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Introduction: Laser-induced breakdown spectros-
copy (LIBS) analyses of targets with known composi-
tion are often used to predict concentrations of elements 
in unknown material. These are particularly useful in 
planetary science when the difficulty and cost of sample 
return is usually prohibitive. However, analyses are 
complicated by matrix effects that create variability in 
the emission spectra that cannot be directly attributed to 
changes in the geochemical composition of target mate-
rial. Multivariate analysis (MVA) of LIBS data has been 
shown to ameliorate matrix effects by using information 
contained in the entire spectral range (~245-850 nm). 
MVA is typically used to predict the compositions of 
major elements within a sample, while univariate tech-
niques are still frequently used for minor and trace ele-
ments [1,2]. However, MVA models have been shown 
to consistently outperform univariate ones even for mi-
nor and trace elements [3]. Thus the key objectives of 
this study are to determine the uncertainty of multivari-
ate predictions of a variety of minor elements germane 
to planetary exploration, and to investigate the factors 
that limit prediction accuracy. 

Sample Selection: Calibration standards were se-
lected from a suite of ~3,000 natural rock standards, in-
cluding nearly 300 targets doped with the minor and 
trace elements listed in Table 1. Five matrices, includ-
ing a weathered Holyoke basalt, sea sand, continental 
flood basalt from Idaho, Hawaiian basalt, and a rhyolitic 
volcanic glass from Mexico, were doped with at least 
eight different concentrations of Ba, Ce, Cs, Cu, Ga, La, 
Mo, Nb, Pb, Rb, Se, Sn, Sr, Y, Zr, ranging from 10 ppm 
to 10 wt.% dopant [4]. These doped standards were used 
to identify optimal peaks for univariate analysis of each 
element, as well as to ensure an adequate range of con-
centrations in the calibration suite. Then multivariate 

prediction models were made using only standards that 
contained concentrations of these elements at natural 
abundances. The appropriate concentration range was 
determined by setting a maximum at the upper limit of 
the second standard deviation from the mean concentra-
tion in the set of ~3,000 natural standards [4]. 
   Spectral Acquisition: Spectra were acquired from 
pressed powder pellets with a grain size of ≪10 µm 
(many times smaller than the beam diameter used for 
ablation). The Mount Holyoke College ChemLIBS in-
strument uses a Quantel Ultra100 laser with a pulse 
width of 8 ns. For this experiment, the laser energy was 
set to 2.5 mJ on target. Six locations per pellet were 
sampled with 50 pulses at each location for a total of 
300 shots averaged per target. Spectra were collected 
using three Ocean Optics HR2000 spectrometers oper-
ating in the UV (247-338 nm), VIS (388-469 nm), and 
VNIR (496-849 nm) spectral regions with resolutions of 
0.04, 0.04, and 0.23 nm/pixel, respectively. Spectra 
were preprocessed using the ChemCam protocol of dark 
subtraction and wavelength calibration followed by cor-
rection for instrument response [5]. Then three baseline 
removal protocols (fully automated baseline correction 
[FABC], airPLS, and Kajfosz-Kwiatek [KaKw]) were 
compared to determine the most accurate method [6]. 
Finally, averaged spectra were normalized by dividing 
the intensity of each channel by the sum of intensities 
over each spectral region. 

Multivariate Analysis: Partial Least Squares (PLS) 
is a reliable technique for MVA of LIBS spectra [7]. 
Root mean squared errors (RMSEs) were calculated for 
prediction models of all 15 elements using PLS regres-
sions (Table 1). To give context to the accuracy of pre-
dictions, % RMSE values were calculated by dividing 
RMSE by the average concentration of calibration 
standards used in the model (Figures 1a, b). In addition, 
r2 values were calculated using true and predicted con-
centrations for each regression. The r2 is a useful metric 
that is complimentary to RMSE due to its ability to 
measure how well model prediction results follow the 
fitted regression line against known concentrations of 
each element [8]. Finally, the number of channels/wave-
lengths in the doped targets’ spectra for which intensity 
was correlated to concentration with r2 > 0.6 was deter-
mined for each trace element. 

Results and Discussion: RMSE and r2 values of 
PLS predictions followed the same trends among ele-
ments. The lowest RMSE and highest (best) r2 values  
were observed for Ba, Ga, Sn, Rb, and Sr. These ele-
ments had RMSE values less than 50% of the average 
concentration, and r2 values greater than 0.70. 

Table 1. RMSE and r2 results for PLS predictions. 
 RMSE r2 

FABC airPLS KaKw FABC airPLS KaKw 
Cu 19.61 19.80 19.86 0.59 0.58 0.58 
Ga 2.55 2.51 2.74 0.78 0.79 0.75 
Se 0.25 0.25 0.26 0.60 0.60 0.59 
Rb 27.01 27.04 27.08 0.86 0.86 0.86 
Sr 58.31 55.40 56.39 0.81 0.83 0.82 
Y 9.72 9.73 9.82 0.52 0.52 0.51 
Zr 47.81 50.32 49.43 0.57 0.52 0.54 
Nb 5.34 5.23 5.28 0.50 0.51 0.51 
Mo 1.22 1.23 1.27 0.24 0.22 0.17 
Sn 1.42 1.44 1.46 0.72 0.71 0.70 
Cs 2.04 2.02 1.83 0.58 0.59 0.66 
Ba 133.40 127.20 129.8 0.80 0.82 0.81 
La 10.67 11.05 10.41 0.64 0.61 0.66 
Ce 23.69 23.95 22.91 0.62 0.61 0.65 
Pb 5.97 5.92 5.83 0.60 0.61 0.62 
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Factors that affect MVA predictions of minor and 
trace elements were assessed in three ways. First, this 
study tested three baseline removal methods and their 
usefulness for models predicting minor and trace ele-
ments. Results in Table 1 and Figures 1a,b show no sig-
nificant differences among the three tested methods. 

Second, %RMSE and r2 values were plotted against 
the number of standard spectra that were used in the 
PLS predictions (Figures 1a, 2a). Elements with the 
largest number of calibration standards (# of spectra) 
were most likely to have lower RMSE values and higher 
values of r2. In other words, high numbers of unique cal-
ibration standards lead to higher (better) prediction ac-
curacies. The implication is that accurate multivariate 
predictions of minor and trace elments of geological 
samples require the largest calibration datasets possible. 

Finally, Figures 1b, 2b  show that models with large 
numbers of channels whose intensity is correlated with 
concentration (using the r2 > 0.6 criterion) do not neces-
sarily improve prediction accuracies. This is corrobo-
rated by studies showing that limiting the wavelength 
range of spectra used for PLS predictions to regions rich 
in emissions from the element of interest does not sub-
stantially improve prediction accuracy [1,9]. This result 
likely occurs because MVA both uses correlated infor-
mation from the element of interest (the basis of typical 
univariate calibration) and leverages matrix-specific in-
formation found within other channels that may not be 
strongly correlated to concentration. 
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Figure 1a, b. RMSE and r2 values plotted with the number of spectra available for the PLS model for each element (A, top), and 
the number of wavelengths for each element that exhibited a correlation between spectral radiance and element concentration 
with r2 > 0.6 (B, bottom), indicating a measurable peak in the wavelength region sampled by ChemLIBS. 
 

 
Figure 2a, b. % RMSE plotted against the number of spec-
tra used in PLS predictions (a) and the number of correlated 
wavelengths for each element (b). Some correlation exists 
only between % RMSE and the number of spectra. 
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