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The abundances of C, O, S, Na, K, Li, Mn, P, Cr, Si, Fe, Mg, Ni, Co, V, Ca, Ti, Al and Sc were determined in-situ in a
sample of the Allende meteorite using a laser ablation/ionization mass spectrometer to quantify the bulk chemical
composition of the matrix and its spatial chemical variability.

The high lateral resolution of the instrument makes it possible to measure the elemental composition of Allende
matrix, without any sample treatment prior to analysis. The measurements of solely Allende matrix allow
investigating the variability of the element abundances in the matrix material on different scales from 50 pm to
0.5 mm.

The comprehensive data set provides constraints on models for the formation of matrix material of carbona-
ceous chondrites in the solar nebula. A key observation of this study is a high degree of chemical homogeneity of
the matrix, indicating that it formed independently from or in parallel with the chondrules and that the process
that led to the formation of the parent body was a fast collapse of the dust-gas cloud following chondrule

formation.

1. Introduction

Carbonaceous chondrites preserve closely the bulk composition of the
solar nebula. Of all known materials, the chemical composition of
chondrites, particularly CI, is closest to the chemical composition of the
Sun, e.g., (McSween and Richardson, 1977). Among the different
carbonaceous chondrites, Allende (CV3) is one of the best studied me-
teorites, because of the large mass of material recovered (Clarke et al.,
1971). Allende chondrules and refractory calcium-aluminum-rich in-
clusions (CAI), for example, have been studied extensively to reconstruct
the nucleosynthetic origin of the components, the physical and chemical
conditions during their accretion, and the corresponding time scale of
these early solar system processes (e.g., Wark, 1979; Brearley, 1999;
Amelin et al., 2002; MacPherson and Boss, 2011; Jacquet et al., 2015).
Such analyses include determination of the chemical and isotopic
composition, as well as studies of the mineralogy and petrology of CAls,
chondrules and matrix. Considering the different components of Allende,
the matrix is the least studied. Among all meteorite components the
matrices of the most primitive carbonaceous chondrites are thought to be
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mostly unaltered (McSween and Richardson, 1977; Buseck and Hua,
1993). Most probably, the reason for the comparably poor attention
given to chondrite matrix is that classical methods for the investigation of
meteorites require efficient and clean separation of the matrix material
from other components. However, it is challenging to separate the
different components quantitatively from the matrix using mechanical
methods. Thus, obtaining a sample that represents pure matrix material is
complicated and difficult (Jarosewich, 1990).

In the present study we used in situ laser ablation/ionization mass
spectrometry (LIMS) for the measurements, which does not require any
sample treatment, contrary to many other methods for chemical
composition analysis. The instrument, named “LMS” in the following,
was designed and purpose-built for in-situ measurements of rocks and
soils on a planetary lander or rover for a space research mission. The
narrow laser focus allows chemical composition measurements with high
spatial resolution (laser spot size of approximately 10 pm) in selected
regions of interest. This minimizes cross contamination of the component
of interest by other components of the sample and minimizes sample
consumption, particularly for laboratory experiments. Other in-situ
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methods, electron microprobe analysis (EPMA) for example, have been
used to study meteorite matrix material, but the method is subject to
matrix effects, and the abundance of most trace elements (abundances in
low ppm to ppb range) cannot be detected with high accuracy and pre-
cision. In addition, the beam size usually too large to study specific
meteorite components, except for field-emission EPMA. Transmission
electron microscopy can be used to study pm thin slices of the sample of
interest. However these analyses are very time-consuming, which makes
it impossible to study large sample areas (Abreu and Brearley, 2010).
Other techniques that are commonly used for chemical composition
measurements include X-ray fluorescence, or neutron activation mea-
surements. However, compared to LIMS, these methods generally require
very long data acquisition times (hours to several days), and several mg
of sample material. For the analysis of the Allende meteorite with the
LMS we used a femtosecond laser operated with a repetition rate of 1
kHz. The fast completion of measurements not only reduces the time for
data acquisition without compromising data quality, but assures un-
changed measurement conditions during the collection of large amounts
of data. The LMS resolution and sensitivity, although lower than for
example those of secondary electron microscopy (SEM), are adequate to
obtain scientifically highly valuable concentration data for a large
spectrum of elements.

Hypotheses for the chemical evolution and condensation of the solar
nebula have been constrained for example by intense studies of CAls
(Wanke et al., 1974). The high abundance of refractory elements in the
CAls led to the theory that these components were most probably the first
solids that condensed from the early solar nebula. Chondrules, which
formed from high-temperature melts, are an important and characteristic
component of primitive meteorites, but the nature of the processes that
formed them remains a subject of discussion (e.g., Wark, 1979; Morfill
et al., 1998; Stracke et al., 2012; Alexander, 2005; Alexander and Ebel,
2012; Jones, 2012; Friend et al., 2016; Olsen et al., 2016; Schrader et al.,
2018; Desch et al., 2012). However, numerous studies have shown that
the chondrules are chemically complementary to the matrix material,
which is richer in the more volatile elements (Palme et al., 2015). A
possible explanation for the different concentrations of volatile and re-
fractory elements in individual meteorite components could be that the
components formed from different reservoirs of the solar nebula and
possibly at different times.

The chemical composition of the matrix of carbonaceous chondrites
could contain valuable information needed to advance and refine exist-
ing models of formation and evolution of meteorites and their compo-
nents, and thus of solar nebula condensation, and the formation of the
first solids in the early Solar System.

2. Technique and measurements
2.1. Allende sample

We measured the chemical composition of the Allende matrix with a
laser ablation/ionization mass spectrometer. This instrument has been
designed and built at the University of Bern, Switzerland. The miniature
LMS is highly compact (16 cm x 6 cm x 6 cm), light-weight and has low
power consumption for the purpose of space exploration with the ultimate
goal of operating the instrument on a rover or lander on a planetary surface
for in situ chemical composition measurements of rocks and soil (Wurz
et al., 2021). The sample is placed in the focus of the laser beam (19.9
TW/cm? in this study), and atoms are ablated and ionized from a spot with
a diameter of about (12 + 2) pm from the sample surface. A micro channel
plate detector is used for the time-of-flight measurement. An example of a
mass spectrum measured on the Allende meteorite is provided in appendix
A, Figure Al. Details on the LMS, its design, operation and performance
can be found in, e.g., Rohner et al. (2003), Riedo et al. (2013a, 2013b,
2013c, 2017), Tulej et al. (2012, 2014, 2015).

The Allende sample (10 mm x 10 mm x 5 mm) used in this study was
introduced already in earlier reports (Neuland et al., 2014). The sample
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contains a variety of small chondrules and CAls. An image of the sample
surface as a whole can be found in Neuland et al. (2014). For the mea-
surements presented here, an approximately 200 pm thick layer was cut
off from the surface with a diamond saw blade to remove the ablation
craters of the previous measurements. Otherwise, no additional treat-
ment, neither mechanical nor chemical, was applied to the sample.

Fig. 1 shows a detail of the sample surface with the regions of interest
that were selected for this study. These regions include the areas M1, M2
and M3 that contain only matrix, and areas X1 and X2 that contain
chondrules, CAlIs and matrix.

2.2. Data sampling and selection

Fig. 2 shows the areas M1 (a), M2 (b) and M3 (c) before (left panels)
and after (right panels) the LMS measurements. On very small scales (few
pm) the matrix contains pure minerals and metals and often it is not
possible to evaluate from the optical images if isolated mineral grains are
genuine matrix material or chondrule fragments (Tanaka and Akai, 1997;
Frank et al., 2014). In this study 60’000 laser pulses were applied in each
single position on the sample. The diameter of the laser ablation craters
was constant, and the analyzed area was about (12 + 2) pm in diameter
for all single measurement spots on Allende. In principle, the instrument
would allow distances between the measurement points as small as the
crater diameter and less. However, the sampling distance in both hori-
zontal directions was set larger than that to minimize the risk of
cross-contamination between individual measurements. For the areas
M1- M3 a sampling distance of 50 pm was chosen, representing the
lateral resolution of the measurements. As the grain size of Allende ma-
trix components is in the pm to sub-pm range (Toriumi, 1989; Zolensky
et al., 1993), the spatial resolutio n of the measurements is not sufficient
to resolve the chemical composition of individual matrix grains directly.
However, the high sensitivity and dynamic range of the LMS instrument
allow quantitative measurements of differences in chemical composition
down to the level of tens of ppb for adjacent measurement positions.

The matrix also contains grains that may not be part of the genuine
matrix material. An example is shown in the optical image of area M2
(Fig. 2b) as a dark spot with a diameter of about 120 pm (marked by a
white arrow). High abundances of Ca, Al and Fe in the corresponding
measurements are a sign for a dark inclusion. By careful investigation of

Fig. 1. Allende sample.

The optical image shows the different regions of interest that were selected on the
sample of Allende meteorite, three areas M1 — M3 on the meteorite matrix, and two
areas X1 and X2, which include a variety of chondrules and CAIs, and ma-
trix material.
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b)

Area Number of measurement points (pattern)
a) Ml 154 (11x 14)
b) M2 272 (17 x 16)
c) M3 238 (14x 17)

664 analyses total, 609 identified as matrix
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Fig. 2. Matrix measurements. Details of the regions of interest on the meteorite matrix M1 — M3 (compare Fig. 1) before (left column) and after (right column) the LMS
measurements. The white arrow in b) points to a spot that is questionable to be matrix material. The figure scale is the same for a), b) and c).

the optical images of the areas M1 — M3 and the analyses of the corre-
sponding mass spectra, in total 55 measurement positions were identified
to have largely differing element abundances compared to all matrix
measurements.

The capabilities of the LMS instrument allow identification of such
individual positions that have a very different chemical composition.
This identification constitutes a base for composing a representative data
set, because the data set can be tested with different thresholds for
including/excluding individual positions and thus, making the data se-
lection transparent and reproducible. In case of Allende matrix, all ana-
lyses deviating more than 5 ¢ from the mean of all measurements of the
corresponding element in areas M1 — M3 were excluded. In particular, in
all these 55 positions the abundance of either S, Fe or Ni was decisive for
excluding the measurement from the matrix analyses. Therefore, the
areas M1 — M3 give a set of 664 measurements of which 609 measure-
ments are of Allende matrix.

In Fig. 3 the two regions of interest X1 and X2 before and after the
LMS measurements are shown. The spacing between the individual
measurement positions was set to 50 pm for area X1 and to 100 pm for
area X2. Riedo et al. (2016), Fig. 3 therein, showed that the sharp
boundaries between matrix and chondrules in Allende are clearly visible
in element maps composed from the LMS measurements, given that el-
ements that have different abundances in the different components, are
surveyed. As an example, the element maps of Al, Si and Fe for the area
X1 are included in Appendix A, Figure A2. Such maps complement the

optical images, and allow distinguishing between different components
of the sample on small scales. In some cases, the chemical composition of
similarly looking material might differ. The opposite was also observed,
where materials that appeared very different in the optical image showed
similar abundance of some elements. Optical images combined with
maps of Si, Mg, Fe, C and S in particular allow identifying locations of
matrix material inside the areas X1 and X2. This resulted in 296 matrix
measurements for X1, and in 107 matrix for X2. A similar procedure of
data selection was described and justified in Watt et al. (2006). Obtaining
a sample that is representative for the specific analysis often constitutes a
problem, and will always introduce a bias of the experimentalist, as also
mentioned in, e.g., McSween and Richardson (1977). However, the
procedure of data selection used in this study certainly represents the
best possible effort, because considering only one of the two indicators
(optical images, as in many mechanical analysis techniques, or chemical
composition) imposes a high risk of misinterpreting the chemical
analyses.

In total, the measurements resulted in a comprehensive data set
consisting of 1651 measurement positions (M1 — M3, X1 and X2). Out if
these 1651 measurements 1012 (609 from M1 — M3, 403 from X1 and
X2) were identified as matrix material, 639 measurements (55 from M1 —
M3, 548 from X1 and X2) are non-matrix material. The complete data set
consists of about 60% matrix and 40% other components (chondrules,
CAls, dark inclusions, metal phases), i.e., material that represents the
coarse components of the Allende sample (Frank et al., 2914; Norton,
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Number of
measurements
identified as matrix

Number of
Area  measurements
(pattern)
a) X!/ 819 (63x13)
b) X2 168 (14 x 12)

296
107

Fig. 3. Addendum to Allende bulk.

Images of details of the regions of interest X1 and X2 (compare to Fig. 1), containing various chondrules embedded in matrix.

2002). Similar results have been obtained for smaller samples of Allende
(Simon et al., 2018). While consuming a very small sample amount (a few
tens to hundreds of femto-grams of material), it can be stated that the
LMS measurements can generate a representative data set for Allende
bulk and matrix bulk compositions, because the sampling spots are well
placed.

3. Method and data analysis
3.1. Element analysis

Data analysis was performed with an analysis software, that was
specifically developed for time-of-flight instruments (Meyer et al., 2017).
The conversion of signal intensities of individual isotopes to elements
was carried out under the assumption of terrestrial isotope abundances
(Becker, 2007). For details of the calculation see Neuland et al. (2014),
Eq. 2. Only interference-free isotopes were used for the element abun-
dance calculations, as listed in Table Al in the appendix.

A large number of measurements was combined to derive a repre-
sentative composition for the Allende matrix. Instead of taking the mean
or median over all matrix or non-matrix measurements, the abundances
of each element, individually derived from all matrix measurements,
were binned into a histogram. The abundance of the corresponding
element then is the expected value of the Gaussian fitted to this histo-
gram, and the width of the fit directly gives the statistical scatter of the
abundance. Investigation of the skewness and kurtosis of the Gauss fits
additionally ensured the accuracy of the method. In addition, outliers,
which were not cut off by the 5 ¢ threshold (Section 2.2), do not
significantly affect the results in this method.

3.2. Quantitation and calibration

Similar to many analytical instruments, the sensitivity of a laser mass
spectrometer is not the same for all elements. LIMS instruments are
calibrated for quantitative analyses by deriving a set of relative sensitive
coefficients (RSCs) for the elements of interest. An RSC equal to 1 defines

the ideal case of the measured element abundance corresponding to the
true element abundance. An RSC >1 specifies an overestimation of the
abundance due to a higher sensitivity of the LMS to the corresponding
element, which is the case, for example, for the alkali metals, which are
readily ionized. Accordingly, an RSC <1 implies a lower sensitivity and
thus an underestimation of the corresponding element. This is a well-
established method, e.g. (Brinckerhoff et al., 2002; Li et al., 2010;
Zhang et al., 2013; Sysoev et al., 2018), which becomes less error-prone
by applying fs-laser irradiation, e.g. (Russo et al., 2002; Riedo et al.,
2013a; Zhang et al., 2015). The uncertainties that result from correction
of the element abundances by the according RSCs are smaller than the
width of the distribution in all cases. A reliable calibration procedure has
been developed and verified for the LMS at the University of Bern by
measurements on different reference materials (Neuland et al., 2016).
Using the RSCs derived in the studies presented in Neuland et al. (2016)
was regarded as not being applicable for the investigation of Allende.
Compared to the samples investigated earlier for deriving RSCs, the
Allende sample exhibits a different porosity and a different chemical
composition. Therefore, the laser irradiance, and consequently the
voltage settings for the ion optical system and the detector had to be
adjusted specifically to the sample, i.e. the instrument settings were
systematically optimized to reach high sensitivity and mass resolution in
the mass range selected for this study (~5 amu-65 amu). Additionally,
due to the different composition, the experiment presented in Neuland
et al. (2016) cannot provide RSCs for, e.g., C and Ni. However, except for
the alkali metals, O, C, P and S all RSCs are close to 1, in agreement with
the RSCs derived earlier (Neuland et al., 2016), at least for those elements
included in both studies. The RSCs of the alkali metals are larger in this
study, which is due to the combination of using a higher laser irradiance,
necessary due to the harder sample, in combination with the very small
ionization energies of these elements.

Similar to the procedure of earlier measurements on Allende with the
ns-laser (Neuland et al., 2014), and because most literature reference
values for Allende meteorite are available for the bulk composition, we
selected regions of interest so that the measurements consist of 60%
matrix material and 40% of other materials, according to the known
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abundance of the different components in Allende (Clarke et al., 1971;
Norton, 2002). As described in Section 2.2 this measurement set includes
the three areas M1 — M3 on Allende matrix and additionally the two areas
X1 and X2.

For the derivation of RSCs used in the analyses presented here,
reference values for Allende bulk were taken from the study by Stracke
et al. (2012), who present the abundances of a large number of elements
determined with different techniques, suitably selected for specific major
and trace elements of interest. However, this data set does not include
element abundances for the alkali metals and C, S and Sc. Mason (1975)
and Jarosewich (1990) also list abundances for these elements in bulk
samples of Allende. The reported abundances of major elements in
Allende bulk in these three publications are consistent. Although an
Allende bulk sample was analyzed in all these analyses, such an agree-
ment is not necessarily expected as different fragments of the meteorite
were investigated. For this study reference values were taken primarily
from Stracke et al. (2012), and also from Jarosewich (1990) and Mason
(1975), when required. The reference values used for this study, and the
resulting RSCs are given in appendix B (Figure B1Table B1).

3.3. Homogeneity analysis

The homogeneity of the matrix material was analyzed by applying a
moving average filter to the measurement areas M1 — M3, a technique
applied for example also in Morlok et al. (2006). The arithmetic average
of the abundance of each element was calculated for different sizes of the
moving grid, particularly for gridsof 2 x 2,3 x 3,4 x 4,5 x 5,6 x 6 and
7 x 7 measurement positions. For a grid of size p x p applied to a mea-
surement pattern of size n x m (compare caption of Fig. 2) the number of
resulting averages is (n — (p — 1)) x (m — (p — 1)). In Fig. 4 this is
illustrated for a small example pattern of n x m = 4 x 6 measurement
positions and how this is converted to a grid of abundance averages for
one element. The first entry A;; contains the average from the mea-
surement positions nm = 11, 12, 21 and 22, and the final grid of A has a
size of 3 x 5. Subsequently, a grid of deviations ¢ was derived from the A
- grid by subtracting the value that was determined by including all 1012
matrix measurements (see Section 2.2). The ¢ - grid has the same size as
the A grid, and the units of the ¢ are the same as the unit of thecorres-
ponding element abundance, e.g. ppm atomic fraction. For each grid size
the resulting o’s were plotted in a histogram. The widths of these dis-
tributions are a measure of the chemical homogeneity of the matrix on
the spatial scale that corresponds to the number of analyses included, this
is the area “sampling distance”-squared covered by the measurements of
the moving grid. As an example, the histograms for vanadium (V) are
shown in Fig. 5, where the upper panel “1 x 1” shows the deviation of the
individual analyses (of M1 — M3) to the value determined from all 1012
measurement. In the sliding average analyses the matrix measurements
from area X1 and X2 had to be excluded, because the regions contain
chondrules at arbitrary locations in the grid. Pure matrix analyses in
these two areas are spatially not as wide-spread as in the areas M1 — M3,
which made it impossible to apply an automatic moving-average filter
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without including other materials, especially when applying grids larger
than 2 x 2 measurement points. For keeping the analysis consistent, the
1 x 1 histograms contain only matrix analyses from areas M1 — M3 as
well.

Because the abundance of V could be evaluated only from 607 of the
matrix analyses the histogram of the 1 x 1 grid contains 607 entries
accordingly, as noted by the number beside the grid size in the legend of
Fig. 5. The number of histogram entries is decreasing with increasing grid
size due to the limited number of total points available, based on the used
method (Fig. 4). Additional examples of this analysis for Li, Si, and Sc are
shown in Figure C1 in the appendix.

-50 =25 0
10 —
05 1x1, 607

0.0

11.0
0.5
10.0

2x2. 578 |
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H0.5
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AL ' : 1.0
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e 12Q 4
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-50 =25 0 25 50

deviation o, [ppm]

Fig. 5. Homogeneity analysis.

For each grid size of the moving average filter, the resulting deviations of the
grid averages from the element abundance determined from all 1012 matrix
analyses was plotted as a histogram, normalized to the maximum bin. The
example shows all histograms for V analyses in the matrix areas M1 — M3.

m=1..6 nin
: —>
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| 000000 3132 . :
3132 3536 e (A)ss
4142 | -+~ 546

Fig. 4. Moving average.

This example shows how a grid of 3x5 average values is composed from a sliding average with grid size 2x2, thus p=2.
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4. Results
4.1. Elemental composition

The results of elemental composition derived from all 1651 mea-
surements are shown in the ternary plots in Fig. 6. The Si/(Mg + Fe) ratio
(Fig. 6a) indicates an olivine-rich composition for the matrix with an
additional component of Mg-Fe-rich minerals. The areas X1 and X2,
which include chondrules and other components that contain minerals
with a larger grain size than the matrix, have a large portion of olivine as
well. In general, the two regions of interest X1 and X2 show higher Si/
(Mg -+ Fe) than the matrix, and some individual Al-rich analyses.

The olivines in the Allende matrix have nearly equal amounts of
forsterite and fayalite, with only a small shift towards Fe-rich olivine
(Fig. 6b). The measured molar ratio of Fe/Mg is 1.28 + 0.03, which
agrees with previous studies, e.g. Wark (1979), where a ratio of
FeO/MgO = 1.4 + 0.1 is presented. A shift towards forsterite for the
analyses in the areas X1 and X2 is clearly visible in Fig. 6b. Additionally,
the non-matrix measurements contain minerals with higher contents of
refractory elements, e.g., Al or Ca. Precisely, such data were found mostly
along the rims of the larger chondrules in areas X1 and X2. A few mea-
surements of X1 and X2 indicate a component of Cag(Mg,Fe)s as shown
by the arrows along the corresponding ratios.

The C/Al/Na-ratios (Fig. 6¢) show that the matrix of Allende

a) Mi-m3 Si
X1, X2

Allende bulk
(Stracke et al. 2012)

Fig. 6. Allende matrix mineralogy.

K-Feldspalﬂ‘z 0.4 0.6 0.8
Na
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meteorite contains C-rich material at some individual measurement po-
sitions. The other points can be identified as a mixture of melilite and
albite. The ratios of (Na + Al)/Si, (K + Al)/Si and (Ca + Al)/Si (Fig. 6d)
show that the matrix plagioclase has a higher albite component, while in
areas X1 and X2 many analyses show essentially pure anorthite, attesting
to the higher volatile element content in the matrix compared to the
chondrules. The abundance of K-feldspar components is low.

Table 1 lists the element composition of Allende matrix normalized to
the bulk composition. The matrix composition was derived from the
areas M1 — M3 (total of 609 analyses) plus the individual measurements
from areas X1 and X2 that were identified as matrix, 296 and 107 ana-
lyses respectively. Thus a total of 1012 individual matrix measurements
is used for the analysis (see Section 2.2). In the bulk composition all 1651
measurements (all analyses from areas M1 - M3, X1 and X2) are
included. It can be seen that relative to bulk the matrix is enriched in the
volatile elements Na and K, while the less volatile Li is depleted in the
matrix. Furthermore, the matrix is depleted in moderately volatile ele-
ments, like Cr, P and S and in refractory elements, like Ca, Sc, Ti and V,
compared to the Allende bulk composition. The second column of Table 1
reports the Allende matrix composition normalized to CI (Lodders et al.,
2010). Compared to CI the.

Allende matrix is strongly depleted in volatile elements, which agrees
with other studies of Allende (McSween, 1979; Bland et al., 2005; Scott
and Krot, 2005; Gordon et al., 2007; Hezel and Palme, 2010). In addition

0.8

Aorthite

Ternary plots showing fractions of key elements or normative end-member minerals, in units of atomic fractions. The 609 measurements on Allende matrix (M1 — M3) show a
much more homogeneous composition and a more Mg—Fe-rich component than the measurements in X1 and X2 (a), (compare Fig. 1, 2 and 3). The matrix does not contain any
minerals with high Al or Ca (a, b). The matrix is rich in C (c) and has a higher normative albite component compared to analyses of areas X1 and X2 that show a higher normative

anorthite component (d).
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Table 1

Allende matrix.

Ratio of Allende matrix/bulk and ratio of Allende matrix/CI. Elements are ordered by
their 50% condensation temperature.

Matrix (LMS) relative to bulk
(LMS) CI
(Lodders et al., 2010)

Tso [K] (Lodders, 2003)

C 1.019+£0.122  0.419 +£0.028 40 volatile
o 0.921 +£0.034  0.763 + 0.012 180

S 0.827 £0.035 0.130 +0.016 664

Na 1.205 £+ 0.251 0.763 £ 0.025 958

K 1.229 +£0.130  0.674 £ 0.038 1006

Li 0.854 + 0.033
Mn  0.861 + 0.064
P 0.480 + 0.044
Cr 0.758 + 0.039
Si 0.829 + 0.016
Fe 1.066 + 0.027
Mg 0.812+0.018
Ni 0.830 + 0.063
Co 0.928 + 0.183
v 0.800 + 0.082
Ca 0.888 + 0.040
Ti 0.813 + 0.022
Al 0.965 + 0.076
Sc 0.861 + 0.088

0.375+£0.013 1142

0.830 + 0.021 1158 mod.
1.335+0.022 1229 volatile
2,643 £0.159 1296
1.045 +0.008 1310
1.574+£0.032 1334
1.599 +0.033 1336
0.435 + 0.111 1352
2.974 £0.067 1353
3.197 + 0.031 1429
2.087 £0.057 1517
1.283 +£0.005 1582
0.911 £0.026 1653
3.360 £ 0.042 1659

intermediate

refractory

to the depletion in volatile elements, the Allende matrix is depleted in the
moderately volatile transition metals Mn and Ni, while all other elements
included in Table 1 show enrichment. High abundances compared to CI
are observed for the refractory elements Co, V, Ca and Sc. When
comparing the meteorite matrix with chondrules instead of Allende bulk,
the depletion of Na and K relative to CI is even more distinct in the
chondrules than in the matrix and the chondrules show an even more
pronounced enrichment in refractory elements relative to CI. Table 2
shows the quantitative element abundances for all 19 elements analyzed
in Allende matrix as measured with the LMS. In addition to the results
from our measurements (first column “LMS”) reference values from other
studies are listed. All values are given in atomic number fraction, since
the LMS measures numbers of atoms. Figures from the references were
converted to atomic number fractions, if given in different units. For the
conversion from weight % to atomic % the atomic weights from Meija
et al. (2016) were used. The elements in Table 2 are sorted according to
their condensation temperatures (Tsg, Lodders, 2003). For easier com-
parison of the data sets given in Table 2, these data are shown as bar
graphs in Figure A3 in Appendix A.

Abundance values for Li are included in our results, but not given in
any other studies reporting element abundances for the Allende matrix.
Abundances of C are given only in Clarke et al. (1971) and abundances of
V and Sc are only provided by Rubin and Wasson (1987). Table 2 shows
the differences of the element abundances for the various elements in
different studies. Reported element abundances can be very different in
different studies. For example, the abundance of Ca given in Rubin and
Wasson (1987) is 16 times higher than the value provided in Zolensky
et al. (1993) and 18 times higher than the Ca abundance given in Krot
et al. (1997).

4.2. Matrix homogeneity

Fig. 5 shows how the data resulting from the moving average filter
were processed (for V in this case). The measurements that create the
flanks of the distributions are those with the highest deviation from the
average from all 1012 matrix analyses. Fig. 2 shows that some of the
matrix measurements are located very close to chondrules. However,
there is no correlation of the highest deviations to the corresponding
position of the moving average, the distance to the next chondrule in
particular. Similarly, in all the ternary diagrams shown in Fig. 6, there is
no correlation of the element abundance ratios with the individual matrix
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areas. When plotting the measurements of M1, M2 and M3 (black circles
in Fig. 6) individually, the larger scatter (Fig. 6¢) as well as the smaller
scatter (Fig. 6a, b and d) remain, indicating that the matrix areas M1, M2
and M3 have similar chemical homogeneity.

The scale of the abundances of the elements included in our analyses
ranges from the low ppm, e.g., for Sc, to percent, e.g., for O. Therefore, for
comparing the results from different grid sizes of the moving average of
the different elements X, the relative deviations instead of the absolute
values were used to quantify the results. The absolute ox (x-axis in Fig. 5)
were divided by the abundances derived from all 1012 matrix analyses
(values in Table 2, “LMS”), called Xy in the following.

The relative deviations 6x/Xay as a function of different grid sizes are
displayed in Fig. 7a. The elements are sorted according to their Tsg
(Lodders, 2003). Representing the data as shown in Fig. 7a, an element
with a perfectly heterogeneous distribution in the material would have a
constant ox/Xa) irrespective of the grid size, thus would appear as a
horizontal line, where the level 6x/Xa = const. describes the chemical
inhomogeneity in the sample. In contrast, the decreasing trend of the
data in Fig. 7a can be attributed to the improvement of the statistical
accuracy resulting from more measurements, i.e., with larger grid size.
Following the y/n — rule, the statistical uncertainty becomes smaller the
more measurements n are included in the moving average grid. ox/Xan
would be almost 0 for one single grid over all 609 matrix analyses (areas
M1 - M3), and 6x/Xa; would be exactly O for one grid spanning over all
1012 matrix analyses, including the matrix measurements in areas X1 and
X2, since the matrix measurements in X1 and X2 were included for deriving
X Based on these two scenarios, we devised a simple equation describing
the spread in the measurements in Fig. 7a as.where 6inhom describes the
constant contribution by inhomogeneity of the sample, 6yeas the stan-
dard error introduced by the statistical measurement uncertainty and n
the number of analyses. Both fit parameters, Gighom and Gmeas, have the
unit ox/Xay. A typical example of fitting Equation 1 to the data can be
found in appendix C, where the fit applied to the data of Al is shown in
Figure C2.

0= Ginhom + 6\’72“ 1)

The parameters resulting from fitting Equation 1 to the data shown in
Fig. 7a are displayed in Fig. 7b, with 6ijyhom Shown on the y-axis. The scale
of the y-axis is reversed, so that chemical homogeneity is increasing from
bottom to top. Omeas is sShown on the x-axis.

Fig. 7b shows that the elements that have the highest degree of ho-
mogeneity in the Allende matrix material are the rock-forming elements
O, Si, Mg and Fe. These elements exhibit a variability of less than 5%
(Ginhom < 0.05) of their nominal abundance (Table 2, column “LMS”).
Nearly on the same level of homogeneity are the elements Mn, Co, Ti, V,
Al and Ni, although the measurement uncertainties 6pyeas for Al and Ni
are considerably larger than for the other elements. The elements that are
the largest heterogeneity in Allende matrix material are C (20% vari-
ability), Ca and K (15%), and Li, S, and Na (10%).

5. Discussion

The element abundances in the Allende matrix measured with the
LMS instrument are reported in Table 2 and compared with literature
data. Since all studies on Allende matrix were carried out using different
aliquots of Allende, small differences in the results are expected. Addi-
tionally, conventional techniques, e.g., wet chemical analyses, that
require larger sample sizes bear the risk that these may not have been
pure matrix material. The comprehensive data set presented in this study
is based on chemical compositions determined from more than 1000
individual measurement positions. Thus, the resulting averages are
representative for the composition of the Allende matrix.

The element abundances determined with the LMS (see Table 2), i.e.,
for S, K, Mg, Ca, Ti and Al, are within the ranges of values reported in the
literature. For some of the elements the LMS measurements yielded
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Table 2

Allende matrix composition.
In addition to the results from this study (column “LMS”), data from published studies are listed. All values are listed in atomic number fraction. In case volume or weight fraction
was given in the reference, the values were converted accordingly (using atom masses from Meija et al. (2016). All values are given in plain fractions, except the numbers marked by
an asterisk (*), which are given in [ppm]. A graphical representation of this table is given in Figure A3 in the Appendix. n.d. = not detected.
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LMS Clarke et al. (1971) Rubin and Wasson McSween and Richardson (1977) Zolensky et al. (1993) Inoue et al. (2004) Krot et al. (1997)
Present work (1987)
“mxa” “mxb”
C 0.0082 £ 0.0011 0.018 n.d. n.d. n.d. n.d. n.d.
(o] 0.4704 £ 0.0175  0.519 n.d. 0.5197 0.5172 0.5237 + 0.0188 0.5641 + 0.0018
S 0.0150 + 0.0006  0.022 nd. 0.0086 0.0035 0.0064 + 0.0003 n.d.
Na 0.0036 + 0.0007 n.d. 0.0038  0.0026 0.0017 0.0004 0.0015 + 0.0009 n.d.
*K 202 £ 11 n.d. 191 290 52 nd. <263 n.d.
*Li 1.8+0.1 nd. nd. n.d. n.d. n.d. n.d.
*Mn 627 + 47 909 958 1'285 721 697 735 + 29 852 + 136
*P 896 + 82 n.d. n.d. n.d. 522 551 + 315 n.d.
*Cr 2/895 + 150 848 2'558 1'873 1'218 1'594 1'249 + 338 445 + 254
Si 0.0856 + 0.0017  0.108 n.d. 0.1135 0.1216 0.1155 + 0.0033 0.1396 + 0.0028
Fe 0.1742 + 0.0032 0.143 0.1572 0.1678 0.1081 0.1268 0.1246 + 0.0037 0.1254 + 0.0037
Mg 0.1355 + 0.0030 0.156 0.2511 0.2345 0.1221 0.1266 0.1165 + 0.0037 0.1553 + 0.0066
Ni 0.0108 + 0.0008  0.012 0.0037  0.0083 0.0060 0.0021 0.0053 + 0.0001 n.d.
*Co 549 + 108 489 454 371 n.d. n.d. n.d. n.d.
*V 73+7 nd. 75 57 n.d. n.d. n.d. n.d.
Ca 0.0103 £+ 0.0005  0.014 0.0155  0.0165 0.0103 0.0010 0.0078 + 0.0041 0.0009 + 0.0009
*Ti 260 +£7 318 nd. 274 278 <217 151 £ 121
*Al 6'172 + 483 7'060 19'094 17'067 10’989 8194 9431 + 1'832 995 + 853
*Sc 9+1 nd. 7 5 n.d. n.d. n.d. n.d.
a) Grid size b) -
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Fig. 7. Matrix homogeneity.

a) Standard deviation ¢ for different grid sizes of the moving average filter applied to the matrix areas M1 — M3. For comparison of different elements, ¢ was set in
relation to the element abundance derived from all matrix analyses X, (Table 2, “LMS™). Tso, displayed together with the elements in the legends, are taken from
Lodders (2003). b) The fit parameters resulting from applying Equation 1 to the data shown in (a). The fit parameter Ginhom is shown on the y-axis, which is reversed so

that homogeneity of the elements is increasing from bottom to top.

abundances that are, without exception, lower (e.g., Mn) or higher (e.g.,
Fe, Cr) than the literature values. However, LMS measurements yield Fe
(Matrix)/Fe (bulk) ~ 1. We obtained higher Fe and lower Mg abundances
compared to some studies (Clarke et al., 1971; Rubin and Wasson, 1987;
Krot et al., 1997), but higher Fe abundance and also a slightly higher
abundance of Mg compared to other studies (McSween and Richardson,
1977; Zolensky et al., 1993; Inoue et al., 2004). The Mg/Fe ratio (0.78 +
0.02 for the LMS measurements) is similar to other studies, e.g., (Wark,
1979). A comparison of the element abundances measured with the LMS
with the literature data reveals that the best agreement of the new results

is with the data reported by Clarke et al. (1971), McSween and
Richardson (1977), and Rubin and Wasson (1987) and the poorest
agreement is observed with the data reported in Zolensky et al. (1993)
and Krot et al. (1997).

Fig. 7 shows the degree of homogeneity/heterogeneity of the
different elements in the pure matrix of Allende. The deviations of the
individual analyses (i.e., 1 x 1 grid) are several tens of % for all elements
except for O. With increasing grid size all ¢ decrease and approach a
constant level. There is a systematic difference between ¢ and Tsg. The
statistical analysis reveals that the main mineral-forming elements O, Si,
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Mg and Fe are, with a variability of less than 5%, the most homoge-
neously distributed elements in the matrix. The minor to trace elements
Mn, Co, Ti, V and Ni show a similar degree of homogeneity. Although the
alkali metals, as well as C, Ca and S, show larger heterogeneity, none of
the elements that were measured show variability as a function of dis-
tance to a chondrule, which indicates a high degree of chemical and
mineralogical homogeneity of the matrix material, even for intermediate
and refractory elements.

The collective data points indicate that the matrix has an olivine rich
composition and shows a shift towards higher Fe content, thus, higher
Fe/Mg in the matrix minerals compared to chondrules (Fig. 6a). The
areas X1 and X2 (matrix, chondrules) have a large portion of olivine as
well, and the chondrules are enriched in elements that are typically
contained in felsic minerals (e.g., Na, K, Ca, Al), particularly in feldspars.
The Mg-Fe-rich minerals in Allende represent the major component that
makes up carbonaceous chondrites in general. The high-Al regions in the
matrix reveal the presence of CAl rich inclusions that are common in CV
meteorites. The Ca-rich regions make up a small part of the matrix. The
major portion of the matrix, and the chondrules have low Ca/(Fe + Mg)
(see Fig. 6b).

Fig. 6d shows that the (normative) matrix plagioclase has a higher
albite component, while in areas X1 and X2 many positions show
essentially pure anorthite component, attesting to the higher volatile
element content in the matrix compared to the chondrules. We find that,
in contrast to Na and K, Li is depleted in the Allende matrix. A possible
explanation for this could be that of all three alkali metals, Li has the
highest condensation temperature (Table 1, last column), which could
mean that all Li had already condensed into the chondrules by the time
the matrix condensed.

When comparing the composition of matrix to the composition of
chondrules, the major difference is the higher abundance of the re-
fractory elements Co, V, Ca, Ti and Sc in chondrules. This difference
reflects the high-temperature origin of the chondrules and the low-
temperature formation of the matrix. This implies different formation
conditions and possible different formation environments of these com-
ponents. The occurrence of chondrules, chondrule fragments, CAls and
matrix in close association, each with their own thermal evolution and
chemical composition can reflect the mixture of different components
originating from places with different thermal evolution, possibly with
different radial distances in the solar nebula (e.g. Takayama and
Tomeoka, 2012), or matrix and chondrules formed in the same reservoir
but at different times and under different thermal conditions.

The complementarity in the abundance of the refractory elements
(Hezel and Palme, 2008) and the isotopes of refractory elements (e.g.
Budde et al., 2016) between matrix and chondrules seems only possible if
the chondrite parent body formed from a finite reservoir that was
chemically closed at least during the interval when then refractory ele-
ments condensed and accreted. The correlation of depletion in moder-
ately volatile elements and condensation temperature indicated that a
gas phase was lost or did not condense during their condensation leading
to the general depletion observed in all carbonaceous chondrites (e.g.,
Cassen, 2001). The subsequent condensation of highly volatile elements
in chondritic abundances independent of the condensation temperature
indicates complete condensation of the remaining elements without
fractionation. The latter is possible if this final condensation was a sud-
den event, possibly the final collapse of remaining dust/gas cloud, where
the matrix of Allende was enriched in volatiles elements relative to
chondrules. The observation that the elements in the matrix are homo-
genously distributed indicates that no mineral fractionation happened
during the accretion of matrix material. Gradual accretion of dust to
pre-existing chondrules would result in the growth of the chondrule by
addition of large dust rims that later make up the matrix. This accretion
would result in fractionation of the minerals in the dust cloud. The ac-
cretion process must have maintained chemical complementary of matrix
and chondrules in chondrites (Hezel and Palme, 2008), excluding con-
tributions from different reservoirs of the solar nebula. The high degree
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of chemical homogeneity, independent of scale and location, implies that
the matrix material did not consecutively accrete onto the earlier formed
chondrules, as this would have resulted in mineral fractionation caused
by the different sticking properties of the different minerals (e.g. Poppe
et al., 2000). The difference in element abundances between chondrule
and matrix indicates that there was element and thus mineral fraction-
ation occurring during the formation of the chondrule precursor mate-
rial, but this fractionation did not continue during dust accretion that
formed the matrix of chondrites. Matrix material that accumulated layer
by layer on earlier formed chondrules would show zones of different
mineralogical and thus chemical composition. Such zones would pre-
sumably extend to several mm into the matrix material. The process of
such a formation of zones is shown schematically in Fig. 8. The three
measurement areas chosen on exclusively matrix material reach close to
bordering chondrules (Fig. 2) and none shows discernible chemical
zoning.

In contrast, a high degree of homogeneity of the matrix is revealed,
which indicates that the matrix material formed independently from or in
parallel with the chondrules and that the process that provoked all
components forming the meteorite was a fast collapse of a chondrule-dust
cloud that did not allow for the creation of zones. Thus, the collapse must
have occurred on a timescale that did not allow for a fractionation of
different mineral phases in the condensing and cooling solar nebula. This
rapid process led to the accretion of chondrules together with dust into
the parent body by a rapid process possibly akin to pebble accretion
(Lambrechts and Johansen, 2012).

6. Conclusion

Laser ablation/ionization mass spectrometry (LIMS) is a well-suited
analytical technique for obtaining spatially resolved quantitative
element abundances of rocky material in situ. Analyses of different
components, particularly matrix and chondrules, in the primitive
carbonaceous chondrite Allende provide a two-dimensional image of the
distribution of selected elements in this early solar system material. Also
owing to earlier studies of the calibration procedures (Neuland et al.,
2016), the abundances of 19 elements (C, O, S, Na, K, Li, Mn, P, Cr, Si, Fe,
Mg, Ni, Co, V, Ca, Ti, Al, Sc) in the Allende matrix were determined
quantitatively. Although the LMS might have a lower spatial resolution,
lower sensitivity and mass resolution than the much larger LIMS-type
laboratory instruments, this study shows that its performance is more
than sufficient for collecting highly valuable element abundance data to
study the chemical composition, mineralogy and homogeneity of rocky
materials, for example in situ analysis on a planetary body, a meteorite
parent for example.

The chemical data obtained for the Allende matrix composition in this
study is in general agreement with published values. However, using the
LMS instrument it is possible to collect a much larger data set in a
remarkably short measurement time compared to more conventional
laboratory techniques. Five selected areas on the sample were investi-
gated with high spatial resolution using our miniature LMS. The 1651
positions that were analyzed, each of about 12 pm in diameter, reveal the
element distribution in the meteorite sample from major to trace ele-
ments, and provide constraints on the length scale of chemical hetero-
geneity in the material. Out of the 1651 spot analyses 1012 are located on
the Allende matrix. The element abundances obtained from the analyses
can be related the mineralogical composition of the fine grained mete-
orite matrix. In agreement with earlier studies of Allende, the matrix
mostly consists of Fe-rich olivine and it is enriched in the more volatile
elements (e.g., K and Na) and depleted in the refractory elements (e.g.,
Ca, Sc) relative to the bulk material.

The measurements in three selected areas on exclusively Allende
matrix material allow a detailed analysis of the degree of homogeneity of
this meteorite component. A moving average filter was applied to derive
the standard deviation of the chemical composition of matrix material on
different scales. While the smallest analyzed scale is the distance of 50 pm
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Fig. 8. Zones around chondrules.
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A formation of the meteorite matrix by a layer-by-layer accretion of the residual gas onto the chondrules/chondrule rims would have led to zones that would reach out

several mm or even cm into the matrix material.

between single measurement positions, grid sizes up to 7 x 7 positions,
which equals an area of 0.09 mm?, were included. A fit function describes
the deviation of the chemical composition as a function of the number of
analyses included. This fit function contains two parameters that describe
the deviation attributed to an inhomogeneous distribution of an element
in the matrix material and the deviation introduced by statistical mea-
surement uncertainties. From the homogeneity analyses it can be
concluded that the process that merged chondrules and matrix did not
cause element or mineral fractionation and thus, must have been a fast
collapse rather than a slow layer-wise accumulation of matrix material on
the chondrules.
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In this study all mass spectra, similar to the example mass spectrum shown in Figure A1, contain the accumulated data from 36 000 single laser shots.
The areas of all peaks in the mass spectra are derived independently from the high gain (HG), medium gain (MG) and low gain (LG) data. After
identification of the saturated isotope peaks in the HG, the data from the different channels are combined according to the gain, for element analysis.
Element abundances are only derived from the non-isobaric isotopes. We calculated, e.g., that the mass peak at 40 amu consists of >99.9% *°Ca and thus
is the most suitable forcalculating the abundance of Ca. Due to interference with Ti the abundance of V was calculated from 'V only. Similar con-
siderations were taken for all other elements included in the analyses. Table A1 lists isotopes that, if detected (LG, Fig. Al right) and not saturated (HG,
Fig. Al left), were used for deriving the elements. The resulting peak area corresponds to the number of atoms of the corresponding element contained in
the volume of the ablation crater. Therefore, after calibration of the element sensitivity, the ratio of one element to the set of all elements corresponds to
the atomic number fraction.
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Fig. Al. Mass Spectra.
Mass spectrum of Allende (area M1) with several elements assigned to the mass peaks. Highly abundant elements are saturated in the high gain (HG) channel (left). For
the analyses of major elements the data from the low gain (LG) channel (right) is used, while minor elements are detected with high sensitivity in the HG channel.

Table Al

Isotopes included in the element analyses.

Several of the elements included in this study are affected by isobaric in-
terferences with other elements. Isotopes shown in parentheses were used only
if visible (in the LG) and not saturated (in the HG).

Element Derived from isotopes [mass number]
HG LG
C 12,13 12, (13)
(o} (16), 17, 18 16, (17, 18)
S 32, 34 32, (34)
Na 23) 23
K (39), 41 39, 41
Li 6, (7) 6),7
Mn 55 (55)
P 31 (31)
Cr 52,53 52, (53)
Si (28), 29, 30 28, (29), (30)
Fe 54, (56), 57 54, 56, (57)
Mg 25, 26 24, 25, 26
Ni 60, 61 (60, 61)
Co 59 (59)
\% 51 (51)
Ca 40, 42, (43), 44 40, 44
Ti 47, 48, 49 (47), 48, (49)
Al 27 27
Sc 45 (45)

Section 2.2 describes the analytical methods used to determine the chemical composition of individual measurement points on a sample of Allende
meteorite and how these were classified as either Allende matrix or other material with the help of optical images and the element maps resulting from
the LMS measurements. The left upper panel of Figure A2 shows the measurement area X2. This image is identical to Fig. 3b in the main text, but
cropped to the area where measurements were conducted. Furthermore, the borders of material that is optically distinguishable is marked by lines
(upper left panel). The other three panels of Figure A2 show, as an example, the element maps for Si, Al and Fe derived from the LMS measurements in
this area.
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Fig. A2. Element maps.
Element maps combined with optical images were used to select measurements representing Allende matrix from measurements on other material. Darker co
lors correspond to lower abundances. The example shows maps of Si, Al and Fe of area X
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2 (compare Figs. 1 and 3b in main text).
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Fig. A3. The abundances of 18 elements in Allende matrix.
The chemical composition of the Allende matrix (Table 2 in main text) is visualized in bar graphs. The abundances measured in this study with the LMS are compared

to literature values. The legend is the same for all 18 graphs. The results for Li are not included in the graph, because no literature value exists for comparison.

B. Calibration

As described in Section 3.2, the relative sensitivity coefficients (RSCs) were derived by using the complete data set of measurements (M1 — M3, X1
and X2) representing Allende bulk. The data reported in Stracke et al. (2012) are used as a reference for calibration. For elements that are not included in
Stracke et al. (2012), Allende bulk data from Mason (1975), Jarosewich (1990) and Clarke et al. (1971) were consulted. In Table B1 the reference values
that were used for the final calculation of the RSCs are listed in the last column.

In Figure Bla the resulting RSCs are shown as the correlation of the LMS measured and the reference element abundances. In this representation the
distance of a data point to the diagonal line (shown as a solid line), measured perpendicularly, equals the RSC. We chose a representation of the data
similar to the plots shown in Neuland et al. (2016), where the symbols account for different measurement campaigns and the colors refer to the different
elements. In addition to the measurements with the fs-laser ion source (this study, diamond symbols) the RSC data from composition measurements of

Allende with a ns-laser ion.
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Table B1

Allende bulk literature values.

The relative sensitivity coefficients (RSCs) were calculated by using the values from Stracke et al. (2012) as a reference for Allende bulk. For the elements not evaluated
in the latter, average values from Mason (1975), Jarosewich (1990) and Clarke et al. (1971) were used. Numbers that are displayed in bold font are key values to
determine the value finally used (last column). All values are given in plain number fractions. Elements marked by an asterisk (*) are given in [ppm]. n.d. = not
determined

Stracke et al. (2012) Mason (1975) Jarosewich (1990) Clarke et al. (1971) set 1 set2 Used for calibration
C nd. 0.003 0.006 0.014 0.009
o 0.511 0.370 nd. 0.528 0.511
S n.d. 0.021 0.015 0.018 0.019
Na nd. 0.003 n.d. 0.003 0.003
K* nd. 250 nd. 121 185
Li* nd. 2 n.d. n.d. 2
Mn* 728 1500 610 725 723 728
P* 1’868 1100 nd. 264 1868
Cr* 3'821 3600 1'600 767 795 3821
Si 0.103 0.160 0.140 0.108 0.103
Fe 0.115 0.236 0.103 0.123 0.115
Mg 0.167 0.149 0.150 0.175 0.167
Ni 0.013 0.014 0.006 0.008 0.009 0.013
Co* 591 610 250 348 347 591
V¥ 92 90 nd nd 92
Ca 0.012 0.019 n.d. 0.013 0.012
Ti* 320 900 450 381 333 320
Al* 6'394 17 400 15 000 7530 7113 6394
Sc* nd. 11 n.d. nd. 11

source (Neuland et al., 2014) (circles) were added to the graph. The measurements with the fs-laser system allowed the evaluation of more elements
than the ns-laser measurements. In particular, the ns-laser data do not allow the quantitative evaluation of the alkali metals nor P and O. This is due to
the plasma processes in the laser ablation plume of ns-laser pulses. The fs-laser offers a much higher power, much shorter pulse width and thus
completely different ablation conditions (Ohata et al., 2014; Russo et al., 2002). Figure Bla shows that in general the RSCs for measurements with the
fs-laser ion source are closer to 1 than for the measurements with the ns-laser, which is most distinct for Si, S, C and Ni. This agrees with the results
presented in Riedo et al. (2013a), where composition measurements of the standard reference sample NIST SRM661 with the LMS with both laser
systems are compared. For several elements the RSCs develop in a different direction. For example, the RSCs of Ti, Sc and Ca are closer to 1 for the
measurements with the ns-laser. The particularly high RSCs of these elements are also observed in the measurements on geological standard reference
materials (Neuland et al., 2016).
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Fig. B1. Relative sensitivity coefficients.

a) Relative sensitivity coefficients as the correlation of LMS measured abundance (y-axis) and Allende bulk element abundance from a reference (see appendix,
Table B1). Additionally, circular data points show the RSCs from Neuland et al. (2014), where a ns-laser ionization source was applied for measuring the chemical
composition of the same Allende sample. b) The RSC values, each relative to (Mg + Fe) as a function of the atomic orbital ionization energies (Gray, 1964). According
to Zhang et al. (2015) a fit was applied to the data, providing additional validation of the RSCs.

In Zhang et al. (2015), Fe was used as a reference element as this is the major component of the solid standard samples investigated by the authors.
For the same reason, O was used as a reference element in the calibration studies presented in Neuland et al. (2016). While O is also the major
component of the minerals in Allende, it is, at the same time, an element for which the values in the literature differ slightly, which is of disadvantage
when using the element as a reference. Since Fe and Mg are major elements in Allende minerals, and the values for (Fe + Mg) are more consistent
throughout different sources, we used (Fe + Mg) as a reference for applying the fit from Zhang et al. (2015). The resulting fit is consistent with former
RSC studies, when using the second AOIEs instead of the first. A reason for this could be that ionization from an orbital with higher three-dimensional
symmetry (thus s- or d-instead of p-orbital) has a much higher probability for ionization by the directional laser photons. However, this needs much
more detailed investigation before firm conclusions can be drawn. With the AOIEs from Gray (1964) the fit, shown in Figure B1b, results in an electron
plasma temperature of Te = 1.21-10° K and an electron density of N = 9.05-10%cm ™3, which is in good agreement with former RSC studies.
Furthermore, when introducing the ionization potential of the reference element as a fit parameter as well, this results in an AOIE of (Mg + Fe) =7.976
eV. Since the individual values for Mg and Fe are 7.68 eV and 7.07 eV (Gray, 1964), this is another strong support for the reliability of the applied
procedure. Neuland et al. (2016) showed that a correlation exists between the elements respectively the element groups and the atomic orbital, from
which the atoms are ionized. Additionally, in the same publication, we showed that the function developed by Zhang et al. (2015) is suitable to fit the
correlation of the RSCs and the atomic orbital ionization energy (AOIE) for data measured with the LMS.

C. Homogeneity Analysis

As described in Section 3.3 the matrix homogeneity was analyzed by applying a moving average filter to the data of the matrix areas M1 — M3. In
addition to Fig. 5, the histograms (deviations cx of moving grid average to element abundance derived from all 1012 matrix measurements) of Li, Si and

Sc for all grid sizes are shown in Fig. C1.
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Fig. C1. Homogeneity analysis, examples.
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Histograms for all different grid sizes of the moving average for Li, Si and Sc analyses in the matrix areas M1 — M3, additionally to Fig. 5, where the histograms for V
are shown. The number in italics in each panel behind the grid size gives the number of entries of the according histogram. This number is decreasing with increasing

grid size. .
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Fig. C2. Homogeneity analysis, fit.
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A fit function (Eq. (1)) was introduced containing parameters for the statistical measurement error omeas and the abundance deviations due to inhomogeneity 6inhom
(both in units of the dimensionless fraction 6y/Xa)). According to the \/ n - rule the width of the Gaussians is decreasing, when more measurements n are included. This

example shows the fit applied to the data for Al (compare Fig. 7a).
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