.1 0.192 9.44 11.95 1.92 0.13 1.433 0.11 27 153
3A 72.1 13.23 5.78 0.041 0.3 1.61 4.15 2.83 0.383 0.06 465 96
4A 44.52 12.3 20.48 0.264 5.1 9.71 2.6 0.47 3.365 0.37 96 196
5A 46.26 15.78 12.17 0.188 7.72 12.26 1.86 0.16 1.319 0.13 31 151
6A 49.37 15.36 12.83 0.188 6.54 12.16 2.43 0.2 1.839 0.15 47 202
7A 45.68 13.01 16.39 0.211 5.48 10.98 2.65 0.55 3.462 0.38 134 393
8A 64.64 14.28 6.44 0.128 0.77 2.27 5.09 3.55 0.486 0.08 454 142
9A 71.99 10.63 3.81 0.056 0.19 1.35 1.34 3.3 0.378 0.05 480 136
11A 46.23 13.62 14.95 0.21 9.31 11.22 1.95 0.22 1.957 0.19 49 171
12A 48.74 17.28 14.2 0.201 4.55 11.07 2.71 0.33 2.09 0.21 81 224
13A 73.49 11.77 6.4 0.081 0.21 1.28 4.13 3.1 0.147 0.01 600 82
14A 46.59 14.83 14.68 0.207 9.1 11.53 1.99 0.16 1.678 0.13 42 163
15A 51.22 12.68 14.48 0.239 2.68 6.61 2.78 0.25 2.951 1.04 110 307
16A 77.08 12.72 3.08 0.025 0.09 0.47 3.54 3.61 0.261 0.03 726 84
17A 48.28 15.77 12.06 0.183 8.17 12.26 2.1 0.18 1.101 0.11 33 131
18A 48.4 14.83 13.5 0.209 6.66 12.35 2.29 0.22 1.673 0.13 57 177
19A 48.38 13.81 16.29 0.215 5.7 11.62 2.25 0.36 2.105 0.22 77 155
20A 47.17 14.01 14.79 0.215 7.25 10.64 2.22 0.28 1.86 0.19 76 182
21A 44.85 12.34 18.15 0.224 5.23 10.55 2.34 0.37 3.566 0.27 87 242
22A 45.03 12.82 17.21 0.217 5.15 10.43 2.74 0.64 4.084 0.48 149 419
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3. Results and discussion

3.1. In-field operability of the pLIBS

The pLIBS device developed at the ICB laboratory was subjected to
the rugged conditions of a geological campaign: 2000 km on outback
gravel trails and variable temperature (ca. 0 °C to 30 °C). No prob-
lems were noticed for either the laser or embedded electronics.
Only the aspheric collect lens came off and the collect/lighting unit
Fig. 4.Harker diagram representingNa2O+K2O versus SiO2. The samples are positioned accord
the limit between the alkalic and sub-alkalic fields (dashed line) are from Jakobsson et al. [23]
came loose. These problems were easily repaired in the field within
half an hour. The lens was fixed with nail polish and the collection/
lightning unit was easily put back into the right position by using a
brass reference sample, the spectral and intensity response of
which is perfectly known. The pLIBS prototype therefore properly
met our expectations for in situ analyses during a field mission,
except for some minor problems that have to be fixed in the next
version: for instance the touch screen appeared to be difficult to
read in sunlight.
ing to the ICP-AES results performed on series A. The envelopes of themagmatic series and
and Miyashiro [24], respectively.
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Fig. 5. Biplot using the 19 lines analyzed in the samples belonging to series A. The two first
axes represent 48.7% and 18.7% of variance, respectively (i.e. a total close to 70%).

Table 3
Pearson's coefficient correlations, r, between concentrations obtained after total digestion
by ICP-AES and the normalized surface of the LIBS lines (see Table 2 for wavelength
correspondence).

ICP-AES LIBS r p-value

Al2O3 Al I-a 0.368 0.100
Al I-b 0.172 0.457

Ba Ba II 0.776 b10−4⁎⁎⁎

CaO Ca I-a 0.828 b10−5⁎⁎⁎

Ca I-b 0.699 b10−3⁎⁎⁎

Fe2O3 Fe I-a 0.479 0.028⁎

Fe I-b -0.470 0.031⁎

Fe I-c 0.118 0.611
Fe I-d 0.465 0.033⁎

MgO Mg I-a 0.528 0.013⁎

Mg I-b 0.675 b10−3⁎⁎⁎

MnO Mn I 0.483 0.027⁎

Na2O Na I 0.412 0.063
SiO2 Si I 0.637 0.002⁎⁎

Sr Sr I 0.580 0.005⁎⁎

TiO2 Ti I-a 0.236 0.302
Ti I-b 0.217 0.345

⁎ For p b 0.05.
⁎⁎ For p b 0.01.
⁎⁎⁎ For p b 0.001.
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3.2. ICP-AES based chemical composition of volcanic rocks and classification

The usual way to discriminate between different volcanic rocks and
magmatic series is to project the (Na2O + K2O) vs. SiO2 chemical com-
positions inwt.% of samples in aHarker diagramwhere the nature of the
volcanic rocks (e.g. basalt, rhyolite), defined by a range of chemical com-
positions and the boundaries between the magmatic series, are report-
ed (Fig. 4). Most of the samples fall mainly within the basalt area while
some rocks plot within the acidic domain (rhyolite, dacite, and tra-
chyte). According to the database compiled by Jakobsson et al. [23],
three groups corresponding to different magmatic rock series are de-
fined (Fig. 4): (i) mafic alkalic series (G1, n = 4 samples), (ii) mafic
tholeiitic-transitional alkalic series (G2, n = 12 samples), (iii) silicic
tholeiitic-transitional alkalic series (G3, n = 5 samples).

3.3. Comparison of the LIBS and ICP-AES measurements

It has been attempted to correlate the concentrations measured by
ICP-AES from homogeneous powders and the peak areas acquired from
the pLIBS (Table 3). Several elements exhibit a significant positive linear
relationship: Ba, Ca,Mg, Si, and Sr have a p-value b 0.01 and to a lesser ex-
tent, Mn and some of the Fe lines (p-value b 0.05), whereas other ele-
ments, such as Al, Na and Ti, are not correlated (p-value N 0.05). At best,
the pLIBS system can be considered as a semi-quantitative technique be-
cause several factors, such as matrix effect, laser ablation efficiency, fluc-
tuation in the plasma temperature, auto-absorption, etc., can notably
blur the signal and make it difficult to interpret [25,26]. In the Harker di-
agram, it is necessary to use the sum of Na2O+K2O as the Y-axis, but the
pLIBS-deduced Na peak area is not proportional to the true Na concentra-
tionwhileK is simply not assessed.Moreover, absolute concentrations are
required. Even if the pLIBS-deduced Si peak areas are proportional to the
SiO2 contents, the calibrationwould need to be done beforehand in order
to assess the true SiO2 concentration using the pLIBS. This calibration
would only be valid for one type of material. It is clear that it is not possi-
ble to straightforwardly assign the position of a rock in the volcanic series
from the Harker diagram using the raw pLIBS dataset. Other solutions
have therefore been developed.

3.4. Exploratory data analysis

It is a common procedure to divide the individual peak areas by the
area of the whole spectrum thereby allowing the samples to be
compared between them [27,28]. Therefore, the 19 lines taken into ac-
count constitute a subset of the initial spectrum. They define a vector
of D positive components (here D = 19), x = [x1, …, xD] summing up
to a constant κ, with κ ≤ 1. In this type of situation, it is common
when working with the corresponding sub-composition to reclose the
vector x to 1 (e.g. [29]):

C xð Þ ¼ x1PD
i¼1 xi

;…;
xDXD

i¼1

xi

2
66664

3
77775
;

The closure operation transforms a positive vector of D positive com-
ponents into a new vector C(x) which maintains all of the ratios be-
tween the components. The subset of points after the closure of the D-
dimensional real space is called simplex [30,31]. The compositional in-
formation is now only conveyed by the ratios between the components.
At this point, it would be interesting to graphically visualize the struc-
ture of the multi-dimensional dataset in the aim of possibly identifying
groups. Unfortunately, both the fully compositional data (κ = 1) and
sub-compositional data (κ b 1) cannot be straightforwardly treated in
terms of a principal component analysis, because the closure may lead
to unstable or erroneous results with regard to the correlations [14]. A
mathematical approach consists of first applying a centered log-ratio
transformation, clr(.), to the compositions thereby avoiding the prob-
lems of spurious correlation and negative bias as described by Chayes
[32]. The centered log-ratio transformation is defined by Aitchinson
[30]:

clr xð Þ ¼ ln
x1
g xð Þ ; ln

x2
g xð Þ ;…; ln

xD
g xð Þ

� �
;

where g(x) denotes the geometric mean of the parts: g(x)= (x1,.., xD)1/D.
Then, the classical biplots can be made from this new set of coordinates
(see [33] for further detail and how to read and interpret a bi-plot
graph; [34]). For our purposes, the interesting feature of this modified
version of the biplot is that it is equivalent to the analysis of all of the
pairwise log-ratios [35]. As a consequence, the data are no longer treated
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Table 6
Confusion matrix for the control data (i.e. 21 rock samples from series B considered as be-
longing to the same groups compared to their analogs belonging to series A). Calculations
are made using individual spectrum of each sample. The prior probabilities are 1/3, 1/3,
and 1/3 for each of the three groups.

Actual group

G1 G2 G3

Predicted group G1 49 6 4
G2 11 173 0
G3 0 1 71

Table 4
Confusionmatrix for the training data (i.e. 21 rock samples from series A). The prior prob-
abilities are 1/3, 1/3, and 1/3 for each of the 3 groups.

Actual group

G1 G2 G3

Predicted group G1 4 0 0
G2 0 12 0
G3 0 0 5
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in terms of absolute concentrations (information that cannot be accessed
from pLIBS), but in terms of the spectrummorphology; i.e. by examining
all of the possible pairwise log-ratios for the selected peaks.

The pLIBS measurement for the volcanic rocks is plotted using a
biplot method because this representation preserves the distances be-
tween the individuals (Fig. 5). In our case, the percentages of variance
explained by the two first axes are 48.7% and 18.7%, respectively; in
other words, a total close to 70%. Based on the projection of the samples
on the two first axes, the three groups previously identified by ICP-AES-
based chemical analysis can be easily distinguished, except for sample
15A, which is visually moderately altered (Fig. 5). It is noteworthy
that the second axis mainly separates G1 and G2, while the first axis se-
cludes G3 from an ensemble constituted by G1 and G2. Even if these ob-
servations tend to indicate that the three groups of rocks can somehow
bedistinguished by the pLIBS analyses, they need to be explored further.
It is better to use a multivariate analysis of variance (MANOVA) here in
order to confirm the distinctiveness of the groups [36]. In addition, a dis-
criminant analysis is needed to determine the rules for ascribing new
(unknown) samples to these groups.

3.5. MANOVA and classification

It is not possible to directly perform a MANOVA on the previously
clr-transformed data because the clr(.) is not injective, and therefore
the covariance matrix is always singular. As an alternative, Egozcue
et al. [37] developed a method called the ilr-transform (ilr for isometric
log-ratio), which can be used to isometrically transform a composition
in the D-part Aitchison-simplex into a (D-1) dimensional Euclidian vec-
tor. The ilr transformation is performed by following:

ilr xð Þ ¼ z ¼ z1;…; zD−1½ �; zi ¼
ffiffiffiffiffiffiffiffiffiffi
i

iþ 1

r
ln

ffiffiffiffiffiffiffiffiffiffiffi
∏
i

j¼1
xj

xiþ1

i

vuuuut
; f or i ¼ 1;…;D−1:

The covariance matrix of the ilr-transformed dataset is not singular.
As a result, themultivariate analysis of variance can be directly calculat-
ed from the ilr coordinates in order to compare themultivariate popula-
tion means of the three groups [38]. In this test, the null hypothesis is
that the vector means are the same for all of the groups. This hypothesis
must be rejected (p b 10−9), meaning that at least one group is different
from at least one other group. In addition, the three possible compari-
sons were performed as post hoc tests, using pairwise Hotelling's T2
Table 5
Confusionmatrix for the control data (i.e. 21 rock samples from series B considered as be-
longing to the same groups compared to their analogs belonging to series A). Calculations
are made using the average spectrum of each sample. The prior probabilities are 1/3, 1/3,
and 1/3 for each of the three groups.

Actual group

G1 G2 G3

Predicted group G1 3 0 0
G2 1 12 0
G3 0 0 5
statistic [39]. Each group appears to be significantly different from the
others (p is always b0.007), even after a Bonferroni correction [40]
which produces a familywise error rate α of 0.166 (0.05/3).

For the classification procedure, all of the pLIBS data obtained on the
samples for which themembership to one of the three groups is known
(i.e. the 21 samples belonging to series A, measured by ICP-AES) were
first used as training data. The discriminant model was established
after a stepwise forward variable/model selection using Wilks' Lambda
criterion [41]. Four out of the eighteen variables appear to be signifi-
cantly involved in the discrimination procedure (p b 0.05). With the
leave-one-out cross-validation procedure, all of the samples are perfect-
ly classified (Table 4). It is nonetheless difficult to identify the role of the
original variables in the discrimination process because, although a
back-transformation is always possible, the link between the ilr-
transformed variables and the original data is lost in the transformation.
As a consequence, it becomes quite complex to interpret the discrimi-
nant variables in termsof compositional parts. This should not represent
amajor drawback here, aswe aremore interested in the structure of the
individuals with respect to their membership in the groups rather than
in their composition. However elementary chemical concentrations are
not provided here. In order to confirm the validity of the discriminant
model built above, the 21 rocks belonging to series B (and sampled
close to their analogs in series A) are now used as a control dataset. A
total of 20 out of 21 samples are correctly recognized (Table 5),
representing an excellent classification ability.

It could be also interesting to examine what the results would have
been if the individual spectrum recorded for each sample had been used
instead of their average. The 315 spectra (21 samples x 15 spectra) for
series B were processed with the discriminant model built above. A
total of 293 spectra out of 315 are now properly classified (Table 6).
This suggests that once the learning process is done, the amount of
timeneeded to perform the complete procedure can be divided by a fac-
tor 15, while still maintaining a high success rate. It should be noticed
that this finding applies here because studied rocks do not contain
large phenocrystals. If the studied samples had been more heteroge-
neous, i.e. with a grain size much bigger than beam size, the number
of shot locations of at least 100 is desirable, as previously suggested
[42].
4. Conclusion

A total of 21 volcanic rocks were analyzed by pLIBS in the field in
Iceland, and later in laboratory by ICP-AES for the quantitative elemen-
tal compositions. These latter analyses sort the samples into three
groups, used to train a discriminant model. Once the learning process
has been achieved, the pLIBS system appears to be a powerful tool,
and is able to classify rocks for which the chemical compositions are un-
known. It might save considerable time saved in the field for the selec-
tion of samples. However, future studies including a greater diversity of
magmatic rocks are needed for a comprehensive evaluation of the clas-
sification abilities of the LIBS system, in a more general context. In prac-
tice, the sturdiness of the pLIBS system has been demonstrated during a
geological field trip.
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