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This paper reports on the expedition to the Cumbre Vieja volcano (Canary Islands, Spain) in November 2021 to

LIBS assess stand-off laser-induced breakdown spectroscopy for real-time measurements of the lava streams from a
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Stand-off

Remote

Man-portable

Volcanic eruption

safe point. The paper provides insight on the analytical approach to the problem, the rationale of the instrument
design and construction carried out in three weeks, the experience with the new-born instrument at the volcano
and the preliminary results. Despite the subtle spectral differences among the samples and the signal variability
induced by the strong wind gusts at site, a statistical approach to data processing such as PCA, made possible to

Lava extract sufficient information and provide a robust classification tool.

1. Introduction

On September 19th, 2021, the last volcano of La Palma (Canary
Islands, Spain) emerged in the surroundings of the Cumbre Vieja Natural
Park. The eruption broke a 50-year truce and it kept active until
December 13th, 2021. Volcanic eruptions of basaltic magma show
complex dynamics which determine the emergency response in the case
of an urban eruption like this. The first stage of an eruption is the magma
chamber emplacement, normally between 10 and 11 km deep for the
volcanism of the Canary Islands [1]. At this stage, the time of magma
storage is relevant to determine the mineral fraction stratigraphy,
depending on the temperature and pressure of the magma chamber.
When the eruption starts, the first erupted material is the upper part of
the magmatic chamber, which determines the mineral composition of
the lava, tephra, and ash. As the eruption and magma plumbing evolve,
geochemical composition of the lava varies [2-4], and hence, it is
possible to estimate the composition of the remaining magma chamber
and the new conditions of temperature and pressure. In the case of the La
Palma eruption, the first stage of similar historic basaltic volcanism is
poor in olivine content, with amphibole, and clinopyroxene into a
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vitreous melange. Since the magma chamber is emptied at the final
stages, there is an increase in olivine content and the basaltic lava is
enriched in aluminium and plagioclase [5].

Geochemical and mineralogical composition is usually determined
with laboratory analytical techniques days after the samples are
collected and therefore loses its usefulness as an emergency tool to
determine the stage of the eruption. The advantage to knowing the
geochemical composition of lavas in real-time is the possibility to detect
when the magma chamber has evolved. In situ determination of the
geochemical composition provides an instant classification of lavas
through graphs like total alkali vs silica diagrams (TAS) and rare earth
elements (REE) of the primitive mantle [6]. Furthermore, reactivation
by dike-feeding the magma chamber from the primary molten can be
determined as well, allowing to interpret new stages and eruption rates.
In summary, real-time determination of lava composition can show the
evolution of the magma chamber and the eruption dynamics, allowing
the estimation of the magma chamber’s recharge.

Laser-induced breakdown spectroscopy (LIBS) is an analytical
atomic emission spectroscopy technique which uses a high-peak-power
laser pulse to induce a plasma on the sample surface. The light emitted
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by the plasma contains information on the sample components and their
respective concentrations which can be revealed in real-time through its
spectrochemical analysis. Furthermore, since LIBS is an all-optical
technique, it can be implemented into configurations which allow
remote analysis [7,8 and refs. therein]. But out of those instruments
oriented to field analysis only a few are light and compact enough to be
considered truly fieldable instruments [9-11].

Having recently developed a drone-borne compact LIBS instrument
[12,13], it was considered for helping to minimize manual sampling of
the lava streams while allowing for a more extensive sampling. The
logical approach was to adapt the analytical method for lava samples
and then fully test the instrument at the volcano. However, during the
first weeks of the eruption a number of drones had crashed while at very-
low level flight due to: (i) the high temperature and lower lift caused by
the lava field, (ii) the double effect of the abrasive and magnetic volcanic
ashes in drone rotors, and (iii) the lava magnetism seemingly affecting
the inertial measurement units of the drones [14].

Thus, the decision was made to develop a man-portable stand-off
LIBS instrument which could work at a minimum of 20 m from the lava
streams and to assess how LIBS could fare in such harsh conditions
within three weeks. The various prediction models converged in that the
energy stored in the volcanic system could maintain the eruption for
such timeframe. In addition, the emergency caused by the eruption
affected logistics which, together with bureaucracy would prevent lava
samples to be sent to the laboratory in time. In consequence, the in-
strument could only be tested with surrogate samples prior to departure.

Although at a first glance this might seem a somewhat risky
approach, it must be understood in the context of a unique experimental
endeavour. Formerly, the exceptionality of the circumstances justified
other unusual tests even with no previous knowledge of the samples
[15]. In the present case, the starting point was a better one as LIBS has
been extensively used in the past for soil analysis both in the laboratory
and in the field [16-21] and volcanic samples have been recently tar-
geted with success in the laboratory [22-24]. In addition, LIBS has been
assessed for the characterization of steel and its processing slags at high
temperature [25-27], even in a liquid state [28]. However, to the best of
our knowledge, no attempt has been made to measure the composition
of lava streams in the field during an eruption. The aim of this paper is to
report on the expedition to the Cumbre Vieja volcano eruption,
providing insight into the analytical approach to the problem, the
rationale of the instrument design and construction, the experience with
an instrument in the hostile conditions at the volcano and the pre-
liminary results and conclusions.

2. Analytical method and instrumentation
2.1. Information on lava samples

In the absence of lava samples at the laboratory for preparation of
LIBS, the alternative was to gather as much information as possible to
prepare suitable surrogates. The lava erupted at La Palma is mainly
composed by a trachybasalt rock emitted as ’a’a and pahoehoe lava
types. Concerning the interaction with the laser beam, the lava is a matte
black in colour, it presents an irregular surface topography, often with
signs of bubbling or deep grooves. Thus, although it may have brittle
surface areas, the bulk is tough. Extracting a lava sample is a heavy task
even using tools such as a mountaineering axe. The composition interval
measured on several samples of the current eruption with XRF is
detailed in Table 1 and is in good agreement with the geochemical
analysis from historic eruptions in the island -San Juan 1949, 1 km away
from Cumbre Vieja, and Teneguia 1971 [29].

Basing on Table 1, pressed pellets of various salts were prepared
along with a set of pure metal foils and chips for spectral reference and a
tentative list of 78 spectral lines (247-780 nm) was elaborated basing in
our previous experience with steels, steelmaking slags and suggestions
from personnel of the Atomic Spectrometry Unit at the central facility
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Table 1
Concentration intervals for the elements of interest in lava samples.

Element Concentration (% w/w)

Min Max
Si 10 17
Fe 10 11
Ca 5.7 7.3
Al 3.7 6.7
Mg 0.8 3
Ti 1.9 2
K 0.9 1.8
Mn 0.1 0.15
Sr 0.1 0.12

Concentration (ppm)
Ba <1000
Cu <1000
v <500
Zr <500
Cr <350
Sb <250
Ce <250
Zn <250
La <250
Nb <150
Pb <150
Ni <100
Nd <100
Y <100
Sn <100
Rb <100
cd <100
Th <100
Mo <100

for research support (SCAI-UMA) of the University of Malaga. The list
served a double purpose: before the expedition it helped to select a
spectrometer and a spectral window with the maximum number of most
probably useable lines and thus, to be able to maximize the time at the
field. During the expedition and afterwards, it helped with the identi-
fication of the lines of interest and spectral interferences. However, a
definitive selection of the useful spectral lines (Table 2) was not made
until spectra of actual lava samples were eventually acquired. In the
meantime, it was assumed that the high sample content in Ti, Fe and Cr
and the line-rich emission of these elements would interfere with the

Table 2
List of spectral lines used for the study of lava samples. Ti, Fe, Mn: spectral
interferences.

Wavelength (nm) Element species Comment
285.213 Mg(D

288.158 Si(D

298.357 Fe(D

302.064 Fe(D)

308.215 Al(D Ti
309.271 Al(D

309.284 Al(D

315.887 Ca(1)

317.933 Ca(ID)

334.941 Ti(ID) Mn
336.121 Ti(1) Mn
337.279 Ti(II)

341.476 Ni(D) Fe, Ti
344.637 KD weak
344.738 K@)

350.111 Ba()

351.505 Ni(D) Fe, Ti
353.212 Mn(D) Fe, Ti
354.800 Mn(I) Fe, Ti
357.009 Fe(D) Mn
358.119 Fe() Mn
359.346 Cr(D Fe, Ti
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much scarcer and weaker emission of the minor elements. The problem
would require either selecting the 280-360 nm window with a good
resolution (<0.1 nm FWHM) plus the 402-457 nm window with a lower
resolution <0.15 nm FWHM -and yet some elements such as Na might
get discarded- or covering both windows with a lower resolution (~0.25
nm FWHM) and then, intensive post processing work would be required
to try to deconvolute the spectral interferences (Fig. S1).

Regarding calibration for quantitative analysis, it was decided to use
actual lava which would be sampled trying to maximize the composition
range. To this end, the sampling is being spread in time and among the
various centres of lava emission. Then, all samples will be characterized
using ICP-MS at SCAI-UMA. Since the composition of the lava emitted
varies throughout the eruption time, the spread of concentrations for the
elements of interest should increase and thus, the extraction of samples
from the various emission centres and streams will provide a set of
samples with a maximized interval of compositions.

2.2. Rationale of instrument design and construction

Man-portability has strong implications on the instrument design as
it conditions the size, weight, modularity and fragility for travel or
transport in the field. Two main alternate instrument concepts (C1 and
C2) were initially devised. According to Fig. 1, configuration C1 is
designed to be transported and operated from a car boot. It is based on a
Quantel Brilliant B laser (850 mJ, 6 ns, 10 Hz at 1064 nm) with a 0.5-
mrad beam divergence. In our experience, a beam of such characteris-
tics can produce plasmas of analytical quality at ~100 m when focused
with optics ~100 mm in diameter. The downside of this configuration is
the bulky laser power supply and cooling unit and hence, the need for
operating from a car boot or not far from it. Configuration C2, instead,
uses a Quantel Viron laser (25 mJ, 5 ns, 20 Hz at 532 nm) with a beam
divergence of 1.5 mrad. There is no particular reason to use the second
harmonic -it is built in the laser unit available. If anything, the second
harmonic is safer to operate than the fundamental since it is visible. The
power supply is integrated with the laser head in this unit whose weight
is below 3 kg. From a previous experience working at 10 m, we pre-
sumed that there was room to stretch that distance to 50 m. This would
provide a safe distance to the streams and a lighter, more modular in-
strument which can be transported by the personnel at site and quicky
assembled at the point of analysis.

By October 17th, almost a month into the eruption, the topography

(C1)
Laser head + optics
35 x 35 x 80 cm?, 26 kg

Fiber optic
cable

Laser power
supply + cooling
59 x 59 x 29 cm?®
55 kg

Spectrometer
+PC
(15 kg)

Laser + batteries + optics + spectrometer
35 x 35 x 60 cm3, 24 kg

Spectrometer
control

PC
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of the terrain and that of the lava streams had undergone a profound
transformation with the build-up of tall, thick dam-like walls which
prevented a direct line of sight to the flows from the remaining tracks. In
consequence, configuration C2 was chosen over C1, basing on porta-
bility as it could be an advantage to gain a watchtower to the lava.

Two equivalent optical systems were designed for the laser emitter
side of C2 (Fig. 2) and all the components for both designs were ordered
so that a backup system was available in the case of a stock shortage or a
delay in the delivery of a component. The two optical models were
nearly diffraction limited in the range between 25 m and 50 m from the
instrument -over 96% of the laser energy was contained within the airy
disk- and each one comprised three spherical singlets (Table 3). The
length of the optical path was increased to achieve a large expansion
ratio while preventing optical aberration from significantly impacting
the performance or the dimensions and weight balance of the assembly.
On the mechanical side, the emitter is designed around a back-thinned
aluminium plate which holds the laser and batteries, two folding mir-
rors and either of both optical configurations detailed in Table 3. The
three lenses are held by a carbon-fibre tube mount which allowed fine
focus adjustment. Overall, the length of the emitter unit is comparable to
that of the receiver.

Regarding the collection of the plasma light, a UV-coated aluminium
mirror of the required characteristics (150-200 mm diameter, 350-750
mm focal length) could not be found in a short timeframe. Instead, the
UV performance of three commercially available Newtonian telescopes
was evaluated. Naming the brand and model of the three units would be
misleading as it was found that a one-year separation in two batches of
the same model offered substantially different throughputs. The unit
finally selected (150 mm in diameter, F/5) has a reflectance between
75% at 270 nm and 90% at 589 nm.

Despite not covering the entire spectral region and lacking the
required resolution, the best spectrometer option available in the labo-
ratory at that time was a combination of an Andor Shamrock 163
spectrograph and a DH740 iCCD detector basing on sensitivity and
weight. The specifications are detailed in Table 4. As a backup unit, a
customized compact USB spectrometer (S1 in Table 4) was selected. The
acquisition delay was set at 800 ns from the laser output once the
distance-dependent delay is subtracted and the acquisition gate was 2
ps. Given the modular design of the instrument, a UV fibre optic cable
(core diameter 100 pm, length 2 m) was used even if a better light
throughput to the spectrograph would be achieved by directly coupling

-
-
«
9
«

Fig. 1. Illustration of the two instrumental concepts considered for the expedition. C1 is a transportable 100-m Stand-off LIBS instrument which must be operated
from or close to a vehicle. C2 is a modular man-portable (two person) instrument which can be assembled on site to perform Stand-off LIBS up to ~50 m.
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Fig. 2. Schematic of the C2 instrument illustrating the emitter (dashed line) and receiver modules: 1) laser head, 2) folding mirrors, 3) batteries, L1-L3 focusing beam
expander as per Tables 3, 4) receiver unit, 5) fibre optic incoupling, 6) fibre optic cable, 7) spectrograph, 8) iCCD detector, 9) computer.

Table 3

Components and performance of the two optical designs prepared for the emitter module of configuration C2. Glass is BK7 in both designs.

Configuration Focal length/diameter (mm/mm) Expansion ratio Length (mm) Airy disk diameter (ym) Diffraction encircled energy (%)
L Ly Ls 25 m 50 m/70 m 25m 50 m/70 m
OD1 —75/25 —150/25.4 500/125 10x 677 410 840/1180 96.7 96.4/96.7
OD2 -30/12.7 —100/25.4 200/75 8x 290 520 1030 96.4 96.6/—
Table 4
Characteristics of the two spectrometers used.
Option Spectrograph Detector Total weight (Kg)
Focal length Slit (um) Grating Blaze Bandpass Resolution Technology Active matrix Data transfer w/o PC w/ PC
(mm) (1/mm) (nm) (nm) (nm) (wxh)
S1 75 25 1800 static 250 220 0.25 CMOS 4096 x 1 USB 0.18 0.28
S2 163 25 1200 manual 300 86 0.26 18-mm intesifier + CCD 1330 x 512 PCI card 6,5 12

the telescope output to the slit [30]. A round-to-linear fibre optic bundle
was ordered but not delivered in time for travel either.

A dual-sided commercial tripod mount oriented to astrophotogra-
phers was used to hold together the laser emitter and the receiver
telescope. This mount has two standard dovetail clamps which allow
quick repetitive mounting of the sub-units and provides the ability to
aim the instrument at the target. In addition, a push-pull screw set in the
dovetails provides some degree of parallax adjustment.

2.3. Deployment at the volcano

Indeed, the need for parallax correction is a weakness of the modular
configuration as it is required for setting the distance to the sample.
Moreover, because it was not well implemented mechanically, it
consumed precious time at the field. The whole process involved several
steps: (i) firstly, the laser emitter was focussed by rotation of the L3 tube
mount to a setting where the shockwaves were clearly audible on top of

the volcano noise, (ii) then a red diode laser was sent through the fibre
optic cable and the telescope to the lava sample and was overlapped
with the plasma using the adjusting screws in the dovetail. Even though
this procedure had worked well during the indoor tests of the instru-
ment, once in the field, the adjustment was found to lack the necessary
precision. Thus, a further fine-tuning adjustment was put together using
a spare x-y mount which was added to the existing z-adjustment at the
coupling between the telescope output and the tip of the fibre. (iii) at the
final step of the procedure, the laser focus setting was further optimized
using the spectrometer reading.

Once the modules of the instrument were mounted and aligned,
operation was simple since the double-sided tripod mount provided jaw
and pitch aiming for the whole instrument and the signal depth-of-focus
tolerance for the emitter/collector was +1 m at a 40 m range not
including the additional resources to fine focussing the laser emitter by
rotating the L3 lens tube mount, and the light collector with the x-y-z
mount.
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Support with the laser operation, range measuring and thermal im-
aging was provided by personnel of the Spanish Military Emergency
Unit (UME) who supported the whole operation at the exclusion zone,
including transport, power supply for the iCCD detector, monitorization
of exposure to noxious gases or guidance in our way through the lava
streams sidestepping high-temperature patches and vents which reached
up to 390 °C. Conditions were extreme for both the people and the in-
strument the two times at the exclusion zone. At over 750 m above the
Atlantic Ocean, the weather was windy, alternating rapidly between

@® vents

* analyzed point

\:l lava field 29 october
- lava field 21 september
N

T R
JLP-213fam e
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sunny and cloudy, the latter occasionally accompanied by light rain.
Wind gusts carried fine ash particles that ended up entering the com-
puter and the detector despite being fitted with filtering elements. The
telescope tube and the L3 lens of the emitter were obviously the most
exposed elements but no apparent performance degradation or damage
was noticed during or after the tests. The personal protection equipment
consisted of a helmet, an FFP3 mask, laser and dust safety goggles, a
high-visibility vest, heat-resistant footwear and a full face-covering gas
mask used for safe evacuation of the exclusion area when gas alarms are

LA PALMA ISLAND (SPAIN)

Fig. 3. Top: map of the La Palma Island showing the lava fields, (@) the location of the Cumbre Vieja volcano vents and (#) the sampling point (28°37'19.6”"N
17°52'25.7"W). Bottom: snapshots of the instrument at the field featuring FL. (UME), IGJ, RPL and SP during the instrument setup on November 5th, 2021.
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triggered (filter labelled ABEK P3 + Hg, 2.5 pm particles, organic vapour
inorganic and acid gas filters plus ammonia and mercury vapour).
Understandably, time at the exclusion zone was limited and out of
the four days at La Palma, only two sessions of measurements could be
held. The system was fully disassembled for transport and reassembled
at the Advanced Command Post (PMA) the first day. The first session at
the field lasted two hours and mainly consisted in optimizing the optical

Spectrochimica Acta Part B: Atomic Spectroscopy 190 (2022) 106391

alignment and acquiring the first spectra at 40 from a solidified lava
stream located at 28°37/18.5”N 17°52/25.7"W -the exact position of the
instrument was chosen to be 40 m in the normal direction from the lava
wall and on a flat surface remaining from the LP-212 road. The
geographical location of the measurements and several snapshots of the
instrument during the measurements are shown in Fig. 3. The fourth day
(November 7th, 2021) the second session took place. It lasted five hours

366

(a)
I ' I * |
280 323
Wavelength (nm)
(b)

Si(1)288.15 nm Signal (a.u.)

RSD (%)

0 . : . :
200 400

600 800 1000

Laser shots

Fig. 4. (a) Average LIBS spectrum from a series of 1000 individual spectra of sample LP212-02 acquired under calm wind conditions showing the signal variability as
a two-standard-deviation band. (b and d) On the left axis, evolution of the Si(I) 288.15 nm signal for the two series of 1000 spectra in (a) and (c) and (right axis)
evolution of the relative standard deviation (RSD) calculated as (dashed line) a cumulative set of spectra starting at the first laser shot, (black solid line) a cumulative
set of spectra starting at laser shot #101, (red solid line) a moving boxcar of 50 spectra. (c) Average LIBS spectrum from a series of 1000 individual spectra acquired
under gusty wind conditions showing the signal variability as a two-standard-deviation band. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 4. (continued).

and was plagued with strong wind gusts, intermittent rain, power cuts
and finally, a gas alarm (HCI + rain), which put an end to the session and
to the field tests.

3. Results and discussion
3.1. Preliminary results

Pending to collect a full set of lava samples for calibration once the
eruption concludes and all the streams are safe enough to be walked and

sampled, some preliminary results and conclusions are presented here.
Fig. 4-a presents a lava spectrum (Sample LP212-02, 17:14 UTC)

obtained by averaging a series of 1000 spectra acquired under low-wind
conditions (1.9 ms™!) at 40 m. Two standard deviations around the
average spectrum are contained in the shadowed area. The plot shows
an excellent signal-to-noise ratio in these conditions. The only reason to
acquire 1000 spectra was recording sufficient data for statistics and
study the long-term behavior of the ablation process with the battery-
powered laser source. Firing 1000 shots demands both battery perfor-
mance and good heat management of the passively cooled laser unit. As
Fig. 4-b illustrates, after a clean out period of 150 laser shots, which
dusts off the ash and any possibly remaining moisture -the lava stream
temperature was 85-117 °C- the signal for the Si(I) line at 288.158 nm is
stable enough to obtain a relative standard deviation (RSD) with an
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average of 50 spectra, which is similar to that for the 1000 spectra
average. No significant improvements were found when averaging more
than 50 spectra, but the step-like shapes in the boxcar plot are indicative
that even light wind can induce instrument fluctuations which affect the
stand-off pointing stability and the measurements [12].

As soon as the wind picked up (up to 13.1 ms™ 1), the variability of
the signal increased as revealed by the spectrum in Fig. 4-c and the Si(I)
288.158 nm signal plots in Fig, 4-d. Lava heterogeneity and surface
unevenness are the main reasons for such variability, and although the
laser incidence was always normal to the lava wall, the surface rough-
ness of the sample affects the incidence angle of the laser beam, and in
turn, the fraction of the pulse energy coupled for the plasma ignition
[31].

It must be noted that, even though the lava spectra in Figs. 5 and 6
were obtained by firing 1000 laser shots in the absence of wind gusts,
there was a residual fluctuation as illustrated by Fig 4-b. Therefore, the
average spectrum compiles information from an irregular sample vol-
ume which is about 4 mm in diameter due to the wandering of the sub-
millimeter laser beam and the series of individual spectra is not valid for
depth profiling purposes. Fig. 5 shows the average spectrum of the
sample in Fig. 4 (LP212-02) along with the spectra of several metallic
and salt samples used for identification purposes. The emission of Si, Mg,
Al, Ca, Mn, Ti and Fe could be identified and the main spectral lines
assigned. These spectral signatures are in good agreement with the
composition as measured by x-ray fluorescence spectroscopy (Table 5)
of the samples once it was safe. However, the feature-rich emission of Fe

SI(1) 288.15 nm

. Mg(ll) 292.87 nm
Mg(ll) 293.65 nm
Al(l) 309.27 nm
Ca(ll) 315.88 nm
Ca(ll) 317.93 nm

_ Al(l)308.21 nm

\% L%? \L Mg(l) 285.21 nm
T
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and Ti makes it very difficult to isolate non-interfered lines for other
minor elements like Mn, Cr or the remaining transition elements, present
in the tens and hundreds of ppm. As expected, the resolution of the setup
is not sufficient to deal with the quantitative analysis with solvency, at
least, in this spectral window, but it showed great potential for semi-
quantitative approaches.

As an example, Fig. 6 compares the spectra of samples LP212-02 and
LP212-07. The latter is a lava sample located about five meters away
from the former in the same lava stream (40.3 m from the instrument,
17:23 UTC) that presented a reddish hue to the naked eye. It was
measured under the same wind conditions as LP212-02. Both spectra
have been normalized to the Ti emission, which is approximately
invariant in most samples, and then overlapped to reveal the subtle
differences, mainly consisting in a slightly higher Fe contribution in
sample LP212-07 and the presence of Mn, Cu and Na (Fig. S1 contains a
deconvolution of the Mn(I) 353.212 emission line for samples LP212-02
and LP212-07). There is also a noticeably lower Ca(Il) contribution in
the spectrum of LP212-07 which could lead to think of a lower content
in this element. Still, the higher Mg(I)/Mg(II) ratio in LP212-07 suggests
that a lower plasma temperature, might be the reason for the lower Ca
(II) signal, rather than or in addition to a difference in the Ca content.
This is in good agreement with the quantitative analysis in Table 5.

3.2. Principal component analysis

Even if its exact composition is not known, the type of lava flowing
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Fig. 5. (a) Average (1000 shots) LIBS spectra of sample LP212-02 and of several metallic and salt samples (average of 300 shots). The latter were acquired at the
PMA at a 22 m distance. The intensity scale has been changed for comparison purposes.
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Fig. 6. (a) Average LIBS spectrum of sample LP212-02 (as in Fig. 5) compared to the spectra of sample LP212-07, obtained with the same acquisition and averaging
parameters. Both spectra have been normalized to match the Ti emission. Spectra of the metallic and salt samples are an average of 300 shots and were acquired at

the PMA at a 22 m distance.

Table 5
Compositions of samples LP212-01, LP212-02 and LP212-07 as measured with

XRF.

Element Concentration (% w/w)

LP212-01 LP212-02 LP212-07
Si 20.75 13.69 16.91
Fe 9.19 10.32 11.04
Ca 8.21 6.48 7.34
Al 6.69 5.12 6.66
Mg 5.33 1.99 2.62
Ti 1.98 1.93 2.04
K 1.13 0.94 1.03
Mn 0.15 0.13 0.25
Sr 0.09 0.11 0.11

Concentration (ppm)
Ba - 749 989
Cu 114 186 234
A 379 496 400
Zr 330 350 349
Cr 366 267 342
Sb - 192 104

on a stream is a telltale about its source depth, and thus, about the stage
of the eruption. Principal component analysis (PCA) is a well-known
technique which can reduce the volume of data and the complexity of
spectral interpretation and yet deliver valuable information to a

geologist, provided that the spectral window and resolution used gathers
sufficient information. Thus, 1000 spectra for each of samples were used
in the PCA. Samples LP212-02, LP212-07, LP212,01 (17:05 UTC, dis-
tance 40.1 m same location as LP212-02 but a different grey shade), and
LP212-06 (17:20 UTC, distance 40.3 m, same location as LP212-07 and
similar reddish hue) were analyzed under the same calm wind condi-
tions. It was found that 91.6% of the variance is contained in the first
four PC and the analysis of the loadings and the biplot revealed that most
of the variance which can lead to sample discrimination is associated
with Mg, Si, Al Ca and Fe (PC2 and PC4) but not with Ti (PC3). This is in
good agreement with that found during the manual analysis of the
spectra and the elemental content of the samples in Table 5. The scores
for PC4 are plotted vs those for PC2 in Fig. 7-a which shows a good
discrimination capacity for three types of samples while matching
samples LP212-06 and LP212-07. The latter makes sense as both series
of spectra were acquired from positions in the stream approximately 5
cm away from each other.

It is worth noting that this is not a surface residue analysis where the
number of laser pulses that one can fire at the sample is limited by the
amount of sample available. Therefore, firing a high number of pulses
(1000 shots for each sample in Fig. 7-a) is affordable, the degree of
confidence of the result understandably being much higher. Conse-
quently, it may be tempting to process each data series as a depth profile
into the sample but it must be considered that the beam wandering on
the surface prevents to do so as the shot number is not a monotonous
function of depth into the sample surface [12]. Nevertheless, some
depth-related information can be extracted by comparing different
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Fig. 7. Scores plots of the principal component analysis carried out on 4000 spectra corresponding to samples (@) LP212-01, (ll) LP212-02, (¢) LP212-06 and
(A) LP212-07 [32]. 1000 spectra have been analyzed for each sample. (a) Plot of the 1000 points of each of the four series. (b) Plot of the first 120, 150, 55 and 100
points of the series, respectively. (c) Plot of the last 500 points of each of the series. Past 4 software has been used for PCA [32].

subsets of spectra with a certain distance within each series. In Fig 7-b a
subset of the first points of each series in Fig 7-a has been plotted (see
figure caption for further detail on the shot numbers). The first 50-150
shots in each series hit the fresh sample surface which is partially
covered with a thin layer of fine ash powder and material which has
been in contact with the atmospheric oxygen while at high temperature.
As shown in Fig. 7-b, such spectra corresponding to the sample surface
tend to appear in tails or plumes appended to the main cluster for their
respective samples. Although these initial spectra would be represen-
tative of the ash covering the sample and should cluster together, a
possible explanation for the behavior observed is that the ash powder is
fine enough to let a significant portion of the beam reach the sample
surface. This is supported by the results in Fig 7-c where the last 500

10

points of the four series are plotted, showing the main bodies of the
clusters separately from those in Fig. 7-b.

4. Conclusions

A portable instrument was designed and built from scratch in a short
time period of three weeks. The modular design made possible its
transport by one person in a regular commercial flight and then
assemble it prior to its first use at a lava stream. The performance of the
laser and the emitter optics was par to that expected from the design, but
parallax adjustment proved a weakness of the instrument, mostly due to
mechanical issues. This consumed valuable time at the field but once
fixed, light collection to the intensified spectrometer produced spectra
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Fig. 7. (continued).

with excellent signal-to-noise ratio. Although the spectrometer did not
provide sufficient spectral resolution and the window was not wide
enough to register all the elements of interest, the data acquired con-
tained enough information for a semiquantitative approach. The results
obtained demonstrate that, in spite of the subtle spectral differences
among the samples and the signal variability induced by the wind, there
was sufficient information and a statistical approach to data processing
such as PCA could extract this information and be used as a classification
tool. At the time of writing these lines, the eruption has been declared as
finished by the Spanish authorities. Future work will be directed to
elaborate a chemical map of all the lava streams using the Chemocopter
airborne LIBS instrument.
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