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Introduction:  Laser-induced breakdown spectros-

copy (LIBS) is a powerful analytical tool that will be 
employed by the ChemCam instrument on the Mars 
Science Laboratory (MSL) and a combined LIBS-
Raman instrument on ExoMars. In LIBS, a short-
duration laser pulse or multiple pulses are focused onto 
a sample which ablates the sample and produces a 
plasma of atomic, ionic, and simple molecular parti-
cles. Excited electrons in these species undergo quan-
tized transitions, emitting photons with energy charac-
teristic of the species. Spectroscopic analysis of col-
lected photons sheds light on the physical and chemi-
cal properties of the plasma, and hence the original 
sample. 

While LIBS is similar to other types of atomic 
emission spectroscopy such as ICP-AES, its advan-
tages include minimal sample preparation (sample di-
gestion is not needed), relatively low power require-
ments, the ability to perform remotely, and fast data 
acquisition. Despite its recent popularity and success in 
quantifying compositions of many different types of 
materials [1], LIBS is not easily employed on geologi-
cal samples. Complex compositions and chemical and 
physical interactions tend to affect spectral intensities 
in unpredictable ways, giving rise to so-called chemi-
cal matrix effects. 

This work explores the application of three differ-
ent statistical techniques on a set of LIBS data obtained 
from 17 phyllosilicates. Because the samples are all of 
the same mineral group, the matrix effects ought to be 
consistent and predictable, unlike those in rocks. Addi-
tionally, phyllosilicate minerals have been detected on 
Mars in abundance [2,3] so LIBS characterization of 
them will be useful should the be encountered by MSL 
or ExoMars. 

Experimental methods:  The laboratory setup 
used in this study is constructed to mimic ChemCam 
and Mars conditions as closely as possible. Samples 
are placed in a vacuum chamber filled with 7 Torr car-
bon dioxide to simulate the Martian surface atmos-
phere, as LIBS plasmas are influenced by atmospheric 
conditions. The plasma is generated by a Spectra-
Physics Indi Nd:YAG laser operating at 1064 nm and 
pulsing at a rate of 10 Hz with a 10 nanosecond pulse 

width. The laser energy is set to 17±1 mJ/pulse, similar 
to the ChemCam laser. The plasma emission is col-
lected by a Questar Field Model 89 mm telescope 
(slightly smaller than ChemCam's 110 mm telescope) 
situated 9 meters from the sample. The light is trans-
mitted via a fiber optic cable to one of three Ocean 
Optics HR2000 spectrometers covering the regions 
223-326 nm (UV), 382-471 nm (VIS), and 495-927 nm 
(VNIR) with resolutions of 0.1 nm, 0.09 nm, and 0.42 
nm, respectively. The exposure time is set to one sec-
ond to record the cumulative emissions from ten laser 
shots. For each sample, five such exposures (50 laser 
shots total) were recorded in each spectral region, with 
the sample moved slightly between exposures to ac-
count for inhomogeneities in the sample. 

Samples:  The 17 samples selected for this study  
(Table 1) were obtained from the Source Clays Reposi-
tory of the Clay Minerals Society (CMS), the Centre 
de Recherches Pétrographiques et Géochimiques 
(CRPG), the Czech Geological Survey (CGS), and the 
Harvard Mineralogical Museum (HMM).  

Table 1.  Samples Studied 
Sample Mineral Source Form 
Mica-Fe biotite CRPG pellet 
119403 glauconite HHM pellet 
SHCa-1 hectorite CMS pellet 
IMt-1 illite CMS pellet 
IMt-2 illite CMS pellet 
KGa-1b kaolinite CMS pellet 
KGa-2 kaolinite CMS pellet 
SWy-2 montmorillonite CMS pellet 
STx-1b montmorillonite CMS pellet 
SAz-2 montmorillonite CMS chip 
NG-1 nontronite CMS chip 
NAu-1 nontronite CMS pellet 
NAu-2 nontronite CMS chip 
PFl-1 palygorskite CMS pellet 
Mica-Mg phlogopite CRPG pellet 
SepSp-1 sepiolite CMS pellet 
ZW-C zinnwaldite CGS pellet 
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Analysis:  Example LIBS spectra are shown in 
Figure 1. The spectra are normalized to total emission 
intensity as described in [3]. Three chemometric tech-
niques are employed to quantify the compositions of 
each sample: 

1) Univariate analysis:  For each element, the in-
tensity of a peak caused by the element is taken to be 
proportional to the element’s concentration. Thus a 
linear regression can correlate the elemental concentra-
tion and peak intensity. Although this technique is the 
most widely used method for interpreting LIBS data, it 
is the least useful for geologic samples because matrix 
effects cause spectral line intensities to deviate from 
proportionality with concentration. 

2) Partial Least Squares (PLS) analysis:  PLS is 
a statistical method that creates a correlation matrix B 
between a matrix of independent variables X and de-
pendent variables Y yielding a calibration of the (very 
simplified) form Y = XB. In this case, the dependent 
variables are elemental concentrations and the inde-
pendent variables are the LIBS spectra, more specifi-
cally the intensity at each wavelength channel. The 
correlation matrix can then be used to calculate ele-
mental concentrations from the spectra of unknown 
samples. This method has been shown in previous 
work [4] to largely compensate for matrix effects, indi-
cating that PLS is able to statistically identify changes 
in the spectra caused by varying matricies. 

3) Peak Area Step-wise Regression Analysis 
(PASRA):  In this treatment, peak areas are extracted 
using a fitting routine [5], and step-wise multiple re-
gression analyses are run to search for correlations 
between peak areas and elemental concentrations [6]. 
For each element, a multiple regression equation of the 
form Y = b0 + b1X1 + b2X2 + bnXn (where Y is the ele-
mental concentration, X is a peak area, and b is a par-
tial regression coefficient) is calculated using a rela-
tively small number of peaks. Whereas PLS uses inten-
sities at every wavelength channel, PASRA only uses 
peak areas of the most statistically significant peaks. 

Discussion:  Because the chemical matrix of the 
phyllosilicates is consistent, all three methods give 
reasonable results for most elements. The conventional 
univariate analysis is the least effective in predicting 
chemical compositions accurately. Both PLS and 
PASRA appear to compensate for or exploit the 
chemical matrix effects, but the PASRA technique 
may be more instructive with regard to the physics 
contributing to the chemical matrix effects. 

The approaches employed in this study relate to 
complementary studies of an analogous suite of sam-
ples analyzed under ambient conditions by [7]. Their 
approach, which relates patterns of LIBS spectra to 
specific phyllosilicate minerals, will also be a useful 
contribution to understanding Martian LIBS data but 
from a different perspective. 

While PLS and PASRA were developed for cali-
bration of rock samples, it is useful to apply them to 
this data set because these minerals share crystal struc-
tures and have similar chemical matricies. The results 
of this study will facilitate accurate future interpreta-
tion of Martian LIBS data and help to demystify the 
physical forces that convolute geologic LIBS spectra. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1.  LIBS spectra of three phyllosilicates, 
offset for clarity 
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