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ABSTRACT: Femtosecond laser ionization time-of-flight
mass spectrometry (fs-LI-TOFMS) is introduced for the
three-dimensional elemental analysis of a Nantan meteorite.
Spatially resolved multielemental imaging of major and
minor compositions in a meteorite are presented with a lateral
resolution of SO um and a depth resolution of 7 um. Distinct
3D distributions of siderophile, lithophile, and chalcophile
elements are revealed. Co and Ni are highly siderophile (Iron-
loving), mainly enriched in the metal phase. Cr, Cu, V, and Mn
are enriched in the sulfide for their chalcophile (S-loving)
tendency. S, P, and C aggregate together in the analytical
volume. Silicate inclusion, containing lithophile elements of Al,
Ca, Mg, K, and so on, is embedded within the metal phase for
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the immiscibility between silicate inclusion and the melted metal phase. These 3D distributions of elements aid the exploration of
the formation and evolution of the meteorite. They also reveal the feasibility of fs-LI-TOFMS as a versatile tool for 3D imaging.

Meteorites, as extraterrestrial materials, carry valuable
primitive information about the origin, formation,
and evolution of the early solar system. Therefore, studying
meteorites is of fundamental importance for tracing the history
of the solar system as well as gaining understanding of our own
planet Earth." The total composition of a meteorite can
basically be acquired by various techniques.”” Nevertheless, a
meteorite would undergo a mineral-dependent condensation
process during formation followed by fractional crystalliza-
tion or crystal-segregation,* ® which results in inhomogeneous
compositions. Thus, elemental imaging should be regarded as a
proper method to reveal information about meteorites.
Traditional elemental imaging techniques primarily address
the distribution of the surface composition.” However, the
inner composition of meteorites, which cannot be viewed via
naked eyes, is different from the surface. On one hand, the
meteorite was formed in a reducing atmosphere. When it
passed through the Earth’s atmosphere, its surface was exposed
to an oxidizing condition. Intense friction as well as impact with
the atmosphere resulted in the occurrence of melting on its
surface, during which its surface composition would undergo
oxidation and volatilization.> On the other hand, generally,
meteorite surfaces had long been subjected to weathering in the
Earth’s physical—chemical environment before they were found
and collected.”® All of these could make the surface com-
position different from that of the inner bulk. Therefore, for
acquiring complete and accurate information about the
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formation and evolution of a meteorite, the performance of
3D elemental imaging on meteorites is particularly imperative.

At present, 3D elemental imaging is primarily achieved
by either optical spectrometry or mass spectrometry. Optical
spectrometry 3D elemental imaging techniques (such as
neutron resonance transmission (NRTI),9 X-ray fluorescence
(XRF),""" confocal u-X-ray absorption near edge structure
(4XANES),"” laser-induced breakdown spectroscopy (LIBS),">"*
etc.) are simple, straightforward, and microdestructive, yet they
usually suffer from spectral interferences and limited detectable
elements.>'® Mass spectrometry 3D elemental imaging is
typically based on the ablation or sputtering of the target via a
laser or an ion beam. It is able to construct a 3D map of the
spatial compositions within the target.'” The leading 3D
elemental imaging mass spectrometry methods are secondary
ion mass spectrometry (SIMS)'® and laser ablation inductively
coupled plasma mass spectrometry (LA-ICPMS)."”~** General
LA-ICPMS is capable of imaging analysis of solids;***’ the
extreme difficulty of obtaining imaging-related standards for
quantitative calibration limits its further application. While
SIMS has excellent lateral resolution as well as depth resolution,
it is defective in its quantitative capability and the rigorous
requirements for the morphology of a sample.
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Figure 1. Schematic diagram of the fs-LI-TOFMS system.
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Buffer-gas assisted high-irradiance femtosecond laser ion-
ization time-of-flight mass spectrometry (fs-LI-TOFMS)
another mass spectrometry technique based on laser ablation
and the ionization method. Unlike the present laser related
mass spectrometry 3D elemental imaging techniques, the
femtosecond laser was introduced instead of a nanosecond laser
because of its suppressed thermal effects during laser—material
interaction,”*™*” which offers fs-LI- TOFMS a more uniform
ablation and minimized matrix effect.” It is capable of directly
semiquantitatively determining almost all elements simulta-
neously without standards.”® The buffer-gas was brought into
the source for diminishing the interference of multj ly charged
ions via collision and three-body recombination.”” Further-
more, some pioneering experiments have proved its capability
for depth profiling as well as surface elemental imaging,”****"
which has also been proved by other groups using a similar
technique.”””’ Therefore, it allows visualization of the lateral
distribution and the depth profile of an element in the material
simultaneously. Consequently, fs-LI-TOFMS has the potential
for 3D elemental imaging. In this study, a self-prepared disc,
which mixes four high purity metal powders of Cr, Fe, Ni, and
Cu, is first introduced to exhibit its feasibility. Then, the Nantan
meteorite is analyzed to reveal its capability for 3D spatial
imaging of an actual heterogeneous sample.

B EXPERIMENTAL SECTION

Sample Preparation. Four stoichiometric amounts of
80-mesh metal powders (99.99%) of Cr, Fe, Ni, and Cu were
mixed manually and, then, loaded into a die and pressed into
a disc and polished prior to analysis. The other sample is a
Nantan iron meteorite, which was provided by the Institute of
Geochemistry, Chinese Academy of Science. The falling time of
the meteorite to the Earth could date back to the year of 1516,
and before that, it had wandered among interplanetary space
for billions of years.”* The primary falling areas were located
around Nantan county, Guangxi province, China. Therefore, it
was named after the county. It is regarded as the second largest
iron meteorite in China. Nineteen specimens weighing approx-
imately 9.5 tons have been found up to now.”* To accom-
modate the room limitation of the sampling source, a bulk with
a relatively flat surface (Figure Sa) was sliced with a diamond
wafering blade cutter and cleaned with ethanol solution in an
ultrasonic bath.

Instrumental and Analytical Procedures. The study was
carried out on a buffer-gas assisted high irradiance femtosecond
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Figure 2. (a) Photograph of 30 X 30 crater array of the self-prepared
disc with 3$ laser shots for each crater; (b) magnified section.

laser ionization time-of-flight mass spectrometry (fs-LI-
TOFMS) system, which is shown in Figure 1. It has been
described previously with a few modifications.”>" Briefly, the
femtosecond laser (S-pulse HP, Amplitude Systemes, France)
with a duration of 500 fs, a wavelength of 1030 nm, a frequency
of 10 Hz, and an irradiance of 8 X 10" W/cm?* was employed.
A set of optical components, which include a continuously
variable beam attenuator (ABS0-6.35, CVI Melles Griot,
USA), a 4x beam expander (Laserlands Laser Equipment,
China), and an aperture (iris) (Winner Optical Instrument,
China) with an optimized diameter of 4 mm, were used to
shape the laser beam into a quasi top-hat profile. Ultrahigh
purity helium (99.999%) acting as the buffer-gas was intro-
duced into the ion source of 600 Pa. A series of ionic optical
lenses adjoining the nozzle were used as a transportation stage
for focusing and guiding the ion beam. The orthogonal “pulse
train” repelling mode was employed in the TOFMS with
angular reflection.”®
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Figure 3. 3D elemental distribution for (a) Cr, (b) Fe, (c) Ni, and (d) Cu on the self-prepared disc; (e) distribution of 4 kinds of metal particles in

the ablated cuboid section.
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Figure 4. Accumulated spectrum of the entire imaging area. (a) Overview of the spectrum. Magnified portions at (b) 5—37 and (c) 38—65 amu.

The sample was positioned on an XY stage micropositioner
(SmarAct GmbH, Oldenburg, Germany). The array for imaging
was 30 X 30 spots with a 50 ym interval, which is almost equal to
the diameter of the laser focusing spot. Each ablation spot on the
self-prepared disc and the Nantan meteorite went through a
sequence of 200 and 240 shots, respectively. For accurately
quantifying the results, every 10 mass spectra of the corresponding
single laser shots were accumulated and regarded as the chemical
information on one spot of an individual layer. Therefore, 3D

maps for the self-prepared disc and the meteorite consist of
20 layers and 24 layers, respectively. The ablation depth per pulse
was almost constant over a large depth range.”® Thus, the average
depth resolution was approximately 7.0 ym between consecutive
layers because the ablation rate was approximately 0.7 ym per
pulse. The data were processed by a self-developed LabVIEW
program, and finally, 3D elemental images were constructed on
the basis of the 4D data (including the three spatial positioning

coordinates and the elemental concentration) by Voxler software.
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Figure 5. 3D element distributions recorded in the Nantan meteorite. The dimensions of the area are 1.5 X 1.5 mm? (a) Photograph of the
meteorite and (b—s) particular elemental distributions in the meteorite (g/g in concentration).

B RESULTS AND DISCUSSION element j, respectively. This quantitation can be regarded as a
For the assessment of the feasibility of fs-LI-TOFMS for 3D 100%-mass-normalization approach; thus, the signal fluctuation
imaging, the crater array and the morphology of the crater were of diverse craters, as well as different layers within the same
investigated. Figure 2a shows the 30 X 30 spot array after 35 crater, can be neglected.

consecutive ablations on the self-prepared disc, which covers an To validate the 3D imaging ability of fs-LI-TOFMS, a self-
area of 1.5 X 1.5 mm”. A uniform pattern of equally distributed prepared disc with four mixed powders of Cr, Fe, Ni, and Cu
ablation craters can be observed. Figure 2b displays the was subjected to fs-laser drilling at 30 X 30 spots, followed by
morphology of the sectional craters from Figure 2a. It exhibits a TOFMS measurement for 200 shots per crater. The 3D

series of craters with a diameter of approximately SO ym and a
relatively steep crater wall. Furthermore, the high quality and
homogeneity ablation without thermal effect is presented.
Given these, it is conceivable to perform 3D sampling by
femtosecond laser ablation. ] : i e

Because high irradiance fs-LI-TOFMS has little matrix effect The particles with a diameter less than the drilling depth

distributions of these four elements can be seen in Figure 3a—d.
Because of inhomogeneity in the mixture of the four powders
and the diverse particle diameters even for the same metal, the
elemental distribution characteristics vary with the particles.

and elemental fractionation, which results in more uniform (140 pm) can be distinctly observed with a complete shape

relative sensitivities for most elements,25 the elemental within the analytical volume. Moreover, irregular particle shapes

concentration can be acquired by a quantitation method can also be found in Figure 3, which is in agreement with the

without standards for calibration. The formula for the actual powders. Figure 3e is the combination of Figure 3a—d,

calculation is as follows:*' which clearly shows the distribution of 4 types of metal

1= ZAMUE T A

- - L gated via fs-LI-TOFMS not

' s only laterally along the surface but also in the depth direction,

where w; represents the concentration of element j, while A; even though it took approximately S h for the ablation and data
and M;; define the peak area and the molar mass of isotope i of acquisition.
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The Nantan meteorite was investigated using the fs-LI-
TOFMS system. The spectrum aggregating all the imaging data
is shown in Figure 4, which indicates the meteorite contains Fe,
Li, C, Na, Mg, Al, Si, P, S, K, Ca, T, V, Cr, Mn, Co, Nj, and Cu.
The major, minor, and trace elemental compositions with
well-matched isotope ratios are shown in the spectrum without
significant interference.

A photograph of the Nantan iron meteorite with a high-
lighted imaging area and the 3D distributions of all elements
are shown in Figure S. The concentration of Fe (Figure Sb)
within the whole imaged volume is high except for three small
sections, which is in accordance with the fact that kamacite is
the predominant mineral in iron meteorite.” Highly siderophile
(iron-loving) elements (Co and Ni) have a similar distribution
pattern (Figure Sc,d), which results from their almost identical
condensation temperature and diffusion rate in Fe melt.”*
Primarily in the form of silicate inclusion, Si (Figure Se) was
predominantly located in the relatively low content zones of Fe,
as their melts are immiscible and the density of the silicate melt
is much lower." Figure Sf—h shows very similar 3D distri-
butions of Mg, Al, and K. Their crystallization might be in the
form of mineral yagiite (a K—Mg—Al silicate).””** Element
Ca (Figure Si) shows a very low content within the mete-
orite except for a small section on the surface (coordinates:
x =900 pm, y = 950 um) which could be the high-Ca pyroxene
as there Si has the highest concentration. Its formation likely
involved local crystallization from a partial melting and melt
migration.””*” Figure 5l reveals the overall concentration of Na
in the upper section of the meteorite tends to be greater than
that in the lower section. This might attribute to either the
initial cooling taking place from the surface or surface contami-
nation from the earth.”” The chalcophile (S-loving) elements,
Cu, Cr, V, and Mn, are generally partitioned into sulfide, which
can be seen from Figure Sm—q. The other two nonmetal
elements P (Figure Sr) and C (Figure Ss) have similar distri-
butions to that of S, which could be attributed to rapid cooling
leading to P- or C-rich melt enclosed in crystallizing sulfide.”*'

Two possible explanations could be assigned to the distinct
3D distributions of siderophile, lithophile, and chalcophile
elements. On one hand, the content of S in the residual melt
would increase, due to it being excluded from the process of
crystallizing Fe metal. Siderophile elements were partitioned
strongly into the Fe metal, while chalcophile elements had the
opposite behavior.*”** On the other hand, silicon was reported
to have little effect on the partitioning behaviors of all detected
siderophile and chalcophile elements.”>** Thus, these three
types of elements would be separated spatially.

B CONCLUSION

A three-dimensional imaging mass spectrometry technique
using fs-LI-TOFMS was applied for investigating the spatial
distribution of elements in the Nantan meteorite with a spatial
resolution in micrometers. The method is capable of semi-
quantitative analysis without standards for calibration. It is able
to reach a detection limit of 107° g/g and a dynamic range of
6 orders of magnitude. The semiquantitative 3D imaging of
18 elements, including 4 nonmetal elements were exhibited.
Different spatial patterns for various types of elements in the
meteorite reveal its preliminary composition, fractionation, and
thermal history, as well as its surrounding physical—chemical
environment during formation and evolution.
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