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1 Scientific aspects 
 

1.1 Introduction 

1.1.1 Background and goals 

About 40,000 tons extraterrestrial material in the form of cosmic dust and meteorites fall on the 

Earth per year. The masses of these objects vary from micrograms (dominant) to several tons (very 

rare). For the next future, a protection against catastrophic impacts is not realistic; however, a better 

understanding of the composition of asteroids and extraterrestrial particles is a fundamental goal in 

science. Small samples, in the form of cosmic dust with sizes around 200 µm, currently dominate the 

incoming mass flux of extraterrestrial matter. These particles are constituted of minerals embedded in 

a small fraction of carbonaceous matter. They are related to the relatively rare meteorite family of car-

bonaceous chondrites and probably, in some cases, also to comets.  

This extraterrestrial material has preserved the record of the formation of the solar system, thus 

it has escaped planetary accretion and still represents the pristine material from which larger bodies, 

like planets, have been built about 4.5 × 109 years ago. Carbonaceous chondrite-like objects (sub-

millimeter cosmic dust and carbonaceous meteorites) contain hydrous minerals, and their impact could 

have brought a large proportion of the current water on the early Earth, about 4 × 109 years ago [1-3]. 

They contain a few weight percent of carbon in form of "organic" matter, which is a very complex 

mixture of highly diverse organic compounds [4-6]. This organic material was synthesized by abiotic 

processes on their parent body [7,8]. Carbonaceous chondrite matter delivered organic substances that 

could have acted as building blocks for the formation of life on Earth (prebiotic matter).  

Meteorite research is complementary to comet research. Comets are believed to have best pre-

served the composition of the initial solar material, as they are stored very far from the Sun and thus 

escaped planetary accretion and thermal or aqueous alteration. They contain water ice, minerals, and 

organics. Samples brought back by the STARDUST mission (NASA) in 2006 from comet 81P/Wild 2 

showed that the rocky component of this comet has striking similarities with carbonaceous chondrites 

[9-13]. Some cosmic dust samples collected in the stratosphere or in Antarctic snow have also been 

proposed as cometary material [14-16]. 
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In 2014, the Rosetta space mission by the European Space Agency (ESA) will make a close inspec-

tion of comet 67P/Churyumov-Gerasimenko. A lander will be delivered on the comet nucleus, and the 

cometary environment will be analysed with various instruments on the orbiter. The orbiter includes 

COSIMA (COmetary Secondary Ion Mass Analyzer), which is a reflectron time-of-flight secondary 

ion mass spectrometer (TOF-SIMS) that will analyze the composition of solid particles emitted by the 

comet and will provide ground truth on the possible link between cometary matter and primitive mete-

orites, such as carbonaceous chondrites.  

This project proposes a novel approach to study the chemical composition of meteorites, with 

the perspective of the analyses of material from comet 67P/Churyumov-Gerasimenko by Roset-

ta. We will use a COSIMA twin instrument - the so called Reference Model (COSIMA-RM) at the 

Max Planck Institute for Solar System Research in Katlenburg-Lindau, Germany - to characterize the 

composition of carbonaceous and ordinary chondrites, combined with multivariate statistical data 

analysis (chemometrics). The aim is to get more insight into the chemical composition of these mete-

orites and, especially, to obtain a better understanding for comparing the laboratory analyses of refer-

ence samples with the expected analyses of comet dust. Some TOF-SIMS data from organic and inor-

ganic compounds are already available from comet Wild 2 samples, measured by a high-performance 

laboratory instrument [17-20]. 

The COSIMA-RM analyses will be complemented by TOF-SIMS analyses at high mass resolution 

and high spatial resolution, by LDI (laser desorption ionization) mass spectrometry in the imaging 

mode with MS/MS capability, and by IR and Raman microscopic measurements. A concerted evalua-

tion of these multivariate data from sample surfaces is promising for the characterization of compound 

classes and the composition of meteorite matter.  

1.1.2 Meteorites, comets, and the origin of life on Earth 

The Earth accreted about 4.5 × 109 years ago, and was probably left as a dry planet after the Moon-

forming impact [21]. Water was brought later by extraterrestrial carbonaceous chondrite-like matter, in 

the form of small planetesimals and cosmic dust [1,3] and, possibly, comets [2]. Life probably ap-

peared on Earth about 3.5 × 109 years ago [22]. A widely accepted model for the origin of life starts 

with an abiotic production of organic molecules, followed by chemical evolution in the presence of 

liquid water [23]. Carbonaceous chondrites and cosmic dust particles - originating from the outer re-

gions of the asteroid belt - are representative of the meteorites that could have brought the building 

blocks of life on Earth. Comets are considered to be quantitatively richer in organic compounds than 

carbonaceous chondrites, and could have contributed essentially to the prebiotic matter budget [24]. 

Some classes of carbonaceous chondrite meteorites could even have cometary origin [25-27]. Results 

from the STARDUST mission suggest a continuum between asteroids and comets, stressing the need 

to better characterize meteorites and establish a link with cometary matter - as planned in this project. 
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1.1.3 TOF-SIMS 

Time-of-flight mass spectrometry (TOF-SIMS) has become an increasingly important tool in geo- and 

cosmochemistry laboratories, as it gives information on the organic as well as inorganic species of a 

sample [28,29] at lateral resolutions of 70 m to below 1 m. Comet material brought back by the 

NASA STARDUST mission has been investigated by TOF-SIMS [18-20], finding that in general, the 

cometary particles resemble carbonaceous chondrites and anhydrous chondritic porous interplanetary 

dust particles (containing e.g., olivine, pyroxene, iron sulfide and carbon containing substances).  

TOF- SIMS is sometimes claimed not to be very sensitive to some classes of organics, but on the other 

hand TOF-SIMS spectra often show spurious organic compounds in a sensitivity range not achieved 

by IR or RAMAN [30]. One of the aims of this project is the investigation of the capability of TOF-

SIMS for characterizing organic compounds present in mixtures with minerals, and a comparison with 

the related technique LDI-MS (see 1.1.4). 

The COSIMA instrument and its twin (to be used in this project) have a spatial resolution of about 

70 m and a mass range up to 3000 Dalton with a mass resolution allowing the separation of inorganic 

and organic ions up to about 120 Dalton. Mass analyzer is a time-of-flight device in the reflectron 

mode. Supplementary TOF-SIMS measurements on meteorite samples will be made with a high per-

formance laboratory instrument ION-ToF 4 (mass resolution ca 10,000; spatial resolution ca 1 m). 

1.1.4 LDI-MS in the imaging MS mode and LDI-MS/MS 

Laser desorption ionization mass spectrometry (LDI-MS) [31] can be considered as the forerunner of 

the Nobel-prize-honored technique MALDI (matrix-assisted laser desorption ionization) [32] but has 

also its own development and impact. It belongs to the large group of SIMS techniques and uses either 

an UV-laser or a far IR-laser as primary beam for desorption and ionization of organic molecules from 

the top-layers of solid samples. It allows desorption and ionization of organic molecules as molecular 

ions up to masses of approximately 2000 Da in underivatized form (intact molecular species). The 

method is very sensitive down to a few atto-moles for organic, polar compounds; furthermore it can be 

used for the detection of positive as well as negative molecular ions, and produces highly reproducible 

isotope patterns. With a UV laser beam diameter between 10 and 60 µm, the lateral distribution of mo-

lecular ions of known molecules and even unknown species can be determined (one mass spectrum 

per 10 µm diameter) and these ion intensity images can be overlaid with light microscopic images. 

Thus a localization of minerals and organic molecules in meteorite samples at a 10 to 60 µm scale will 

be possible [33,34].  

The combination of LDI with high energy (20 keV) collision activated ion decomposition [35,36] real-

izes MS/MS via a combination of a linear TOF analyzer (MS 1) and a timed ion selector, followed by 

a gas (He) collision chamber and a reflectron TOF analyzer (MS 2). This technique allows the genera-

tion of characteristic fragment ion patterns (a kind of unique molecular finger print) from selected 
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ions, and thus enhances the identification or characterization of compounds. This method seems to be 

very useful for a substance class specific analysis of meteorites, and will be explored in this project. 

Furthermore, LDI-MS is a complementary technique for meteorite analysis to the already used ESI-

FTICR-MS instrument [6]. The later works with very high mass resolution (ca 106), however, is re-

stricted to soluble substances and does not allow imaging. LDI-MS is capable to see insoluble, organic 

compounds with high sensitivity, and can localize certain compounds for correlating their presence 

with light microscope images and the mineral composition. An essential fact for planning this part of 

the project is the availability of an LDI-MS machine - and high expertise [37] - in the laboratory of 

project contributor G. Allmaier. No appropriate FT-ICR-MS instrument (price >106 Euro for an ultra-

high-field instrument with >10 Tesla) is running in Austria and including this working area would de-

fine a very different project - far away from supporting the evaluation/comparison of Rosetta data. 

1.1.5 IR micro spectroscopy and imaging spectroscopy 

Infrared (IR) micro spectroscopy and imaging spectroscopy have been widely used for the analysis of 

complex organic and inorganic composite terrestrial matter such as biological based materials [38,39], 

and minerals [40]. IR spectroscopy is also a very useful technique to characterize the minerals and the 

organic compounds in micrometeorites, meteorites and comets [41-44], as well as in astronomical ob-

servations of distant objects [45,46]. IR intensity images can be prepared and overlaid with light mi-

croscopic pictures. 

Project contributor M. Schwanninger has broad experience in IR spectroscopy and micro spectroscopy 

of wood and plant materials together with chemometrics [47-50]. This is beneficial for the project, as 

these materials are complex mixtures, not unlike meteorite samples. IR band assignments of minerals 

[51] and of meteorites [52] in particular are available in the literature and vibrational spectroscopy fea-

tures of olivines have been reviewed recently [53]. 

1.1.6 Raman spectroscopy 

The method is non-destructive (if the laser power is adjusted correctly) and the sample preparation is 

the same as for TOF-SIMS. Raman identifies qualitatively (and in some cases quantitatively) the spec-

tral features of most minerals of interest such as pyroxene and olivine as well as organic compounds 

and amorphous carbon [54,55]. 

IR and Raman imaging data together with corresponding mass spectral data - combined by chemomet-

ric methods - are very promising for the development of new strategies to characterize the chemical 

composition of complex surfaces such as that of meteorites. 

1.1.7 Chemometrics 

Probably the first application of chemometric methods [56] to TOF-SIMS data from minerals has been 

published 2006 [57] by members of the COSIMA team and collaborators of this project: see Figure 1. 

Samples of the minerals serpentine, enstatite, olivine, and talc have been used as proxies for minerals 
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existing in extraterrestrial matter. Mass spectral peaks from inorganic ions could be selected in the 

spectra due to a sufficient high mass resolution, and their intensities have been used as variables for 

characterizing mineral classes. Cluster analysis by principal component analysis (PCA) and related 

methods showed a good separation of these mineral classes.  

In a preliminary experiment [58] 149 spectra from 16 mineral classes (relevant for meteoritic and 

cometary material) have been measured with the COSIMA twin instrument. Table 1 shows classifica-

tion performances for the mineral classes (olivin, clino- and orthopyroxene could not be separated) be-

tween 78 and 100% with a mean of 96.7%, by applying KNN classification with a strict evaluation of 

the performance by repeated double cross validation [56,59]. These results are promising for applica-

tion of the same method to meteorite samples.  

Recently, Varmuza, et al. [60] applied the method random projection (introduced into chemometrics 

2010 by Varmuza, et al. [61]) to TOF-SIMS data from scanning experiments on mineral grains that 

have been used as calibration samples for cometary dust particles.  

Great attention will be paid on a careful and cautious ("conservative") evaluation of the developed 

empirical models. This will be based on extensive experiences with the development of the strategy 

"repeated double cross validation" by collaborator P. Filzmoser et al. [59]. Application of various vari-

able selection methods and their strict evaluation (see recent work by K. Varmuza et al. [62]) will sup-

port the interpretation of model parameters in terms of the underlying chemistry. 

An important fact for mass spectral data has often been overlooked, namely their compositional char-

acter. That means that usually only ratios of peak intensities are relevant and adequate mathematical 

data transformation methods are required [63]. Considering the compositional nature of TOF-SIMS 

data, and development of appropriate methods will be an important aspect in this project. Extensive 

experiences in this area by collaborator P. Filzmoser [63,64] is noted. 

 

Figure 1. PCA score plot [57] using as variables the intensities of three selected peaks (24Mg+, 28Si+, 
and 56Fe+ + 28Si2

+) from TOF-SIMS spectra. Peak intensities are normalized to a constant sum in each 
spectrum. First and second principal components preserve 75.7% and 24.3% of the total variance, re-
spectively. The mineral classes are well separated; bold face arrows indicate two serpentine outliers. 
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Table 1. Classification results for mineral reference samples. Data: n = 149 TOF-SIMS spectra from 
16 mineral classes; m = 39 peaks heights (normalized to sum 100) used as variables; KNN classifica-
tion with evaluation by repeated double cross validation [59] (k = 1 optimal, Euclidean distance). (*) is 
the mean of the 16 values for % correct classified [58].  
 

Mineral class  No. of spectra  % correct classified 
 
albite       8    96.4 
calcite    10  100 
corundum    10    99.0 
dolomite     8    78.2 
fayalite    10  100 
hypersthene     9  100 
ilmenite   10  100 
magnetite     9    95.0 
nepheline     8  100 
orthoclase      8    98.9 
olivine, clino/ortho-pyroxene 24  100 
plagioclase     8  100 
richterite     6    99.0 
smectite     7    90.9 
sphalerite      5    99.0 
pyrite       9    93.8 

sum, mean   149    96.7  (*) 

 

The expected data sets will contain spectra of different types (SIMS, LDI, LDI-MS/MS, IR, Raman) 

for each measured position (typically, measurements at positions of rectangular grids 5×5 to 10×10 

will be made on sample surfaces. Such data are complex and the relevant chemical information could 

be masked by the analytical method itself but also by mixtures present in the samples. Because the 

combination of such data sets is rather new, in the first step a "data-driven" strategy will be applied; 

that means "exploratory data analysis methods" will be used first to detect potential chemistry-relevant 

information in the data. In a next step, "supervised methods" for the development of classification and 

calibration models will be tested with reference data from well defined samples. Own extensive expe-

riences with the application of chemometric methods to electron impact (EI) and SIMS mass spectra 

from organic and mineral matter is a good fundament for successful applications to multi-source data 

measured on meteorites.  

The project leader together with collaborator P. Filzmoser published 2009 a book [56] about chemo-

metrics in which the first time the programming environment R (an open source activity with rapidly 

increasing importance in science and technology) has been intensively used in chemometrics. In this 

project, the instrument data will be imported into R and all further software development done in R. 

For tests and comparisons, as well as for easy transformation of spectral data formats, the widely used 

commercial software "The Unscrambler" (Camo Software, Norway) will be used. 
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Figure 2 shows the planned work flow, and Table 2 summarizes the characteristics of the surface anal-

ysis methods to be applied. 

 

 

Figure 2. Scheme of the project work flow. 

 

 

Table 2. Characteristics of the surface analysis methods 

Method Spatial 
resolution 

In vacuum Inorganics Organics Isotope 
abund. 

Selective signals for sub-
stance classes 

TOF-SIMS 
COSIMA 

70 m yes yes yes yes inorganic/organic ions 
up to ca 70 Dalton 

TOF-SIMS 
ION-ToF 4 

1 m yes yes yes yes molecular formulae 

LDI-MS, 
LDI-MS/MS 

10 - 60 
m 

yes yes yes yes ion fragmentation 
pathways 

IR micro-
scope 

50 - 100 
m 

no yes yes no functional groups (or-
ganics), minerals 

Raman mi-
croscope 

30 m no yes yes no functional groups (or-
ganics), minerals 
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1.5 Summary of project goals 

This interdisciplinary and international project (guided by research groups in Austria) will follow a 

novel approach to study the chemical composition of meteorites, with the perspective of the analyses 

of dust particles from a comet by the time-of-flight secondary ion mass spectrometer (TOF-SIMS) 

COSIMA onboard of the ESA mission Rosetta (2014 - 2015). 

Carbonaceous and ordinary chondrite meteorite grains will be analyzed by 

- a COSIMA twin instrument and a high-performance TOF-SIMS instrument; 

- laser desorption ionization (LDI) mass spectrometry (including MS/MS) and imaging mode; 

- IR and Raman microscopy.  

A concerted chemometric evaluation of the data from these instruments  

- will give a better knowledge about the chemical information content of the expected COSIMA 

comet data; 

- will provide insight into relationships between data blocks of the different methods (multivariate 

multi-source data) applied for surface analyses, and their capabilities - when used together - 

for characterization of meteorites and other solid surfaces with complex compositions; 

- will give new results about the chemical composition of chondritic meteorites (minerals, organics 

and their relationships) - and together with the expected Rosetta data a better understanding 

of the links between comets and meteorites. 

More specific goals are: 

- development of a chemical analytical strategy for characterizing meteorite grains, based on TOF-

SIMS, LDI-MS and high energy CID, IR-, and Raman-microscopy; 

- development of data evaluation methods (chemometrics) for these data allowing a joint or sepa-

rate interpretation, based on multivariate data analysis (with software development in R); 

- development of methods for mass spectral data considering their compositional character; 

- development of multivariate classification methods for the recognition of different classes of 

chondrite meteorites by mass spectral, IR and Raman data; 

- database with mass spectral, IR and Raman data from the measured meteorite samples allowing a 

comparison with future measurements from other meteorites or from comet samples.  

 

 

References 

 

[1] R. Gomes, H.F. Levison, K. Tsiganis, A. Morbidelli: Origin of the cataclysmic Late Heavy Bom-
bardment period of the terrestrial planets, Nature 435 (2005) 466-469. 

[2] P. Hartogh, et al.: Ocean-like water in the Jupiter-family comet 103P/Hartley 2, Nature advance 
online publication (2011)  
http://www.nature.com/nature/journal/vaop/ncurrent/abs/nature10519.html#supplementary-
information. 



project_FWF_selected_topics.doc                CoMeCS Project K. Varmuza                                               Page 9

[3] M. Maurette, M. Gounelle, J. Duprat, C. Engrand, G. Matrajt: The early-micrometeorites-accretion 
scenario and the origin of the Earth's hydrosphere. In Bioastronomy '99 - A New Era in Bioas-
tronomy. Edited by. Koala Coast, Hawaii: ASP Conference Series; 2000:263-283. [G. Le-
marchand, K. Meech (Series Editor), vol 213.]. 

[4] G. Danger, et al.: Characterization of laboratory analogs of interstellar/cometary organic residues 
using very high resolution mass spectrometry, Geochimica et Cosmochimica Acta 118 (2013) 
184-201. 

[5] S. Pizzarello, S.K. Davidowski, G.P. Holland, L.B. Williams: Processing of meteoritic organic ma-
terials as a possible analog of early molecular evolution in planetary environments, PNAS 110 
(2013) 15614-15619. 

[6] P. Schmitt-Kopplin, Z. Gabelica, R.D. Gougeon, A. Fekete, B. Kanawati, M. Harir, I. Gebefuegi, 
G. Eckel, N. Hertkorn: High molecular diversity of extraterrestrial organic matter in Murchi-
son meteorite revealed 40 years after its fall, Proceedings of the National Academy of Scienc-
es 107 (2010) [7] 2763-2768 10.1073/pnas.0912157107. 

[7] S. Derenne, F. Robert: Model of molecular structure of the insoluble organic matter isolated from 
Murchison meteorite, Meteoritics and Planetary Science 45 (2010) 1461-1475. 

[8] S. Pizzarello, G.W. Cooper, G.J. Flynn: The nature and distribution of the organic material in car-
bonaceous chondrites and interplanetary dust particles, in:  (Ed.), Meteorites and the Early So-
lar System II, 2006, pp. 625-651. 

[9] D. Brownlee, et al.: Comet 81P/Wild 2 under a microscope, Science 314 (2006) 1711-1716. 
[10] T. Nakamura, et al.: Chondrule-like objects in short-period comet 81P/Wild 2, Science 321 

(2008) [5896] 1664-1667 10.1126/science.1160995. 
[11] T. Nakamura, A. Tsuchiyama, T. Akaki, K. Uesugi, T. Nakano, A. Takeuchi, Y. Suzuki, T. No-

guchi: Bulk mineralogy and three-dimensional structures of individual Stardust particles de-
duced from synchrotron X-ray diffraction and microtomography analysis, Meteoritics & Plan-
etary Science 43 (2008) [1-2] 247-259. 

[12] S.B. Simon, et al.: A refractory inclusion returned by Stardust from comet 81P/Wild 2, Meteorit-
ics and Planetary Science 43 (2008) 1861-1877. 

[13] M. Zolensky, et al.: Mineralogy and Petrology of Comet Wild2 Nucleus Samples - Final Results 
of the Preliminary Examination Team, MAPS 41 suppl. (2006) A167. 

[14] J. Duprat, et al.: Extreme deuterium excesses in ultracarbonaceous micrometeorites from central 
Antarctic snow, Science 328 (2010) [5979] 742-745 10.1126/science.1184832. 

[15] H.A. Ishii, J.P. Bradley, Z.R. Dai, M. Chi, A.T. Kearsley, M.J. Burchell, N.D. Browning, F. Mol-
ster: Comparison of comet 81P/Wild 2 dust with interplanetary dust from comets, Science 319 
(2008) 447-. 

[16] H.A. Ishii, S. Brennan, J.P. Bradley, K. Luening, K. Ignatyev, P. Pianetta: Recovering the ele-
mental composition of comet Wild 2 dust in five Stardust impact tracks and terminal particles 
in aerogel, Meteoritics & Planetary Science 43 (2008) [1-2] 215-231. 

[17] J. Leitner, T. Stephan, A.T. Kearsley, F. Hoerz, G.J. Flynn, S.A. Sandford: TOF-SIMS analysis of 
crater residues from Wild 2 cometary particles on Stardust aluminum foil, Meteoritics & Plan-
etary Science 43 (2008) [1-2] 161-185. 

[18] T. Stephan: Assessing the elemental composition of comet 81P/Wild 2 by analyzing dust collect-
ed by Stardust, Space Science Reviews 138 (2008) [1] 247-258. 

[19] T. Stephan, G.J. Flynn, S.A. Sandford, M.E. Zolensky: TOF-SIMS analysis of cometary particles 
extracted from Stardust aerogel, Meteoritics & Planetary Science 43 (2008) 285-298 
DOI:10.1111/j.1945-5100.2008.tb00623.x. 

[20] T. Stephan, et al.: TOF-SIMS analysis of cometary matter in Stardust aerogel tracks, Meteoritics 
& Planetary Science 43 (2008) 233-246. 

[21] F. Albarede: Volatile accretion history of the terrestrial planets and dynamic implications, Nature 
461 (2009) [7268] 1227-1233. 

[22] J.W. Schopf: Fossil evidence of Archeaen life, Philos. Trans. R. Soc. Lond B Biol. Sci. 361 
(2006) [1470] 869-895. 

[23] A.I. Oparin: The origin of life, MacMillan, New York, 1936. 
[24] P.J. Thomas, R.D. Hicks, C.F. Chyba, C.P. McKay (Ed): Comets and the origin and evolution of 

life. Berlin-Heidelberg: Springer, 2006. 



project_FWF_selected_topics.doc                CoMeCS Project K. Varmuza                                               Page 10

[25] M. Gounelle, P. Spurny, P.A. Bland: The orbit of the Orgueil meteorite from historical records, 
MAPS 39 (2004) #5174. 

[26] H.Y. McSween, Jr. , P.R. Weissman: Cosmochemical implications of the physical processing of 
cometary nuclei, Geochimica et Cosmochimica Acta 53 (1989) 3263-3271. 

[27] M.E. Zolensky, G. Briani, M. Gounelle, T. Mikouchi, K. Ohsumi, M.K. Weisberg, L. Le, W. Sa-
take, T. Kurihara: Searching for chips of Kuiper Belt objects in meteorites, LPSC XL (2009) 
#2162 (CD-ROM). 

[28] T. Stephan: TOF-SIMS in cosmochemistry, Planetary and Space Science 49 (2001) 859-906 
DOI:10.1016/S0032-0633(01)00037-X. 

[29] V. Thiel, P. Sjövall: Using time-of-flight secondary ion mass spectrometry to study biomarkers, 
Annu. Rev. Earth Planet Sci. 39 (2011) 125-156. 

[30] T. Stephan, E.K. Jessberger, C.H. Heiss, D. Rost: TOF-SIMS analysis of polycyclic aromatic hy-
drocarbons in Allan Hills 84001, Meteoritics & Planetary Science 38 (2003) 109-116. 

[31] M. Karas, F. Hillenkamp: Laser desorption ionization of proteins with molecular masses exceed-
ing 10,000 daltons, Anal. Chem. 60 (1988) 2299–2301. 

[32] K. Tanaka: The origin of macromolecule ionization by laser irradiation (Nobel Lecture), Angew. 
Chem. Intern. Ed. 42 (2003) 3860-3870. 

[33] L.A. Klerk, A. Broersen, I.W. Fletcher, R. van Liere, R.M.A. Heeren: Extended data analysis 
strategies for high resolution imaging MS: New methods to deal with extremely large image 
hyperspectral datasets, Int. J. Mass Spectrom. 260 (2007) 222-236. 

[34] A. Svatos: Mass spectrometric imaging of small molecules, Trends Biotechn. 28 (2010) 425-434. 
[35] T.J. Cornish, R.J. Cotter: A curved-field reflectron for improved energy focusing of product ions 

in time-of-flight mass spectrometry, Rapid Commun. Mass Spectrom. 7 (1993) 1037. 
[36] E. Pittenauer, G. Allmaier: High energy collision induced dissociation of biomolecules: MALDI-

TOF/RTOF mass spectrometry in comparison to tandem sector mass spectrometry, Combina-
torial Chemistry & High Throughput Screening 12 (2009) 137-155. 

[37] C. Gabler, E. Pittenauer, N. Dörr, G. Allmaier: Imaging of a tribolayer formed from ionic liquids 
by laser desorption/ionization-reflectron time-of-flight mass spectrometry, Anal. Chem. 84 
(2012) 10708-10714. 

[38] R. Salzer, H.W. Siesler: Infrared and Raman spectroscopic imaging, Wiley-VCH, Weinheim, 
Germany, 2009. 

[39] S. Sasic, Y. Ozaki: Raman, infrared, and near-infrared chemical imaging, Wiley, Hoboken, NJ, 
USA, 2011. 

[40] H.J. Jung, M.A. Malek, J.Y. Ryu, B.W. Kim, Y.C. Song, H.K. Kim, C.U. Ro: Specification of in-
dividual material particles of micrometer size by combined use of attenuated total reflectance-
Fourier transform-infrared imaging and quantitative energy-dispersive electron probe X-ray 
microanalysis techniques, Anal. Chem. 82 (2010) 6193. 

[41] P. Beck, E. Quirico, G. Montes-Hernandez, L. Bonal, J. Bollard, F.R. Orthous-Daunay, K. How-
ard, B. Schmitt, O. Brissaud: Hydrous mineralogy of CM and CI chondrites from infrared 
spectroscopy and their relationship with low albedo asteroids, LPSC XLI (2010) #1586. 

[42] R. Brunetto, et al.: Mid-IR, Far-IR, Raman micro-spectroscopy, and FESEM-EDX study of IDP 
L2021C5: Clues to its origin, Icarus 212 (2011) [2] 896-910 10.1016/j.icarus.2011.01.038. 

[43] F.R. Orthous-Daunay, E. Quirico, P. Beck, O. Brissaud, B. Schmitt: Structural and functional mi-
cro-infrared survey of pristine carbonaceous chondrites insoluble organic matter, LPSC XLI 
(2010) #1803. 

[44] S.A. Sandford, et al.: Organics captured from comet 81P/Wild 2 by the Stardust spacecraft, Sci-
ence 314 (2006) 1720-1724. 

[45] E. Dartois, T.R. Geballe, T. Pino, A.T. Cao, A. Jones, D. Deboffle, V. Guerrini, P. Brechignac, L. 
D'Hendecourt: IRAS 08572+3915: Constraining the aromatic versus aliphatic content of inter-
stellar HACs, Astronomy and Astrophysics 463 (2007) 635-640. 

[46] K. Kitazato, et al.: Near-infrared spectrophotometry of Asteroid 25143 Itokawa from NIRS on the 
Hayabusa spacecraft, Icarus 194 (2008) [1] 137-145. 

[47] K. Fackler, M. Schwanninger: How spectroscopy and microspectroscopy of degraded wood con-
tribute to understand fungal wood decay, Appl. Microbiol. Biot. 96 (2012) [3] 587-599 doi: 
10.1007/s00253-012-4369-5. 



project_FWF_selected_topics.doc                CoMeCS Project K. Varmuza                                               Page 11

[48] K. Fackler, J.S. Stevanic, T. Ters, B. Hinterstoisser, M. Schwanninger, L. Salmén: Localisation 
and characterisation of incipient brown-rot decay within spruce wood cell walls using FT-IR 
imaging microscopy, Enzyme and Microbial Technology 47 (2010) 257-267. 

[49] K. Fackler, J.S. Stevanic, T. Ters, B. Hinterstoisser, M. Schwanninger, L. Salmén: FT-IR imaging 
microscopy to localise and characterise simultaneous and selective white-rot decay within 
spruce wood cells, Holzforschung 65 (2011) 411-420. 

[50] N. Gierlinger, L. Goswami, M. Schmidt, I. Burgert, C. Coutand, T. Rogge, M. Schwanninger: In-
situ FT-IR microscopic study on enzymatic treatment of poplar wood cross-sections, Biom-
acromolecules 9 (2008) 2194-2201. 

[51] J.W. Salisbury, L.S. Walter, N. Vergo: Infrared (2.1-25 µm) spectra of minerals, The John Hop-
kins University Press, Baltimore and London, 1991. 

[52] J.W. Salisbury, L.S. Walter, N. Vergo: Mid-infrared (2.5 – 13.5 µm) reflectance spectra of pow-
dered stony meteorites, Icarus 92 (1991) 280-297. 

[53] V.E. Hamilton: Thermal infrared (vibrational spectroscopy of Mg-Fe olivines: A review and ap-
plications to determinig the composition of planetary surfaces, Chemie der Erde 70 (2010) 7-
33. 

[54] M. Hilchenbach, T. Lang, J. Neumann, N. Tarcea: Analysis of mineral soil analog samples with a 
pulsed UV-laser source, 41st Lunar and Planetary Science Conference, March 1-5, 2010, The 
Woodlands, Texas, USA. LPI Contribution No. 1533 (2012) 1170. 

[55] N. Tarcea, T. Frosch, P. Rösch, M. Hilchenbach, T. Stuffler, S. Hofer, H. Thiele, R. Hochleitener, 
J. Popp: Raman spectroscopy—A powerful tool for in situ planetary science, Space Sciences 
Series of ISSI 25 (2008) 281-292 DOI: 10.1007/978-0-387-77516-6_20. 

[56] K. Varmuza, P. Filzmoser: Introduction to multivariate statistical analysis in chemometrics, CRC 
Press, Boca Raton, FL, USA, 2009. 

[57] C. Engrand, J. Kissel, F.R. Krueger, P. Martin, J. Silén, L. Thirkell, R. Thomas, K. Varmuza: 
Chemometric evaluation of time-of-flight secondary ion mass spectrometry data of minerals in 
the frame of future in situ analyses of cometary material by COSIMA onboard ROSETTA, 
Rapid Commun. Mass Spectrom. 20 (2006) 1361-1368. 

[58] K. Varmuza, H. Krüger, P. Filzmoser, M. Hilchenbach: Mineral classification relevant for comet 
material, using TOF-SIMS data: KNN classification, and repeated double cross validation, 
unpublished (2013). 

[59] P. Filzmoser, B. Liebmann, K. Varmuza: Repeated double cross validation, J. Chemometrics 23 
(2009) 160-171. 

[60] K. Varmuza, C. Engrand, P. Filzmoser, M. Hilchenbach, J. Kissel, H. Krüger, J. Silén, M. Tri-
eloff: Random projection for dimensionality reduction - Applied to time-of-flight secondary 
ion mass spectrometry data, Anal. Chim. Acta 705 (2011) 48-55. 

[61] K. Varmuza, P. Filzmoser, B. Liebmann: Random projection experiments with chemometric data, 
J. Chemometrics 24 (2010) 209-217. 

[62] K. Varmuza, P. Filzmoser, M. Dehmer: Multivariate linear QSPR/QSAR models: Rigorous eval-
uation of variable selection for PLS, Computational and Structural Biotechnology Journal 5 
(2013) [6] e201302007. 

[63] P. Filzmoser, K. Hron, C. Reimann: Principal component analysis for compositional data with 
outliers, Environmetrics 20 (2009) 621-632. 

[64] P. Filzmoser, K. Hron, M. Templ: Discriminant analysis for compositional data and robust pa-
rameter estimation, Computational Statistics 27 (2012) 585-604. 

[65] G. Herzog: Meteoritical Bulletin Database, http://meteoriticalsociety.org, The Meteoritical Socie-
ty, 2013. 

[66] R: A language and environment for statistical computing, R Development Core Team, Founda-
tion for Statistical Computing, www.r-project.org, Vienna, Austria, 2009. 

[67] J. Kissel, et al.: COSIMA – High resolution time-of-flight secondary ion mass spectrometer for 
the analysis of cometary dust particles onboard ROSETTA, Space Science Reviews 128 
(2007) 823-867 DOI: 10.1007/s11214-006-9083-0. 

[68] J. Aitchison: The statistical analysis of compositional data, Chapman and Hall, London, UK, 
1986. 

[69] V. Pawlowsky-Glahn, A. Buccianti: Compositional data analysis: theory and methods, Wiley, 
Chichester, UK, 2011. 



project_FWF_selected_topics.doc                CoMeCS Project K. Varmuza                                               Page 12

[70] W. Werther, W. Demuth, F.R. Krueger, J. Kissel, E.R. Schmid, K. Varmuza: Evaluation of mass 
spectra from organic compounds assumed to be present in cometary grains. Exploratory data 
analysis, J. Chemometrics 16 (2002) 99-110. 

[71] K. Varmuza, P. Filzmoser, B. Liebmann, M. Dehmer: Redundancy analysis for characterizing the 
correlation between groups of variables - Applied to molecular descriptors, Chemom. Intell. 
Lab. Syst. 117 (2012) 31-44. 

 
 
 


