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a b s t r a c t

We measured the elemental composition on a sample of Allende meteorite with a miniature laser ablation
mass spectrometer. This laser mass spectrometer (LMS) has been designed and built at the University of Bern
in the Department of Space Research and Planetary Sciences with the objective of using such an instrument
on a space mission. Utilising the meteorite Allende as the test sample in this study, it is demonstrated that
the instrument allows the in situ determination of the elemental composition and thus mineralogy and
petrology of untreated rocky samples, particularly on planetary surfaces.

In total, 138 measurements of elemental compositions have been carried out on an Allende sample. The
mass spectrometric data are evaluated and correlated with an optical image. It is demonstrated that by
illustrating the measured elements in the form of mineralogical maps, LMS can serve as an element imaging
instrument with a very high spatial resolution of mm scale. The detailed analysis also includes a mineralogical
evaluation and an investigation of the volatile element content of Allende. All findings are in good agreement
with published data and underline the high sensitivity, accuracy and capability of LMS as a mass analyser for
space exploration.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The knowledge of the chemical composition of planetary
bodies, moons, comets and asteroids is a key issue to understand
their origin and evolution. In particular, the chemical analysis of
their surfaces is of great importance on every space mission to
such a celestial object, where the investigation can be conducted
only remotely (McSween et al., 2011). In turn, laboratory studies of
extraterrestrial material and samples returned from space were
also greatly conducive to the fields of planetology and cosmo-
chemistry (Zinner et al., 2011). In the laboratory, a variety of
analytical techniques can serve to investigate in detail the samples
that were returned from solar system objects (Brucato et al., 2009;
Barucci et al., 2011, 2012).

For cosmochemistry, the elemental and isotopic composition of
the surface material is an essential information to investigate
origin, differentiation and evolution processes of the body and
therefore the history of our Solar System (McSween and Huss,
2010; Wurz et al., 2009). In particular, the elemental composition,
resulting in the surface modal mineralogy, gives unambiguous

information about rock and soil constituents. In addition, rocks
store the record of processes acting on the planetary materials
(Tulej et al., in preparation). Measurements of the abundances of
radiogenic isotopes provide age information on mineral and rock
formation and the processes involved in their evolution. Isotope
and elemental abundances provide information on planetary
differentiation, geology, thermal metamorphism, volcanism, aqu-
eous alteration and weathering processes. Such investigations may
also reveal biosignatures, which makes them relevant to the
search for past and present life (Wurz et al., 2009).

So far, several space missions to planets and their moons were
carrying mostly orbit-based optical spectrometers for elemental
analyses with limited sensitivity in element detection and spatial
resolution. Spectroscopic instruments deployed on planet- or
moon-orbiting spacecrafts provided data of the surface chemical
composition, mostly for a few elements only and generally on a
global scale (Tulej et al., in preparation). Analyses with the
gamma-ray spectrometer (GRS) onboard Mars Odyssey made it
possible, e.g., to compile a map of Fe, Th and K on the Martian
surface (Taylor et al., 2006). Lunar Prospector's GRS and neutron
spectrometer was used to infer a map of the hydrogen-abundance
and the abundances of some other elements on the Lunar surface
(McSween et al., 2011; Moskalenko and Porter, 2007). One pixel on
the map from the Lunar Prospector's GRS data corresponds to an
area of 150 km2 and contains about 140 single spectra, which
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needed in total about 75 min to be recorded (Lawrence et al.,
1998). Improvements of detected elements and spatial resolution
have been made by employing the alpha-particle X-ray spectro-
meter (APXS) onboard the Pathfinder and Mars Exploration Rovers
(MER) Spirit and Opportunity on the surface of Mars. These
instruments enabled an extension of the former Martian surface
studies by measurements of rocks and soils on the planetary
surface. With a spatial resolution of a few cm and an instrument
sensitivity at the per mill level, more elements could be analysed
in the Martian surface. Nevertheless, environmental conditions
and the long acquisition time for single measurements in the
range of several hours up to days limited the efficiency of these
investigations (Rieder et al., 2003).

Current and near future space missions with landers and rovers
offer new possibilities for the implementation of instruments that
apply in situ measurement techniques for chemical composition
measurements on planetary, moon or asteroid surfaces. NASA's
Mars Science Laboratory (MSL) mission, landed on Mars in early
August 2012, is carrying a laser spectrometer for in situ sample
analysis on Mars, applying the Laser Induced Breakdown Ioniza-
tion Spectroscopy (LIBS) method, an optical spectroscopic
approach. The instrument points an intense laser beam onto the
sample that ablates surface material and generates a plasma
plume. The emission lines of the excited atoms in the laser plasma
are interpreted by spectroscopic analysis (Kim et al., 2006). Using
LIBS, several elements can be measured, down to the sub per mill
level. As an alternative to LIBS, lightweight mass spectrometers
with high instrument performance become highly attractive for
space research (Rohner et al., 2003, 2004; Managadze et al., 2010).
Compared to spectroscopic methods, the mass spectrometric
technique has the better analytic potential because of its much
higher elemental sensitivity and the capability to detect all
elements (Wurz et al., 2012). Because of the use of a focused laser
beam, a high lateral and vertical resolution of chemical composi-
tion measurements is possible and this offers the opportunity of
single grain investigations and therefore allows for the investiga-
tion of the heterogeneity of rocks on spatial scales of grain-size as
well as studies of alteration processes on planetary surface
material (Bazalgette Courrèges-Lacoste et al., 2007).

The progress in the development of miniaturised mass analysers,
laser technology and fast electronics, over the last two decades, led
to new opportunities for design and construction of mass spectro-
meters using a laser beam for ionisation of the sample material
(Tulej et al., 2012). Methods like Laser Ablation Inductively Coupled
Plasma Mass Spectrometry (LA ICP MS) or Laser Ionisation Mass
Spectrometry (LIMS) are used frequently for measurements of trace
elements at and below the ppm abundance level. Compared to LA
ICP MS, LIMS offers several advantages, including simplicity of
construction and operation, and the robustness of the hardware
(Tulej et al., submitted for publication). The miniaturised laser mass
spectrometer (LMS), developed and built in house at the University
of Bern, is a LIMS instrument coupled with a time-of-flight (TOF)
mass analyser. The sample material is ablated by an UV-laser pulse
from a spot with a diameter of a few mm, a plasma plume is formed,
and the ionised atoms are subsequently mass-analysed in a reflec-
tron type TOF analyser. With one laser shot a complete mass
spectrum can be recorded. Laser ablation TOF mass spectrometers
are also part of the scientific payload of the future Russian missions
Luna–Resurs and Luna–Glob to investigate the chemical composi-
tion of the lunar surface (Khartov et al., 2011).

In Bern, two prototypes LMS v1 and v2, designed for a planetary
lander and rover, have been built (Rohner et al., 2003, 2004). These
instruments were part of the early concept of the BepiColombo
mission (Balogh et al., 2000). To build a light weight LIMS instru-
ment, microchip lasers can be used. Their application has been tested
already with these prototypes (Rohner et al., 2004).

The LAZMA instrument is the only laser ablation/ionisation
mass spectrometer that was flown so far in space research. This
instrument was part of the Phobos-Grunt payload (Managadze
et al., 2010). Unfortunately, the mission failed due to a booster
stage failure (Astronomy and Geophysics, 2012). A difference
between LMS and LAZMA lies in details of ion confining and
detection (Rohner et al., 2003).

Design studies revealed that an LMS flight instrument includ-
ing the setup, laser system, readout card and electronics and a
sample transfer system would have an average power consump-
tion of �8 W and would weigh �1500 g. Assuming an ambient
surface pressure of 10�6 mbar or higher on the target planet or
moon, a vacuum systemwould be needed for operation of the LMS
instrument, increasing the LMS power consumption to about
�24 W and the weight to �1650 g (Riedo et al., 2012). For transfer
of untreated rock-samples from the planetary surface to the
analyser, a sample receiving unit, similar to the one designed for
LAZMA (Managadze et al., 2010) would be feasible. In this design, a
collecting unit places surface samples in holes on a disc, which can
rotate underneath the analyser.

Recently, a combined design of the LMS instrument together
with a microscopic imaging system (UV, visible and infrared) and a
sample collection stage was proposed for the MarcoPolo-R mission
to an asteroid (Tulej et al., submitted for publication).

For a mass spectrometer that is designed as a flight instrument
for a space mission to help to answer important questions for
planetary sciences, meteorites offer an excellent opportunity for
evaluating its performance in the laboratory (McSween and Huss,
2010). To demonstrate the performance of LMS, element analyses
on a sample of the meteorite Allende were carried out that serves
as an analogue for investigations on a planetary surface in this
study. Chondritic meteorites contain information about the con-
ditions in the early solar system (Bonal et al., 2006) when they
formed within the solar nebula by accretion of solid particles more
than 4.5�109 years ago (McSween and Huss, 2010). Chondrites, in
particular members of the CI group, are primitive rocks thought to
originate from the outer regions of the Asteroid Belt (MacPherson
and Thiemens, 2011) and represent fragments of early formed
planetesimals. The Allende meteorite is a chondritic meteorite of
the class CV3, possessing a complex heterogeneous structure
(McSween and Huss, 2010). It consists of a mixture of accreted
components, which have formed under different conditions,
including a fine-grained matrix, chondrules, calcium–aluminium-
rich refractory inclusions (CAIs), amoeboid olivine aggregates,
metals and sulphides (Norton, 2002).

Thus investigation of this material can be challenging, but we
will show that using our miniature LMS, a quantitative chemical
analysis of Allende meteorite can be performed with high spatial
resolution. The mass spectrometer can be used for spatially
resolved chemical mapping and from these analyses the miner-
alogy and chemical differentiation of the material can be deduced.
These performance studies offer new great possibilities for the
in situ chemical analyses on planetary surfaces.

2. Experiments

2.1. Experimental setup

The LMS instrument is a miniature Laser Ablation Mass
Spectrometer combined with a time-of-flight (TOF) mass analyser,
developed for a planetary lander. The spectrometer has been fully
designed and built at the University of Bern in the division of
Space Research and Planetary Sciences. LMS has been designed to
be flown on a space mission for investigation of the elemental and
isotopic composition of material on the surface, e.g. regolith or
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rocks of a planet, moon or asteroid (Rohner et al., 2003, 2004; Tulej
et al., submitted for publication). A brief description of the LMS
design and operation will be given hereafter. More details about
design, development and construction of the LMS instrument, the
detection, readout and performance as well as investigation of LMS
as a flight instrument can be found in earlier reports (Rohner et al.,
2003; Tulej et al., 2011, 2012; Riedo et al., 2012, 2013a).

The LMS instrument is placed in a vacuum chamber pumped
down to about 10�8 mbar. A Q-switched Nd:YAG nanosecond laser
systemwith 20 Hz repetition rate and UV output (λ¼266 nm) is used
to ablate the sample. Fig. 2.1a shows the mass analyser body in the
vacuum chamber and Fig. 2.1b displays a schematic diagram of the
setup. The laser beam is guided into the vacuum chamber using
dielectric mirrors and is focused on the sample by an optical lens. The
laser beam passes all the way down along the ion optical axis of the
instrument until it hits the sample. Laser interaction with the sample
surface causes ablation and atomisation of the surface material. In the
plasma plume that is formed, the atoms are ionised. The released ions
enter the mass analyser and become confined via ion optics. The
separation of the ions occurs on the way through a field free drift tube
to the multichannel plate (MCP) detector, which they reach after
being mirrored by the reflectron (Fig. 2.1b). Ions having the samem/q
are detected as a signal pulse after a time-of-flight (TOF) that is
proportional to m/q, where m is the mass of the ion and q its charge.

The LMS analysis does not require any sample treatment or
conditioning, therefore elemental and isotopic abundances in any
kind of solid sample can be analysed directly. This reduces the risk
of sample contamination in the laboratory and prevents sample
loss. To move the sample inside the UHV chamber, it is placed on a
micro-translational stage, which allows pointing the laser spot on
defined locations on the sample surface in the x–y-plane (Fig. 2.1)
with 2 mm position accuracy.

The detector consists of two micro channel plates (MCP) in
Chevron configuration. The MCP signal is collected by four concentric

anode rings and read out by a PCI standard high-speed ADC card. The
laser pulse, releasing the ion plume, gives the initial trigger for the data
acquisition. TOF-spectra are recorded for the duration of 20 ms, which
is converted to a mass range of 1 to 250 amu/q (see Section 2.3). Every
single laser shot results in a complete mass spectrum. With an
averager mode of the read out card firmware the spectra of 100 laser
shots are combined to reduce noise. The acquisition card software also
provides a direct display of the measured and averaged signal over
TOF scale, which allows monitoring the measurement in real time.

The ADC card, used in this study, allows recording of TOF
spectra with a dynamic range up to 7 orders of magnitude (Riedo
et al., 2012). Three acquisition channels of the ADC card are used
with different signal amplification factors to record the TOF
spectra with sensitivity to major and minor elements. In the high
gain (HG) channel, minor and trace elements are visible, but major
element peaks are saturated. Major elements are recorded cor-
rectly by the low gain (LG) channel. Additionally, a medium gain
(MG) channel is used, having an overlapping sensitivity range with
HG and LG, to ensure linearity over the entire dynamic range. By
combining all three channels, a dynamic range of up to 9 decades
can be obtained (Riedo et al., 2012). Fig. 2.2 shows an example of a
mass spectrum of the Allende sample. All three channels are
displayed, each with a dynamic range of 4–5 decades.

Before launching a measurement campaign, the set of LMS
voltages of lenses, reflectron, MCPs as well as the laser irradiance
were optimised to reach the desired mass resolution and the best
detection sensitivity for elements of interest. These settings for
ablation, ionisation and detection depend not only on the sample
texture, like porosity and rigidity, but also on the sample composi-
tion, e.g. the volatility. To find the suitable instrument settings in the
laboratory, an optimiser software based on an adaptive particle
swarm algorithm is used. After a few calibration measurements the
best settings regarding mass resolution, signal intensity and sensi-
tivity are usually found. For more details about the optimiser system

Fig. 2.1. The LMS setup. The LMS instrument is 16 cm high (a). For measurements, the untreated sample is placed on the aluminium holder underneath the instrument.
The schematic (b) of the LMS instrument indicates the laser beam entering the instrument from the top. Two sample ion tracks are shown, illustrating typical ion trajectories
from their origin at the sample surface by the ablation process to the reflectron and back to the detector. The coordinate system on the left refers to the axes of the micro-
translational stage.
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it is referred to recent publications (Bieler et al., 2011; Riedo et al.,
2012). This instrument optimisation is necessary to achieve repea-
table and quantitative results. The optimisation procedure will be
performed on an instrument in space in an autonomous manner.

2.2. Allende sample and measurement procedure

For simplicity of the analyses and better visualisation of the
investigated regions, a flat surface of Allende sample was used.
It was cut from a larger piece of the meteorite with a dry diamond
blade. The sample is of trapezoidal shape with a base of 13 mm, a
height of 10 mm and a thickness of 2.73 mm, as shown in Fig. 2.3a.
This picture allows distinguishing the variety of chondrules and
inclusions in the meteorite.

After the mass spectrometric studies, a thin section of the
sample was made, which is shown in Fig. 2.3c in transmitted light.
Though the thin section exposes a layer approximately 100 mm
underneath the analysed surface, the optical investigation of the
thin section can help to place the mass spectrometric measurements

and the resulting chemical compositions into a mineralogical con-
text (Section 3.2).

The locations where the measurements were performed are
marked by symbols in Fig. 2.3b. The measurement area has a
dimension of approximately 6 mm�3.6 mm. The measurement
campaign on the Allende meteorite consisted of 138 measure-
ments with a horizontal spacing of 600 mm and a diagonal spacing
of 426 mm (Fig. 2.3b). The micrometer stage allows steps of few
mm, but the aim of this campaign was to cover a larger area of the
sample surface area with a satisfactory density of measurements
to draw conclusions on the elemental compositions in very
precisely located small single spots. Fig. 2.3b shows the distribu-
tion of the measured spots on the sample surface. The x- and
y-axis labels describe the position and correspond to the
micrometer-stage coordinate system (refer to Fig. 2.1).

Though the sample was cut to a flat surface prior to the mea-
surements, relatively large cavities and holes are still present in the
sample surface. Additionally, porosity of the sample material and
inhomogeneous distribution of material occasionally causes effects
that lead to cratering induced by the focused laser beam that exceed
the expected laser spot diameter. The micro-translational stage was
moved only horizontally (in x- and y-direction in Fig. 2.1) during the
measurement campaign. The distance between sample and entrance
electrode (z-direction in Fig. 2.1) was not changed and kept at 1 mm,
because the surface was flat. In addition the used laser irradiances
were defined before and held constant during the measurement
campaigns. As a consequence the ions could not be focused, where
large cavities and holes prevailed. The spectra for these few particular
cases are not considered further.

For an LMS instrument operating in space on a planetary surface,
collected samples would also exhibit cavities and holes and cutting
the samples to a flat surface would not be possible. For a LMS flight
instrument, an aperture in front of the electrode, acting as a distance
holder could be implemented. Such a device would provide the
accurate distance to the sample so that the laser focus lies on the
sample surface (Rohner et al., 2003). Using a sample disc on a
planetary rover, the accurate distance of sample surface to the
entrance electrode would directly be given by the geometry of the
sample disc and the depth of the holes (Managadze et al., 2010).

For each investigated location in this study of Allende, the
measurement file contains the data of 500 waveforms, where one
waveform represents a TOF spectrum, which is the result of the
accumulation of 100 single-shot spectra (Section 2.1). Thus, every
single measurement contains the signal from 50,000 single laser
shots. It takes approximately 40 min to record these spectra with
the current setup and thus �100 h to conduct all 138 measure-
ments. The data are stored for all three channels simultaneously in
one file with the used gain parameter, laser irradiance and position
on the sample.

In the optimisation procedure (Section 2.1), laser irradiances in
the range 0.5 to 0.8 GW/cm2 were found to yield to the best mass
resolution, highest signal intensity and sensitivity to the elements
of interest in the Allende sample. More precisely, four slightly
different laser irradiances 0.5, 0.6, 0.7 and 0.8 GW/cm2 were
applied in the measurement campaigns to investigate also a
possible dependence of laser ablation conditions on the detection
sensitivity to different elements (Section 2.4). The shot-to-shot
uncertainty in the laser irradiance is typically less than 40% (Riedo
et al., 2013a) and is mainly caused by the strong dependence of
laser irradiance variations on the accuracy of the focus point.

Some of the sample regions were analysed with higher spatial
resolution, when for example a chondrule or an inclusion was
spotted by the laser beam. With the direct monitoring software
such regions were identified immediately during the measure-
ments because of remarkable changes in the observed TOF spectra,
e.g. higher abundance of single elements. In such a case additional

Fig. 2.2. Dynamic range. This figure displays a typical data set for one measure-
ment on the Allende sample showing the high gain (HG), medium gain (MG) and
low gain (LG) channels, which are recorded simultaneously. Each spectrum is the
sum of 50,000 individual spectra. By combination of all three channels, a dynamic
range of 9 decades can be obtained.
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measurements with a diagonal spacing of 85 mm were carried out
around these spots (see Fig. 2.3b). These positions, where such
remarkable data were observed during the measurement proce-
dure, could be directly related to chondrules, inclusions or
(Fig. 2.3a and b). It is foreseen to implement a camera system
into LMS to be able to select locations of special interest on a
surface of a sample (Section 4) already when planning the
measurements (Tulej et al., submitted for publication).

2.3. Data processing

The raw data of the LMS measurements are stored in the form
of time-of-flight spectra with the signal from the three different
channels HG, MG and LG (see Fig. 2.2). Conversion from TOF- to

mass-scale is done by conducting a calibration according to

m=q¼ k0 � ðt�t0Þ2 ð1Þ
where m/q is the mass/charge ratio, t the time of flight and t0 and
k0 are calibration constants. By performing a linear regression, the
constants can be determined accurately with a typical accuracy of
10�3 (Riedo et al., 2012). The parameters t0 and k0 were deter-
mined for every TOF spectrum individually. The spectra in HG, MG
and LG have also been calibrated separately. As a result, similar
calibration constants were determined for all measurements of the
campaign. The averaged calibration constants for HG and LG are
listed in Table 2.1 as an example for all four applied laser fluences.
The uncertainties are expressed thru the statistical error due to
linear regression and the error resulting from averaging �30
measurements for each of the laser irradiances. For the individual

Fig. 2.3. Allende sample, measurements and laser shots. (a) Allende sample. (b) Locations of the 138 measurements on the sample in a rectangular area of 6 mm�3.6 mm.
Ablation pits by different laser irradiances are indicated by colour symbols (see legend). Black symbols refer to matrix-measurements, red labels to other locations.
(c) Detailed view of the Allende thin section (box shown in the panel a)). (d) The image shows in detail the rectangular region of the measurement area after the
measurement campaign. Positions of laser ablation pits can be located. The marked rectangular regions are shown in detail in panel (e) and (f). The indicated labelled points
(P1 to P6 and M1 to M5) refer to analyses in Section 3.4. (e) and (f) Zoom of the rectangles indicated in panel (d). The chondrules are ca. 0.9 mm and 0.48 mm across. Blue
arrows point to craters generated by the focused laser beam (50,000 shots). The diameter of the craters is approximately 20 mm.
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laser irradiances the relative errors are only about 0.12% or lower
for k0 and approximately 5% or lower for t0. The observed
difference of calibration factors in HG, MG and LG is due to the
slightly different ion arrival times to different anode rings of the
detector (Section 2.1). This results from a small difference in
geometry of the ion tracks and leads to minor variation in the
calibration coefficients.

After calibration, the LMS data were evaluated automatically.
Previous software investigation had shown that mass peaks can
still be assigned to their real masses, if the calibration constant k0
does not deviate more than 0.2% from its correct value for masses
1 … 125 amu and not more than 0.1% for masses up to 250 amu.
For t0 it was found that a deviation of 12% from the correct value
does not cause a problem for masses smaller than 175 amu. For
higher masses t0 should not deviate more than 8%. These numbers
show that for the elemental analyses the mass calibration of every
single measurement is accurate enough for automatic evaluation
of the elemental abundances by the analysis software.

The mass error Δm=m, i.e., the deviation of a calibrated mass of
a certain isotope to its literature mass value, is on average about
�10�5 for the Allende campaign. The mass resolution is about 300
for these measurements, which is high enough to conduct accurate
elemental analysis of mineralogical samples.

The following analysis steps are performed automatically by a
MATLAB based software. This software package, developed for the
analysis of LMS elemental composition data, evaluates all the mass
lines in the spectra. For each measurement, peak detection, fitting
and area determination are carried out, the data from HG, MG and
LG are correlated and processed, isotopes are assigned to the peaks
and the elemental composition of the measurement is computed.

The determination of elemental abundances is performed by
integration of the individual mass peaks in the HG, MG and LG
spectra. For the determination of the peak areas, a Gaussian fit is
applied to the individual peaks, separately for the mass spectra in
the different channels. A Gauss function describes the mass peaks
of LMS measurements sufficiently precise for elemental analysis,
which has been investigated and shown in previous studies (Tulej
et al., 2012). The peak boundaries for the integration of an
individual peak are determined by a zero crossing algorithm and
the local background is modelled by a linear function. A mass peak
is only considered for further analysis if the fit with a Gaussian
function of least square type reaches a precision of 10�8. The
residuals between Gauss-function and data points result in an
error of the computation of the peak-area. This error is taken into
account for the full error propagation in the following analysis.

In the course of data processing, HG, MG and LG spectra are
scaled by the corresponding gain factors to make use of the
complete dynamic range from all three channels. After scaling,
for one specific mass peak, the mean value of the peak areas from
all three channels is processed. If a peak is saturated in HG, and
therefore its assigned element concentration is much lower than
in MG and LG, the mean is taken only from the latter two channels.
Fig. 2.4 shows an example of a typical measurement of the Allende
campaign for a mass spectrum with calibrated mass scale in the
HG channel. The very intense peaks, e.g. the peaks of Mg and Al,
are saturated in the HG channel. Therefore these peak areas are

evaluated using only MG and LG spectra. The saturation can also
be recognized by the slight deformation of the peak tip. In HG
unsaturated peaks, like S or Ti e.g., have a symmetric Gaussian-like
shape. Only by use of the HG data, isotopes like 34S, minor
elements like C and Sc are detected as well as Mn and Co.

For determination of elemental composition, the mass peaks of
the isotopic component are considered with their natural abun-
dances, which are taken from Becker (2007). Formally, for an
element having three isotopes we calculate

AEl ¼
AIso1

Ab1
¼ AIso2

Ab2
¼ AIso3

Ab3
ð2Þ

where AIso1, AIso2 and AIso3 stand for the areas of the respective
isotopes calculated from the mean of all three channels, Ab1,Ab2
and Ab3 for the terrestrial abundance of each isotope (from
(Becker, 2007)) and AEl for the resulting scaled area of the element.

In the analysis algorithm, several criteria like the number of
detected isotopes, their isotopic abundance and the signal-to-
noise-ratio (SNR) are evaluated, before the value of AEl is derived
from the mean of different isotope areas. E.g. the Ca abundance in
the sample is obtained from the isotopes 42Ca and 44Ca rather than
from 40Ca, as this peak is surrounded by the highly saturated peaks

Table 2.1
Calibration constants.

Laser Fluence 0.5 GW/cm2 0.6 GW/cm2 0.7 GW/cm2 0.8 GW/cm2

k0 (HG) [amu/C(ns2)] 1.72270.002 1.72670.001 1.72470.002 1.72470.002
k0 (LG) amu/C(ns2)] 1.71170.002 1.71470.001 1.71470.002 1.71470.002
t0 (HG) [ns] �52.4971.42 �51.5571.27 �52.3072.48 �52.0572.33
t0 (LG) [ns] �52.5372.10 �52.4171.83 �52.0172.61 �51.4173.07

Fig. 2.4. Mass spectrum of Allende (HG). Typical LMS measurement on the Allende
sample (HG) with some elements assigned. The intensity is displayed in arbitrary
units.
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of 39K and 41K, that are due to terrestrial contamination of the
Allende sample (Section 3.2).

Similar complications in the analysis can arise from isobaric
interferences that are caused by oxides and clusters that may be
released from the surface or formed by plasma chemistry (Tulej
et al., 2012). Oxides and clusters can readily interfere with isotopes
heavier than 62 amu (ZZ28, see Fig. 2.4) albeit their abundances
are clearly reduced in comparison to our previous studies (Tulej
et al., 2012). However, other studies have shown that for laser
ablation with irradiances of r1 GW/cm2, the oxide signals are
only a small fraction of the element signal (Figg et al., 1998; Russo
et al., 2002), which is also the case in the present study.
Furthermore, checking isotopic abundances during the data pro-
cessing assures that peaks with isobaric interferences are identi-
fied and not used for elemental abundance calculations. For the
present study, analyses of the Allende data were performed for
masses lighter than 62 amu, i.e., for the elements C, Mg, Al, Si, S,
Ca, Sc, Ti, V, Cr, Mn, Fe, Co and Ni.

2.4. Relative sensitivity coefficients

For the quantitative analyses of the elemental compositions of
solid materials, the instrument has to be calibrated by measuring
the elemental composition of standard research materials (SRM).
Direct, quantitative analyses by laser ionisation mass spectrometry
are to date not possible albeit investigation with a few LIMS
systems are promising (Brinckerhoff et al., 2000; Huang et al.,
2011; Riedo et al., 2013b).

Due to very different chemical properties of the different ele-
ments (e.g. ionisation potentials, sublimation temperature), the
ionisation efficiencies for various elements during ablation with a
nanosecond laser are a complex function of ablation conditions (e.g.
pulse duration, wavelength, laser focus diameter) (Tulej et al., 2012).
Moreover, compositional effects and sample morphology (matrix
effects) can further complicate the quantitative analysis. Therefore
the so-called relative sensitivity coefficients (RSCs) have to be
obtained at least for all elements of interest as follows Becker (2007).

RSC¼ experimentally measured element concentration
literature element concentration

ð3Þ

Using standard reference materials (SRM) of known certified
composition offers a possibility for RSC determination, but these
artificial samples have very different texture and composition
from natural rocky material. Hence for laboratory studies on
extraterrestrial samples like the one on hand, it is the best suitable
method to carry out a bulk measurement and to compare with
literature data that results from other measurement techniques
and therefore serves as an independent reference.

In an earlier LMS configuration, where an IR laser was used, the
dependence of RSCs on the elements' ionisation potentials and
boiling temperatures was observed (Tulej et al.2011). Owing to the
shorter wavelength of the UV laser used in this study, only a
moderate dependence of RSCs on ionisation potentials is expected
(Amoruso et al., 1999).

Fig. 2.3d shows the part of the sample surface where 138 mea-
surements with high spatial resolution were conducted. Seventeen
of these measurements are accumulated around locations of
special interest and are not part of the regular pattern (Fig. 2.3b).
By relocating the laser shots on the sample surface (Fig. 2.3b
and d), the ones probing meteorite matrix, could be distinguished.
These resulted in 66 measurements optically located on matrix
material, shown in Fig. 2.3b in black. In contrast, the 55 regular
and the 17 additional measurements that were found to be located
on an inclusion, a chondrule or the like, are displayed in Fig. 2.3b
in red. This means that 54.4% of the measurements, accomplished
in regular intervals, are on matrix material. In comparison, 60 vol%

of Allende are known to consist of matrix material (Norton, 2002;
Clarke et al., 1971).

Hence the 66 measurements on the matrix were used to
determine the RSCs by dividing the abundance value determined
from the measured LMS spectra by literature elemental abun-
dances of CV carbonaceous chondrites (CC) from Lodders and
Fegley (1998). An exclusion criterium in the analysis software
assured that for the RSC of a single element, peak areas that
obviously differed from the average were not taken into account.
This was the case for highly abundant elements, i.e. Mg and Fe, in
three measurements, where the main isotope peak (24Mg, 56Fe)
caused saturation in the HG and sometimes even in the MG
channel and degradation of the isotope peaks following at higher
masses. Additionally, in two other spectra from the matrix
measurements, the element peaks of Ni and Co showed a value
of more than 3s away from the average of all 66 measurements
and were therefore disregarded. This procedure is eligible as the
entity of all 66 measurements on the matrix shows a clear
uniformity (Fig. 3.3a) for all analysed elements.

The literature values are reproduced in Table 2.2. These
numbers are derived from electron microprobe analyses, neutron
activation and wet chemical analyses (Lodders and Fegley, 1998).
To use a data set for specifically Allende matrix or Allende bulk as a
reference instead of CV CC would not essentially change the RSCs
in their shown precision. Data sets for Allende bulk and matrix can
be found in Table 3.1 and Table 3.2 in the last column each. These
are later used for comparison with the LMS results.

Not all elements could be determined in every LMS measure-
ment on the Allende sample. This can be due to a very small RSC
value and therefore being at the lower limit of detection or due to
very low concentration of the element. Therefore the RSCs for the
elements C, Mg, Al, Si, S, Ca, Sc, Ti, V, Cr, Mn, Fe, Co and Ni were
calculated using

RSCX ¼ 1=nx � ðΣiAi
X=ΣiAi

totÞ
ðPX=ΣiPi

totÞ ð4Þ

where X stands for a particular element and i for the measurement
number. A designates the area of the peak in the mass spectrum
scaled and converted to the corresponding amount of the element;
therefore Ai

X defines the area of element X in measurement
i. Accordingly, Ai

tot gives the sum of the areas of all elements in
measurement i. The ratio of these two sums ΣAi

X and ΣAi
tot

corresponds to the experimentally measured concentration of
element X. In the same manner, the certified element concentra-
tion is the ratio of an expected concentration PX for element X
(Table 2.2) and the fraction Pi

tot that corresponds to all elements in
this one spectrum. The resulting value has to be divided by nX, the
number of measurements, where element X was contained.

A set of RSC values has been evaluated for every laser irradiance
applied in this study (0.5, 0.6, 0.7 and 0.8 GW/cm2). If, for one laser
irradiance, an element was detected in less than 25% of the

Table 2.2
Elemental abundance in CV carbonaceous chondrites.

Element Atom-%a Element Atom-%a

C 1.0640 Ti 0.0438
Mg 14.1871 V 0.0046
Al 1.5014 Cr 0.1614
Si 13.4794 Mn 0.0667
S 1.6544 Fe 9.8867
Ca 1.1070 Co 0.0262
Sc 0.0006 Ni 0.5423

a Concentrations are taken from Lodders and Fegley (1998) and converted from
weight-% into atom-% using the corresponding atomic weights from Becker (2007).
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measurements, no RSC was evaluated. The complete list of RSC
values calculated and used for analysis is displayed in Table 2.3. It
can be seen that for the lower laser irradiances fewer RSCs could
be determined, because LMS is more sensitive to certain elements,
e.g. C, S, Sc or Co, when higher laser power is used. The
uncertainty, given with every RSC value includes the error intro-
duced by the peak fitting process itself (Section 2.3).

Fig. 2.5 depicts the correlation between the literature data for
chondrites of class CV (from (Lodders and Fegley, 1998)) and the
abundances on Allende measured by LMS. The experimental RSC
therefore corresponds to the perpendicular distance of one data
point to the diagonal in this figure. The diagonal solid line shows
the optimal case of RSC¼1. This correlation plot illustrates that
elements like Si or S have small RSC values and therefore deviate
more from the diagonal line.

A rough correlation between the RSC values and the first
ionisation energy of the elements is observed, as also reported in
previous LMS studies (Tulej et al., 2011) and by other groups
(Zhang et al., 2013). Elements with similar ionisation energies lie
on or close to lines parallel to the diagonal (dashed lines in
Fig. 2.5), which would be a RSC¼1, meaning that they have
approximately the same RSCs. The ionisation energies are listed
in Table 2.3 in the second column. For example, Ni, Mn and Mg all
have ionisation energies of �7.5 eV and are close to one, i.e. the
diagonal line in Fig. 2.5. C and S, on the other hand, both having
ionisation energies of �11 eV, have almost the same RSCs and lie
on a separate line with lower RSC. Of course, RSCs are not only
dependent on ionisation energy. The residual variations of RSCs for
elements with comparable ionisation potentials arise from other
physical properties of the elements and far-reaching processes in
the laser ablation and ionisation processes (Bulgakova et al., 2000;
Harilal et al., 2003; Xie et al., 2011).

Especially at two of the higher laser power densities, 0.7 and
0.8 GW/cm2, RSCs are observed to be about unity, which means
directly quantitative representation of the elements in the mass
spectra while measuring. However, the RSC-scaling procedure of
individual elements does not represent an obstacle for analysis
owing to highly accurate and precise RSC values (Table 2.3).

The relative sensitivity coefficient (RSC) describes how sensitive
the LMS instrument (y-axis) is to detection of a certain element.
Comparing to a reference value for chondrites of class CV from
Lodders and Fegley (1998) (x-axis), the RSCs can be illustrated.

In an earlier campaign on a sample of Allende, where measure-
ments on 30 positions using laser irradiances of �0.3–0.4 GW/cm2

were applied, we determined similar RSC values as listed in Table 2.3.
Additionally, we derived RSCs from measurements we did on a pellet
of Allende (powderised and pressed bulk material of Allende) using a
very low laser irradiance of 0.4 GW/cm2. For the elements, where
calculation of RSCs was possible for such low laser irradiances,
comparable values of RSCs were determined (Fig. A.1).

In independent studies, NIST standard reference materials (SRM)
have been investigated using the same LMS setup. Following the
similar analysis procedure like in this study of Allende, spectra were
recorded and RSCs were calculated (Meyer, 2013). Taking into
account that the used standard samples differ extremely from
planetary surface material in terms of morphology, structure and
chemical composition, still the resulting RSCs are in comparable
range (Fig. A.1). The NIST sample SRM665 e.g. consists of about
99% Fe. Therefore the mass peak of Fe will always be saturated and
thus also the resulting RSC is not a reliable reference. For measure-
ments with a laser irradiance of 0.914 GW/cm2, an RSC for Al of
1.22070.471 and 0.72270.171 for Mn was determined for SRM665
(Meyer, 2013). Comparing these values on extremely different
samples from the studies of (Meyer 2013) to the figures in
Table 2.3 assures the reliability of the used RSC sets for the Allende
study. Appendix A can be consulted for more explanation on RSCs of
other samples and the correlation to ionisation energy.

Table 2.3
Relative sensitivity coefficients (RSCs).

Elementa Energy of first
ionisation Ie [eV]b

Relative sensitivity coefficients (RSCs) at laser irradiance

0.5 GW/cm2 0.6 GW/cm2 0.7 GW/cm2 0.8 GW/cm2

C 11.260 – – 0.002170.0003 0.001770.0003
Mg 7.646 0.30970.004 0.27070.004 0.82270.004 0.99170.005
Al 5.986 1.75070.015 2.27870.012 1.26470.005 1.52570.006
Si 8.151 – – 0.000370.0001 0.000370.0001
S 10.360 – – 0.006870.0003 0.002470.0002
Ca 6.113 3.8970.2 4.1170.05 1.5970.04 1.2270.04
Sc 6.54 – – 3.12570.244 1.84770.256
Ti 6.82 1.9770.09 2.0670.16 0.777 0.01 0.5170.02
V 6.74 3.9470.14 – 0.8570.08 0.5070.06
Cr 6.766 2.7570.05 1.8270.05 1.5070.01 1.5470.01
Mn 7.435 – 0.4270.07 0.6070.02 0.4270.01
Fe 7.870 2.1670.02 1.5770.01 1.74170.008 1.72270.009
Co 7.86 – – 0.48770.004 0.08770.002
Ni 7.653 – 0.1970.05 0.18870.004 0.13170.003

a Elements are sorted ascending by their atomic number.
b Energy of first ionisation was taken from Becker (2007).

Fig. 2.5. RSC correlation plot. The relative sensitivity coefficient (RSC) describes
how sensitive the LMS instrument (y-axis) is to detection of a certain element.
Comparing to a reference value for chondrites of class CV from Lodders and Fegley
(1998) (x-axis), the RSCs can be illustrated.
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3. Results and discussion

3.1. Estimation of LMS sample consumption

Fig. 2.3a shows the surface of the investigated meteorite and
Fig. 2.3d the rectangular shaped region of the sample, which was
investigated in this study. The regions marked in Fig. 2.3d are shown
in Fig.2.3e and f in an enlarged scale for more detailed analysis of the
laser spots. Each of these cut-outs contains a chondrule and one or
two measurement spots on a matrix-like light grey surface with laser
irradiances of 0.7 GW/cm2 (Fig. 2.3e) and 0.7 and 0.8 GW/cm2

(Fig. 2.3f). The dimensions of the chondrules are approximatey
0.9 mm and 0.48 mm across. Comparing the measurement spots,
marked by the arrows in Fig. 2.3e and f, the diameter of these can be
estimated to be �25 mm each. As the exact crater drilled by the laser
is too small to be optically resolved and the size measurement is
done from the visible dark region on the surface sample, the real
crater is thought to be smaller with a diameter of �20 mm, which is
in accordance to earlier studies (Rohner et al., 2003; Wurz et al.,
2009; Riedo et al., 2012). The dark spot on the sample surface is
assumed to be larger due to the formation of a crater rim of ablated
material, which formed from melted and evaporated material during
the laser irradiation.

The Allende meteorite sample is of trapezoidal shape with a
base width of 13 mm and a height of approximately 10 mm
(Fig. 2.3a). As the thickness of the sample is 2.73 mm its volume
is 0.27 cm3. A single measurement creates a crater with a diameter
of approximately 20 mm. Based on current LMS experiments with
different laser irradiances on metallic samples and other publica-
tions on the topic investigating laser ablation with much higher
irradiances (Yu et al., 2009; Lin et al., 2010), we estimate that the
craters created by 50,000 laser shots on the meteorite surface are
about 0.1 mm deep. Using this estimate, 50,000 laser shots in one
measurement will remove a volume of approximately 1∙10�11 cm3.
With the average density of Allende of �3 g/cm3 (Consolmagno and
Britt, 1998; Clarke et al., 1971), this corresponds to a consumption of
approximately 30 pg of sample material for one measurement
location and a sample consumption of only fg per laser shot.
Assuming further an average mass of about 20 amu of the

analysed atoms and an ionisation efficiency of 0.01 in the ablation
and ionisation process this yields to approximately 2∙105 ions per
laser shot.

Consequently, a series of 100 measurements, like the Allende
campaign for this study, results in a total sample consumption of
�3 ng for a representative bulk analysis (Section 3.2). Thus LMS can
be well considered as an instrument performing essentially non-
destructive measurements with minimal sample consumption.

3.2. Elemental composition and mineralogy of Allende

The mass spectrometric measurements on the Allende sample
reveal a very high content of Li (6Li and 7Li), Na (23Na) and K (39K
and 41K) (see example mass spectrum in Fig. 2.4). The high
concentration of these elements is of terrestrial origin and caused
by contamination of the sample prior to LMS analyses. Such
terrestrial contaminations can compromise the analyses but they
are not relevant for an LMS instrument operating in space. For the
Allende campaign, the concentrations of C, Mg, Al, Si, S, Ca, Sc, Ti,
V, Cr, Mn, Fe, Co and Ni were determined in situ on the locations
where measurements were taken (Fig. 2.3b). The element con-
centrations measured with LMS on Allende are reported in
Tables 3.1 and 3.2. The values are determined by the analysis of
the area of each element peak (Eq. (2)) relative to the total
elemental content of the measurement, resulting in atomic frac-
tions. Tables 3.1 and 3.2 are the result of applying the RSCs from
Table 2.3 to each element contained in the measurements. The
elements are sorted according to their cosmochemical properties
(McSween and Huss, 2010), i.e., according to their 50% condensa-
tion temperatures. The results are presented as atomic fraction of
an element, i.e. the fraction of atoms in a portion of Allende being
of the noted atom species.

The values in Table 3.1 are the mean values of all measurements
on the Allende matrix (black symbols in Fig. 2.3b). For comparison,
the table displays also element concentrations for the Allende matrix
samples from (Clarke et al., 1971). The analysis in Clarke et al. (1971)
is based on electron microprobe investigations of a dust sample of
Allende matrix weighing approximately 2 g. For comparability rea-
sons, the elemental concentration data was converted to atomic
fractions. It should be emphasized that LMS allows an evaluation of
major and trace elements during one measurement. In contrast to
other methods, LMS allows to determine the elemental content of V
and Sc, which are present only at the ppm level in Allende.

A good agreement between the published values (Clarke et al.,
1971) and our measurements is found, within the uncertainties for
major elements. For refractory elements, i.e., Co, Al, and Cr, we find
in the LMS measurements higher abundances than reported in
Clarke et al. (1971). This can be explained by the high spatial
resolution and the small sample consumption of LMS. LMS
analyses only a few nanograms of material in a laser spot with a
diameter of �20 mm (Section 3.1) and thus small and localised
refractory inclusions can have a large effect in the abundance
measurements. If in the LMS measurements, few single grains
consisting of e.g. the minerals chromite [(FeCr2O4)] or cohenite
[(Fe,Ni,Co)3C] (Norton, 2002) were hit, this will increase consider-
ably the content of the elements Cr and Co. To avoid this nugget
effect (Matheron, 1963), a larger statistical data set can be required
to obtain reliable bulk concentrations using LMS. For optical
inspection, to forecast a measurement on matrix material and to
avoid measurements on inclusions, combination with a camera
system will help with clarifications (Section 4).

In Table 3.2 the average values for the selected elements from
all 138 measurements on the Allende sample are reported.
Compared to the LMS results for Allende matrix alone (Table 3.1)
it can be observed that the numbers differ slightly and since all
measurements are included in the evaluation, the uncertainties

Table 3.1
Comparison of LMS results on Allende matrix with literature.

Element LMS measurementb Clarke et al. (1971)

Atomic fraction
Major elementsa

Mg 0.136670.0006 0.156
Si 0.1370.02 0.108
Fe 0.107270.0004 0.143
Refractory siderophilea

Co (751715) ppm 488 ppm
Ni (7.5170.19)�10�3 11.9�10�3

Refractory lithophilea

Ca (1.34570.014)�10�2 1.40�10�2

Al (1.81970.005)�10�2 0.71�10�2

Ti (530714) ppm 318 ppm
V (7677) ppm –

Sc (871) ppm –

Moderate volatilesa

Cr (1.8670.02)�10�3 0.85 10�3

Mn (734726) ppm 909 ppm
S (1.870.1)�10�2 2.2�10�2

Volatilesa

C (0.870.7)�10�2 1.7�10�2

a Cosmochemical classification from McSween and Huss (2010) according to
condensation temperature of elements.

b Average on 66 LMS measurements that were optically found to be on Allende
matrix.
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are generally smaller. While the concentrations of the mineral
forming elements Mg, Si, Fe, Ca and Al stay basically unchanged,
the content of the elements Ti, V, Ni or Sc e.g. is elevated. These
refractory elements are preferentially contained in refractory
chondrules of chondrites (Krot et al., 2007). The bulk analyses
include measurements on chondrules, CAIs and other inclusions
and thus higher concentrations of these elements can be expected.

For comparison, Table 3.2 displays also element concentrations
for the Allende bulk analyses from (Stracke et al., 2012; Jarosewich,
1990). The bulk analyses in Stracke et al. (2012) are based on X-ray
fluorescence (XRF) and inductively coupled plasma mass spectro-
metry (ICP MS) analyses of 39 pieces of Allende, about 0.6 g each,
including a dark inclusion (DI) and a CAI. The data in Jarosewich
(1990) were obtained by XRF on Allende bulk samples. Both
reference data sets were converted from weight to atomic percent
for comparison with LMS data.

The LMS measured content of Mn is lower in the bulk (Table 3.2)
than in the matrix analyses (Table 3.1). This could be an indication
that Mn-richer locations were included in the matrix measurements.
The average concentration of Co is measured to be lower in the bulk
than in the matrix, which implies that few grains of Co-bearing
minerals included in the matrix analyses influence the results and Co
concentrations are smoothed by higher statistics in the average of all
138 measurements. Taking into account the sample amount that was
ablated by LMS for the average determination of Allende bulk
element concentrations, the minor divergences for some elements
can be understood by the nugget effect (Matheron, 1963). Whereas
LMS uses only nanogram amounts of material for a complete
concentration determination in 138 locations, the other methods
consumed one to several grams of material for the bulk analyses.

The bulk spot-analyses can be used to constrain the mineralogy
of the target material. In Fig. 3.1 the Ca-concentrations of the LMS
measurements on Allende are plotted versus the Al concentra-
tions, each relative to the sum of Mg and Fe. Additionally to the
LMS Allende measurements, several mineralogical regions, includ-
ing spinel, feldspars, clinopyroxene, olivine and orthopyroxene,
are indicated. The Ca/Al ratio of anorthite, e.g. is defined by a 1:2
ratio, which in Fig. 3.1 is indicated by an arrow with the according
slope pointing outwards as anorthite contains more Al than the

scale in the figure. Additionally, a literature mean of the element
ratios is shown, which includes the mean values for Allende and
CV CC from other publications. By figures, these are

Al/(MgþFe)//Ca/(MgþFe)
¼0.06170.031//0.04570.023 (all Allende measurements
from (Stracke et al., 2012))
¼0.05770.010//0.04170.004 (Allende without CAI and DI
from (Stracke et al., 2012))
¼0.0624//0.046 (CC CV from (McSween and Huss, 2010)).

The measured data of LMS on the Allende sample are distributed
around these average values and all data points can be defined by
mixtures of known minerals. Since olivine e.g. contains only very
little Al and Ca, it shows that the LMS measurements did not hit a
pure olivine grain. The same was found for spinel and clinopyroxene.

Many pure minerals within inclusions and chondrules in the
Allende meteorite are known to be of cm size (e.g. large CAIs or
spinel grains), but CAIs, spinel, olivine or nickel–iron grains occur
in this inhomogeneous meteorite also in grain sizes of less than
1 mm (Grossman, 1975). As the laser beam of the current LMS setup
is of �20 mm diameter (Section 3.1), it becomes evident that one
measurement represents a mixture of different minerals. Fig. 2.3c
shows the size of single grains in the chondrules of Allende. In
most cases a randomly placed beam with a diameter of �20 mm
will hit a mixture of different minerals. In the future, LMS will be
equipped with an integrated camera system, with which it will be
possible to target individual grains (Section 4).

3.3. Mineralogical maps

Fig. 3.2 shows the concentrations of Ca for all measured locations.
The markers are oversized for better legibility. The Ca-abundance is
shown in units of atomic fraction, referring to the abundance of Ca-
atoms in one measurement.

It can be seen that the matrix measurements (black markings in
Fig. 2.3b) contain about 1.5 at% Ca (Table 3.1). Measurements on
chondrules or inclusions show a much larger spread in their Ca-
concentrations. In general, lighter coloured areas of the meteorite
sample have higher Ca-concentrations (see colour bar in Fig. 3.2).
Some of these locations could represent CAIs. A very light-grey
inclusion at (x/y)E(þ0.2 mm/þ5.8 mm) was found to contain
very little Ca. Darker coloured areas contain less Ca and can be

Table 3.2
Comparison of LMS results on Allende bulk material.

Element LMS measurementb Stracke et al. (2012) Jarosewich (1990)

Atomic fraction

Major elementsa

Mg 0.126370.0005 0.146670.0072 0.1570.01
Si 0.13970.012 0.13770.002 0.1470.01
Fe 0.102970.0003 0.101470.0054 0.1070.01
Refractory siderophilea

Co (648732) ppm (278716) ppm (250733) ppm
Ni (8.1270.39)�10�3 (5.8270.34)�10�3 (5.770.8)�10�3

Refractory lithophilea

Ca (1.3670.011�10�2 (1.1170.58)�10�2 –

Al (1.82170.004)�10�2 (1.52470.785)�10�2 (1.570.1)�10�2

Ti (686756) ppm (4517170) ppm (450759) ppm
V (8676) ppm (4670) ppm –

Sc (1272) ppm – –

Moderate volatilesa

Cr (1.8370.01)�10�3 (1.6870.11)�10�3 (1.670.014)�10�3

Mn (578715) ppm (643745) ppm (610770) ppm
S (2.0270.29)�10�2 – (1.570.033)�10�2

Volatilesa

C (8.670.7)�10�3 – (5.870.00)�10�3

a Cosmochemical classification from McSween and Huss (2010) according to
condensation temperature of elements.

b Average on 138 LMS measurements on Allende bulk.

Fig. 3.1. Mineralogical analysis. By the ratios of Ca, Al, Mg and Fe, basic miner-
alogical classes are defined. It can be seen that the 138 LMS measurements on the
Allende sample are mixtures of known minerals. The mean value is taken from
McSween and Huss (2010) for CV chondrites in general and from Stracke et al.
(2012) for Allende specifically.
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found in regions that also differ optically from the relatively
homogeneous light-grey matrix material. From Tables 3.1 and 3.2
it can be seen that the average Ca-content of the Allende bulk
analysis does not differ significantly from that of matrix measure-
ments. This leads to the conclusion that no large CAI was sampled
in this measurement series on the Allende meteorite, which can
also be concluded from Fig. 3.1 in Section 3.2.

Maps similar to the one in Fig. 3.2 are available for all evaluated
elements. Plotting element ratio maps instead can be used to
identify the modal mineralogy of the sample material. This makes
LMS unique as kind of in situ element imaging instrument.

3.4. Allende CV3 depletion in volatile elements

It is a well known fact that due to their formation processes, the
terrestrial planets as well as chondritic meteorites of class CV3 are
depleted in volatile elements (Bland et al., 2005). This depletion is
also seen in the Allende data measured by LMS.

In Fig. 3.3a the content of various elements relative to the
elemental content of CI chondrites (from (Lodders, 2003)) is
shown. The elements on the x-axis are sorted by their 50%
condensation temperature at a total pressure of 10�4 bar (from
(Lodders, 2003)) starting from very volatile elements on the right
side to refractory elements on the left side of the diagram. Fig. 3.3a
shows the curves of five example LMS measurements on the
Allende matrix. The exact position of the measurement locations
on the meteorite sample is shown in Fig. 2.3d, where the points
are marked with M1 to M5 in black, according to the labels in
Fig. 3.3a. The plot demonstrate that these five points on Allende
matrix material show a similar dependence on the condensation
temperature. The matrix material is clearly depleted in volatile
elements. Also the finding that CV chondrites are more enriched in
lithophile (Ca, Al, and Ti) than siderophile (Co, Ni) elements
compared to CI chondrites (Scott and Krot, 2005) is confirmed
by these measurements.

Fig. 3.3b displays six LMS measurements on the Allende surface
that are not located on matrix material. The six points are marked in
Fig. 2.3d as P1 to P6 in red. As expected, the elemental content on
chondrules, inclusions and similar specific regions on the meteorite
surface varies much more than in the matrix material. Point P2
represents an anomalous composition with low abundance of refrac-
tory elements and a large excess of S and a relative depletion in Fe.
This point can be correlated with a very light-coloured inclusion on
the sample surface (see Fig. 2.3d). Comparing with Fig. 3.2 it is the
same inclusion at (x/y)E(þ0.2 mm/þ5.8 mm) that showed a very

low concentration of Ca. These findings could indicate that this
inclusion contains a sulphide phase, possibly CaS (oldhamite).

Fig. 3.4 shows the average value of the matrix (Table 3.1) and of
all 138 LMS measurements (Table 3.2) on the Allende sample
relative to CI chondrite over the 50% condensation temperature
(from (Lodders, 2003)). For comparison, the values from (Stracke
et al., 2012) are also plotted. They comprise the bulk concentra-
tion and for selected measurements neglecting a large calcium–

aluminium-rich inclusion (CAI) and a dark inclusion (DI). The data
are in very good agreement and reveal the high depletion in volatiles
of the Allende meteorite. This depletion in volatile elements reflects
the history of the carbonaceous chondrite Allende from its forma-
tion out of the early solar nebula until condensation and chon-
drule formation (Kleine et al., 2005).

4. Conclusion and outlook

On the surface of an Allende sample 138 measurements of the
elemental content have been carried out with the miniature laser
ablation mass spectrometer LMS. The elemental abundances of the
elements C, Mg, Al, Si, S, Ca, Sc, Ti, V, Cr, Mn, Fe, Co and Ni were
measured and evaluated. The obtained concentration of these

Fig. 3.2. Map of calcium on Allende surface. The map shows the abundance of Ca
for the investigated locations. Sampled spots are of 20 mm diameter, but are
displayed larger for clarity. Background image is the same as Fig. 2.3b. The
x-position is drawn on the y-axis and the y-position on the x-axis according to
the denotation of the micro-translational stage (coordinate system in Fig. 2.1).

Fig. 3.3. Element abundances in Allende relative to CI chondrite. (a) The elemental
content of five example LMS measurements on the Allende matrix (M1to M5
identified in Fig. 2.3d) relative to CI abundance (Lodders, 2003) is shown over the
50% condensation temperature (Lodders, 2003) of the elements. (b) The elemental
content of six LMS measurements on non-matrix locations on Allende (P1 to P6
identified in Fig. 2.3d) relative to CI chondrite is displayed over the 50% condensa-
tion temperature (at 10�4 bar) (Lodders, 2003) of the elements.
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elements in Allende matrix and bulk agree well with published data
of Allende (Stracke et al., 2012; Jarosewich, 1990; Clarke et al., 1971).
This underlines that LMS is a well suited instrument to measure
elemental abundances on a planetological surface or alike.

One measurement of this campaign, i.e. 50,000 laser single
spectra, took �40 min to be recorded with 20 Hz repetition rate of
the laboratory laser system. Nevertheless, for the in situ applica-
tion a passively Q-switched laser source with a repetition rate
1–10 kHz laser is planned to be applied, which will make it possi-
ble to record the same data in 5 s. Additionally, the surface abla-
tion and ionisation processes using such a fast laser, are

The mass calibration of the TOF spectra in this study was
performed individually for every measurement and channel. Analysis
of the mass scale calibration characteristics showed that the calibra-
tion parameters remain constant and are independent of applied
laser irradiance (Section 2.3). This indicates robustness of the
experimental configuration of LMS in a long measurement campaign
(�100 h for all 138 measurements) and demonstrates the good
reproducibility of measurements. For an LMS operating in space, long
term robustness and therefore failure-safe operation is an important
requirement. An upgrade of the LMS software is planned, where a
robust automatic spectrum calibration will be implemented using
the calibration constants quantified in this study as starting values in
case they are needed by the auto-calibration algorithm.

Our Allende measurements with LMS also confirmed that the use
of three channels with different gain factors for signal acquisition
allows the effective detection of major to trace elements. By combining
the data from three channels in the data evaluation a high dynamic
range is reached and major elements were analysed as well as minor
and trace elements. Trace elements down to the ppm level, like Sc and
V can be measured quantitatively. This makes LMS a unique instru-
ment for in situ space research by detecting all elements in the range
between 1 and 250 amu in solid materials in one measurement with
high accuracy and mass resolution.

The results of the chemical composition of the matrix measure-
ments indicate a very consistent agreement with literature data,
which strongly demonstrates the applicability of the LMS mea-
surements for such investigations. The quantitative elemental bulk
analysis of the Allende surface was found to agree with established

data, with the exception of minor differences to literature values
for few elements, e.g. Co. These differences can be explained by
the small sample consumption and small size of the sampled
locations investigated by LMS. Compared to other methods for
elemental composition determination, the sample consumption
in LMS is minimal. In this study, 50,000 laser shots were applied
in one measurement, which equals a sample consumption of
approximately 30 pg in one measurement location and about
3 ng for the entire measurement campaign (Section 3.1). In future
studies it is planned to apply less laser shots, which will reduce the
sample consumption further. It has to be emphasized that in
principle already one laser shot provides the complete chemical
composition of the sample. However, the averaging is needed to
increase the dynamic range of the measurement and a reliable
bulk analysis requires a large data set of individual measurements.

Concentration measurements for Allende matrix as well as
measurements on chondrules and inclusions were correlated with
an optical image of the sample surface. On the basis of an elemental
map for Ca it could be demonstrated that such maps can be
established for all measured elements. This makes LMS an elemental
imaging instrument having a spatial resolution in the �10 mm range.
The property of laser ablation also makes it possible to analyse a
depth profile of the sample (Tulej et al., 2012). Considering the very
small ablation rate (0.1 mm by 50,000 laser shots) means a high
spatial vertical resolution. The high horizontal spatial resolution
combined with the high detection sensitivity allowed resolving the
large compositional inhomogeneity of the Allende meteorite. If no or
very limited sample preparation is possible, like on a space mission, it
is therefore a key issue to measure the chemical composition with
high spatial resolution, to separate for example the chondrule
compositions from the matrix on a grain size scale.

In a mineralogical analysis of the Allende data, it was confirmed
that the measurements contain mixtures of different mineral phases.
By identifying element ratios of defined minerals in single in situ
measurements, LMS measurements allow to reveal the mineralogical
composition of a rock as it would be of large interest on a planetary
or alike surface. The LMS analyses confirmed the volatile element
depletion of the Allende sample and the elemental abundances
measured are both in good agreement with literature data.

The performance of LMS as an instrument for application in space
servicing the purposes of measuring elemental abundances and thus
derive the mineralogical compositions of rocks was demonstrated.
The high spatial resolution and the ability to measure major and trace
elements at once in a fast and essentially non-destructive way make
LMS a powerful instrument with a wide range for different analyses
to study the isotopic, elemental and mineralogical composition of
natural heterogeneous solids on a planetary surface.
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Appendix A

In previous studies NIST standard materials and a sample of
homogenized Allende (powdered and pressed to a pellet) were
investigated. In each study, the laser irradiance and also the other
parameters like the voltages for the reflectron and the MCPs were

Fig. 3.4. Allende/CI chondrite for moderately volatile elements. This plot shows the
LMS measurements on the Allende matrix (Table 3.1) and the mean of all 138
measurements (Table 3.2) in relation to CI chondrite (from (Lodders, 2003)) over
the 50% condensation temperature at 10�4 bar (from (Lodders, 2003)). For
comparison, the data from (Stracke et al., 2012)) are displayed. The results agree
very well with the reference data and emphasize the depletion in volatile elements
in the carbonaceous chondrite Allende.
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optimized for best performance regarding mass resolution, signal
intensity and sensitivity. As the NIST SRM664 is a carbon-steel
sample, it generally differs from the Allende samples in its
composition. Additionally this metal sample has a much more
compact texture, which leads to the need of a higher laser
irradiance for the measurements. On the contrary, the pellet of
homogenized Allende has an even higher porosity than the
Allende meteorite sample used in this study, which made a lower
laser irradiance more suitable for the measurements.

Fig. A.1 displays the RSCs (relative to Fe) from the three
different campaigns over the ionisation energy of the according
element (second column in Table 2.3). The numbers for Allende
(0.7 GW/cm2) are the RSCs gained from this study. For all three
samples, the RSCs show the general correlation to be smaller with
increasing ionisation energy, which is expected from the process
of plasma generation and ionisation by the laser-surface interac-
tion. On NIST SRM664, due to the morphology of the sample, a
higher irradiance had to be applied for optimal LMS performance,
which results in higher RSC values also for the elements with
higher ionisation potential, like Si for example. At the same time,
NIST SRM664 does not contain Ca and Sc. Therefore no RSC was
determined for these elements.

The overall uniformity of the RSCs calculated in this study and
previously gained RSC values on other samples, confirms the
reliability of the RSCs for Allende. RSCs over potential of first
ionisation in laser ablation application with a ns-laser were also
reported by other groups. In Zhang et al. (2013) the authors
present a similar trend of RSCs. At the same time, the differences
between the RSCs from all three studies for each element (Fig. A.1)
state that it is necessary to determine the RSC sets on a reference
sample that has preferably similar texture and composition to the
sample of study.
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