




88 

 

correctly differentiate between them in general. The dolomites and limestones formed the 

least distinct clusters in PCA space, and this is very likely due to the fact that dolomite 

and calcite/limestone are members of a continuum of carbonate compositions (e.g. solid 

solution) with varying amounts of Mg and Ca. In a crystal matrix, one cation may 

substitute for another if they have the same charge and their ionic radii are similar. As a 

result, Ca and Mg are often quite interchangeable within natural minerals and so 

abundances of these elements will vary. In this PCA model, the elements with the most 

influence along the PC1 axis are Mg and Ca (Fig. 3.2). In general, the dolomites do plot 

closer to the Mg end and calcites to the Ca end. It should be noted that the limestone 

standards GBW07216a and GBW217a are both relatively Mg-rich, while the dolomite 

rock sample is somewhat Ca-rich. This is because what is called a ‗dolomitic limestone‘ 

Fig. 3.3.  Representative LIBS spectra of the four types of carbonate samples: Dolomite (CaMg(CO3)2), 

calcite (CaCO3), rhodochrosite (MnCO3), and siderite (FeCO3). 



89 

 

by Brammer Standard Company, Inc. could also be identified as a ‗Ca-rich dolomite.‘ 

Figure 3.4 compares the most Ca-rich limestone standard GBW07108 with the most pure 

calcite sample (white) in the carbonate suite. The spectra share the same major peaks and 

most of the minor ones, with a notable exception ~634 nm. Here, there is a peak 

corresponding to Si visible in the limestone standard that is greatly attenuated or not 

present in the calcite sample. This is consistent with the reported Si content of the 

limestone standard by Brammer (~5% by atomic fraction), whereas no Si was detected in 

the white calcite sample by the SEM. Additionally, the white calcite contains only ~7% 

of the Mg reported to be present in the limestone. As a result, these two materials appear 

to be somewhat offset from one another in the PCA plot, with the limestone plotting 

towards the Mg-rich upper left quadrant (Fig. 3.1). However, they are clearly distinct 

from other types of materials, and can be identified as part of the Ca-Mg family of 

carbonates. With additional training materials, it should be possible to improve clustering 

Fig. 3.4.  Comparison of the spectra of the limestone standard GBW07108 and the white calcite sample. 

Limestone is a rock that is primarily composed of the mineral calcite. Note that the spectra are quite 

similar, with the same major and minor peaks. However, the limestone spectrum contains peaks that the 

calcite does not, most notably at ~634 and ~288 nm, which correspond to Si. Natural samples such as 

these often have somewhat variable compositions, and so care must be taken to note how trace element 

composition affects the spectra, and to obtain appropriate standards accordingly. 
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in the model given how similar the LIBS spectra are to one another (e.g. Fig. 3.4). Our 

results show that the four main carbonate samples examined here—calcite, dolomite, 

siderite, and rhodochrosite—may all be distinguished in PCA both from one another and 

from the plasma produced by carbon-free silicates in the CO2 of the martian atmosphere. 

 

The PLS model was able to correctly identify the presence and general abundance of the 

major elements in the dolomite and calcite samples (Table 3.2). Importantly, PLS 

determined C values that were within ~2% of the SEM values in all samples except for 

the orange calcite; in this sample, the model value for C was ~38% higher than the SEM 

value. This uncertainty could be due to the greater heterogeneity inherent in natural rock 

compared to the powdered standards. The model also indicated small amounts of non-

major elements in the dolomites and calcites. This is likely due to the fact that LIBS is 

significantly more sensitive to trace amounts of these elements than is SEM EDS. EDS 

typically has a detection limit ~0.1 wt% in bulk materials, whereas for most elements 

LIBS has a much lower detection limit ~0.0002-0.1 wt%. When suitable standards are 

used the PLS analyses appear to compensate for enough of the chemical matrix effects to 

produce compositions that match SEM results.  

 

The carbonate samples chosen for this study appear to make good training samples to 

include in future MVA models and laboratory validation experiments should ChemCam 

detect carbonates on Mars. In particular, adding standards of less common carbonates 

such as siderite and rhodochrosite will enhance the probability that these materials will be 

recognized as such if encountered on Mars, and that PLS modeling of these materials‘ 
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compositions will be accurate. Future work will involve a more systematic examination 

of mixtures of carbonate minerals to determine how the major cation and anion affects 

the LIBS signature, and whether the individual mixture components may be identified 

and differentiated. Given the importance of detecting carbonates on Mars, it is extremely 

important that the ChemCam LIBS instrument is calibrated in the laboratory on Earth for 

these materials so that they may be recognized in situ on Mars. 
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Chapter 4 

Examining natural rock varnish and weathering rinds with laser-induced 

breakdown spectroscopy for application to ChemCam on Mars 

Article citation: Lanza, N.L., Clegg, S.M., Wiens, R.C., McInroy, R.E., Newsom, H.E., 

and Deans, M.D. (submitted). Examining natural rock varnish and weathering rinds with 

laser-induced breakdown spectroscopy for application to ChemCam on Mars. Submitted 

to Applied Optics on 1 Oct. 2011.  

 

Abstract 

A LIBS instrument will travel to Mars as part of ChemCam on the Mars Science 

Laboratory rover. Martian rocks have weathered exteriors that obscure their bulk 

compositions. We examine weathered rocks with LIBS in a martian environment to 

improve interpretations of ChemCam rock analyses on Mars. Profile data are analyzed 

using principal component analysis and coatings and rinds are examined using scanning 

electron microscopy and electron probe microanalysis. Our results show that LIBS is 

sensitive to minor compositional changes with depth and correctly identifies rock type 

even if the series of laser pulses does not penetrate to unweathered material. 

 

A LIBS instrument on Mars 

A laser-induced breakdown spectroscopy (LIBS) instrument will begin its journey to 

Mars in late 2011 as part of the ChemCam instrument package onboard the NASA Mars 

Science Laboratory (MSL) rover Curiosity. ChemCam consists of two instruments: a 

LIBS spectrometer and a Remote Micro Imager (RMI). The LIBS provides microbeam 
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(80-250 µm radius) chemical analyses of materials of interest, while the RMI provides a 

telescopic context image for the LIBS sampling location (100 μrad resolution) (Wiens et 

al., 2011a). The ChemCam laser and telescope are installed on the rover mast ~2 m from 

the ground and can probe samples at standoff distances 1.5-7 m from the rover. The 

primary objective of Curiosity is to determine the past and present habitability of the 

martian surface and near-surface (Grotzinger, 2009). Habitability describes environments 

in which life as it is currently understood may exist; a key criterion for habitability is the 

presence of liquid water. Thus, the detection of water-formed materials and hydrated 

minerals will be of particular importance to MSL. The LIBS technique is well suited to 

these goals because it is sensitive to light elements such as H, O, and C. Because LIBS is 

sensitive to environmental conditions such as atmospheric composition and pressure (Arp 

et al., 2004; Radziemski et al., 2005), it requires calibration for materials in a specific 

environment in the laboratory. Here we use LIBS to examine naturally weathered rock 

samples in a simulated martian environment to better understand how to analyze and 

interpret weathered materials encountered by MSL on the surface of Mars.  

 

The formation of rock coatings and weathering rinds 

Weathering describes a range of processes that naturally occur on the surfaces of the 

Earth and other rocky planets that act to physically and chemically break down and alter 

surface materials. In chemical weathering, these changes are the result of interactions 

between the rocky surface and the atmosphere, aqueous solutions, and biological 

processes, amongst others. The chemical composition of a rock may be changed by either 

adding or removing elements; both are often the result of aqueous alteration, which can 
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act to both precipitate new materials as well as to leach more soluble elements from the 

rock. These processes lead to two distinct types of observable chemical weathering 

features on rock surfaces: coatings and rinds. Although they form in similar 

environments, coatings and rinds represent two distinct material types that provide 

complementary chemical information. 

 

Coatings develop when external materials are deposited over an existing rock surface, 

and are generally chemically unrelated to the host rock. There is a sharp contact between 

rock and coating, which is often quite thin (on the order of microns). A very common 

type of rock coating on the Earth is rock varnish, which forms dark, micron-scale 

coatings dominated by Mn- and Fe-oxides and clay minerals. Because it commonly 

occurs in arid regions with less plant life, rock varnish is often referred to as ‗desert‘ 

varnish in terrestrial literature, although it has also been observed in a number of other 

environments (Dorn, 1998). The exact formation process of rock varnish is still debated, 

but it appears that the Mn component may be controlled in part by microbial activity (e.g. 

Northup et al., 2010). The observed enrichments of Mn and Fe are likely derived from 

external materials with sources such as the atmosphere, wind-blown dust, and regional 

soils (Allen, 1978; Perry and Adams, 1978; Thiagarajan and Lee, 2004; Engel and Sharp, 

1958) rather than the composition of the host rock. The thickness of rock varnish often 

shows high spatial variability both regionally (Dorn, 1998) and even within a single thin 

section (Northup et al., 2010). 
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In contrast to coatings like rock varnish, weathering rinds are the result of element 

removal from the rock, leading to compositions that are similar to those of the 

unweathered rocks but depleted in elements that are most mobile. Mobility is dependent 

on a number of factors, in particular the solubility of the element in a certain fluid. As 

elements are removed, a gradational weathering front develops from the weathered 

exterior to the fresher, less altered interior of the rock. Weathering rinds have predicable 

compositions based on the chemistry of the parent rock and the aqueous alteration 

environment. By studying the compositional trends in weathering rinds, it is possible to 

understand the types of fluids to which the rock was exposed. The relative mobility of 

elements in a rock is dependent on many factors, in particular the amount of available 

water and its pH and Eh. For most groundwaters with pH ~4-9, the relative mobilities of 

major rock-forming elements are as follows from most to least mobile: 

 

(Ca
+2

, Mg
+2

, Na
+
) > K

+
 > Fe

+2
 > Si

+4
 > Ti

+4
 > Fe

+3
 > Al

+3
 

 

These relative mobilities can vary depending on mineralogy and bond strength (e.g. 

Chesworth et al., 1981) but are generally related to the ionic potential of the element, 

which is the ratio of ionic charge to ionic radius.  

 

Coatings and rinds are not mutually exclusive, and may form concurrently or separately 

in natural settings. Figure 4.1 shows a naturally weathered basalt from this study with 

both a coating and a rind; the coating appears as a dark pasted-on layer on the rock  

exterior, while the rind is visible below the coating as a lighter-toned region that grades  
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LIBS 

A Spectra-Physics Indi Nd:YAG laser operating at 1064 nm, a repetition rate of 10 Hz, 

and an energy of 17 ± 1 mJ/pulse was used to sample the surface material of the samples. 

The laser beam was focused on the sample surface at a 5 m standoff distance to simulate 

data collection from the rover on Mars. The samples were placed in a vacuum chamber 

filled with 7 Torr CO2 to simulate martian atmospheric pressure and general composition. 

Some of the plasma emission was collected with a telescope and then directed to a 

demultiplexer connected to three Ocean Optics HR2500+ spectrometers, spanning the 

wavelength regions 224.34-326.92 nm (UV), 384.02-472.53 nm (VIS), and 494.62-

932.89 nm (VNIR). Because this range is slightly greater than what ChemCam will use 

on Mars, a reduced range of 245-800 nm was used in this study. The integration time was 

set to 500 ms so that each LIBS spectrum represents the average of five laser shots. Ten 

such spectra were obtained on a single sampling location such that each subsequent shot 

samples at a greater depth than the one previous, creating a compositional depth profile. 

Samples were measured both on the interiors (fresh) and exteriors (weathered). All 

interior shots were averaged for a total of 50 shots per spot in order to provide a bulk 

composition for the fresh rock. To account for fluctuations in laser intensity, each 

spectrum was normalized to the total emission intensity. 

 

PCA 

In order to better understand how composition changes from the surface to the interior in 

the samples, the LIBS data were analyzed using principal component analysis (PCA). 
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PCA identifies the spectral variations found within depth profiles as well as between 

individual samples. With the correct training set, PCA can predict the rock type of the 

sample and also show chemical trends along depth profiles. Here, the training set consists 

of the Brammer basaltic reference materials. PCA models were made using the 

Fig. 4.2. Backscattered electron (BSE) images of the four basalt samples in thin section obtained by 

electron probe microanalysis (EPMA). Banded coatings are visible on the surfaces of all samples, with 

significant spatial variations in thickness. Brightness indicates elemental composition, with brighter 

tones indicating heavier elements. Darker toned void spaces are also visible just below the varnish, 

indicating the presence of a weathering rind in which mineral grains have begun to dissolve. All scale 

bars are 50 μm. (a) N2B. Varnish does not appear to form on the larger mineral grains at the surface, 

likely due to their smooth texture. (b) N3B. Varnish has filled in topographic irregularities and created 

a smoother surface texture on this sample. (c) N6B. Distinct bands of brighter and darker material in the 

varnish suggest multiple episodes of deposition during its formation. (d) W6B. This sample contains 

pockets of very thick varnish (center right) that are adjacent to regions with almost no varnish (center 

left).  

 



102 

 

commercially available Unscrambler statistical software. PCA is used here in lieu of 

other techniques capable of determining quantitative composition such as partial least 

squares (PLS) regression (e.g. Clegg et al., 2009), which would have required a suite of 

standards that encompassed the compositional range of the samples and most pertinently 

their coatings. 

 

Results 

 All samples had observable rock coatings of variable thickness at the 10s of microns 

scale as well as discernible rinds (Fig. 4.2). In BSE images, rock coatings appeared as 

bright layers pasted over the rock surface with an average thickness of ~10 μm, but which 

 
N2B 

 
N3B 

 
N6B 

 
W6B 

 

 

Average σ Average σ Average σ Average σ 

Mn 8.93 4.44 22.55 14.41 9.77 11.87 1.33 1.23 

Fe 11.22 1.09 10.27 5.23 12.33 8.39 11.94 9.32 

Al 15.02 2.82 5.55 7.85 10.83 4.38 10.33 2.40 

Si 15.07 1.92 17.72 2.41 17.40 11.74 24.14 5.30 

Mg 2.54 0.61 -- -- 2.45 1.57 0.65 1.12 

Ca 0.37 0.37 1.70 1.01 1.01 1.03 2.26 3.16 

Na 0.99 0.87 -- -- 0.92 0.75 -- -- 

K 2.42 0.58 1.03 1.46 1.23 0.16 1.48 1.11 

P 1.64 1.35 1.12 1.58 1.18 0.91 1.67 1.45 

Ti 0.40 0.35 1.47 0.53 0.58 0.56 1.16 0.92 

Ba -- -- -- -- 1.42 1.76 -- -- 

S -- -- -- -- 0.14 0.27 -- -- 

O 41.39 1.18 38.59 2.23 40.73 6.15 45.05 3.44 

      

Table 1. Compositional results for SEM quantitative EDS measurements on rock varnish found on 

basalt sample exteriors
a
 

a
Data are a combination of measurements on unprepared rock slab surfaces and carbon coated thin 

sections. Note the extremely high variability in rock coating composition even within a single sample, as 

indicated by the standard deviation. All values are in element %. 
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varied ~0-100 μm throughout the samples. Regions containing darker-toned void spaces 

were observed directly below the coating. Quantitative measurements of the samples‘ 

surface composition by SEM EDS show the presence of Mn, Fe, Al, Si, Ca, K, P, and Ti 

in all four samples (Table 1). Sample N6B also contained trace amounts of Ba and S. Not 

every sample had detections of Mg and Na. The surface compositions show extremely 

high variability depending on the sampling location, as indicated by the standard 

deviation values. This is consistent with the EPMA observations of variable coating 

thickness (Fig. 4.2), as well as previous work on rock varnish by Dorn (1998).  

 

Fig. 4.3. Principal component analysis (PCA) of rock sample depth profiles, interiors, and basaltic 

geochemical reference material standards (+).  Each depth profile is composed of 10 five-shot 

increments for a total of 50 laser shots. Fill hue gradient of data points indicates shot number, with 

darker points sampling closer to the surface and lighter points sampling deeper into the sample. The 

order of depth profile shots is also indicated by a connecting line. All sample exteriors plot first in the 

Mn and Ba region along PC1 in the negative direction; each subsequent shot group plots closer to the 

rock interiors in the Ca, Na, Mg region along PC1 in the positive direction. Only sample N6B comes 

close to its fresh rock composition at the end of the 50-shot depth profile; all other sample depth 

profiles end at compositions with less apparent Ca, Na, and Mg than their interior compositions. The 

PC2 axis is controlled in part by Ti in the negative direction, which is likely due to the Fe-Ti-oxide 

mineral found within the basalt. 
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The PCA model shows a systematic change in chemistry with depth for all four samples, 

with the deepest shots plotting closest to the rocks‘ fresh compositions (Fig. 4.3). The 

first two principal components, PC1 and PC2, account for 55% and 16% of the spectral 

variability, respectively, accounting for 71% of the total variability. This is a typical 

result for analyses of geological materials, which are elementally complex (Clegg et al., 

2009; Lasue et al., 2011). The loadings for PC1 and PC2 indicate that the peaks with the 

greatest influence in PC1 belong to Ca, Na, and Mg in the positive direction (+) and Mn 

and Ba in the negative direction (˗) and in PC2 to Ca and Na (+) and Mg and Ti (˗) (Fig. 

4.4). Major peaks for Mn, Ca, Na, and Mg show systematic changes in peak height with 

depth. Figure 4.5 shows the first 5-shot 

spectra and the interior spectrum for 

sample N6B with closeup views of peaks 

for Mn, Ca, Na, and Mg that include all 10 

spectra of the depth profile. Sample 

interiors plotted in the same general region 

as the basalt standards, while rock 

exteriors were distinct from them both.  

 

  

Fig. 4.4. X-loadings for PC1 (55%) and PC2 

(16%) by wavelength. The most influential 

peaks in PC1 belong to Ca, Na, Mg in the 

positive direction (+) and Mn, Ba in the negative 

direction (˗); the most influential peaks in PC2 

belong to Ca, Na (+) and Mg and Ti (˗). 
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Discussion 

The PCA model shows an enrichment of Mn in the samples‘ exteriors as compared to 

both their fresh rock compositions as well as the basaltic standards, suggesting the 

presence of a rock varnish. In addition to Mn, the model also indicates surface 

enrichments in Ba. While not a major constituent of rock varnish, Ba is typically found 

within the clay component of terrestrial rock varnishes. The SEM EDS results confirm 

Fig. 4.5. Comparison of the exterior and interior spectra of sample N6B. The first five-shot data point 

(grey, top) shows peaks for Mn and Ba (labeled) that do not appear in the interior spectrum (black, 

bottom). Although peaks for Ca, Na, and Mg appear in both the exterior and interior spectra, they are 

greatly increased in the interior, with additional peaks for Ca appearing there. A peak for Ti (labeled) 

appears in the interior and not the exterior, likely due to the presence of an Fe-Ti oxide phase within the 

basalt. This suggests that despite the presence of a Mn-rich varnish, this sample is likely still 

identifiable as a basalt from the exterior data. Closer views of major peaks for Mn, Ca, Na, and Mg 

show systematic trends in peak height with depth for these elements (note that intensity is not to scale 

on close views). The grey dashed line represents the first shots on the exterior while the black dashed 

line represents the spectrum of the fresh interior; lighter greys indicate earlier shots in the depth profile 

and darker greys indicate later shots. For Mn, peak height decreases with depth, whereas for Ca, Na, 

and Mg peak height increases with depth. 
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the presence of both Mn and Ba in the sample surfaces, suggesting that these are good 

elements to use for differentiating between varnished rock exteriors and interiors. The 

LIBS data also indicate the presence of an Mn-rich coating; the 257.5 nm Mn peak is 

highest in the rock exterior, decreases with depth, and is lowest in the interior shots (Fig. 

4.5).  

 

The PCA model also suggests depletion in Ca, Na, and Mg in all samples as compared to 

their interior compositions. This interpretation is strengthened by the systematic increase 

in peak heights with depth for these elements, pointing to enrichment in Ca, Na, and Mg 

further from the rock surface. Because these elements tend to be the most soluble in 

natural weathering environments, their lower abundances in the mid-depth shots is 

consistent with the presence of a weathering rind. Rinds are also indicated by the 

observation of darker void spaces below the coatings in BSE images, suggesting that the 

rocks‘ constituent minerals have begun to dissolve and lose their more soluble cations in 

these regions. 

 

Although the entire coating appeared to be removed in all samples, there was no abrupt 

transition between coatings and rinds in our results. The total depth into the sample made 

by the LIBS analyses was not directly measured. However, the ChemCam LIBS profiles 

at ~0.33-0.5 μm per pulse in basalts (Wiens et al., 2011a) and the profiling rate in this 

laboratory setup may have been slightly higher; this is consistent with removing ~10 μm 

coatings and additional amounts of weathering rinds. All samples showed compositional 

changes from the exterior to the interior such that they moved from the Mn and Ba 
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enriched region toward the Ca, Na, Mg dominated region in PCA space, suggesting a 

transition from coating to rind. This transition is also inferred from the systematic 

changes in certain LIBS peak heights with depth; Mn peak height decreases with depth 

while peak heights for Ca, Na, and Mg increase with depth. The final compositions from 

the near-surface spectra of samples N6B and W6B plotted close to the field of basalt 

standards along the PC1 positive axis (+), suggesting that the depth profiles for these 

samples penetrated through a larger amount of rind than the profiles for samples N3B and 

N3B. For sample N6B, there was a relatively large change between the first two five-shot 

data points as compared to other samples (Fig.4.3), which may indicate that most of the 

coating was analyzed in the first point in the profile. The first data point for W6B starts 

closer to the mean along the PC1 axis than other samples, which may be an indication of 

a thinner coating in the sampling location. This is consistent with the BSE data of W6B 

in which a section of very thick coating is adjacent to a region with little to no coating 

(Fig.4.2). In general, all sample coatings showed significant variability in thickness over 

relatively short distances within each sample, and so coatings and rinds were likely often 

analyzed simultaneously. Additionally, the five-shot averages may have somewhat 

obscured any sudden compositional changes with depth. However, our results suggest 

that for this sample suite, such changes may not be discernable even between single 

shots. 

 

The 50-shot depth profile reached a composition similar to the fresh rock in only one 

sample, N6B. The final five shots of this sample plot in almost the same location along 

the PC1 axis (Fig.4.3), suggesting that Ca, Na, and Mg are no longer depleted at this 
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depth as compared to the fresh rock composition and that the weathering rind has been 

penetrated. Although the composition at this depth appears to be enriched in Mg and Ti in 

this model, this is likely due to the laser hitting an Mg-rich mineral grain such as olivine 

or pyroxene (Mg) or the Fe-Ti-oxide in the sample rather than a difference in bulk 

composition. For the other three samples, 50-shot depth profiles did not appear to be 

sufficient to reach a fresh rock composition. Because these samples have fairly thin 

coatings and rinds, these results suggest that it may be necessary to use more laser shots 

to do depth profiles on Mars, and that it may not be possible to directly measure fresh 

rock in some cases. However, it may still be possible to model its composition from a 50-

shot depth profile even without a fresh rock composition. Although there are clearly 

compositional differences between rock exteriors and interiors, rocks with coatings and 

rinds may still be classified by rock type in LIBS data with PCA. Previous work on 

basaltic and sedimentary samples found that 50-shot averages of rock interiors and their 

weathered exteriors did not occupy exactly the same region in PCA space but did always 

plot by rock type overall (Lanza et al., 2010b). Examining the LIBS spectra here, it 

appears that the bulk rock composition is manifested to a large degree even in the 

presence of surface coatings. Figure 4.5 shows the average of the first five shots taken at 

the surface of N6B along with its interior composition. Although the exterior shows 

enrichment in Mn and Ba, the major peaks for Ca, Na, and Mg are present in both. From 

the exterior to the interior, the peaks for Mn and Ba disappear while the peaks for Ca, Na, 

and Mg increase; no additional major peaks for other elements appear or disappear. As a 

result, this material would likely be recognizable as a basalt even from surface 

measurements only. Additional geochemical modeling may allow for a more precise 
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prediction of fresh rock composition. Such modeling is beyond the scope of this paper 

but represents an important direction for future studies.  

 

Implications for MSL 

Our results demonstrate that the composition of rock varnish coatings and weathering 

rinds may be differentiated from that of fresh rock by LIBS. In addition, depth profiling 

revealed compositional changes in the sample suite that are consistent with the 

development of a coating and a rind. For every sample, 50 LIBS shots were enough to 

remove rock varnish coatings of variable thickness up to ~100 μm. Our results suggest 

that even thin weathering fronts on the order of microns at rock surfaces will affect 

measured compositions, and 50 laser shots may not be enough to reach fresh rock. 

However, with careful study of the compositional changes found within depth profiles of 

rocks encountered in situ, the ChemCam LIBS will be able to provide important 

information about the types of weathering processes that have occurred in that location as 

well as potentially accessing fresh rock material for chemical analysis.  
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