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Introduction

Quantitative elemental mapping of chondritic
meteorites using laser ablation-inductively coupled
plasma-time of flight-mass spectrometry (LA-ICP-
TOF-MS)+

Ryoga Maeda, © **® Thibaut Van Acker, © € Frank Vanhaecke, ©¢
Akira Yamaguchi, @ 9 Vinciane Debaille,” Phillippe Claeys &2 and Steven Goderis &2

Fast elemental mapping using laser ablation-inductively coupled plasma-time of flight-mass spectrometry
(LA-ICP-TOF-MS) was applied to a set of chondritic meteorite samples, more specifically H chondrites. LA-
ICP-TOF-MS enables element distribution maps for both major and trace elements to be obtained at um-
order spatial resolution (5 x 5 um square pixels in this study) in a (semi-)quantitative manner. To assess the
reliability of the quantitative data as obtained using LA-ICP-TOF-MS mapping, the accuracy and precision as
obtained using this fast elemental mapping approach were compared to those of the data obtained using
the more conventional spot analysis with an electron probe micro analyzer and LA-ICP-sector field (SF)-MS
for major and trace elements, respectively. The maps obtained using LA-ICP-TOF-MS visualize elemental
distributions among the constituent minerals, while major and trace element abundances determined
using LA-ICP-TOF-MS are overall in good agreement within up to 30% relative uncertainty with those
obtained based on the spot analyses and with literature values. Yet, some analytical limitations of LA-
ICP-TOF-MS mapping remain due to the limited ablated yield when using a small laser spot size for high
spatial resolution mapping, while ICP-TOF-MS shows a lower sensitivity and narrower linear dynamic
range than does ICP-SF-MS. On the other hand, the main host phase(s) of an element can be readily
identified and the major and trace element abundances in the phase(s) can be quantified with an
accuracy approaching that of the spot analyses. As such, this study demonstrates the potential of LA-
ICP-TOF-MS for fast quantitative imaging of various types of samples, in particular geological samples.

their relatively high limits of detection. For the determination of
trace elemental abundances, laser ablation-inductively coupled

In situ spot analysis and elemental mapping in geological and
geochemical research are commonly based on electron probe
micro analysis (EPMA), scanning electron microscopy in
combination with energy-dispersive X-ray spectrometry, micro-X-
ray fluorescence spectrometry (uXRF), or secondary ion mass
spectrometry (SIMS). Most of these techniques are valuable in
the context of major element concentrations (generally >0.1% m
m " level) for both spot analysis and mapping, but their appli-
cation is more limited in relation to trace element analysis due to
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plasma-mass spectrometry (LA-ICP-MS) is now widely used as
a direct solid sampling micro-analytical technique.'” The LA-
ICP-MS technique not only determines the trace elemental
abundances in mineral phases, but also provides spatially
resolved information in the form of elemental maps for major,
minor, and trace elements.** Recently, hardware developments
focusing on low-dispersion ablation cells and aerosol transport
systems, which reduce the duration of single pulse response
profiles and boost the signal-to-noise ratio and speed of analysis,
significantly improved the analytical capabilities of LA-ICP-MS
elemental mapping.®” Moreover, the launch of commercially
available time-of-flight (TOF) based ICP-mass spectrometers,
providing rapid quasi-simultaneous detection of nearly the
entire elemental mass spectrum for each individual laser pulse,
has boosted the use of LA-ICP-MS for elemental mapping
applications in a wide variety of research fields. ICP-TOF-MS
instruments can handle the short transient signals produced
with low-dispersion LA setups and provide fast multi-elemental
detection in contrast to sequential scanning-type ICP-mass
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spectrometers such as quadrupole (Q) or sector field (SF)-based
mass analyzers.”"® TOF-based mass analyzers have also been
developed for SIMS.*"»** TOF-SIMS and LA-ICP-TOF-MS are
complementary in terms of mapping: TOF-SIMS is capable of
achieving a higher spatial resolution at the order of tens of nm
and a higher depth resolution, but with a limited range in terms
of analysis area up to about tens of um, while LA-ICP-TOF-MS is
capable of handling mm-cm ranges of analysis area with um-
order spatial resolution. To reveal elemental distributions
among the constituent minerals in geological samples in a (semi-
)quantitative manner, LA-ICP-TOF-MS is preferred due to the
larger range of analysis area (cm order) and significantly lower
matrix effects than TOF-SIMS.

Meteorites are divided into two major categories, chondritic
and non-chondritic meteorites based on their bulk compositions
and textures.” Chondritic meteorites generally consist of chon-
drules embedded in a very fine-grained matrix (<5 pm). LA-ICP-
TOF-MS mapping is an ideal tool for studying such samples
because their elemental distributions among the constituent
minerals, especially in the case of trace elements, remain poorly
understood due to the small size of minerals. To date, however,
the application of LA-ICP-TOF-MS to geological samples has
been yet limited.'***** In addition, the technique has so far been
applied to meteorite samples in few studies.'® Therefore, in this
study, LA-ICP-TOF-MS mapping is applied to a set of H group of
ordinary chondrites (H chondrites), which are the most abun-
dant of all meteorite classes (~40% by number: based on the
Meteoritical Bulletin Database, https://www.lpi.usra.edu/meteor/
metbull.php, accessed 27 September 2022), with the aim of
assessing the potential of state-of-the-art LA-ICP-TOF-MS
instrumentation in terms of speed, spatial resolution, LODs,
and accuracy and precision. For this purpose, the quantitative
data obtained were compared with those using more conven-
tional EPMA and LA-ICP-SF-MS spot drilling approaches.

Experimental
Samples

The same polished thick sections (PTSs) as those studied in
Maeda et al. (2021)** were used for the analyses described below.
Additionally, PTSs for Jilin (H5), Nuevo Mercurio (H5), Richardton
(H5), and Butsura (H6) were allocated by the Royal Belgian Insti-
tute of Natural Sciences (RBINS), Belgium, and prepared for these
analyses. Petrographic information on the meteorite samples is
listed in Table 1. Note that for reasons of conciseness, only the
results for two samples, A 09618 (H5) and Y-790960 (H7) out of the
larger 16-sample collection, are shown in this fundamental study.

LA-ICP-TOF-MS mapping

Prior to LA-ICP-TOF-MS mapping, all PTSs were analyzed using
a Bruker M4 Tornado uXRF scanner equipped with a Rh source
and two XFlash 430 Silicon Drift detectors at the Vrije Uni-
versiteit Brussel (VUB), Belgium, to obtain major element maps.
These analyses have been described in detail in Maeda et al.
(2021).>* The PTSs of 12 samples (A-880941, A-881258, A 09436, A
09387, NWA 6771, Jilin, Nuevo Mercurio, Richardton, A 09618,
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Table 1 List of chondritic meteorite samples analyzed in this study
(n.d.: not determined)®

Meteorite Type Weathering
A-880941 H3.3 A/B
Y-793574 H3.5 n.d.
Y-790461 H3.7 B
ALH 78084 H3.9 B/Ce
A-881258 H3.9° B

A 09436 H3 C

A 09387 H4 B/C
NWA 6771 H4 w1
Jilin H5 n.d.
Nuevo Mercurio H5 n.d.
Richardton H5 n.d.
A 09618 H5 C
Sahara 97035 H5 w2
Butsura H6 n.d.
A 09516 H6 C
Y-790960 H7 B

% See Maeda et al. (2021)** for the details of the type and weathering
index. ® Ninagawa et al. (2005).2

Butsura, A 09516, and Y-790960) were analyzed using pulse-
resolved multi-elemental LA-ICP-TOF-MS mapping at Ghent
University, Belgium. Two LA-units equipped with a 193 nm ArF*
excimer-based nanosecond lasing system were used: a custom-
ized Teledyne Photon Machines Analyte G2 and a commercially
available Teledyne Photon Machines Iridia LA-unit equipped
with a prototype and commercially available version of the cobalt
ablation chamber, respectively. Both systems were equipped with
low-dispersion tube cell-type ablation cells.*”***” The LA-units
were coupled to a TOFWERK icpTOF 2R ICP-TOF-MS unit
equipped with a 1 mm inner diameter torch injector via a low-
dispersion aerosol transport system, named “aerosol rapid
introduction system” (ARIS), developed at Ghent University, and
commercialized by Teledyne Photon Machines.”® The instru-
mental setups provide fast quasi-simultaneous detection across
almost the entire elemental mass range (14-256 amu), which is
highly beneficial for pulse-resolved multi-elemental mapping
applications as mentioned above.'>* Daily tuning of the
instrument settings and data acquisition conditions was per-
formed while ablating NIST SRM 612 glass reference material
aiming at low laser-induced elemental fractionation
(**®*U*/***Th* = 1), high sensitivity across the elemental mass
range and low levels of oxide formation (>**U*°0"/***U" < 0.5%).
All instrument settings and data acquisition conditions for the
fast LA-ICP-TOF-MS mapping approach are listed in Table 2.
The regions of interest for LA-ICP-TOF-MS mapping were
selected based on the major element X-ray maps. For each
sample, these X-ray maps were imported into Chromium v2.7,
the operating software of the LA-unit, and were aligned to the
live camera view, i.e., to the actual position and orientation of
the samples in the ablation chamber. For quantification
purposes, 13 external calibration standards (MPI-DING glass
reference materials: ATHO-G, GOR128-G, KL2-G, ML3B-G,
StHs6/80-G, and T1-G; USGS glass reference materials: BCR-
2G, BHVO-2G, BIR-1G, GSD-1G, GSE-1G, and NKT-1G; and in-

This journal is © The Royal Society of Chemistry 2023
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Table 2 Instrument settings and data acquisition conditions for LA-
ICP-TOF-MS mapping.

Analyte G2 and Iridia LA-units

Laser energy density 4.00

(J em™)

Repetition rate (Hz) 100 or 200
Spot size (um) 5

Mask shape Square
Lateral scan speed 500 or 1000*
(mms™)

He carrier gas flow 0.50

rate (L min ")

icpTOF 2R ICP-mass spectrometer

RF power (W) 1580

Ar plasma gas flow 15
rate (L min~")

Ar auxiliary gas flow 0.90
rate (L min™")

Ar make-up gas flow 0.96
rate (L min ")

Integrated TOF 103-206

spectra per data point

@ Either 100 Hz with 500 pum s~ or 200 Hz with 1000 pm s * for the
repetition rate and the lateral scan speed.

house Durango apatite) were analyzed before and after mapping
the regions of interest in the meteorite samples. Ablation was
performed according to consecutive edge-to-edge line scans
over regions of interest of 1-10 mm? using a square laser spot
size of 5 x 5 pm and the data/pixel acquisition rate was
matched to the laser repetition rate of either 100 or 200 Hz.
The elemental mass spectra were recorded using the TOF-
WERK Tofpilot v2.8 software and stored in HDF5 files, an open-
source hierarchal data format. The data analysis package Tof-
ware v3.1.1 was used for data post-processing including time-
dependent mass calibration, modeling and subtracting baseline
signal intensities, and peak shape determination and integra-
tion.** Subsequently, Teledyne HDIP software v.1.6 was used for
further data post-processing steps, such as external calibration
based on a sum normalization approach and exporting the
quantitative elemental maps.** Once the quantitative elemental
maps were obtained, each constituent mineral in a sample was
systematically identified using “clustering zones”, which is a &
means clustering algorithm automatically identifying the phases
based on the levels of selected elements in the HDIP software.
Given the constituent minerals in H chondrites, the automatic
clustering was performed based on the following elements: Na,
Mg, Al, Si, P, S, Ca, Sc, Ti, Cr, and Fe. Images identified using the
automatic clustering approach are shown in Fig. 4 and discussed
together with the results of the elemental maps. Note that two
phosphate phases in the meteorite samples, apatite and merrillite,
were masked manually because the clustering did not effectively
distinguish between these phases. Finally, the elemental abun-
dances in the constituent minerals were determined by taking an
average of the elemental abundances in the corresponding

This journal is © The Royal Society of Chemistry 2023
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regions. To avoid matrix effects as much as possible, especially in
the case of the phosphate phases, phases of silicates, phosphates,
and the others were differently calibrated using all the MPI-DING
and USGS glasses, the Durango apatite only, and all the MPI-DING
and USGS glasses combined with the Durango apatite, respec-
tively. The following nuclides were used for the quantification:
23Na, 24Mg, 27Al, ZBSi, 31P, 39K, 43Ca, 4SSC, 49Ti, SIV, SZCr, 55Mn, 57Fe,
SQCO, SONi, 63Cu, 66Zn, sst, SSSr, 89Y, 137Ba, QOZI‘, 93Nb, 139La, 14OCe,
141Pr, 143Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165H0’ 167EI', 169Tm,
73yb, 7°Lu, Y*Hf, '®'Ta, 2°®Pb, 2*2Th, and **U. BHVO-2G,
GOR128-G, and the Durango apatite were also quantified using
the same procedures for the validation of this analysis. Inciden-
tally, BHVO-2G and GOR128-G were calibrated as silicate phase
while the Durango apatite was calibrated as phosphate phase.

Electron probe microanalysis

First, all the samples to be analyzed using LA-ICP-TOF-MS were
slightly polished and subjected to the following analyses. Back-
scattered electron (BSE) images of all PTSs were generated using
a JEOL JSM-7100F field emission-scanning electron microscope
(FE-SEM) equipped with an Oxford energy-dispersive spectrom-
eter at the National Institute of Polar Research (NIPR), Japan. By
combining the BSE images with the X-ray maps obtained using
uXRF, the constituent minerals in the samples were identified.
Based on the constituent minerals identified, the major and
minor elemental abundances of the constituent minerals in the
PTSs were determined using a JEOL JXA-8200 electron micro
probe analyzer at the NIPR. All analyses were carried out using
a 15 kV accelerating voltage. Different measurement conditions
were used depending on the mineral phase, and these conditions
are listed in Table 3. Counting times ranged from 10 to 100 s on
peaks for each mineral. Correction procedures are based on the
ZAF method. As a result of the occurrence of overlapping signals,
the intensity of V was mathematically corrected for the intensity of
Ti. Natural and synthetic silicates, oxides, and metals with well-
known chemical compositions were used as standards. A fluo-
rapatite standard was used for the quantification of F.

Spot drilling analysis using LA-ICP-SF-MS

The trace element abundances of Ca-phosphates and silicates in
the samples were determined using LA-SF-ICP-MS in single-point
drilling mode. These measurements were performed using a Tel-
edyne CETAC LSX-213 G2+ LA-system coupled to a Thermo
Element XR ICP-SF-MS unit at the NIPR. The laser system
provides an output wavelength of 213 nm and 100 shots were
fired per spot analysis at a laser repetition of 10 Hz and a laser
energy density of 36 ] cm 2. Oxide formation was set to a low level
by tuning the parameters while ablating NIST SRM 612 glass
reference material (***Th'°0*/***Th* < 0.5%). All nuclide peaks
were collected at low mass resolution (M/AM = ~300) with triple
mode detection and the following nuclides were monitored for
the major elements: >*Na, >*Mg, >’Al, *°Si, *'P, *°K, **Ca, **Ca, and
57Fe; and for the trace elements: **Sc, °'V, **Mn, ®°Zn, ®°Rb, #3sr,
89Y’ 137Ba, 139La, 140Ce, 141Pr, 146Nd’ 147Sm, 151Eu, 157Gd, 159Tb,
161Dy’ 165H0’ 166Er, 169Tm, 173Yb, 175Lu, 178Hf, 208Pb, 232Th, and
238U, All peaks were acquired by peak jumping between peak tops
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Beam current

Mineral phase (nA) Beam size (um) Monitored elements

Phosphate 5 5 F, Na, Ma, Si, P, Cl, Ca, and Fe

Olivine, pyroxene, and oxide 30 <1 Na, Mg, Al, Si, P, Ca, Ti, V, Cr, Mn, Fe, Ni, and Zn
Feldspar 10 <ltorl Na, Mg, Al, Si, P, K, Ca, Ti, Cr, Mn, and Fe

Table 4 Experimental conditions of each mineral phase for LA-ICP-SF-MS spot analysis.

Spot size
Mineral phase (um) Monitored major elements Monitored trace elements
Phosphate 10-100 Mg, Al, Si, P, Ca, Mn, and Fe V, Rb, Sr, Y, Ba, REEs, Hf, Pb, Th, and U
Pyroxene 30-100 Mg, Al, Si, P, Ca, and Fe Sc, Zn, Rb, Sr, Y, Ba, REEs, Hf, Pb, Th, and U
Feldspar and olivine 50-100 Na, Mg, Al, Si, P, K, Ca, Mn, and Fe Zn, Rb, Sr, Y, Ba, REEs, Hf, Pb, Th, and U

with 10% mass window (average of 5 peaks on the peak top) and
50-100 milliseconds of acquisition time on the peak top.
Depending on the target phase, nuclides monitored were selected
among those mentioned above and laser spot sizes were selected
so that detectable intensities were obtained, especially in the case
of the rare earth elements (REEs). This information is summa-
rized in Table 4.

Elemental abundances were calculated using average relative
sensitivity factors (RSFs) obtained from triplicate analysis of the
in-house Durango apatite for phosphate phases (except for Rb
and Hf) and BCR2-G, BHVO2-G, and ML3B-G for all other phases
as well as for Rb and Hf in phosphate phases.*” For phosphate and
silicate phases, elemental abundances obtained based on EPMA
were used as an internal standard, either P or Ca, Si or Ca, Al or Si,
and Si or Fe for phosphate, pyroxene, feldspar, and olivine phases,
respectively. When the laser purely ablated the target mineral
grain without any overlap with other phases, there was no
resolvable difference in the abundances calculated between both
internal standards. Thus, in this case, Ca, Al, and Fe were used as
the internal standard for phosphate and pyroxene, feldspar, and
olivine phases, respectively. However, the signals from these
internal standards were in some subject spectrally overlapping

100

with signals from major elements of other phases (e.g., the abla-
tion on the edge between two phases). In these cases, the other
element was used as the internal standard for the corresponding
phases if the effects of the overlap on the internal element and the
trace elements were negligible. Specifically, the effects were
considered negligible in case there was <10% discrepancy with
the data obtained upon ablation of the corresponding pure pha-
ses in which the major elemental abundances obtained are in
good agreement with those obtained based on EPMA. Any data
points showing a larger discrepancy were discarded. Conse-
quently, the number of data points for some phases is limited,
even though at least three grains per phase were analyzed for each
sample. The precision and accuracy of each analysis were
confirmed via analysis of the ATHO-G, GOR128-G, and GOR132-G
reference materials using the same quantitative procedures.

Results and discussion

Assessment of quantification using LA-ICP-TOF-MS mapping
and LA-ICP-SF-MS spot analysis

The elemental abundances in the reference materials deter-
mined using LA-ICP-TOF-MS mapping are listed in ESI Table 1,

- 1 -@-BHVO-2G 1
37 |-w-GOR128-G <398
—&-Durango apatite

1778

Relative to preferred values (%)

N

“\chr'\l'

PR T TR S SR ST T TR ST ST SN T T U1 A SN T ST T ST S S SR S S S S 1 PR T T T T T PRI T T T
NaMgAISi P KCaScTi V CrMnFe CoNiCuZnRbSr Y Zr NbBa La Ce Pr NdSmEuGdTbDyHo Er TmYbLu Hf Ta Pb Th U

Fig. 1 Bias (%) between the elemental abundances in reference materials obtained using LA-ICP-TOF-MS mapping and the corresponding
preferred values (see ESI Table 1} for the details of the comparison values).**=*” The error bars represent 1 SD.
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together with their preferred or reference values and limits of
detection (LODs) for each analysis point calculated using the
IUPAC approximation formula.*® Overall, elements contained in
the material at more than 0.1% m m™ " level are within ~10%
relative uncertainty (RU) and those at ug g~ level are within
~20% RU. Most elemental abundances obtained for BHVO-2G
and GOR128-G and those in the Durango apatite agree within
~30% and ~20% of their preferred and reference values,
respectively (Fig. 1). In most cases in which the preferred or
reference values were close to the LOD, the abundances ob-
tained display a larger discrepancy from their comparison value
(>20%). For example, in the case of K in GOR128-G, the LOD is
0.01% m m ™', the preferred value is 0.030% m m™ ", and the
value obtained is 0.13% m m™". Such a large discrepancy is also
observed for Co in BHVO-2G and Ba, Ce, Pb, and Th in GOR128-
G. Except for Co in BHVO-2G, all other values displaying such
discrepancy are significantly higher than the preferred values
and exhibit a large RU up to ~70%. Even though the signals of
these elements monitored were above the LOD, the preferred
values, i.e., the actual values of these elements in GOR128-G are
overall below the LOD and thus their abundances are consid-
ered unreliable, causing the observed discrepancy.

The trace element abundances in the reference materials
obtained using LA-ICP-SF-MS spot analysis (hereafter LA-spot
analysis) are listed in ESI Table 2, together with their
preferred values and LOD values (3 SD). On average, the RU for
each analysis is up to ~15% although Th and U in GOR128-G
and GOR132-G, which are present at the level of less than
tens of ng g !, display relatively high RUs (~20-85%).
Compared with their preferred values, most elemental abun-
dances determined overlap within uncertainty (Fig. 2). A rela-
tively large discrepancy between the obtained and preferred
value is observed for Pb in ATHO-G and Th and U in GOR132-G
determined using the pyroxene analysis condition (~50%
differences from the preferred values). Especially in the case of

View Article Online
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Th in GOR132-G, the ratio of the LOD value to the preferred
value is one of the largest values at ~5% while those of the other
elements in all other analyses are less than 1%, which is similar
to those obtained for LA-ICP-TOF-MS mapping in terms of those
ratios. However, different from LA-ICP-TOF-MS mapping, all the
values obtained with a large discrepancy are lower than the
preferred values and none of the values obtained exceeding
their preferred values display more than a 30% difference.

Based on the assessment of accuracy and precision of the
quantitative procedure for LA-ICP-TOF-MS mapping and LA-
spot analysis described above, the RU of elemental abun-
dances in unknown samples obtained using LA-ICP-TOF-MS
mapping identified as phosphate phases, all other phases,
and LA-spot analysis can be estimated at 30%, 20%, and 15%,
respectively. These RUs estimated are applied to the following
results.

Quantitative elemental mapping of meteorites using LA-ICP-
TOF-MS

Fig. 3 shows an optical image for Y-790960 (H7) after being
ablated for LA-ICP-TOF-MS mapping and a combined semi-
quantitative element map for Y-790960 in RGB (Ca, Si, and Fe,
respectively) obtained using LA-ICP-TOF-MS mapping. Metal
and sulfide phases occur as bright (white) areas in Fig. 3(a). As
such, the region ablated for LA-ICP-TOF-MS mapping obviously
contains these metal and sulfide phases. However, the metal
phase was not successfully ablated by the nanosecond laser
pulses and thus some black regions are visible in Fig. 3(b), while
the other phases including sulfide were ablated properly. Fig. 4
shows combined RGB elemental maps and quantitative
elemental maps for A 09618 (H5) together with the corre-
sponding optical and BSE images and images identified for
individual mineral phases using the automatic clustering
approach. When comparing Fig. 4(a)-(d), all phases including
the metal phase in the region of interest appear to have been

10—

->ATHO-G (for phosphate)
-l GORI128-G (for pyroxene)
- | -#~GORI132-G (for pyroxene)

2 GOR132-G (for feldspar and olivine)

Relative to preferred values (%)

N\ _

Sc VMnZnRb Sr Y Ba La Ce Pr NdSm Eu Gd Tb Dy Ho Er TmYb Lu Hf Pb Th U

Fig. 2 Bias (%) between the elemental abundances in reference materials obtained using LA-ICP-SF-MS spot analysis and the corresponding

preferred values.*® The error bars represent 1 SD.

This journal is © The Royal Society of Chemistry 2023
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Y-790960 (H7)

500 pm
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Y-790960 (H7)

[ Si ] Fe]

Fig.3 Opticalimage with the region analyzed using LA-ICP-TOF-MS mapping indicated by a broken orange rectangle (a) and a combined semi-
quantitative element map obtained using LA-ICP-TOF-MS mapping (b) for meteorite Y-790960. The element map is shown in RGB (red: Ca,
green: Si, and blue: Fe) and the color brightness in the RGB map indicates their abundance level as higher abundance is brighter.

ablated successfully. This successful ablation of the metal
phase may be due to the metal phase in this sample being
oxidized or hydrated by terrestrial weathering to some degree.
Therefore, all elemental maps obtained with the experimental
conditions selected for LA-ICP-TOF-MS mapping in this study
do not contain metal phases unless these phases are oxidized or
hydrated.

Fig. 3(a) shows that the region analyzed using LA-ICP-TOF-
MS retains some traces of the ablation as the contrast of this
region is different from that of the non-ablated area. However,
no effects of this damage are observed upon BSE imaging
(Fig. 4(b)). In addition, there are no resolvable differences in the
elemental abundances within the minerals as obtained using
EPMA and LA-spot analysis, following prior ablation. While the
effects resulting from ablation of LA-ICP-TOF-MS mapping in
this study appear limited based on BSE imaging, EPMA, and LA-
spot analysis, optical and detailed petrographic observations
using FE-SEM may indicate minor but discernible effects. In
contrast, with the applied experimental condition for LA-ICP-
TOF-MS mapping, pure metal was not ablated. As thermal
diffusion in metal phases occurs more rapidly than in the other
phases, the laser energy density was likely not sufficient to
ablate metal. Although ablating the metal phase at higher laser
energy density (7-8 ] cm™2) was attempted, the ablation of the
metal phase remained ineffective. On the other hand, metal
phases in iron meteorites were successfully ablated at a signifi-
cantly higher laser energy density of 36 J cm™ > using the Tele-
dyne CETAC LSX-213 G2+ nanosecond LA-system at the NIPR.**
However, this approach may result in total ion counts that
exceed the detector's linear dynamic signal range of the icpTOF
2R (6 orders of magnitude), as the highest total ion count
already reached 10° cps level with the experimental conditions
used in this study. Furthermore, ablation with such a high
energy density increases the degree of damage to the selected
region of interest for LA-ICP-TOF-MS mapping, resulting in
apparent effects for subsequent BSE imaging, EPMA, and LA-
spot analysis.

Fig. 5 shows combined elemental maps for Y-790960.
Fig. 4(c) and 5(a) exhibit their combined Ca, Mg, and Si maps,
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allowing identification of Ca-phosphates, Ca-rich pyroxene, low-
Ca pyroxene, feldspar, and olivine. Chromite, metal, sulfide
phases can be distinguished based on the Cr, Fe and S abun-
dances in Fig. 4(d) as these appear in reddish orange, green, and
bright blue, respectively. As such, the constituent minerals in
the meteorite samples are readily identified using major
element maps obtained based on LA-ICP-TOF-MS mapping.
Fig. 4(e) and (f) display the results of the automatic clustering
approach for individual mineral phases (i.e., olivine and low-Ca
pyroxene, respectively), as applied during the quantitative
procedure. Based on Fig. 4(b) and (c), the automatic clustering
zones are highly efficient at identifying the individual target
silicate phases. This is a significant advantage of LA-ICP-TOF-
MS mapping in terms of obtaining representative elemental
abundances for the target phase, because the elemental abun-
dances obtained using LA-ICP-TOF-MS mapping were averaged
with as many grains as contained in the region analyzed, while
conventional spot analysis usually provides those averaged
based on a few grains only, especially in the case of trace
element analysis. Combined, Fig. 4(c), (h), (j), 5(a), (b) and (d)
demonstrate that REEs and U are concentrated in Ca-phosphate
phases, with REEs mainly hosted in merrillite and U in apatite.
Scandium and Hf are largely distributed in Ca-rich pyroxene
according to Fig. 4(c), (g) and (i). Based on Fig. 5(c), Nb is highly
concentrated in a phase identified as ilmenite. These observa-
tions are entirely consistent with previously determined
elemental distributions and partition coefficients.**** There-
fore, LA-ICP-TOF-MS mapping provides adequate elemental
distributions not only of major elements but also of trace
elements, at least in their main host phase(s). Surprisingly,
a significant fraction of the REEs and U reside in the crack
displayed in Fig. 4, almost at the same concentration levels as
those observed in merrillite. A similar deposition was
confirmed in other samples analyzed in this study (A 09436, A
09387, NWA 6771, Nuevo Mercurio, and A 09516). This distri-
bution is also consistent with chemical leaching experiments,*
in which REEs, Th, and U have been deduced to reside in cracks
and along grain boundaries. These depositions in cracks likely
result from terrestrial weathering because most meteorite

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Optical and BSE images, individual mineral phase images after clustering, and (semi-)quantitative element maps for meteorite A 09618. (a)
Optical image of the region analyzed using LA-ICP-TOF-MS. (b) BSE image of the region analyzed using mapping. (c) Combined RGB elemental
map obtained using LA-ICP-TOF-MS mapping with red: Ca, green: Mg, and blue: Si. Based on the composition, the following mineralogy can be
deduced red: Ca-phosphates (Mer: merrillite; Apa: chlorapatite), light green: olivine, light blue: low-Ca pyroxene, blue: feldspar, and violet: Ca-
rich pyroxene. (d) Combined RGB elemental map with red: Cr, green: Fe, and blue: S. (e) Olivine phase identified using the automatic clustering. (f)
Low-Ca pyroxene phase masked using the automatic clustering. (g) Scandium distribution map. (h) Cerium distribution map. (i) Hafnium
distribution map. (j) Uranium distribution map. Scale bars for (g)—(j) in pg g~

samples displaying such depositions are heavily weathered
(Table 1). The trace element mapping using LA-ICP-TOF-MS
reported here represents the first instance in which such
depositions are visually confirmed, and as such LA-ICP-TOF-MS
mapping demonstrates the capability to determine elemental
distributions in cracks and along grain boundaries where
conventional spot analyses cannot be applied readily.

As demonstrated by Fig. 4(g), (h), 5(c) and (d), quantitative
elemental maps were obtained using LA-ICP-TOF-MS. The

This journal is © The Royal Society of Chemistry 2023

elemental abundances for the whole area studied in A 09618
and Y-790960 as determined using LA-ICP-TOF-MS mapping are
listed in ESI Table 3, together with their bulk rock values and H
chondrite mean values as a comparison.**** In the following,
only the results for A 09618 and Y-790960 are described and
discussed in detail as representative examples. The trends in all
other obtained data sets are similar to those in the selected
meteorites. In comparison with the corresponding bulk rock
values and the H chondrite mean values (Fig. 6), most elemental
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Fig.5

(Semi-)quantitative element maps for meteorite Y-790960. (a) Combined RGB elemental map with red: Ca, green: Mg, and blue: Si. Based

on the composition, the following mineralogy can be deduced, red: Ca-phosphates (Mer: merrillite; Apa: chlorapatite), light green: olivine, light
blue: low-Ca pyroxene, blue: feldspar, and violet: Ca-rich pyroxene. (b) Combined RGB elemental map with red: La, green: Sc, and blue: U. (c)
Niobium distribution map. (d) Lanthanum distribution map. Scale bars for (c) and (d) in ng g~*
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Fig. 6 Bias (%) between the elemental abundances in the whole area of the meteorite samples as obtained using LA-ICP-TOF-MS mapping and
the corresponding bulk rock values after compared to HC mean values. Bulk rock values and HC mean values are from Maeda et al. (2021) and
Wasson and Kallemeyn (1988).244* The error bars for the whole areas represent 30% relative uncertainty.

abundances obtained agree within uncertainty with them
although REEs abundances were mostly below the corre-
sponding LODs. A large discrepancy between the obtained and
comparison values is systematically observed for Cr, Cu, Zn, Ce,
Pb, and U in both samples. In addition, La in A 09618 and Al, P,
Zr, and Nb in Y-790960 disagree with the comparison values. As
meteorite samples, especially chondrites, are highly heteroge-
neous compared with the glass and apatite reference materials
used for the data validation, heterogeneity at the scale of the
whole areas analyzed likely causes these discrepancies. As such,
the discrepancies for Al, P, and Cr observed may reflect
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a heterogeneous distribution of their corresponding host
minerals in the samples studied because these elements are one
of the major elements constituting feldspar, phosphate, and
chromite, respectively. The lower abundance of Sr and the value
below the LOD for Eu, largely accommodated in feldspar, in Y-
790960 correspond to the lower Al abundance, while the
abundances of V, largely partitioned in chromite, in both
samples are depleted similar to the Cr abundances.**** Thus,
the discrepancies for Al in Y-790960 and Cr in both samples
should be related to a heterogeneous distribution of feldspar
and chromite, respectively. In the case of P, a region containing

This journal is © The Royal Society of Chemistry 2023
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relatively abundant Ca-phosphates in the sample was selected
for LA-ICP-TOF-MS mapping to see the effect on the REE
distribution, likely leading to the high P abundance observed in
Y-790960. Based on LA-ICP-TOF-MS mapping, Zr and Nb are
highly concentrated in ilmenite (Fig. 5(c)), hence the discrep-
ancies for these elements in Y-790960 may result from
a heterogeneous distribution of this accessory phase. The
discrepancy for La in A 09618 may be explained by the deposi-
tion in cracks as mentioned above, given that the U abundance
in this sample is significantly higher than the comparison
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values. For the other elements displaying discrepancies (Cu, Zn,
Ce, Pb, and U), similarly high abundances are obtained in the
other meteorite samples analyzed in this study systematically.
The too high results for Pb and U are attributed to their actual
abundances being below the corresponding LODs. In the cases
of Cu, Zn, and Ce, the signals obtained may have been elevated
by matrix or memory effects. Incidentally, it is also possible that
the anomalously high Zn and Pb abundances are caused by
contamination on the surface of the PTSs.
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Fig.7 Cl-normalized abundances of trace elements in constituent minerals as obtained using LA-ICP-TOF-MS mapping (TOF) and LA-ICP-SF-

MS spot analysis (spot) to the corresponding literature values.3940424546

See ESI Tables 4-9+ for the details on the uncertainties. Error bars may be

smaller than the symbol size. Cl values are from Anders and Grevesse (1989).4
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Comparison of elemental abundances in constituent minerals

The elemental abundances in the Ca-phosphate, silicate, and
oxide phases for A 09618 and Y-790960 determined using LA-ICP-
TOF-MS mapping and spot analyses of EPMA and LA-ICP-SF-MS
are summarized in ESI Tables 4-10,7 together with literature
values compiled from Ward et al. (2017) for Ca-phosphates and
Mason and Graham (1970), Allen and Mason (1973), Curtis
(1974), and Curtis and Schmitt (1979) for the other pha-
ses.3910424546 Here the elemental abundances obtained for each
phase and those compiled are shown in Fig. 7, with the exception
of the oxide phases, and compared for each phase one by one.
Note that the clustering of mineral phases during the quantita-
tive procedure on LA-ICP-TOF-MS mapping in some cases covers
other phases than the target phase to a minor degree. This is
attributed to ablation of tiny inclusions smaller than the laser
spot size (5 x 5 um) together with the target phase or to overlap
with (an)other phase(s) during the ablation of the rim of the
target phase. Moreover, particularly in the case of weathered
samples, such samples may contain narrow Fe-rich veins within
mineral grains (e.g., Fig. 4), which are also ablated together with
the target phase. As such, each phase identified may contain
analyzed points of non-target phases, affecting some of the
elemental abundances in the phase as if contaminated by other
phases. As an example, the Fe abundances in low-Fe phases such
as Ca-phosphates and feldspar and the Co abundances in all
phases determined are systematically elevated as the result of
overlap with (oxidized or hydrated) metal phases (ESI Tables 4-
107t). Especially the effects of metal phases on the Fe abundances
in low-Fe phases can significantly modify the major element
abundances following the applied 100% normalization, as all Fe
is calculated as FeO. Similar effects may influence the values
used for reference. For example, Ward et al. (2017) determined
the major and trace element abundances in Ca-phosphates for
several types of meteorites using EPMA, SIMS, and LA-spot
analyses.”” As they mostly focused on REE abundances, the
abundances of other trace elements less concentrated in Ca-
phosphates such as Ba and Hf may be affected by overlap with
other phase(s), e.g., resulting from ablating a phase underneath
the target phase. The authors themselves note that the Pb
abundances in some samples are possibly affected by contami-
nation issues. In case of the elements systematically displaying
a discrepancy for the whole areas mentioned above (Cu, Zn, Ce,
Pb, and U), the abundances in constituent minerals determined
using LA-ICP-TOF-MS mapping display a similar discrepancy
from the comparison values overall. Because most of these
elemental abundances obtained using LA-ICP-TOF-MS mapping
show constant values (e.g., ~100 pg g~ for Cu and Zn), which are
higher than the comparison values in all phases and their bulk
rock values, these discrepancies should be attributed to matrix/
memory effects or contamination affecting the entire area.
Especially in the case of Pb, all abundances determined using LA-
ICP-TOF-MS mapping appear to be affected by contamination.
These effects must be considered during the following
comparisons.

Merrillite. The major element abundances determined using
EPMA are in excellent agreement with their literature values,
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while most of those determined using LA-ICP-TOF-MS mapping
display slight discrepancies from the literature values (ESI Table
47). In terms of trace elements (ESI Table 4t and Fig. 7), the Ba,
Hf, and Pb abundances determined using LA-spot analysis are
significantly lower than the literature values, which suggests
that the literature values of Ba and Hf suffer from simulta-
neously sampling other phases as noted above. The high liter-
ature value of Pb must result from terrestrial contamination.**
The other trace element abundances determined using LA-spot
analysis overlap within uncertainty with the literature values.
The Th and U abundances determined using LA-ICP-TOF-MS
mapping display values remarkably lower than those obtained
using LA-spot analysis, while the V and Ta abundances are
higher than previously reported values. The Th and U discrep-
ancies for the LA-ICP-TOF-MS values may occur because Th and
U are more heterogeneously distributed in merrillite than the
other elements as a result of their limited mobility. The high V
and Ta abundances obtained using LA-ICP-TOF-MS mapping
are either influenced by neighboring phases or caused by values
too close to the corresponding LODs, especially in the case of
Ta, as merrillite is one of the phases showing the lowest
abundances of these elements. However, overall, the CI-
normalized abundance patterns for LA-ICP-TOF-MS mapping,
LA-spot analysis, and literature values overlap with each other.
In particular, the REE abundance patterns are rich in light REEs
(LREEs) relative to the heavy REEs (HREEs) and display a nega-
tive Eu anomaly. All Th/U ratios overlap within uncertainty,
despite the discrepancies in their abundances observed
between LA-ICP-TOF-MS mapping and LA-spot analysis.

Apatite. Based on the major element abundances deter-
mined using EPMA, apatite contains ~5% m m ' of Cl and
~0.5% m m~ " of F, confirming it is chlorapatite. This is
consistent with the literature values in ESI Table 5 and what is
currently known about apatite in ordinary chondrites.”® The
major element abundances as determined using LA-ICP-TOF-
MS mapping are affected by overlap with other phases (mostly
metal phases) as the data obtained are slightly higher than the
literature values (ESI Table 5%). In terms of trace elements,
the V, Mn, Rb, and Ba abundances determined using LA-spot
analysis are lower than the reported literature values (ESI
Table 51 and Fig. 7). Similar to merrillite, the literature values
may be elevated due to overlap with neighboring phases.
Although the REE abundances in Y-790960 as obtained using
LA-ICP-TOF-MS mapping are lower than the literature values,
the CI-normalized REE patterns for LA-ICP-TOF-MS mapping,
LA-spot analysis, and literature values agree well with each
other and display an enrichment in LREEs. As the main host
phase for Th and U, their abundances obtained using LA-ICP-
TOF-MS mapping, LA-spot analysis, and from literature values
overlap with each other entirely.

Ca-rich pyroxene. The major element abundances deter-
mined using EPMA are in excellent agreement with literature
values (ESI Table 6f). The average composition of Ca-rich
pyroxene indicates the dominance of diopside (En sWoye),
which is also in excellent agreement with that observed for
other H6 chondrites (Eny,oWo,s5).** In addition, the trace
element abundances determined using LA-spot analysis overlap

This journal is © The Royal Society of Chemistry 2023
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within uncertainty with the literature values (ESI Table 6f and
Fig. 7). Although the Fe abundances determined using LA-ICP-
TOF-MS mapping are slightly affected by overlap with metal
phases, most of the major element abundances for LA-ICP-TOF-
MS mapping agree with the literature values. The trace element
abundances for LA-ICP-TOF-MS mapping overall overlap both
with those determined for LA-spot analysis and the literature
values. Characterized by LREEs depletions and negative Eu
anomalies, the CI-normalized REE patterns for LA-ICP-TOF-MS
mapping, LA-spot analysis, and literature values are in good
agreement as well, although negative Eu anomalies cannot be
detected using LA-ICP-TOF-MS mapping due to the Eu abun-
dances being below the LOD. However, the Ba, Th, and U
abundances based on LA-ICP-TOF-MS mapping are ~2 to 5
times higher than those for LA-spot analysis. These discrep-
ancies are likely the result of concentrations in Ca-rich pyroxene
that are too close to the LODs. Remarkably, the Ce abundance in
Y-790960 for LA-ICP-TOF-MS mapping is anomalously high and
the CI-normalized REE pattern displays a strong positive Ce
anomaly.

Feldspar. The major element abundances determined using
EPMA are in excellent agreement with their literature values
(ESI Table 7). The average composition of feldspar indicates
the presence of plagioclase, and albite (AbgsAn;,) more specif-
ically. This is consistent with published values (Abg,An;,).*® The
trace element abundances determined using LA-spot analysis
overlap within uncertainty with the literature values, although
those of HREEs in A 09618 are fairly low (ESI Table 71 and
Fig. 7). In contrast, the abundances of both major and trace
elements determined using LA-ICP-TOF-MS mapping are
inconsistent with those determined using spot analyses and the
literature values, except for elements concentrated in feldspar
(e.g., Na, Si, and K for major elements and Rb, Ba, and Eu for
trace elements). This suggests that the effect of overlap with
other phases during LA-ICP-TOF-MS mapping of feldspar is
larger than for the other phases, since most feldspar grains co-
exist complicatedly with Ca-rich pyroxene grains based on the
petrographic observation. This is illustrated by anomalously
high Mg abundances (% m m™" level), as this element should
only be present at the trace level in feldspar.

Low-Ca pyroxene. The major element abundances as deter-
mined using LA-ICP-TOF-MS mapping and EPMA are in good
agreement with the literature values (ESI Table 81). Note that
the literature values represent the mean values of major
elements in low-Ca pyroxene for L6 and LL6 chondrites but not
for H chondrites, resulting in slight differences in the MgO and
FeO contents. The average composition of low-Ca pyroxene in H
chondrites published is Eng,Fs;7, in agreement with that ob-
tained using EPMA (Eng,Fs;-).*® In terms of trace elements (ESI
Table 81 and Fig. 7), the values determined using LA-spot
analysis approximately overlap within uncertainty with the
literature values, except in the case of Sr and Ba where the
literature values are apparently affected by contamination of
feldspar. In addition, the CI-normalized REE patterns are
mostly similar to those reported in the literature, all displaying
increasing values from the LREEs to the HREEs with a negative
Eu anomaly, except in the case of A 09618 where the Eu

This journal is © The Royal Society of Chemistry 2023
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abundance was not determined. Overall, the LREE abundances
as obtained using LA-spot analysis are lower than the literature
values. On the other hand, the signals for REEs obtained using
LA-ICP-TOF-MS are mostly below the LODs. In addition, the Rb
abundances exhibit a large discrepancy with the values based
on LA-spot analysis and the literature values. These high Rb
abundances can be due to the overlap with other phases,
especially feldspar, as the Sr and Ba abundances are also higher
than those determined using LA-spot analysis.

Olivine. Similar to low-Ca pyroxene, the MgO and FeO
contents reported in literature differ from those obtained in this
study. Except for these elements, most other major element
abundances determined using LA-ICP-TOF-MS mapping and
EPMA analysis overlap within uncertainty with the literature
values (ESI Table 97). The average composition of olivine ob-
tained using EPMA is magnesium-rich (Fog;) and in good
agreement with values observed in other H6 chondrites (Fog,).*®
Although many trace elements cannot be quantified using LA-
ICP-TOF-MS mapping due their signals being below the LODs,
at least, the Mn, Cu, and Zn abundances overall agree within
uncertainty with the literature values (ESI Table 9t and Fig. 7).
However, the abundances of the other elements quantified
using LA-ICP-TOF-MS mapping appear to be elevated, likely as
the result of overlap with other phases.

Oxides. Although the determinations of trace element
abundances using LA-ICP-TOF-MS mapping and LA-spot anal-
ysis were focused primarily on Ca-phosphate and silicate pha-
ses, determination relying on LA-ICP-TOF-MS mapping was also
applied to oxide phases. As such, LA-spot analysis was not
conducted on oxide phases and the only abundances of trace
elements available in literature or concentrated in the oxide
phase are listed in ESI Table 10.T Overall, the major and trace
element abundances determined in oxide phases agree within
uncertainty with the literature values and those determined
using EPMA, although no literature values for trace elements in
ilmenite exist. Only a single grain of ilmenite, which is relatively
large with ~100 um for the major axis and ~50 pm for the minor
axis, was found in the LA-ICP-TOF-MS maps (Fig. 5(c)) and
analyzed, and hence the elemental abundances of ilmenite,
particularly for the trace elements, may not reflect representa-
tive values.

In summary, the elemental abundances in each phase
determined using fast high-resolution LA-ICP-TOF-MS mapping
with a 5 x 5 um spot size are mostly in agreement with the
comparison values, although conventional EPMA and LA-spot
analysis are generally more accurate and precise for major
elements and trace elements, respectively, than LA-ICP-TOF-MS
mapping. Especially for the elements in their main host pha-
se(s), i.e., REEs in Ca-phosphates, Th and U in apatite, Sc and Hf
in Ca-rich pyroxene, etc., LA-ICP-TOF-MS mapping can be used
to obtain quantitative data that are approaching the accuracy of
those obtained by spot analyses. However, the lower the
elemental abundances in the phases are, the larger the
discrepancy between those values obtained using LA-ICP-TOF-
MS mapping and the comparison values in general is. For
example, it is challenging to quantify or even detect the REEs
when the abundances of the REEs in the target phase are
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present at a concentration level similar to or lower than those of
bulk chondrites. In general, elemental abundances in the target
phase at least at the pg g~ " level are required for the quantifi-
cation of LA-ICP-TOF-MS mapping to be at similar accuracy to
those obtained by other, more conventional quantitative tech-
niques, although levels at hundreds of ng g~* may be quantified
in the case of heavy elements, from the HREEs onwards.

Conclusions

Fast elemental mapping using LA-ICP-TOF-MS was applied to H
chondrites with the aim of obtaining element maps for a large
collection of elements, including trace elements. The merits of
quantification were assessed by comparison of the data ob-
tained with those obtained using more conventional
approaches, such as spot drilling analysis using LA-ICP-SF-MS,
in an attempt to examine to what extent the accuracy and
precision of the data obtained using this fast elemental
mapping can approach those of more conventional analysis. A
number of limitations for LA-ICP-TOF-MS mapping applying
the experimental conditions used in this study (4.00 J cm ™
laser energy density, 5 x 5 um spot size, up to 200 pixel per s,
etc.) are identified: pure metal phases which are not oxidized or
hydrated due to terrestrial weathering cannot be ablated effec-
tively, and the minimum abundances for trace elements
required in terms of quantification are considerably higher than
those for LA-spot analysis (i.e., at the level of several of ug g~ * for
LA-ICP-TOF-MS mapping vs. several ng g ' level for LA-spot
analysis). However, the trace element maps provide informa-
tion on elemental distributions among the constituent minerals
(semi-)quantitatively, especially for their primary host phase(s),
and demonstrate the value of this technique to obtain high-
resolution spatially resolved information without any strin-
gent sample preparation, as is the case for more conventional
techniques. Importantly, the approach applied in this study led
to the identification of unexpected trace element carrier phases,
on which almost no study focusing on trace elements has been
conducted so far (e.g., REEs in cracks, V and Zn in chromite, and
Nb and Ta in ilmenite). Because no ablation effects in the
regions studied using LA-ICP-TOF-MS mapping are observed
based on the BSE imaging, EPMA, and LA-spot analysis, this fast
LA-ICP-TOF-MS mapping can be used as a screening tool for
particular geological samples and possibly also other types of
samples (e.g., archeological artefacts), providing (semi-)quanti-
tative information of elemental distributions including trace
elements on such samples.
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