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Abstract: Techniques enabling in situ elemental and mineralogical analysis on extraterrestrial planets are
strongly required for upcoming missions and are being continuously developed. There is ample need for
quantitative and high-sensitivity analysis of elemental as well as isotopic composition of heterogeneous
materials. Here we present in situ spatial and depth elemental profiles of a heterogeneous rock sample on
a depth-scale of nanometres using a miniaturized laser ablation mass spectrometer (LMS) designed
for planetary space missions. We show that the LMS spectra alone could provide highly detailed
compositional, three-dimensional information and oxidation properties of a natural, heterogeneous rock
sample. We also show that a combination of the LMS and Raman spectroscopy provide comprehensive
mineralogical details of the investigated sample. These findings are of great importance for future space
missions where quick, in situ determination of the mineralogy could play a role in the process of selecting
a suitable spot for drilling.
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Introduction

High-resolution, in situ techniques for determination of
mineralogy and elemental composition are highly desirable
on upcoming space missions. Difficulties regarding mineral de-
termination in situ are mainly related to the strong heteroge-
neous character of natural rock samples, making direct
interpretations complex. Presently, many chemical and min-
eralogical determinations of rocks are done from bulk material
of ground-up samples. This is not only time and energy con-
suming but also destructive. The need for high-resolution,
high-precision techniques is therefore compelling. In this
study, a miniaturized laser ablation mass spectrometer
(LMS), designed for in situ space research (Rohner et al.
2003; Riedo et al. 2013b; Tulej et al. 2010, 2012, 2014) is
shown to be useful for the measurement of elemental compos-
ition and its spatial variations, both laterally and with depth, in
a strongly heterogeneous rock sample. Because of the LMS’
high dynamic range, small crater sizes and simultaneous meas-
urement of all elements (Riedo et al. 2013a, b), we can show the
spatial compositional variation of individual grains and miner-
als. In this way, it is possible to determine not only the mineral-
ogy of a sample on very small spatial scales but also the degree
of weathering and alteration. Using such a minute amount of

sample the technique is practically non-destructive and has the
potential to be very useful when analysing natural, highly het-
erogeneous rock samples in situ on rocky extraterrestrial
planetary bodies.

Material and methods

The sample used for this study is amygdaloidal pillow basalt
from Kinghorn, Fife, Scotland with an approximate age of
360–320 Ma (McMahon et al. 2012). The basaltic lavas from
the Fife area consist of highly weathered basalts with olivine,
pyroxene (augite) phenocrysts. The olivine phenocrysts are
mostly pseudomorphed to calcite and quartz (Rex & Scott
1987). The sometimes glassy groundmass consists of calcic
plagioclase and anhedral titano-magnetite. Amygdales in basalt-
ic lavas are usually formed through gas bubble release when the
lava is cooling and the pressure is released upon eruption. After
the cooling of the lava, hydrothermal fluids pass through the cav-
ities (vesicles) and precipitate secondary minerals (usually cal-
cite, zeolites and/or quartz), which then become the amygdales.
Polished thin sections (thickness of approx. 30 µm) were

prepared from the samples. The sample was chosen to be as
representative for extraterrestrial conditions as possible.
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Mafic rocks are the predominant rock type on terrestrial-like
planets such as Mars. Veins and voids in basalts have also
been recognized as habitats for endolithic microorganisms,
whose remains usually are found in secondary in-filling miner-
alizations such as carbonates (Ivarsson et al. 2012). The cur-
rent sample contains filamentous micro-structures similar in
size and occurrence to microbial filaments. Despite not
being remains of microorganisms their occurrence in second-
ary carbonates and their morphologies make them excellent
specimens to test the instrument for future studies of true mi-
crofossils. Mineralogy and microstructures were localized and
analysed using optical microscopy, environmental scanning
electron microscopy (ESEM) coupled with an energy disper-
sive spectrometer (EDS) on an FEI QUANTA FEG 650
(Oxford Instruments, UK). For the analysis by EDS, an
Oxford T-Max 80 detector was used. No coatings of the sam-
ples were used during ESEM/EDS analyses. To minimize sur-
face charging effects, the sample was kept at low vacuum
conditions and the acceleration voltage was kept at 20 or 15
kV depending on the nature of the sample. The instrument
was calibrated using a cobalt standard. Peak and element ana-
lyses were done using INCA Suite 4.11 software. A fragment
of the thin section (approximately 2 × 3 mm2) was mounted
onto a stainless-steel sample holder with copper tape for
chemical analyses using a LMS. The LMS combines a laser
ablation/ionization ion source with a reflectron-time-of-flight
mass analyser (Rohner et al. 2003). The full technical details
of the instrument are described in previous publications
(Riedo et al. 2013a, b, c; Neuland et al. 2013, 2014). Here
we used a focused femtosecond (fs) laser (τ* 190 fs,
λ = 775 nm, laser pulse repetition rate ≤1 kHz) for ablation
and ionization of the sample (Grimaudo et al. 2015).
Typical sample consumption is below picograms. The

software used for operating the LMS system controls the
laser pulse energy, laser pulse repetition rate and number of
laser pulses, and is described in an earlier publication
(Riedo et al. 2013a). An x-y-z micro-translation stage was
used for positioning the sample under the laser ablation loca-
tion with a positioning accuracy of about ±20 µm. The spot
diameter was about 15 µm and the applied energy per pulse
was 6 µJ, which resulted in a laser irradiance of 42
TW cm−2. Quantitative elemental composition and deriv-
ation of the mineralogy of the sample with lateral and vertical
resolution were made investigating a sequence of ten points on
the sample separated by 20 µm from each other (see Fig. 1).
The size of investigated area is defined by the laser spot diam-
eter. The ablation studies were performed by applying 40 000
laser shots at each location. A total of 200 mass spectra were
collected, each being the sum of 200 single-shot spectra.
Hence, an individual depth layer is defined as a depth range
ablated by 200 consecutive laser shots. The thickness of a
depth layer depends strongly on the ablation rate, i.e on the
laser fluence and its absorption by the sample. For the inves-
tigated sample the ablation rate is observed to increase stead-
ily from location 1 (carbonate host) to location 2 (amygdale
inclusion). Based on the results from our recent studies the ab-
lation rate for carbonate material is expected to be in the range
0.01–0.1 nm per laser shot whereas for locations on the darker
surface the ablation rate is 1–5 nm per laser shot (Grimaudo
et al. 2015). For the purpose of the current analysis these esti-
mates should be sufficiently accurate and a more accurate de-
termination of the ablation layer thickness was not attempted.
The elemental composition of an individual ablation layer or
the average over all the measured layers was determined from
the mass spectra using the procedure described in another
publication (Riedo et al. 2013a).

Fig. 1. Optical images showing the (a) entire sample including the host basalt (BAS), the amygdale (AM) and the TFS and (b) placement and
numbering of the points investigated by LMS in the dark inclusion resembling a tangle of filamentous structures (TFS).
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Mineralogical analyses were made using a Horiba instru-
ment LabRAM HR 800 laser Raman confocal spectrometer
equipped with a multichannel air-cooled charge-coupled
device (CCD) detector. An Ar–ion laser (λ= 514 nm) was
used as the excitation source. The instrument was integrated
with an Olympus microscope and the laser beam was focused
to a spot of 1 µmwith a 100x objective and with a spectral reso-
lution of about 0.3 cm–1. The instrument was calibrated using a
neon lamp and the Raman line (520.7 cm–1) of a silicon wafer.
Instrument control and data acquisition was made with the
LabSpec 5 software.
Synchrotron radiation X-ray tomographic microscopy

(SRXTM) was performed at the tomographic microscopy

and coherent radiology experiments (TOMCAT) beamline of
the Swiss Light Source at the Paul Scherrer Institute,
Villigen, Switzerland. The X-ray energy was 20 keV, and
1501 projections were obtained over 180°. An LSO : Tb 5.9
µm scintillator and a 40× lens were used, resulting in a voxel
size of 0.1625 µm. Reconstruction was based on the Fourier
Transform method (Marone & Stampanoni 2012). Slice data
were analysed and rendered using Avizo™ software.

Results and discussion

Optical microscopy and X-ray Tomography

A colourless mineral (amygdale, AM) with a dark inclusion re-
sembling a tangle of filamentous structures (TFS) was ob-
served using an optical microscope (Fig. 1(b)). The filaments
propagate outward in all directions from a central point.
They have a diameter of 0.2–3 µm and vary in length from a
few micrometres to up to 150 µm. Tomographic reconstruc-
tions of the TFS clearly showed a characteristic millerite (a
NiS mineral with a profound acicular habit, commonly asso-
ciated with serpentine rocks) structure (Fig. 2(a)–(c)) and
that there is an overgrowth of brush-like structures covering
the millerite structure, especially close to the middle of the
TFS. Small denser grains can also be seen both within the
TFS and in the surrounding calcite. The SRXTM revealed
that the apparent filamentous structure of the TFS seen
under optical microscopy (Fig. 2(a) and (b)) in fact consists
of pin-straight, even crystals and are thus not organically
formed filaments as implied from optical microscopy.
Branching was seen using SRXTM (see red arrows in Fig. 2
(c)). The entire TFS inclusion is about 200–300 µm in size.

ESEM/EDS

ESEM/EDS elemental mapping revealed elemental concentra-
tion differences between the TFS and the surrounding amyg-
dale host rock, Fig. 3. At least three different phases were
observed in the TFS; (1) long, needle-shaped structures consist-
ing of Ni-Co-Fe-S (NS), 2) Structureless parts consisting of
only Si and O and (SiO), and 3) Phases containing Al-
Mg-O-Fe that surround the needle-shaped crystals (ALP).

Raman

The Raman analyses identify the host basaltic rock as com-
posed of clinochlore ((Mg5Al)(AlSi3)O10(OH)8), plagioclase
(NaAlSi3O8–CaAl2Si2O8), clinochlore-transformed augite
((Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6), anatase (TiO2) and calcite
(CaCO3). This is in agreement with the published data (Geikie
& Peach 1900; Rex & Scott 1987). The amygdale mineral is a
calcite, which is also reported in the literature (Geikie & Peach
1900). The ESEM measurements suggest that Mn is a consist-
ent but minor part of the calcite (Fig. 3), but no Raman spec-
trum can confirm a Mn-bearing calcite, or a Mn-carbonate.
The long, needle-shaped structures are identified asmillerite,

a nickel-sulfide mineral (NiS), by Raman spectroscopy
(Fig. 4), and SIO is identified as poorly crystalline quartz.
Highly weathered amygdaloidal, basaltic samples are

Fig. 2. SRXTM volume renderings showing the morphology,
branching and size distribution of the crystals that constitute the TFS
and, where (a) shows the entire TFS and arrows pointing on the
‘brush-like’ structures, (b) shows a zoomed-in regionwhere the straight
crystal shapes are clearly visible and (c) shows the branching of some
crystals (white arrows).

Mineralogical determination using miniaturized laser ablation mass spectrometer 135

https://doi.org/10.1017/S1473550415000269 Published online by Cambridge University Press

https://doi.org/10.1017/S1473550415000269


Fig. 3. ESEMmapping of the TFS, showing the distribution of key elements in the sample. The upper picture is a compilation of the maps of S, Si,
Fe, O and Ca.
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Fig. 4. Raman spectrum showing the spectrum from the TFS (a mixture of millerite and calcite) in black, the reference spectrum for millerite in red
and reference spectrum for calcite in light blue.
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consistent with the presence of millerite, which is a low-
temperature calcite- and serpentine-associated mineral
(Moody 1976; Anthony 1990; Schwarzenbach & Früh-Green
2009), and quartz is a documented pseudomorph of the olivine
phenocrysts (Rex & Scott 1987). The ALP phase was identified
to represent the mineralogy of the basaltic host rock to a large
extent but in general, chlorite was surrounding the millerite
crystals.

LMS

Mass spectra were collected in the low-gain (LG) and high-
gain (HG) channel (see Riedo et al. 2013a, b, c) from all ten
locations on the sample. As an example the mass spectrum
from spot number 6 is shown in Fig. 5. The LG channel re-
cords the major elements, which in this case are H, C, O,
Na, Mg, Al, Si, S, K, Ca, Fe, Co and Cu. These mass spectra
can be interpreted as CaCO3 with additions of quartz, clino-
chlore and other minor minerals. Mn was associated with
CaCO3 and is identified in the LMS data where it is present
already in the LG channel and much better seen in the HG
channel (Fig. 5), which confirms that Mn is not a major, but
a minor, species in the CaCO3 mineral. The HG channel
shows the ratio D/H2 and the minor elements Li, B, C, O,
Na, Mg, S, Mn, Fe, Ni and carbon clusters, which are all
identified in Fig. 5.
In the following, we discuss the variation of elemental abun-

dances within the investigated depth layers and locations with
relevance to mineralogy. Figures 6–10 summarize the results of
the measurements performed at each location, 0–9, and the
variation of the mass peak intensities of several elements are
plotted between the location numbers. The mass spectra pro-
vide information on chemical composition change from one
to the other location and also compositional changes with
the depth. The apparent differences in mass peak intensities be-
tween ablation points 0–4 and 5–9 are due to the different ab-
lation rates at these locations, which affected the measurement

sensitivity. An increase of laser irradiance would be necessary
to increase the ablation rate at the calcite site, but this would
result in a decrease in spectral quality on millerite surfaces.
The composition of the surrounding host material in the amyg-
dale was known and a decision was made to optimize the laser
fluence to the TFS area instead.
The measurements at the first four locations were performed

in the pure amygdale calcite, where the mass peaks of the ele-
ments C, Ca and O were observed to be the most intense in the
mass spectrum and other elements are present in the mass spec-
tra at a minor level. Calcium and O are present and coincide
also throughout the entire ablation profile with several other
elements. Their abundance ratios are consistent with the com-
position of calcite.
The oxidizing conditions increase linearly with the proxim-

ity to the TFS centre (Fig. 6), which is consistent also with the
formation processes associated with the amygdaloidal pillow
basalts. The negative correlation between S and Fe in contrast
to the ESEM analysis indicates that there are no pyrite in the
sample, which is confirmed by the Raman spectra where no
pyrite could be observed (Fig. 7(a) and (b)). ESEM analyses
are semi-quantitative and has a broad beam spot that may in-
clude elements to the spectra outside the target area, which is
why Fe and S seems to appear together in the ESEMmapping
figure (Fig. 3).
The amount of S increases linearly with the proximity to the

TFS centre, Fig. 7(a), but the spatial variation for S and Fe
does not show the same pattern. Instead, Fe and O coincide
perfectly, which is consistent with the presence of iron oxides
(Fig. 7(b)). The major elements appearing in the ESEM
maps are S, Si, Fe, O, Ca, Al, Ni, Co and Mg are also present
in mass spectra of all ablation points. Fig. 8 shows the analysis
of all mass spectra for these elements in three panels for the lo-
cations given in Fig. 1(b).
Figure 8(c), shows that Ni and Co are strongly correlated

throughout the entire data set, confirming the Raman observa-
tions of millerite (Fig. 4). Cobalt is closely correlated to Ni in
the entire profile, but since no Co-bearing mineral phase was
found with Raman spectroscopy this is likely a substitution
of Ni for Co, which is a common feature in millerite (Ineson
2014). This means that both Ni and Co will be present and
positively correlated with S because of their mutual association
in the mineral.
To confirm the presence of the minerals derived from the

Raman analyses, element correlation analyses are presented
assuming that characteristic elements of these minerals can
be identified in the LMS mass spectra, which are shown in
Figs 9 and 10. In Fig. 9(a), the elements Ni, Co and S are posi-
tively correlated almost throughout the entire data set but it is
most pronounced in the ablation points 2–6. Thereafter, there
are some points in which the correlation is negative, where S is
very high compared with Ni and Co. From these analyses of
the mass spectra one can conclude that millerite is present at
least on the edges of the TFS, but likely also inside the TFS.
Calcite is mostly identified in the ablation points 0–5, as ex-
pected, since calcite is the dominating mineral there and the in-
terferences of other elements are not so profound see Fig. 9(b).

Fig. 5. Mass spectrum of the LG andHG channels showingmajor and
minor elements present in the sample in spot number 6. With observed
dynamic range close to 106 the detection of elements with the
concentrations down to ppm level are expected.
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Quartz can possibly be observed as increased Si signals corre-
lated with an increased O signal, see Fig. 9(c).
Figure 10(a)–(c), show the relative abundance of elements

indicative of the location of iron oxides, anatase and chlorite
minerals. The O abundance is loosely tracing the Fe abun-
dance, especially at ablation points 7 and 8, suggesting that
iron oxides are present in the sample, which is consistent
with the literature from the area (Rex & Scott 1987).
However, the location of anatase and chlorite is not unambigu-
ous as many elements show high abundance in the TFS. Our
Raman spectrum showed the presence of both anatase and
chlorite within the TFS and the elements appearing in those
minerals correlate also in the LMS element data (Fig. 10(b)
and (c)). In Fig. 10(b), markings have been added to show
the positions where the O/Ti ratio is 2 (which represents the
anatase O/Ti ratio). From those points, it can be seen that
the O/Ti ratio is 2 mostly outside the TFS, indicating that the

anatase is coupled to the calcite rather than to the TFS. This
indicates that anatase is syngenetic with the calcite and that
the TFS is a later alteration product. The increase of O in the
TFS with increasing ablation numbers (Fig. 8(b) and Fig. 9(b)
and (c)) shows that at least some parts of the TFS are oxidized,
which is also confirmed by the presence of iron oxides and al-
teration products such as clinochlore.
A detailed depth profile analysis is presented for location 4

and 7 in Fig. 11. Typically, at one measurement location the
measured mass peak intensities of the analysed elements are
observed to decay smoothly with the ablation progress (abla-
tion number layer) when homogenous material is investigated.
In the current studies, the peak intensity envelope is generally
more complex. The measurements yield relatively large peak
intensity variations are indicating a deficit or increase of the
concentration of particular elements for particular ablation
layer. From the analysis of element correlation (element

Fig. 6. Relative variation of oxygen with depth and proximity to the centre of TFS showing ablation points 0–4 in (a) and ablation points
5–9 in (b).
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deficit, element concentration increase) one can get an insight
into mineralogical composition of the investigated layer.
The chemical compositional analysis of the first uppermost

surface layers measured at location 4 shows no significant rela-
tive variation of elemental peak intensities. All peak intensities
decay with relatively similar rate, and only very small varia-
tions can be seen for these uppermost surface layers.
However, at location 7, larger intensity variations are ob-
served. The peak intensities of the elements B, C, O and S de-
crease steadily with the ablation progress while the mass peak
intensities of the other elements are observed to increase; they
reach their highest intensities after ablation of approximately
20 layers, thereafter the intensities decrease.
Occasionally, at some depths (at some ablation layers) the

peak intensities of some of the elements were observed to in-
crease and others to decrease. At location 4 an increase of
peak intensities was observed in the ablation layer ranges
814–820, 830–846, 894–910 and 952–968, respectively. In the
depth layer range 865–874, the sulphur intensity is readily de-
creasing while intensities of other element increase. Large peak

intensity variations were observed at location 7 for several ab-
lation layers including 1435–1445, 1465–1488, 1535–1540 and
1570–1590. For these depth layers, an increase in intensity of
several elements (including B, C, O, Na, S and Ti) is accom-
panying a decrease in the peak intensities of other measured
elements (Mg, Al. Si, K, Ca, Cr, Fe, Ni and Co). The correl-
ation and anticorrelation indicate presence of chemically dif-
ferent layers or particles. While changes of the intensities of
several elements at location 4 (left panel) are relatively well-
correlated, at location 7 (right panel) for some of the elements
the intensities are anticorrelated. The depth scale is roughly es-
timated for these locations and leads to the conclusion that the
size of these layers/particles is in the range 1–3 µm. The correl-
ation of elements in ablation point number 4 indicates a fast
precipitation, in which the calcite was precipitating quickly to-
gether with all other elements and no other minerals had the
time to form. At ablation point 7, several minerals are present,
indicating enough time for minerals (in this case, mainly sec-
ondary) to form and precipitate. The elements Mg, Si, Al, V,
Ca, K, Co, Cr and Ni are anticorrelating with C, B, O, Na, S

Fig. 7. Relative variation of (a) sulphur and (b) iron with depth and proximity to the centre of TFS.
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Fig. 8. Relative element composition from LMSmass spectra for all ablation points showed in Fig. 5b represented both laterally by the integers at
the x-axis giving the ablation point, and with depth (data between the integers with lowest number representing the surface). (a) Shows the relative
abundances of Si, S and Fe, (b) O, Al, Ca and (c) Mg, Ni and Co.
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Fig. 9. Relative element composition from LMS mass spectra for all ablation points showing the correlation of elements making up specific
minerals identified in the sample using Raman spectroscopy. The format is the same as in Fig. 7. (a) shows arrows pointing on locations with
overlaps of Co, Ni and S indicative of millerite, (b) shows arrows pointing on locations with overlaps of Ca, C and O indicative of calcite, and (c)
shows arrows pointing on locations with overlaps of O and Si indicative of quartz.
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Fig. 10. Relative elemental composition from LMS mass spectra for all ablation points showing the correlation of elements in minerals identified
by Raman spectroscopy. The format is the same as in Fig. 7. (a) arrows pointing on locations with overlaps of Fe and O indicative of iron oxide, (b)
shows data for Ti and O and the locations where the O/Ti ratio = 2 indicative for anastase, and (c) shows the data for Fe, Mg and Al.
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and Ti, which suggests a secondary mineralogy forming
anatase, sodium carbonates and sulphates, whereas the heavier
metals remained within the carbonates during the alteration of
the amygdales. This is contradictory to the interpretation of the
O/Ti ratio, where anatase was suggested to be syngenetic with
the calcite. The solubility of Na, Ti, S, B and C ions is higher
than that of the other elements, and it is therefore more likely
that anatase is syngenetic with the secondary mineral precipi-
tation than with the calcite. The oxidation of the minerals at
point 7 is much higher than at point 4, suggesting that the al-
teration of the amygdales is through oxidative fluids.

The relative abundances of elements measured at the loca-
tion 3–7 are presented in Table 1 and displayed in Fig. 12.
The elemental analysis at each location was computed from
the mass spectrum obtained by summing up the spectra of in-
dividual ablation layers.
In general, many elements are correlated at the same

ablation points, and only large deviations may be considered
as tenable mineral identification. The size of the ablation
crater is likely playing a role in that the ablated materials
are picking up signals not only from the structures but also
to a large extent from the surrounding host minerals, since

Fig. 11. Variation of mass peak intensities of various elements with ablation depth measured at location 4(a) and 7(b).
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Table 1. Abundance of elements for locations 3–7 (see Fig. 12) determined from the mass spectrometric analysis. Elements with
concentrations down to ppm level are measured (Ca, F and Cl)

Location/element Loc_3 × 10−3 Loc_4 × 10−3 Loc_5 × 10−3 Loc_6 × 10−3 Loc_7 × 10−3

Li 0 2.53 (0.05) 11.41 (0.13) 17.44 (0.25) 25.24 (0.3)
B 0 0.2 (0.01) 1.38 (0.04) 0.97 (0.01) 1.48 (0.03)
C 108.1 (1.1) 131.8 (0.6) 101.0 (0.3) 101.6 (0.4) 308.6 (0.2)
N 2.77 (0.01) 3.013 (0.004) 2.666 (0.003) 1.385 (0.003) 0.598 (0.003)
O 38.82 (0.80) 68.57 (0.46) 153.14 (0.47) 481.21 (0.03) 184.219 (0.002)
F 0 0.41 (0.01) 0.349 (0.001) 0.031 (0.001) 0.047 (0.002)
Na 167.76 (2.9) 124.34 (0.7) 215.62 (0.8) 480.06 (2.5) 83.87 (5)
Mg 12.52 (0.21) 42.45 (0.30) 94.6 (0.39) 59.01 (0.19) 76.88 (0.49)
Al 32.39 (0.78) 48.85 (0.29) 101.28 (0.37) 81.07 (0.28) 122.11 (0.77)
Si 12.91 (0.64) 30.27 (0.21) 60.22 (0.29) 41.97 (0.20) 58.79 (0.42)
P 0 0.206 (0.013) 0.108 (0.002) 0.052 (0.002) 0.046 (0.002)
S 79.96 (1.1) 121.72 (0.6) 106.52 (0.46) 90.32 (0.34) 124.96 (0.8)
Cl 0 0 0.17 (0.01) 0.268 (0.008) 0
K 246.41 (2.7) 95.44 (0.5) 146.28 (0.4) 56.62 (0.3) 152.45 (2.3)
Ca 357.1 (0.23) 294.7 (0.1) 161.7 (0.8) 19.41 (0.05) 0.050 (0.004)
Ti 15.53 (0.49) 12.22 (0.17) 7 (0.069) 5.87 (0.06) 3.46 (0.034)
V 0 0 1.26 (0.06) 0.416 (0.005) 1.98 (0.024)
Cr 0 1.88 (0.1) 1.14 (0.038) 0.42 (0.011) 0.573 (0.001)
Mn 7.13 (0.48) 2.91 (0.094) 0.11 (0.004) 0.766 (0.02) 0.421 (0.007)
Fe 69.14 (1.4) 89.71 (0.60) 18.33 (0.056) 35.12 (0.18) 160.45 (1.98)
Ni 4.97 (0.48) 19.0 (0.15) 12.0 (0.1) 2.00 (0.08) 4.52 (0.05)
Co 7.96 (0.41) 28.9 (0.3) 16.69 (0.13) 3.34 (0.01) 9.06 (0.08)
Cu 4.27 (0.4) 5.46 (0.1) 2.90 (0.07) 0.735 (0.02 1.08 (0.5)

Fig. 12. Elemental abundance fractions at several locations for major (a), minor (b) and trace elements (c, d).
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the ablation spot size is larger than the thickness of the
filaments.
The analyses of depth profiles from each spot are shown be-

tween the integer ablation numbers on the x-axis in Figs 8–10.
The oxidation of the surface is clearly visible as high O signals
at the surface followed by a rapid decrease with depth, except
from ablation points 7 and 8, where the O is high throughout
the investigated depth layers, indicating the presence of
oxidized minerals such as iron oxides. With the first layer dis-
carded, there are still strong sulphur signals with depth, show-
ing repeated occurrence of S-rich grains with minor additions
of Ni and Co (Fig. 12).

Conclusions

In general, the LMS mass spectra, the Raman spectra and the
ESEM data provide consistent information about the elemen-
tal and mineralogical composition of the sample as well as syn-
genicity and oxidation properties. This suggests that LMS is an
instrument by which in situ analyses of mineralogical compos-
ition are highly conceivable. The data from the LMS also show
that this is not purely a surface analysis technique, but LMS
also provides detailed depth information making it a high-
resolution, in situ, three-dimensional-analysis technique for
elemental composition. This is of great importance for in situ
analyses of heterogeneous material on rocky extraterrestrial
bodies during future space missions. LMS delivers highly sen-
sitive elemental analysis with high lateral and vertical reso-
lution. This study demonstrates its capability to conduct
depth profiling of geological samples with sub-micrometre
resolution. These offer new perspectives for context analysis
and the detection of micrometre-sized grains/layers, and open
new possibilities for the investigation of grain elemental and
mineralogical composition.
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