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Abstract — We evaluate the potential of a handheld energy dispersive XRF spectrometer for the
preliminary classification of non-chondritic differentiated meteorites. The studied achondrites
include: 9 lunar meteorites, 17 Martian meteorites, 5 angrites and 18 meteorites from asteroid 4
Vesta. Analytical precision and accuracy was tested on 39 terrestrial igneous rock slabs showing a
wide range of composition.

Replicate analyses, performed on the studied meteorites show that Fe/Mn values together with Si
and Ca/K ratio can be used in the discrimination of different achondrite groups. Fusion crust’s
Fe/Mn values of meteorites from Vesta and Mars are indistinguishable from those of the interior
implying that even measurements on the external surface could be sufficient to pigeonhole non-
chondritic meteorites. Handheld energy dispersive XRF spectrometer is a non-destructive but very
effective technique for preliminary classification of achondrites in the field and in laboratory and

reclassification of mislabelled meteorites in the museums.
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Introduction

Differentiated achondrites are a group of stony meteorites, comprising about 5% of all meteorites.
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Differentiated achondrites are igneous rocks from asteroids and planetary bodies of great interest
for planetary science. Their cosmochemical study provides unique insights into magmatic
differentiation processes that have occurred on the largest rocky bodies of the Solar System since its
very beginning about 4.56 Ga ago (Halliday and Kleine 2006 and reference therein). Several
methods are used to discriminate differentiated achondrites and to establish their planetary
parentage. Among them, triple oxygen isotopes technique is probably the most powerful to identify
their parent bodies and genetic relationships between meteorites. This is mainly because oxygen
displays a large (per mil) mass-independent fractionation among solar system bodies (e.g., Clayton
and Mayeda 1996).

Major-, minor- and trace-elements concentrations and element ratios in bulk rock and silicate
minerals (e.g., olivine, pyroxene and plagioclase) are also largely used to establish the specific
planetary body source (Cameron and Papike 1981, Goodrich and Delaney 2000, Mittlefehldt 2014)
as compositional differences may reflect the different physical-chemical conditions (e.g., T, P, fO2)
and processes (e.g., planetary differentiation, fractional melting and crystallization, and
differentiation through impact) that occur on the various planetary or asteroidal bodies.

These techniques require, however, considerable sample preparation, are expensive and destructive.
Among the few non-destructive analytical techniques, magnetic susceptibility, in combination with
porosity and density data, and handheld energy dispersive X-ray fluorescence (HH-EDXRF) are the
most common (Rochette et al. 2003, Gattacceca et al. 2004, Macke et al. 2011, Zurfluh et al. 2011,
Gemelli et al. 2015, Young et al. 2016) . Although very powerful for fresh (or nearly so) meteorites,
magnetic susceptibility may give problematic classification results whenever terrestrial weathering
changes the original magnetic signal (Kohout et al. 2004, Macke et al. 2011, Rochette and
Gattacceca 2012).

HH-EDXREF is rapidly gaining recognition for numerous applications. These applications include
the determination of metals in soils (Kalnicky and Singhvi 2001, Radu and Diamond 2009, Wu et

al. 2012,) and sediments (Kirtay et al. 1998, Kenna et al. 2011), analysis of artefacts and artworks



(Liritzis and Zacharias 2011, Vazquez et al. 2012, Comelli et al. 2016), quality tests in the
metallurgical industry and engineering, and the identification and classification of hazardous wastes
(Vanhoof ef al. 2013). Recently, HH-EDXRF has been used to identify and classify different groups
of stony meteorites (Zurfluh ef al. 2011), to perform chemical bulk analysis on iron meteorites
(Gemelli et al. 2015) and to evaluate its potential in planetary surface exploration (Young et al.
2016). The reasons for the significant success of HH-EDXRF (Potts and West 2009) include: 1)
portability of the instrument, ii) easy handling of the operating system, iii) minimal sample
preparation iv) rapid, non-destructive analyses with remarkable reproducibility and relative low
detection limits for elements heavier than Na.

Among differentiated achondrites, the Howardite, Eucrite, Diogenite (HED) group, is believed to
be genetically linked to the asteroid 4 Vesta (e.g., McCord et al. 1970, Consolmagno and Drake
1977). Excluding Earth and Moon, HED constitutes the largest group of crustal igneous rocks
available from a single body of the solar system (Mittlefehldt ez al. 1998).

Shergottites, Nakhlites and Chassignites (SNC) and orthopyroxenite ALH 84001 are basalts and
ultramafic rocks from a single parent body on the basis of their similar A’O values (~ 0.32; Clayton
and Mayeda 1996, Franchi et al. 1999, Wiechert ef al. 2001). The young crystallization ages and the
occurrence of gas entrapped in fluid inclusions in the constituent minerals with composition similar
to the Martian atmosphere, were the first strong evidence supporting the hypothesis that the SNC
meteorites come from Mars (McSween 1994, Treiman et al. 2000). More recently data collected by
orbital and landed spacecraft missions (e.g., McCoy et al. 2011) proved that SNCs are actually
samples of the surface of Mars.

The Apollo and Luna missions returned over 380 kg of samples from a limited portion of the
Moon’s nearside. Lunar meteorites are substantially identical to the returned samples and represent
a random sampling of the entire lunar surface. Therefore, they can provide invaluable insights into
the unsampled terrains of the Moon and are fundamental for determining the composition of the

bulk lunar crust (e.g., Jolliff et al. 2000, Korotev et al. 2003, Demidova et al. 2007, Korotev et al.



2009, Taylor 2009, Joy et al. 2010, Kobayashi et al. 2010, Yamaguchi ef al. 2010)

Angrites are a small, rare and unusual grouplet of mafic volcanic and plutonic rocks consisting of
eleven meteorites (Keil 2012). On the basis of petrographic observations and the low volatile
elements content it has been suggested that they might derive from Mercury (e.g., Papike et al.
2003, Irving et al. 2005, Irving et al. 2006, Kuehner et al. 2006, Kuehner and Irving 2007). Their
high FeO contents, however, is in contradiction with the low FeO content of Mercury’s surface
rocks indicated by spectral properties. On the basis of spectral reflectance data, Burbine et al.
(2001, 2006) suggest a possible kinship between angrites and the asteroids 289 Nenetta and 3819
Robinson. The importance of angrites, however, mainly resides in the fact that they are
approximately only 4 Ma younger than calcium-aluminum-rich inclusions CAls (e.g., Bouvier and
Wadhwa 2010; Keil 2012) and record some of the earliest volcanic activity in the solar system.

The aim of this study is to provide an analytical protocol for an accurate determination of key
elements by HH-EDXREF, such as Mg, Al, Si, P, K, Ca, Ti, Mn and Fe, useful for classification of
meteorites. Here we present HH-EDXRF measurements of 49 differentiated achondrites consisting
of 18 HEDs, 17 SNCs, 9 lunar meteorites and 5 angrites. Our data show that the combined use of
different interelement ratios obtained by HH-EDXRF analyses such as Fe/Mn, Si and Ca/K and can
be used for the discrimination of these four major groups of achondrites. This has important bearing

for curatorial purposes, particularly when dealing with large collections of meteorites.

Analytical methods and materials

Instrument details

The instrument used in this study is a NITON XL3t GOLDD+ XRF spectrometer. It is equipped

with a miniaturized X-ray tube (max 4W) with an Ag anode and a silicon drift detector (SDD)

capable of acquiring spectra at high-count rates. The experimental routine used for this work



consists in three excitation steps with an overall measurement time of 150 s: ‘main’ (excitation 50
kV, 40 pA, Al-Fe filter, 50 s), ‘low’ (15 kV, 133 pA, Fe filter, 50 s) and ‘light’ (8 kV, 200 nA, no
filter, 50 s). The list reporting measured elements and operative conditions is shown in Table 1. The
instrument is designed for field use but it can also be mounted on a test stand with a shielded box
protecting the user from radiation. During all analyses, the HH-EDXRF device was fixed in a
mobile test stand in order to provide reproducible measurement conditions (Figure 1). Samples were
positioned accurately in the analytical plane of the HH-EDXRF instrument and no additional
corrections for air gap were required. The used beam diameter was 8 mm (Figure 2). Data reduction
was carried out through the on-board software of the instrument using a ‘Fundamental Parameters’
correction algorithm. The obtained data were transferred on a computer using the Niton Data

Transfer 8.0.1 software, by Thermo Scientific, Waltham, Massachusetts, USA.

Terrestrial samples

A set of thirty-nine terrestrial igneous rocks has been used for instrument calibration (Table S1 in
Supporting Information).

A minimal sample preparation was carried out. It consisted of cutting of the samples in thick slabs
by means of a diamond blade and grinding of the surface to minimize roughness using silicon
carbide sandpapers (down to 400 mesh). Since rocks can be internally heterogeneous, 5
measurements for each slab were conducted and the average was taken.

The bulk composition of the same rocks was determined by wavelength dispersive XRF (WD-
XRF), as well (Table S1). Samples for WD-XRF were powdered and ignited at 1000 °C for 1 hour.
About 1 g of each ignited sample was fluxed with an excess of Li2B4O7 (in a 1:7 ratio) to obtain a
series of glass beads, which were analysed using a Thermo Fisher ARL 9400 XP spectrometer
calibrated against 22 international reference rock standards (see Tamponi et al. 2003 for further

details).



Meteorite samples

The meteorites selected for HH-EDXRF analysis include angrites, basaltic and ultramafic rocks
from Moon, Mars and Vesta. Differentiated achondrites represent the products of igneous processes
(i.e. partial to complete melting of the source rock, and magmatic crystallization) acting on
asteroidal and planetary bodies (Mittlefehldt 2014). Therefore, differentiated achondrites match
nicely the matrix of terrestrial igneous rocks used for calibration. Specimens are from National
History Museum of London (NHM), Museo del Cielo e della Terra of San Giovanni in Persiceto
(MCT), Museo Nazionale dell’ Antartide of Siena (MNA), and the private collection of one of us
(MDO) (Table 2). Given the large beam diameter (8 mm), the selected meteorites were chosen
without any specific textural and granulometric constraints (Figure 2). However, attention was
given to nominally heterogeneous samples (e.g. regolithic breccias, HED breccias, coarse-grained
ultramafic rocks). Accordingly, different specimens of the same meteorites (i.e. Millbillillie, Camel
Donga, Nakhla, SaU 008, Chassigny and D’Orbigny), available in at least two collections (i.e.
NHM, MCT, MNA), were measured. Most of the meteorite samples used in this work consists of
slabs and slices, of at least ~2 mm in thickness, with few fragments and fusion crusted fragments.
The majority of analysed meteorites had at least one smooth-flat surface and when such surfaces
were not available, the flattest, most even surface was analysed. When possible, the fusion crusted
fragments were also analysed on the external surface.

Measurements were performed without any specific sample pre-treatment or preparation. Five spot
analyses, in a few cases partially overlapping with each other (e.g. Figure 2b), were performed on
36 meteorites (measured area per sample < 2.5 cm?). Three spot analyses were run on the remaining
thirteen samples due to their relatively smaller size (measured area per sample = 1.5 cm?). They
include four lunar meteorites (Dag 400, Dag 262, Dhofar 908, NWA 773), four SNCs (Nakhla,

NWA 7397, SaU 008, Zagami), two HEDs (Dhofar 018, Johnstown) and three angrites (D’Orbigny,



NWA2999, Sahara 99555), (Table 2). The average of each measurement run was taken.

Results

Raw HH-EDXRF data for igneous terrestrial rock slabs are plotted in Figure 3 versus WD-XRF
data. In each plot the regression lines (y=mx-+q), the coefficient of determination (R?) and the line
of equality are reported. The equations of the regression lines are used to apply correction factors
and improve the accuracy of the data for the element of interest. For most elements, the R? of the
regression is very high. In particular, a very good correlation (i.e. RZ> 0.9) is obtained for elements
such as Si, K, Ca, Ti, Mn and Fe. For Mg, P and Al, lower R? 0f 0.89, 0.75 and 0.24 are obtained,
respectively. This is not unexpected since Mg and Al are the lightest measurable elements by HH-
EDXREF and P is generally in very low concentration. The precision, expressed as 1 SD, is <+0.30
for Fe, Ca, Al and Mg, ~+0.5 for Si and <+0.07 for K, P, Ti and Mn.

Limit of Detection (LOD), calculated as three times the standard deviation of the concentration
measured in samples with none or only a trace amount of the analyte, are 0.44 % m/m for Mg, 0.03
% m/m for P and 0.003 % m/m for Ti. Limits of detection for the other elements are not reported
here since their concentrations are orders of magnitude above LOD in the studied samples.
Corrected HH-EDXRF values of igneous terrestrial rock slabs are reported in Table S1 and plotted
in Figure 4. Figure 4 shows that the applied calibration is very efficient as demonstrated by the
closeness of the data points to the 1:1 line plotted for reference. The accuracy of measurements is
on average better than 7% for elements like Al, Si, K, Ca, Ti, Mn and Fe, ~12% for Mg and ~16%
for P.

The corrected compositions of 49 meteorites is reported in Table 3. Raw data were corrected using

equations obtained in Figure 3.

Discussion



Fe/Mn ratio

During field research, collection and initial characterization misclassifications of meteorites can
occur (e.g., Lindstrom ef al. 1994). For example, unaltered lunar and HEDs as well as Martian
orthopyroxenite and diogenites can be similar at first sight and are hard to distinguish simply on the
basis of their petrographic features. On the other hand, lunar meteorites and angrites as well as
HEDs and SNCs although macroscopically distinct can shows similarities in their mineral and bulk
chemistry (Fig 6; Papike 1998).

One of the most powerful tool to identify specific planetary body source (i.e. Earth, Mars, Moon, 4
Vesta, and angrite parent body) is the Fe/Mn ratio. This ratio can be used as a marker for the
oxidation state of parent bodies as Fe and Mn show similarities in both valence state and ionic radii
and do not fractionate during igneous processes. Winke et al. (1973) first discovered the differences
in the Fe/Mn ratio between bulk mesosiderites and HEDs. Papike et al. (2003) have found that
Fe/Mn atomic ratio in olivine and pyroxene varies between planetary and asteroidal meteorites (i.e.
Fe/Mnangrites™> Fe/Mniunar> Fe/Mngarn™> Fe/Mnsncs™> Fe/Mnyeps) as the degree of oxidation decreases
with decreasing radial distance from the sun (Baedecker and Wasson, 1975).

Due to their high atomic number the Fe and Mn contents of rocks are detected by HH-EDXRF with
high accuracy and precision (Zurfluh et al. 2011, Young et al. 2016). In this section, we demonstrate
that: 1) chemically and texturally heterogeneous samples although showing relatively large
variations in Fe and Mn contents, have HH-EDXRF Fe/Mn ratios consistent with those of their own
class, 1) Fe/Mn ratio obtained by HH-EDXRF together with other selected elements and/or element
ratios can be routinely used to distinguish planetary basalts of differentiated bodies of the solar
system.

Iron and Mn data from Millbillillie, Camel Donga, Nakhla, SaU 008, Chassigny and D’Orbigny are

plotted in Figure 5. The figure shows that Fe and Mn contents determined from different slabs of



Camel Donga, D’Orbigny, Chassigny and Nakhla are nearly overlapping. This implies a textural
and compositional homogeneity, at least at the HH-EDXRF spot size scale (8 mm). Camel Donga
is, for instance, a monomict basaltic eucrite containing crystals and mm-sized lithic fragments set in
a fine-grained matrix (Palme et al. 1988). D’Orbigny is an unshocked angrite mainly consisting of
clinopyroxene, olivine and plagioclase with an overall subophitic texture (Mittlefehldt ez al. 2002).
Chassigny and Nakhla are almost mono-/bi-mineralic dunite and wherlite, respectively.

On the contrary, relatively larger spreads of results are observed for the eucrite Millbillillie and the
shergottite SaU 008. This is in agreement with their petrographic and chemical data. Millbillillie is a
mixture of basaltic portions, granulitic breccias and impact melts (Yamaguchi ef al. 1994, Lauretta
and Killgore, 2005). SaU 008 is a highly shocked porphyritic basalt containing large olivine set in a
groundmass consisting of pyroxene and maskelynite and also several veins and pockets of shock
melt (Zipfel, 2000). However, despite Millbillillie and SaU 008 are rather heterogeneous meteorites
their HH-EDXRF Fe/Mn ratio plot on the Vesta and Martian trend line, respectively (Figure 5)

The average Fe/Mn ratios of five angrites, eight lunar meteorites, thirteen Martian meteorite and
thirteen HED are plotted in Figure 6 together with the average Fe/Mn ratios of their own classes
obtained from bulk compositional literature data. The average value of terrestrial basalts (IGBA
database from Brindle and Nagy 1995) and the Fe/Mn ratios of twenty selected igneous rocks
(basalts, basanites and diorites of Table S1) are also plotted for comparison.

Figure 6 shows that the large majority of the analysed samples plot within uncertainty in the
variability range of their own class, given as 1 SD. There are, however, a few exceptions discussed
below.

NWA 2999 is a unique angrite and has a HH-EDXRF Fe/Mn ratio of 120+4. This is higher than the
angrites average value of 95+£16 (Mittlefehldt and Lindstrom 1990, Yanai 1994, Mittlefehldt ez al.

2002, Jambon et al. 2005, Gellissen et al. 2007, Shirai et al. 2009, Keil 2012). Although having an
oxygen isotope composition characteristic of the angrite group (A!’0 = -0.072+0.007, Greenwood

et al. 2005), it has higher FeO and MgO contents relative to other angrites (Kuehner et al. 2006,



Gellissen et al. 2007). The measured Fe/Mn ratio is in very good agreement with the value of 130
reported by Gellissen ef al. (2007) and as determined by WD-XRF.

The determined Fe/Mn ratio of Chassigny (~ 48+1) is higher than the average value of 40.2+4.5
reported for SNC meteorites (Dreibus et al. 1996, Warren et al. 1996, Lodders and Fegley 1998,
Folco et al. 2000, Rubin et al. 2000, Zipfel et al. 2000, Barrat et al. 2002, Jambon et al. 2002,
Anand et al. 2005, Barrat et al. 2006, Beck et al. 2006, Irving et al. 2011, Kuehner et al. 2011) This
is not unexpected as Chassigny is the only Martian dunite. Papike et al. (2003) demonstrates that
olivines have always higher Fe/Mn ratios than coexisting pyroxenes due to difference in M2 site
occupancy. The HH-EDXRF measured Fe/Mn ratio is in full agreement with the value of 51
reported by Lodders and Fegley (1998) for Chassigny.

Zagami is a basaltic shergottite whose HH-EDXRF Fe/Mn ratio of 32.94+0.9 is lower than the
average value of 40.2+4.5 reported for SNC meteorites (Figure 6). Zagami, is mineralogically and
texturally heterogeneous and contains at least four different lithologies. Residual melts and impact
melt lithologies are Fe-rich and show high Fe/Mn values (from 37.4 to 73.6, McCoy et al. 1992).
This suggests that the Zagami sample (BM1966,54) analysed in this study did not contain a
significant amount of Fe-rich melt. Moreover, our Fe/Mn ratio is indistinguishable within
uncertainty from the bulk value of 33.2 determined by McCoy et al. (1992) on fused beads by
EMPA and from the value of 33.1 obtained by Barrat ef al. (2001) through ICP-AES.

The measured Fe/Mn ratios for the diogenites Shalka and Smara are 27.2+0.1 and 27.5+0.1,
respectively. These values are lower than the average of 32.8+2.3 obtained for HED (Figure 6;
Mittlefehldt 2015 and references therein), but comparable with whole rock Fe/Mn ratio of 28.1
determined by Kusuno et al. (2013) for Shalka and the 27.7 value reported by Barrat ef al. (2003)
for the matrix of Smara.

Figure 6 shows that the Fe/Mn ratios of the three lunar meteorites Dhofar 280 (91.2+13.5), Dhofar
961 (83.3+12.3) and Dhofar 908 (70.0+11.8) are, within uncertainty, in agreement with the average

lunar value of 71£12. Note that the uncertainties in their Fe/Mn values are three times larger than
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those obtained for the other lunar meteorites (Figure 6). This is likely due to their, very low Mn

content close to LOD (Table 3), rather than to an internal heterogeneity.

Si and Ca/K values

The partial overlap of Fe/Mn values (Figure 6) between angrites and lunar meteorites as well as
between HED and SNC implies that the HH-EDXRF Fe/Mn ratio alone should be treated with
caution when used for preliminarily classification of these classes of achondrites. Herein, we
suggest the use of additional and reliably measured elements or element ratios for such purposes.
Figure 7a is a bulk Si vs Fe/Mn plot. In this plot angrites and lunar meteorites data can be well
distinguished since angrites have much lower Si content (from 16 to 20.5 % m/m) than lunar
meteorites (from 20.2 to 23.5 % m/m). The reason of this is that angrites are critically silica
undersaturated rocks (Mittlefehldt ef al., 2002), making the combined use of HH-EDXRF Si and
Fe/Mn data very effective for their discrimination. Angra dos Reis is an exception because it has Si
content (20.5 % m/m) comparable with those of lunar meteorites.

The compositional differences between HED and SNC meteorites could be better resolved by
combining Fe/Mn with Ca/K ratio (Figure 7b). Calcium is a refractory lithophile element whose
condensation temperature at P=10"* bar is 1634 K (Lodders and Fegley 1998), potassium is a
moderately volatile lithophile element (50% condensation temperature = 1000 K; Lodders and
Fegley (1998), and both enter the crystal lattice of plagioclase. Therefore, Ca/K can be used as a
marker of moderately volatile element depletions of parent bodies in place of the more canonical
Na/Al ratio, which cannot be determined with accuracy by HH-EDXREF. Figure 7b shows that HED
are characterized by Ca/K roughly >100, while SNC plot approximately below this value. This is
because HED meteorites are more depleted in volatile elements such as Na and K (see Figure 1
Mittlefehldt 2014). The wide range in Ca/K and Fe/Mn reflects variable modal abundance. For

instance, within Martian meteorites the lowest Ca/K and the highest Fe/Mn ratio is observed for
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more ultramafic rich end member (i.e. Chassigny), while a greater basaltic component, indicated by
plagioclase, implies a higher Ca/K and lower Fe/Mn ratio (i.e. basaltic shergottites). In the HED
class diogenites show the lowest Ca/K ratio, as they are mainly orthopyroxenite, while the eucrites
have the highest Ca/K ratio because they are plagioclase-rich basalts or cumulates. It is worth
mentioning, however, that terrestrial weathering in hot desert environments could result in calcium
enrichment for Martian meteorites (e.g. Crozaz and Wadhwa 2001). Either hot desert secondary
processes (e.g. Crozaz and Wadhwa 2001) or pristine features occurring in the HED parent body
(e.g. Barrat et al. 2009) could lead to K enrichment in meteorites from Vesta. The overall effect is

the occurrence of some minor overlapping in a Fe/Mn vs Ca/K space (Figure 7b).

HH-EDXRF measurement of Mg

The data reported in Table S1 and Figure 4 illustrates that some elements of geological relevance
have sufficiently high analytical accuracy and precision to be useful for geochemical and
cosmochemical classification. Among these, Mg is a key one. Due to its low atomic number, its
determination by HH-EDXRF is generally considered unreliable (e.g., Young et al. 2016). Our
experimental strategy of 150s total acquisition time (vs the total of 60 seconds used by Young et al.
2016) and the much larger number of studied samples has been specifically applied to address this
issue. In Figure S1 (in Supporting Information) we compare the Mg content of the studied rock
slabs with the terrestrial basalts analysed by Young et al. (2016). Both HH-EDXRF data are
reported vs WD-XRF values. The tight clustering observed by our data, which plot close to the line
of equality versus the greater dispersion of Young et al. (2016) data, suggesting lower accuracy and
precision, is evident. This proves that our experimental and analytical approach makes the HH-
EDXREF analysis of Mg fairly reliable and potentially able to disentangle ambiguities in the

classification of both terrestrial and extraterrestrial rocks.

Fe/Mn values of fusion crusts
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During atmospheric entry, meteoroids are decelerated from their initial velocity (approx. 12—18 km
s'!) to a terminal velocity approximately ranging from 1 to 10 km s™!. Interaction with air increases
their surface temperatures up to 2000—12000 K resulting in melting and ablation of the external
layer (1 to 2 mm) of the meteorite. Such layer is called fusion crust.

Mineralogical and geochemical studies of meteorite fusion crusts (i.e. Genge and Grady, 1999)
demonstrate that compositional differences with whole rock are the result of complex processes,
which include evaporative loss of volatile elements. Hezel et al. (2015), show, in fact, that the
fusion crust of ordinary chondrites is enriched in heavy Fe (*°Fe) and O isotopes ('*0) as a result of
kinetic fractionation during evaporation.

After their fall on Earth meteorites are progressively altered through weathering. Alteration is
proportional to the terrestrial age of the meteorites and its degree is function of environmental
conditions. Crozaz and Wadhwa (2001), for example report the presence of clay minerals, terrestrial
quartz and carbonate filling cracks, veins and mineral fractures in saharan shergottites. Terrestrial
weathering in cold deserts can instead result in the dissolution of Ca-phosphates and formation of
Fe-oxides and hydroxides (Crozaz et al. 2003). Therefore, caution should be exercised in the use of
HH-EDXRF on meteorites showing clear signs of weathering.

In this section we report HH-EDXRF Fe and Mn abundances of the interior and fusion crust for 6
meteorite “falls” (5 SNCs and 1 HED) and 2 “finds” (the saharian DaG 669 and the antarctic Allan
Hills 76005) (Table 3 and Figure 8). As all Fe and Mn Ka radiations are detected approximately
within the first 100 to 500um below the sample surface (Potts, 1992), we are confident that the
measured Fe and Mn values represent the actual fusion crust values. The composition of fusion
crusts for 5 HEDs and one SNC obtained by Genge and Grady (1999) and Gnos et al. (2002)
through EMPA have been plotted as well. In Figure 8 best-fit line passing through bulk literature
data of 74 HEDs and 55 SNCs, together with 68% and 95% confidence interval are also reported.

Figure 8a shows that the fusion crust of diogenites and howardites are consistently depleted in Fe
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and Mn respect to the host meteorite. The fusion crust of the eucrites is, instead, almost identical to
the interior. The only exception, possibly reflecting some internal heterogeneity or a weak alteration
of the crust is the polymict eucrite ALH 76005 whose fusion crust has lower HH-EDXRF Fe and
Mn content than that of the host meteorite. However, the HH-EDXRF Fe/Mn ratio of the HEDs
fusion crusts always shows values typical of meteorites coming from Vesta. Genge and Grady
(1999) observe that the melted crusts of howardites and diogenites have larger variations from bulk
meteorite than eucrites. Moreover, contrary to chondrites, they describe fusion crusts of HEDs as
mainly glassy, rarely containing relic grains or metal/sulphide droplets.

In terms of Fe and Mn, Figure 8b shows that the fusion crusts of SNCs are compositionally
indistinguishable from the bulk meteorites and fall in the field of meteorites coming from Mars. To
our knowledge there are no studies on the textural characterization of SNCs fusion crusts. However,
from the data plotted in Figure 8b we infer that the fusion crust of SNCs are as homogeneous as
those of eucrites and that little (if any) fractionation of Fe and Mn occurred during the atmospheric

entry.

Combining HH-EDXRF analyses with magnetic susceptibility measurements.

Preliminary classification of meteorites can also be obtained by measurements of their magnetic
susceptibility (Rochette et al. 2003, 2004). The magnetic susceptibility of rocks is function of their
magnetic minerals content and measures the ability of the material to acquire magnetization when
placed in a magnetic field. Because of its simplicity, this non-destructive method is helpful, in the
discrimination of meteorites from terrestrial stones as well as in distinguishing stony meteorites,
which are the most abundant meteorites in our collections (95% of the total) into two major
categories, the achondrites from the chondrites. As such, the magnetic method is a powerful tool for
curatorial purposes providing an accurate and efficient means for first classification of meteorites

(Rochette ef al. 2003, Rochette et al. 2004, Rochette et al. 2008, Rochette et al. 2009). Furthermore,
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Gattacceca et al. (2004) developed a method for the measurements of magnetic susceptibility in
meteorites through a pocket probe, subsequently tested directly in the field during the search for
meteorites within the framework of the Programma Nazionale delle Ricerche in Antartide (PNRA)
(Folco et al. 2006).

Although enabling discrimination of the rare differentiated achondrites from the more common
chondrites, a limitation of the magnetic method is the overlap in the magnetic susceptibility values of
the different classes of this group of important meteorites (e.g., HEDs, lunar meteorites, SNCs, and
angrites; see Figure 1 in Folco et al. 2006 and Figure 2 in Rochette et al. 2009). Figure 9 shows how
the combination of HH-EDXRF analyses and magnetic method can provide an efficient tool for
identification and classification of differentiated meteorites.

HH-EDXRF Fe/Mn ratios of some analyzed achondrites versus the magnetic susceptibility values of
the same meteorites (reported as Logy) taken from literature (Rochette et al. 2009, Rochette et al.
2010, Collareta et al. 2016). The compositional ranges for chondritic meteorites are also shown for
comparison. There is a gap in the distribution of the Logy data at about 3.8 documenting the power
of the magnetic method in discriminating chondrites from achondrites. The Fe/Mn ratios of HEDs,
SNCs, angrites and lunar meteorites obtained by HH-EDXRF are reasonably well distinguished
(Figures 6, 7 and 9) while partial overlap exists with ordinary chondrites. An accurate first
classification of an achondrite can thus be obtained by its identification at the group level through
magnetic susceptibility measurements and its classification to the class level by means of HH-EDXRF
analyses.

Figure 9 thus highlights that the combined use of HH-EDXRF and magnetic susceptibility
measurements can be very effective for initial meteorite classification. This is particularly useful
when surveying large collections, like those recovered by meteorite search expedition from hot and
cold deserts, to establish curatorial priorities. Both devices are technically simple to use and very
practical due to their portability and limited energy consumption. The use of HH-EDXRF and

magnetic susceptibility probe have become part of the field curation equipment of the Italian PNRA
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Antarctic meteorite search campaigns and, by extension, it could be an important addition to the

instrumentations designed for planetary surface exploration missions.

Conclusions

Our study focused on the development of a proper analytical protocol for discriminating different
groups of achondritic meteorites by HH-EDXRF analysis.

We have demonstrated that:

1) HH-EDXREF is a very stable instrument, suitable to get robust data for elements heavier than
Na in mafic and ultramafic rocks (terrestrial and extraterrestrial).

1) The combination of an SDD detector, the acquisition times of 150 s and a careful calibration
obtained through the analyses of a wide set of igneous rocks highly improved the analytical
precision and accuracy of the data, making even the measurement of Mg sufficiently reliable.

1i1) Fe and Mn are routinely obtained by HH-EDXRF allowing classification of differentiated
stony meteorites and thus planetary basalts based on the bulk Fe/Mn key element ratio.

1v) The combination of the bulk Fe/Mn ratio with the concentration of other elements or
element ratios can help to improve discrimination between different classes of achondrites where
some overlap in Fe/Mn ratio exists. For instance, we demonstrate that Si and Ca/K against Fe/Mn
can resolve the partial Fe/Mn overlap between lunar meteorites and angrites and between HEDs and
SNCs, respectively.

V) Despite the complexity of the processes related to the atmospheric entry of meteoroids,
Fe/Mn values of achondritic meteorite fusion crust are indistinguishable from those of the interior.
This implies that “rough and ready” Fe/Mn measurements of the fusion crusts of achondrites could
be sufficient for preliminary screening and identification of their parentage.

Vi) Due to its principal characteristics and capabilities (portability, and rapid, non-destructive,

accurate analyses), HH-EDXRF thus proves to be a valuable and practical tool for curatorial
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purposes. It can be used to: (a) confirm/verify the extraterrestrial origin of rock samples; (b)
provides a preliminary chemical classification of new meteorite finds; (c) identify
mislabelled/unlabelled specimens in museums and private collections.

vil)  The combined use of a HH-EDXRF and of a magnetic susceptibility probe is ideal both in
the laboratory and in the field to discriminate achondritic from chondritic meteorites and for

preliminary classification of HEDs, lunar meteorites, SNCs and angrites.
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Figure and table captions

Figure 1. Picture showing the HH-EDXRF mobile test stand during the positioning of an eucrite. a)

View from the front. b) View from the top.

Figure 2. Stereomicroscopic images showing the surfaces of four meteorites analyzed by HH-
EDXREF. a) DaG 669 (howardite); b) NWA 3141 (eucrite); ¢) DEW 12007 (lunar, regolithic
breccia); d) DaG 1062 (polymict eucrite). Textural and grain size variability are apparent. The
circles provide a scale of the 8 mm x-ray beam diameter adopted in this study relative to the grain-
size of the studied meteorites. Due to the relatively small sample size of NWA 3141, the 5 measured
spots partially overlap with one another. Representative bulk composition have been obtained by

multiple spots on each surface.

Figure 3. HH-EDXRF raw measurements plotted versus WD-XRF data of terrestrial igneous rock

slabs. The dashed line represents the best-fit line. The solid line is the line of equation y=x.
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Figure 4. HH-EDXRF corrected measurements plotted versus WD-XRF data of igneous rock slabs.

The solid line is the line of equation y=x

Figure 5. Manganese vs Fe abundances (with 1 SD error bars) of HEDs (Millbillillie and Camel
Donga), SNCs (Nakhla, SaU 008, Chassigny), and one angrite (D’Orbigny) determined by HH-
EDXRF from different slabs of the same meteorite. Thick solid lines are trend lines for Vesta, Mars
and the angrites parent body obtained from bulk compositional literature data (plotted as x for
HEDs, * for SNCs and + for angrites) by different methods (ICP-MS, ICP-AES, INAA, ICP-OES,
WD-XRF, EMPA on fused beads). Shaded areas represent the 68% confidence limit. Data are from
(Mittlefehldt and Lindstrom 1990, Yanai 1994, Mittlefehldt ez al. 2002, Jambon et al. 2005,
Gellissen et al. 2007, Shirai et al. 2009, Keil 2012) for angrites; from (Dreibus et al. 1996, Warren
et al. 1996, Lodders and Fegley 1998, Folco et al. 2000, Rubin et al. 2000, Zipfel et al. 2000, Barrat
et al. 2002, Jambon et al. 2002, Anand et al. 2005, Barrat et al. 2006, Beck et al. 2006, Irving et al.

2011, Kuehner ef al. 2011) for SNCs; from Mittlefehldt (2015) and references therein for HEDs.

Figure 6. Fe/Mn ratio (with 1 SD error bars) for angrites, lunar, SNC and HED meteorites, and the
terrestrial igneous rocks used for calibration. Dashed lines denote mean literature values for each
meteorite class. Gray shaded areas represent 1 SD. Data for HEDs, SNCs and angrites are reported
in the caption of Figure 5. Data for lunar meteorites are from (Yanai and Kojima 1984, Lindstrom et
al. 1991, Warren and Kallemeyn 1991, Yanai and Kojima 1991, Warren and Kallemeyn 1993,
Bischoff ef al. 1998, Fagan et al. 2002, Anand et al. 2003, Demidova et al. 2003, Fagan et al. 2003,
Korotev et al. 2003, Righter et al. 2005, Warren et al. 2005, Zeigler et al. 2005, Anand et al. 2006,
Joy et al. 2006, Haloda et al. 2006, Nyquist et al. 2006, Demidova et al. 2007, Greshake et al. 2008,
Joy et al. 2008, Haloda et al. 2009, Korotev ef al. 2009, Liu et al. 2009, Collareta et al. 2016,

Mészaros et al. 2016). Data for terrestrial basalts are from IGBA database (Bréndle and Nagy
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1995).

Figure 7. a) Plot of Si vs Fe/Mn ratio for lunar meteorites and angrites. b) Ca/K values (log scale)
vs. Fe/Mn ratio for Martian meteorites and HEDs. The compositional variability reflects variations
in the modal abundances of ultramafic and basaltic minerals. Literature data, plotted for

comparison, are from references reported in the caption of Figure 5.

Figure 8. Manganese vs. Fe abundance for the fusion crusts and the interior composition of selected
HEDs (a) and SNC meteorites (b). Filled symbols represent the composition of the interior. Empty
symbols denote the fusion crust. Asterisks indicate interior and fusion crusts, analysed by McCarthy
et al. (1973), Mittlefehldt (1979), Genge and Grady (1999) and Gnos et al. (2002) through EMPA.
Thick solid lines are linear fit functions. Shaded areas represent 68% confidence limit and dashed
lines 95% confidence limit. Regression lines and confidence limits are calculated from literature
data also plotted for comparison (small symbols). References are reported in the caption of Figure

5.

Figure 9. Fe/Mn ratio vs magnetic susceptibility (Logy 10-9 m3/kg) for four angrites, three lunar
meteorites, nine SNCs and ten HEDs. Fe/Mn values are from Table 4, Logy values are from
(Rochette et al. 2009, Rochette et al. 2010, Collareta et al. 2016). The boxes representing the Fe/Mn
ratios and Logy values of ordinary and enstatite chondrites (falls) and carbonaceous chondrite
(finds) are also plotted for comparison. Errors bar are 1 SD. Dashed lines denote mean literature
values for each meteorite class. Gray shaded areas represent 1 SD. Data for HEDs, SNCs, lunar and
angrites are reported in the caption of Figures 5 and 6. Fe/Mn values for chondritic meteorites are

from Nittler et al. 2004, while Logy values are from (Rochette et al. 2003, 2008, 2009).
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Table 1. HH-EDXRF operating condition used during measurements.

Table 2. List of the meteorites analysed in this work.

Table 3. Corrected HH-EDXREF data of the studied meteorites (% m/m). Each entry represents the

mean of five or three measurements. See main text for explanation. Samples are listed in the same

order of Table 2.

Supporting Information

Figure and table captions

Figure S1. Comparison between Mg concentrations determined by HH-EDXRF analyses of igneous

rock slabs performed in this work and by Young et al. (2016). Both data sets are plotted versus

reference values obtained by WD-XRF. The relatively high accuracy of our data, which plot close to

the 1:1 line (solid line), are in obvious contrast with the more scattered data by Young et al. (2016).

Table S1. HH-EDXRF and WD-XREF analyses of terrestrial igneous rock slabs used for calibration.

All elements in % m/m.
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