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Abstract

Micro-imaging spectroscopy is going to be the new frontier for validating reflectance remote sensed data from
missions to Solar System bodies. In this field, micro-imaging spectroscopy of Martian meteorites can provide
important and new contributions to interpret data that will be collected by next instruments onboard rover
missions to Mars, such as for example Exomars-2020/Ma_MISS spectrometer. In this paper, a slab from the
North West Africa (NWA) 8657 shergottite was studied using the SPectral IMager (SPIM) micro-imaging
spectrometer, in the visible-infrared (VIS-IR) range, with the aim to subsequently validate the spectral data by
means of different independent techniques. The validation was thus carried out, for the first time, comparing
SPIM spectral images, characterized by high spatial and spectral resolution, with mineralogical-petrological
analyses, obtained by Scanning Electron Microscopy (SEM).

The suitability of the SPIM resolution to detect and map augite, pigeonite, maskelynite and other minor phases
as calcite, Ca-phosphates, and troilite/pyrrhotite with no loss of information about mineral distribution on the
slab surface, was ascertained. The good agreement found between spectral and mineralogical data suggests that
spectral-petrography of meteorites may be useful to support in-situ investigations on Martian rocks carried out
by MaMiss spectrometer during Exomars2020 mission. Moreover, micro spectral images could be also useful to
characterize, in non-destructive way, Martian meteorites and other rare minerals occurring in meteorites. The
results obtained in this work represent not only a methodological contribution to the study of meteorites, but
furnish also elements to reconstruct the history of this sample. The finding of zoned pyroxene, symplectitic
texture, amorphous phases as maskelynite and Fe-merrillite permit to hypothesized four stages: 1) igneous
formation of rimmed pyroxenes and other minerals, 2) retrograde metamorphism, 3) shock by impact and 4)
secondary minerals by terrestrial contamination.
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Introduction

Martian meteorites represent currently the only chance to directly analyze samples from Mars. Martian
meteorites are a group of achondritic meteorites that are distinct in terms of their mineral chemistry, oxidation-
reduction state (higher oxygen fugacity), oxygen isotope composition, and radiometric ages (McSween 1985,
2002). The most direct evidence about their origin is the similarity of the isotopic composition of noble gases
found as gas inclusions in impact-melted glass to the modern Martian atmospheric values (e.g., Treiman et al.
2000). The N and Ar isotope compositions fall on a mixing line between the composition of the Martian and
terrestrial atmosphere (Bogard and Johnson 1983; Bogard et al. 1984). Visible to infrared (VIS-IR) spectroscopy
of Martian meteorites has been extensively used for validation of remotely sensed data from Mars. Recently,
visible to infrared microimaging spectroscopy provided simultaneous fine-scale composition (mineralogy, ices,
and organics) and imaging at a grain scale (e.g. Manzari et al., 2016; Ehlmann et al., 2016; Greenberger ef al.,
2015; Cannon et al., 2015). Ma MISS (Mars Multispectral Imager for Subsurface Studies) onboard the
ExoMars 2020 spacecraft (Coradini, A. et al., 2001; De Sanctis et al., 2017) will be the first spectrometer that
will study the Martian subsurface in situ to a depth of 2 meters. The Ma_MISS is a miniaturized spectrometer,
integrated within the drilling system of the ExoMars rover; it will perform visible and near infrared spectroscopy
in the 0.4-2.2 pum range, acquiring signal from the excavated borehole wall with 120 pm spatial resolution.
Consecutive adjacent acquisitions will permit reconstruction of column and ring images of the excavated
borehole. Imaging spectroscopy investigations of Martian meteorites can provide significant contributions to the
interpretation of images and spectral data that will be collected by the Ma_MISS on Mars surface. Martian
meteorites have been largely investigated by means of VIS-NIR reflectance spectroscopy, using low resolution
spectrometers. For example, Schade and Wasch, (1999) analyzed the NIR spectral properties of bulk samples of
Zagami and Nakhla with the aim of supporting the remote investigations of the Martian crust. McFadden and
Cline (2005) studied 9 Martian meteorites using the visible and near infrared range (0.36-2.5 um) with the goal
to link the band parameters of the spectral signatures of powdered samples of 6 shergottites, 2 nakhlites and 1
chassygnite to the possible Mars source region of these meteorites. Hiroi ef al., (2011) analyzed 8 shergottites
and 4 nakhlites chips stored at National Institute of Polar Research in the range between 0.25- 2.5 um with the
aim to validate Mars rover' data and to quickly characterize Martian meteorites.

The validation of these previous spectral measurements consisted of mineralogical characterization by optical
microscopy of thin sections and by X-ray Powders Diffraction (XRPD) and X-ray fluorescence (XRF), typically
performed on grinded and sieved powders obtained from whole rock, assuming these samples as representative
of the investigated surface. Nevertheless, this approach does not allow an exact assignment of each acquired
reflectance spectrum to the corresponding phase. Spectral deconvolution instead needs the individual
contributions of different phases (i.e. endmembers) within a mixing to be identified and separated. Spectrally
inactive or featureless mineral phases, together with the overlapping of absorption bands makes the
interpretation of spectra of mixture far more complex.

In the present paper, visible and infrared micro-spectroscopy data acquired on the NWAS8657 shergottite slab,
are reported. The original contribution of this paper, with respect to the previous studies on shergottites, regards
the possibility to perform high spatial resolution (tens of micrometers) spectral investigations by using SPIM
imaging facility (De Angelis et al., 2015), preserving the information about the spatial distribution of minerals
on the slab surface. In fact, this technique is not destructive and needs no preparation of the samples, allowing
obtaining useful clues for the interpretation of the geological settings of data from remote sensing. Moreover, the
non-destructive nature permits preservation of the intrinsic value of the extraterrestrial materials, to reproduce
the analyses and to collect data by a multi-analytical approach. The visible-infrared microimaging spectroscopy
has high potential for meteorite studies, where samples are rare and thus the ability to obtain mineralogical
information non-destructively is desirable. The validity of SPIM imaging spectrometer facility was recently
proved and confirmed by Manzari et al. (2016) in a study on Mars analogues at sub-millimeter scale. This
facility allows collection of data with a spatial resolution of about 38 wm/pixel in the spectral range 0.25-5 um
(De Angelis et al., 2015).

The sample studied in this paper is a coarse-grained basaltic shergottite fragment that was found in Northwest
Africa — (NWA 8657) in 2014 (Meteoritical Bulletin, 2014). It is about 4x10 mm in size, with a thickness of
about 2 mm (Fig.1).
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Fig.1. Picture of North West Africa 8657 slab

According to the classification of Meteoritical Bulletin (2014), this shergottite shows a diabasic texture, and
consists mainly of clinopyroxene and amorphous phases with plagioclasic composition (maskelynite), with
accessory phases such as iron oxides (i.e. ulvospinel), iron monosulfides (pyrrothite/troilite), Ca phosphates (Fe-
merrillite-whitlockite and chlorapatite) and vesicular glass. The formation mechanism of maskelynite is still
debated (Jaret et al., 2015).

The geochemical composition of the pyroxenes includes subcalcic augite (Fsyogs-21.8W036.4-34.1), ferroan
subcalcic augite (Fs39.1Wo030.7), pigeonite (Fs33.7.53.1Wo1138.116), ferropigeonite rims (Fsgs.1.67.1W018.7-14.4),
ferrosilite (Fs754Wo2,), maskelynite with plagioclasic composition (Ang3.453012827) and anorthoclase
(Anz340r150) (Meteoritical Bulletin, 2014).

The validation of spectral data was carried out comparing the spectra with chemical analyses performed on the
slab by means of SEM, equipped with EDS spectrometers. The choice of SEM as the validation technique was
made with the aim of tracking the correspondence between spectral and chemical images. The results obtained
contributed also to hypothesize the history of this meteorite: from the early igneous stage up to the final
terrestrial contamination.
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1
2 111 Experimental setup
3112
g 113 VIS-IR reflectance spectroscopy
114
6 115  The shergottite slab (Fig.1) was analyzed by means of the SPectral IMaging (SPIM) facility (Fig.2a) and
; 116  successively by Scanning Electron Microscopy (SEM). SPIM is a laboratory set-up that has been developed to
9 117  support remote sensing observations of Solar System bodies (Coradini ef al., 2011; De Angelis et al., 2015). It

10 118  operates in a wide spectral range 0.2-5.1 pm and is characterized by high spatial (38 pum / pixel) and spectral (2
11 119 nmin the VIS channel, 12 nm in the IR channel) resolution. The target scan is performed by acquiring an image
12 120 of the target along the slit, which is 9 mm long and 0.038 mm in width, and then moving the target in a
13121 perpendicular direction with respect to the slit by consecutive adjacent steps equal to the slit width. One
14 122 spectrum corresponds to each single pixel along the slit (which in turn corresponds to 256 pixels in the VIS
15123 channel and 270 pixels in the IR channel). Therefore, a scan acquired on the target constitutes a 3-D data cube,
16 124 with a 2-D image (Fig.2a) of the target and thousands of spectra in the third orthogonal dimension. The image
17 125  size can be set in one direction and depends on the number of adjacent steps performed. For rocks with sub-mm
18126  surface heterogeneity (e.g. phenocrysts size) a typical image is in the range 9x5 to 9x10 mm?. The reflectance
19127 calibration was obtained acquiring as reference target Spectralon Labsphere standards with reflectance values
;? 128  similar to the analyzed rocks (5-40%). For each spectrum the background measurement was performed by

129  acquiring signal without illuminating the target, and it was subtracted from the measurement on the illuminated

;g 130  sample and the standard reference used. A straight line (1st order polynomial) joining the short-wavelength and
2 131  long-wavelength edges of each single absorption band was used as continuum baseline; this baseline was then

25 132 removed from the spectrum by division prior to analyzing the band. A 2nd order polynomial fit was instead used
26 133 in order to reproduce the whole spectrum continuum baseline. RELAB and USGS spectral databases were used
57 134 in order to allow the identification of spectral phases. The spectral wavelengths at about 1.5 and 2.5 um were
28 135  removed because the junctions of two filters are present in these spectral regions. These filters affect the spectra
290136  with artifacts that can be misleading (see De Sanctis et al., 2011 for further details).
30137  The stacking of SPIM images (VIS and IR) was done taking control points on the two images (VIS and IR) and
31138  linking them. The stacking of SPIM on SEM image was done taking control points on the two images and
32139  linking them. The spatial resolution of the SEM image of the whole slab was around 10 um. Since the spatial
33140  resolution of SPIM image is around 38 um, a spatial resampling of SEM image is necessary before stacking of
34141  the two images.
35142 The spectral maps were obtained following this procedure: 1) spectral fitting with library data of augite and
36143 pigeonite resampled at SPIM spectral wavelengths; 2) then the purest pixels of augite and pigeonite of SPIM
;; 144  spectra were mapped on the slab image. The threshold chosen for the band centers was set between 0.95-0.97
39 145  and 2.0-2.10, for mapping the pigeonite and between 0.98-1.12 and 2.11-2.35 for augite.

146  Scanning Electron Microscopy

147
2; 148  SEM investigations were carried out at DICATECh Department of Politecnico of Bari, Italy. The instrument used
43149  is a Zeiss Field Emission SEM SIGMA 300 VP that works in both high vacuum and variable pressure modes
44 150  with a resolution of ~ 10 nm. It is equipped with secondary and backscattered electron detectors, an in-lens
45151  electron detector, and a cathodoluminescence (CL) detector. The chemical analyses are provided by a Bruker
46 152 energy dispersive X-ray spectroscopy system (EDS) with dual silicon drift detectors; each of them shows an area
47153  of 60 mm2 and a resolution of 123 eV at Mn K. In order to carry out the SEM analyses, the slab was coated by
48 154  graphite. In order to provide topographic information about the surface, Secondary Electrons (SE) and Back
49155  Scattered Electrons (BSE) images were also acquired. Chemical formulas of minerals were calculated on the
50156  bases of their chemistry and structural type (Klein et al., 2008).
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Results and Discussion

The analyzed meteorite fragment, Northwest Africa 8657 (NWA 8657), is about 4x10 mm’ in size, with a
thickness of about 2 mm. A surface area of approximately 3.8x9 mm was scanned, taking 100 acquisition-lines
and moving at steps of 0.038 mm. In Fig.2a an RGB colour image of the scan is shown (R:0.70 pm, G:0.53 pm,
B:0.44 um) whereas the average spectrum of the slab is shown in Fig.2b. The average spectrum is characterized
by a blue slope, a reflectance level around 0.15 at 0.55 um and absorption bands at 0.9-1.02 pm, 1.25-1.3 pm,
and near 2 um. These absorptions are due to a variable Fe content in clinopyroxenes and to the occurrence of
maskelynite. Moreover, the metal OH absorption occurs at 2.75 pm, the absorptions due to of COj; are visible in
the range between 3.25-3.45 um doublet and around 4.0 um; the absorption at 3.25-3.45 um can be also due to
terrestrial organics contamination; the doublet visible at 4.25 pm is due to the presence of ambient CO, gas. The
OH/H,0 band at 2.75-3 pm does not occur in all the phases/pixel, however it does occur in holes and tends to
become stronger when moving toward the slab edges. The spatial distribution indicate that is very likely due to
terrestrial water contamination.

0.2

——average NWA8657
0.18

0.16 l

0.14

=N

0.08

reflectance

0.06
0.04
0.02

0

0.4 1.4 2.4 3.4 44
b wavelength (micrometers)

Fig.2. a) RGB (R:0.70 um, G:0.53 pm, B:0.44 um) image of NWAS8657 shergottite acquired with

SPIM; pixel size is 38 pm. b) Average spectrum of NWA8657 slab. Data around 1.5 and 2.5 tim
were removed because of instrumental artifacts
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1

2 175 VIS-IR imaging spectroscopy analysis

3 176

4 177  The spectral investigations were done analyzing the slab pixel by pixel (38 um), in order to ensure the validation
5 178 by means of detailed comparisons between the spectral data and the SEM analyses. Most of the spectra,
6179 representing the main slab component, consist of reflectance spectra characterized by 1 and 2 pm features and in
; 180  some cases a 1.2 um feature. The reflectance is in the range 0.15-0.5. Previously, six main spectral classes were
9 181  initially found by supervised classification before any comparison with SEM data (De Angelis et al., 2016)

10 182  including plagioclases, pyroxenes, Fe-Ti-oxides, a phase attributed in first instance to chromite/spinel and some
11 183 traces of carbonate/carbonaceous and hydrous phases.

12 184 Here below, we describe the different spectra acquired on the sample, their distribution and their assignment to
13 185 specific minerals.

14 186

15 187  Pyroxenes

16 188

17189  Pyroxene spectra have reflectance values in the range 0.15-0.5 (Fig.3); they are characterized by differences in
18190  the band center positions and intensity of 1 and 2-um features and in the positions of the shoulders at 0.85 and
19191 1.2 um. In some cases, spectra also show a 1.2-um feature indicative of Fe- clinopyroxenes (Klima ef al., 2008;
20192 Adams, 1975).

21193

23 04

reflectance

41 wavelength (micrometers)

43 194 Fig.3. Variability of pyroxene-based spectra in NWA8657 slab. Each spectrum

45 195 corresponds to a different pixel. Data around 1.5 and 2.5 um were removed because of
196 instrumental artifacts.

48 198 In particular, the shoulder near 1.25-1.3 um is affected by a shallow absorption that shows variable strength.
49199  As demonstrated by Klima et al., (2011) in low-Ca clinopyroxenes, the 1 pm band shifts regularly to longer
50200  wavelengths as a function of Ca®" and Fe*" as also the 2 pm band does. However, for content in Wo>30% the
51201  Ca*" dependency of the 2 pm band position drops significantly because of the structural transition from pigeonite
52202  to augite.

53203  The map in Fig.4a shows the purest pixels of pigeonite and augite absorptions (Fig.4b) on the slab SPIM image.
54204  The spectral variability of the pyroxenes in the slab can be observed in the 1 pm vs 2 pm plot in Fig.5, in which
55205  the band centers of each pixel associated to pyroxene were extracted after removing the continua.
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207  Some pyroxenes spectra show the OH features at 2.75-3 um and CO absorptions at 3.35-3.5 and 4 um. These
208  absorptions are due to subpixel mixing with carbonates and hydrated phases.

209
210

oNOYTULT D WN =

0.6
mmmm augite x206y41

pigeonite x219y13

augite BKR2DD003-RELAB
mm pigeonite BKR1DLOOSA-
RELAB

25 0.5
28 0.4

0.3

w w w
N — O
Reflectance

0.2
;? 0.1 \,

39 0
40 0 1 2 3 4 5

41 b wavelength (micrometers)
42 211 Fig.4. a) Map of augite (sienna), pigeonite (gold), absorptions on the RGB (R:0.70 tm, G:0.53 tim,
45 212 B:0.44 pm) slab image; the procedure followed for the construction of the spectral map is described
46 213 in the experimental section. b) Spectra of two pixels assigned to augite (coordinates of the pixel in
7 214 the image: x206y41) and pigeonite (coordinates of the pixel in the image: x219y13) and comparison
48 215 with augite and pigeonite from Relab library. Data around 1.5 and 2.5pm were removed because
49 216 represent instrumental artifacts.
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1.8

2 um Band Position

Fig.5. Pyroxene 1 um versus 2 um plot of pyroxenes in NWA8657 in this work. Each
cross represents the absorptions related to the spectrum of each pixel associated to
pyroxene.
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Maskelynite

In this study, several spectra (Fig.6) with a blue slope and often a peak in the 0.6-0.7 um, were found. These
spectra occasionally show absorptions in the UV-VIS range and around 1 pum, that can be related to the
contributions of other phases such as oxides or pyroxenes. As it can be seen in Fig.6a, these spectra have
different features in commons with Relab library spectra of shocked plagioclase and maskelynite: the blue slope
and lack of strong absorptions. The main differences stand on the reflectance values and the presence of H,O
features (1.4-1.9um) in the maskelynite from Relab library. The blue slope is a well-known characteristic of the
spectra taken on slab (Harloff and Armolds, 2001; Pompilio et al., 2007) and it is due to optical coupling.
According to Hapke (1993), the optical coupling occurs when the surfaces of the particles are very close each
other, within approximately a wavelength. In this case, the relative refractive indices across the grain boundaries
are not from the mineral to air or to vacuum but from one mineral to another.

0.8
Shocked albitite, bkr3jj018- Relab library
0.7 M a
06 /.\_f'—_\\,
. . . —X:181Y:48
- Shocked anorthosite, bkr3jjo18- Relab library X79Y:34
§ ——X:82Y:32
g 0.4 —X:75Y:34
X:75Y:33
?
0.3
0.2
01 |EE e W——————
0
0.4 1.4 2.4 3.4 4.4
wavelength(micrometers)
0.2
0.18 b
0.16
0.14
E ’VQQ \\
2 0.08
% b\'a:::
0.06
0.04
0.02
0 \

0.4 14 24 34 4.4
wavelength (micrometers)

Fig.6. a) SPIM spectra of maskelynite grains in NWA8657 and comparison with shocked albitite and
shocked anorthosite (Johnson and Horz, (2003. X and Y are the coordinates corresponding to the

different pixels. Data around 1.5 and 2.5 um were removed because of instrumental artifacts;, b) Zoom
of the maskelynite spectra in Fig.6a
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Fe-bearing opaque phases

The other major phases consist of spectra that lack a blue slope and show a broad absorption at 0.5 um and
sometimes weak absorptions near 0.9 um (Fig.7). Moreover, these spectra show other minor absorptions. The
spectra show a red slope and reflectance level below 0.2.

0.22
0.2
o W
0.16 \/\/\’\
8 0.14
g
3] 0.12
=
o 0.1
S —x197y34
0.08 x196y34
= pyrrhotite H5269.3B_USGS library
0.06 troilite_cbea09_Relab library
0.04
0.02
0.45 1.45 2.45 3.45 4.45

wavelength (micrometers)

Fig.7. 0.5 um and 1um absorptions low-reflectance spectra in the NWA8657 slab. X and Y are the
coordinates corresponding to the different pixels and comparison with pyrrothite and troilite from

USGS and Relab libraries. Data around 1.5 and 2.5pm were removed because of instrumental
artifacts.
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Accessory phases: phosphates and carbonaceous phases

Two particular spectral families show minor absorptions in the 0.3-2.5 um range and several more evident
absorptions in the 2.75-3.5 um region (Fig.8). All these spectra show the OH/H,O band at 2.75-3 um.

These two spectral families in the range 2.5-4 um could be related to the presence of calcite and apatite. In fact,
some pixels in the slab are characterized by strong absorptions in the region between 2.75 and 4 um. Although
apatite (Cas(PO4)3(F,OH,Cl)) should not show crystal field absorptions in the 0.3-2 um range, and it shows the
fundamentals transitions of X-(PQy4)3- and within (PO4)3- ions in the 5-20 um range (Jastrzebski ef al., 2011),
this phase could produce OH-related vibrational absorptions in the 2-5 um range. Indeed, we observe in some of
our spectra (corresponding to SEM identifications of apatite) broad absorptions around 2.8 um probably related
to some OH/H,O within apatite. The features near 3.5 and 4 um could be assigned to apatite, which has an
absorption at 3.47 um and a doublet at 3.98 and 4.03 um (Lane et al. 2007).

Other spectra show strong absorptions in the region around 3.25-3.45 um and around 4.0 um. These absorptions
are typical of carbonates (Clark et al., 2003, calcite ws272). However, not always the spectra show the features
of carbonates at 2.35 and 2.5 pm (although the 2.5 pm feature must not be considered in SPIM spectra, because
it overlaps with instrumental artifacts).
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1

2 271  SEM analysis

3 272

4 273  In order to strengthen and to confirm the aforementioned interpretation of SPIM spectra, a Back-Scattered
5 274  Electron (BSE) image of the whole slab was taken by SEM (Fig.9). This image shows that our sample has a
6 275 complex symplectic texture. The sympletic microstructures consists of fine- to very-fine-grained intergrowths of
7276  at least two phases displaying vermicular or viscous textures (Spry, 2013) (see also Fig.12b). The mineral
2 277  chemistry of the slab, obtained by Energy Dispersive X-Ray Spectroscopy (EDS) analyses and the derived
10 278  chemical formula for the main phases are listed in table 1. The most abundant phase is pyroxene that is up to 300

11 279 pm in size and consists of Ca rich and Ca poor clinopyroxenes: augite Eny.49Wo05.36FS24.64 and pigeonite Eny,.
12 280  70Woi0.14Fs20.43 (see Fig.10 and table 2). The chemical analyses performed on pyroxene show that each grain
13281 exhibits a complex chemical zoning with Mg-rich core and Fe-rich rim. The variability of the clinopyroxenes
14282  composition is well visible in the En-Fs-Wo ternary diagram in Fig.11. Maskelynite laths that are up to 500 pm
15283  in size have Na-Ca plagioclase composition. SiO, glass is also present.

16284  The EDS analyses reveal that the opaque grains consist of iron oxides (ulvospinel) and iron monosulfides
17285  (troilite/pyrrhotite).
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27

28

29

30

31

32

33

34

35

36

37

38

39

40
41 287 Fig.9. SEM-Backscattered image of slab NWA8657. The main phases found are indicated.
288
42
43289 Table 1. List of the minerals detected by the SPIM spectrometer and the corresponding SEM-EDS analyses. Chemical formulas were
44 290 calculated on the basis of the average composition for each mineralogical phase.

45

Fe,T

46 SPIM SEM

47 Ca—rich Clinopyroxenes augite (W032% En37,97% FS30,03%) (CaQ65Mg0‘26Feo‘05Mn0402Cr0‘0lTio‘Ol) (Mgo'SoFeo'So) (Si0'94A10‘06) 06

48 i ite (Wo018,50% En35,72% Fs45,78%) (Cag3sFeqgsM Mny g3Alg.03T19.02Nag02)(Siy.96Alg04)O
Ca-poor clinopyroxenes [P18COME (Wo18,50% 21270 21670, 0355 €0.85V1 80,70V 03 210,03 1 10.02N0.02)(S11.96310.04) Vs

49 P Pyt (Cag 35Fep.ssMgo.70Mng g3Alg,03Tig.02Nag02)(Si1.96Al0.04)O6

50 Maskelynite Maskelynite glass (Albite 48.34%- Anorthite 50.21%-Orthoclase 1.45%)

31 opaque phases Iron monosulfide (Fe(l_x) S), Oxides as Ulvospinel (Ti0'61 Fez,“ Si()‘l() Al()'()g Mgo'():; Ml’l()'()z CI'()'()Z V0‘02)04

52
53 hydrocalcite calcite (CaCOs)

54 phosphates Fe-merrillite (Cag 29Feg 7Mgo.54Nag,25S10.20Alp.15(PO4)6.37)
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Fig. 10. BSE image showing the different composition of clinopyroxenes and maskelynite. Ca-Mg

px= Ca-Mg clinopyroxene,; Ca-Fe px= Ca-Fe clinopyroxenes, Msk= maskelynite; Hs=holes. The
composition of the spectra (47-48-50-51) on the BSE image are shown in table?.

Table 2. Quantitative data corresponding to the EDS punctual analyses acquired
on the points marked on BSE image of Fig.10

14|33

Meteoritics & Planetary Science

Page 14 of 35



Page 15 of 35

oNOYTULT D WN =

301

Running Head

% oxides sp47 sp48 spS0 sp51
MgO 18.459 1.156 6.850 14.989
A1L,O3 1.131 5.048 0.807 1.485

SiO2 51.134 45.859 47.071 50.400
CaO 5.245 12.263 12.069 17.265
TiO2 0.339 1.286 0.855 0.000
Cr203 0.314 0.000 0.000 0.696
MnO 0.904 0.723 0.841 0.508
FeO 22.732 30.498 29.693 13.913
Wo % 10.776 32.549 26.954 35.248
En % 52.769 4.268 21.287 42.580
Fs % 36.455 63.183 51.760 22.171
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Fig.11. NWA8657 pyroxene compositions.
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Interpretation of results comparing Spectral, SEM and literature data

North West Africa 8657 shergottite average spectrum

The average spectrum of the slab is shown in Fig.12 and is compared with previous spectral measurements on
powders of Martian meteorites (McFadden and Cline, 2005). The different reflectance values represent both
textural effects, powder versus slab, as well as the reflectance of different proportions of constituent phases
present in different meteorites. In fact, the average spectrum of the slab shows a blue weak slope and a
reflectance level around 0.15 and three main absorptions: at 0.95 um, 1.25-1.3 um and one beyond 2 um. The
different wavelength positions of the 1 and 2 pm absorption bands in different meteorite samples reflect the
composition variability of the clinopyroxenes occurring in the slab.

The blue slope is generally observed on spectral profiles related to rock slabs and bulk rocks as reported by
Harloff and Arnold (2001). These authors focused attention on the spectral differences in the NIR reflectance
spectra of powders and bulk surfaces of pyroxenes and basalts as planetary surfaces analogs. Most of the
powdered samples show a trend from positive to negative slope according to grain size, whereas nearly all
specimens measured as a whole rock or slab had a blue slope. Furthermore, they studied the effects on the
spectra of a variation of the roughness of the bulk surfaces. In this respect, they found that the brightness
decreased exponentially with the increasing of the average grain size in the powdered specimens and of the mean
roughness depth in the bulk specimens and the NIR slope increased with increasing grain size/mean roughness
depth, reached a maximum, and then decreased.

In the case of the present work the spectral data were acquired by a high spatial resolution imaging spectrometer
with respect to the aforementioned studies in which coarse resolution spectrometers were used to measure bulk
data.

Recently, De Angelis et al., (2014) studied the spectral properties of slabs viewed by means of the spectral
imager Ma_MISS which has a spatial resolution of 120 um. The spectral profiles at this spatial resolution do not
display always a blue slope.

In the case of the present work, the observation that some pixels of the slab do not show blue slope leads us to
think that the blue slope displayed in the average spectrum in Fig.12 could also indicates the presence of phases
with a negative slope. In fact, analyzing the slab pixel by pixel, in those pixels corresponding to maskelynite
amorphous/disordered phase the negative slope become more evident, also due to a peak in the visible range.
This is in agreement with what was found by Manzari et al., (2016) that studied two slabs of two Mars analogs
by means of the SPIM imaging spectrometer. In those slabs, not all the pixel spectra were affected by a blue
slope.

1733
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Fig.12. Modified after McFadden and Cline (2005). Comparison between spectral signatures of different Martian
meteorites and North West Africa 8657 slab analyzed in this work.

Comparison with SEM

With the aim of improving the identification and interpretation of SPIM spectra, a SPIM image was linked to the
SEM image through a co-alignment of some particular features that were recognizable in both the images:
corners, holes, dips and microstructures. This procedure, called Ground Control Points (GCP) and borrowed
from remote sensing data analyses, uses those morphological features for linking images. In this way the spectra
of pixels near these spatial features can be linked to the corresponding EDS spectra, providing, for the first time,
a good correlation between the two methods.

Thanks to GCP co-alignment of the two kinds of images (Fig.13), it was possible to cross check the major phases
and their distribution with more confidence than in previous validation studies. However, two things must be
considered: first, the two images have different spatial resolution: 38 um x 38 um for SPIM, while 2-10 um for
SEM image (Fig.13). Furthermore, the co-alignment of images is done on the basis of common morphological
features (cracks, holes, edges) that are directly recognizable only in the visible range. The algorithm used allows
checking for the common points, to calculate the Root Mean Square (RMS) error, and then to remove the GCPs
with too high RMS error.
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Fig.13. Co-alignment of SPIM image (a) and SEM-BSE image (b) Red numbers corespond to the common features in the
two images.

Pyroxenes

This procedure was followed for pyroxenes. They form intergrowth microstructures too small to be determined
by SPIM resolution. In this case the GCP procedure is useful for the interpretation of the main spectral class
present in this slab, corresponding to a Fe-rich pigeonite; it affects the shoulder at 1.2-1.3 pum of the pyroxene
and occurs mainly as intergrowth “worms” from Ca-rich pyroxene. The bands at 0.96 and 2.11 pum result from
Fe?* electronic transitions in distorted M2 sites. The band at 1.25 um is due to Fe?" in the crystallographic M1
site, typically in high-Ca pyroxenes or in quickly cooled disordered high-Fe pyroxenes in volcanic rocks (Klima
et al., 2008).

Data of this work show an overall composition between pigeonite and augite. Their chemical composition result
in agreement with the predicted band positions for Ca rich and Ca poor pyroxenes in the quadrangles of Klima et
al., (2011) (Fig.14).
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Fig.14. Plot of EDS representative compositions of the pyroxenes in this work (blue
crosses) on the Klima et al., 2011 quadrangles of predicted positions of band
absorptions for pyroxenes.
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Clinopyroxenes in basaltic shergottites coprecipitated during crystallization of the parent magma, and since the
Mg-rich pyroxenes exhibit a crystallization temperature higher than the Fe-rich ones, the solidification began
with Mg-rich phases and continued with a progressive increasing of Fe, producing zoned pyroxenes. According
to the pyroxene phase diagram (Lindsley 1983; Sack and Ghiorso 1994), crystallization started with Mg-rich
pyroxene at temperatures between 1200 and 1100 °C and was completed after a cooling of about 50 °C with the
formation of Fe-rich rims. The fact that the Fe-Mg zoning is not obliterated indicates a relatively fast cooling of
the parent magma (Leroux et al.2004).

Nevertheless, in the sample studied in this work the clinopyroxenes occur both as single Fe/Mg weakly zoned
crystals and as intergrowths/symplectic structures. In shergottites, the formation of symplectites is commonly
attributed to a replacement of ferrosilite-rich pyroxene with a composition belonging to the ‘forbidden’ zone of
the pyroxene quadrilateral (pyroxferroite) that can be formed by a cooling at 990 °C for over 3 days (Lindsley et
al. 1972). The symplectites consist of grains, of about 1-10 um in size, with the following mineralogical
composition: fayalite + SiO, polymorphs, hedenbergite and merrillite (CagNaMg)(PO,),. Previous studies
found that Mg is mainly bound to the merrillite and/or whitlockite (Cas[Fe,Mg][PO;OH][PO4]¢)structure, forcing
the crystallizing pyroxene to extreme and unstable Fe-rich composition (Bridges and Warren and references
therein, 2006).

Therefore, we infer the symplectites observed in the NWA8657 slab to be due to retrograde metamorphism that
caused pyroxferroite to breakdown in Fe-rich more stable phases (Barker, 1998).
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In order to verify the presence of maskelynite, SPIM spectra of Fig.6 have been related to SEM analyses. An
example is displayed in Fig.15: the spectrum of pixel x70y34 (Fig.15b) has the EDS composition of Fig.15d.
Although the composition is plagioclase normative (Fig.15d) the phase is maskelynite, i.e. shock deformed
plagioclase. Johnson and Horz, (2003), studying the visible and near-infrared spectra of experimentally shocked
plagioclase feldspars, observed a complex behaviour in reflectance values of feldspars spectra at increasing
shock pressures. However, on the basis of their experiments, the value of maskelynite reflectance in our work
(<0.5) corresponds to shock pressures greater than 37 GPa. In this case, the low reflectance values would also be
caused by intimate mixtures of small amounts of localized melts with vesicles and flow features and diaplectic
glasses, which result in additional internal scatterers or discontinuities (Stoffler ef al., 1986; Yamaguchi and
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Sekine, 2000).

d

Opaques

Maskelynite and glass [l Clinopyroxenes
Wt.%ox. sp29 sp35
Na,0 5.21 5.51
MgO n.d. 0.49
ALO; 25.08 26.37
Sio, 56.09 55.84
SO; 0.25 n.d.
K,0 0.16 0.30
CaO 10.60 10.22
FeO 2.60 1.27
tot 100.00 100.00
Ab% 46.63 48.53
An% 52.43 49.74
Or% 0.94 1.74

Fig 15. a) SPIM RGB (R:0.70 um, G:0.53 um, B:0.44 um) image; b) arrow indicates the spectrum related to the pixel in a);
¢) false color map of the main components of the slab on the basis of EDS and BSE analyses: maskelynite-yellow,; pyroxene-
blue; opaque phases-red. d) EDS quantitative data related to some grains with maskelynite composition.
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1

2 415  Troilite/pyrrhotite

3 416

4 417

5 418 In Fig.16, the spectrum of one of the two larger iron sulfide grains is shown. The grain, troilite/pyrrhotite, is
6 419  about 100 to 200 pum in size, as assessed through SEM investigation. In the SPIM dataset, the 38 pm-resolution
; 420  implies that each of these grains, consisting of pure iron mono-sulfide (FeS) is covered by at least two pixels.
9 421  The corresponding spectra show an absorption feature in the range 0.47-0.6 um, and an electronic transition

10422 absorption band near 0.9 um, that are expected for iron sulfides and in agreement with that found by Cloutis and
11423 Burbine (1999), all attributable to ferrous iron transitions (Vaughan D.J. and Craig J.R., 1978). The exact
12424  mineralogical phase constituting these iron sulfide grains cannot be determined by SEM or VIS-NIR
13425  spectroscopy. However, Lorand et al., (2005) analyzed the iron sulfides of four basaltic shergottites by X-Ray
14426  Diffraction (XRD) finding that their composition is mainly pyrrothite.
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41428

42429 Fig.16. (a) BSE image by SEM showing white grains corresponding to troilite/pyrrhotite; (b) quantitative EDS data related
43430 to the troilite/pyrrhotite grain; (c) SPIM image: the arrow shows the pixel corresponding to the troilite/pyrrhotite grain, (d)
44431 Pixel spectrum (x196y34) in SPIM image and comparison with library spectra of troilite and pyrrhotite.
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1

2 433  Ca-phosphates

3 434

4 435  Ca-phosphates such as merrillite and apatite were previously found in this meteorite by Hu et al., (2016). In this
5 436  work, the occurrences and distribution of Ca-phosphate grains were inferred firstly from SPIM spectra before
6 437  their identification in the slab by SEM. The 2.5-4.8-um region was analyzed and both OH and COj; features
7438 apatite and calcite features were found that could putatively match with apatite and calcite phases, respectively.
8 439  As previously stated in the results section, in fact, apatite does not display diagnostic absorption features in this
?O 440  spectral range; it only could be identified based on OH absorption occurring near 3 um. In particular, SPIM data

1 441  were compared with spectra of calcite and Cl-and F- apatite from RELAB and CRISM libraries according to the
12 442  following approach: (i) SPIM spectra were resampled to the wavelengths of the library spectra, in the range
13443 between 2.2-4.8 um, (ii) spectral features fitting was computed. Once the pixels showing best matches with
14444  features of apatite and calcite were found, the spectral fitting was used again to map these phases on the slab. For
15445  mapping the apatite on the slab, the 2.75-um of OH absorption was used. This procedure served to make more
16446  rapid the location and determination of the composition of all of these isolated grains by SEM (Fig.17).

17447  The phosphates previously ascribed to apatite by SPIM were analyzed also by EDS-SEM. The chemical analyses
18448  revealed a typical composition of Fe-merrillite [CasNaFe*"(PO4)7] which is the Fe** dominant endmember of
19449 merrillite (Britvin et al. 2016). However, merrillite, which is an anhydrous phase, was detected by EDS analyses
20450  in the same grains corresponding to SPIM pixels identified as Cl-apatite, including the OH feature. It must be
21451  noted that there are no literature data for reflectance of whitlockite and therefore what appears to be spectrally

;g 452  apatite could be also whitlockite. Therefore, the OH features could be due to the presence of OH/Cl-apatite plus
>4 453  merrillite phases (Gross et al., 2013, McCubbin et al. 2014, 2016) or merrillite formed by partially shocked
25 454  whitlockite (Adcock et al, 2017). In fact, the slab showed other features that are characteristic of shock

26455 metamorphism e.g. maskelynite. The grain size of the phosphate is too small to reveal the co-presence of the two
57456  phases in the slab by SEM. Therefore, the Ca-phosphate found in our sample could be an intermediate phase
28457  belonging to merrillite (CasNaMg[PO4]7)- whitlockite (Cas[Fe,Mg][POsOH][PO4]s) solid solution series
29458  (Hughes et al., 2008), exhibiting a Fe-merrillite composition. This hypothesis explains the presence of the OH
30459  feature, not detectable by EDS-SEM analyses and confirms previous finding of merrillite in shergottite Martian
31460  meteorites (for example Tkeda et al., 2006 and reference therein). Since commonly igneous phosphate minerals
32461  form in the late stages of magma evolution, including just before magma degassing to the surface (Shearer et al.,
33462  2015) the volatile content and intergrowth relationships of phosphate minerals in Martian meteorites have been
34463  used as indicators of late-stage melt evolution. Thus, the pervasive occurrence and anhydrous nature of merrillite
35464  have been previously interpreted as evidence of relatively dry late-stage Martian melts (McCubbin ef al., 2014

36465  and references therein).
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Wt%ox. Na,0 MgO AlLO; SiO, P,0; CaO FeO
22-7 0.40 2.14 n.d. nd. 4548 48.08 391
23-7 0.51 1.57 n.d. nd. 4364 50.12 417
24-7 0.44 2.26 n.d. nd. 4584 4724 422
44-9 1.25 221 0.46 139 4435 4598 437
46-9 0.58 2.09 n.d. nd. 4439 4813 481
47-9 0.84 2.09 1.69 235 4266 4553 484

! 250um s

Fig.17. a) Mapping of OH absorption assigned to the apatite (purple) on SPIM-RGB (R:0.70 um, G:0.53 pm, B:0.44 pim)
image and comparison with apatite spectrum named LAAO3 from CRISM library. b) BSE-SEM image of NWAS8657; framed
area corresponds to the purple pixel in SPIM image; c) Spectrum of pixel x166y48; d) Secondary electron image of the
enlarged detail selected in BSE image; e-f) EDS spectrum and EDS quantitative analyses; g-h) Ca and P of

elemental maps of the same portion shown in (d) by EDS-SEM

Therefore, the coexistence of merrillite and apatite or whitlockite in the same meteorites have raised the question
as to why merrillite rather than whitlockite forms in a melt with available H,O at the time of phosphate
crystallization (Hughes et al. 2008). Adcock et al., (2017) tried to solve this question demonstrating that
total/partial transformation from whitlockite to merrillite is possible by shock events. Consequently, in the case
of the present slab, merrillite would be formed by shock events, whereas the hydrous phase was primary and
directly related to latest igneous processes on Mars.
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1

2 479  Calcite

3 480

4 481  Also, for Ca-carbonates grains the occurrence of calcite was inferred firstly from the observation of the SPIM
> 482  spectra in the 2.5-4.8 um region. Then the SPIM spectra were compared with spectra of calcite from RELAB
6 483  and CRISM libraries according to the following approach: (i) SPIM spectra were resampled to the wavelengths
7 484 of the library spectra, in the range between 2.2-4.8 um, (ii) spectral features fitting was computed. Once the
g 485  pixels showing best matching with features of calcite were found, the spectral fitting was used again to map the
10486 diagnostic features of calcite on the slab. Although calcite is often found in shergottites, for example in

11 487  ALH84001 orthopyroxenite and Dhofar 019, is not clear whether it formed on Mars environment or not.
12488 Gooding and Muenow (1986a) and Gooding et al. (1988) found calcite (by XRD), an unspecified Ca-carbonate
13489  and low-Ca—carbonate (identified by SEM-EDS) in the shergottite EETA 79001 suggesting a pre-terrestrial Mars
14490  formation for them. In fact, some of these Ca-carbonates in the shergottite EETA 79001 occurred in veins and
15491  pockets of shock melt formed during an impact on Mars (Gooding ez al. 1988), the same shock melt that trapped
16492  Martian atmospheric gases (Bogard and Johnson 1983). This suggests that at least these Ca-carbonate grains
17493  were already present in the rock when it experienced impact and shock on Mars, and they are carbonate grains of
18494  Martian origin (Gooding ez al. 1988). However, calcite grains occur in holes and fractures within our sample
19495  (Fig.18), and this points to a likely terrestrial origin similarly to the case of Dhofar 019 (Taylor et al.2002).
20496  Furthermore, not all the carbonates spectra showed 2.35-2.55 pum bands. This effect could be caused by mixing
21497  of carbonates with low quantities of other secondary minerals such as quartz, smectite, sulfates as demonstrated
22498 by Mulder et al., (2013).
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53502 image of NWA8657; framed area correspond to red pixel in SPIM image; c¢) Spectrum of pixel x146y37; d) EDS spectrum
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History of NWAS8657 derived from spectral data and SEM analyses

The spectral results of this work allow us to hypothesize the history of this meteorite as follows:
1) Fe-rich clinopyroxenes and hydrous Ca-phosphates suggest an early igneous process.
2) The presence of amorphous phases as maskelynite proves shock by impact.
3) OH absorptions occurring on the edge and in the holes of the slab suggests terrestrial contamination.
The results obtained by SEM confirm those obtained by SPIM and add further elements. The chemical zoning of
pyroxenes, the symplectitic texture and the finding of Fe-merrillite, suggest a new stage, with respect those
hypothesized by SPIM investigations:
1) The presence of zoned pyroxenes (Mg-rich cores and Fe-rich rims) and whitlockite/apathite confirm an
igneous origin for this meteorite.
2) symplectitic texture suggests breakdown of pyroxferroite
3) The presence of maskelynite and Fe-merrillite confirm that shock by impact occurred.
4) Terrestrial contamination by observing calcite in holes was also confirmed.
The reconstruction of the history of NWA8657 deduced by the integration of SPIM and SEM data can be
summarized as follow:
1) igneous process in which Mg-pyroxene cores and progressive increasing of iron at rims, Na-Ca plagioclase,
whitlockite and Cl-apatite formed;
2) retrograde metamorphism in which an intergrowth of microstructures from breakdown of pyroxferroite
formed, in agreement with Hu et al. (2016);
3) shock by impact at pressures > 30GPa after crystallization, on the basis of the occurrence of large patches of
maskelynite and grains of Fe-merrillite;
4) the fourth stage consists of the formation of secondary minerals such as calcite in holes and fractures by
terrestrial weathering and sedimentary processes.
It can be concluded that a good agreement between SPIM and SEM data was found, even if these methods are
characterized by different but complementary capabilities. In fact, the spatial resolution of SPIM does not allow
to resolve the zonation of pyroxenes and the symplectites. On the other hand, the SEM EDS analyses do not
allow to detect OH, well detectable by SPIM measurements.
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1

2 533  Conclusions

3 534

4 535  The results obtained in this work allowed the analyses of the shergottite meteorite NWA8657 using the spectral
> 536  data. Moreover, the validity of the high spatial resolution (at <40-um scale) of VIS-IR imaging spectroscopy
? 537  (0.4-5um) for the identification of major mineralogical phases in rocks was validated by a detailed comparison
8 538  with SEM analyses. In particular, comparisons between SPIM spectral data and SEM-BSE images by Ground
9 539  Control Point procedure represent an innovative and valuable methodological approach to correctly interpret the

540  data.

11541  This kind of comparison is crucial to highlight the potentiality of SPIM to detect the main phases in a rock or a
12342 meteorite. The spectra univocally validated can be suitable for interpreting remotely sensed and in situ data that
13543 cannot be validated by other techniques.

14544  The results of this work can be summarized:

15 545 e Spectral detection of the clinopyroxenes showing a composition from augite to Fe-rich pigeonite.

16 546 SEM analyses on same grains verified the SPIM-detected compositional variation and revealed that
17 547 these mineralogical phases are intermixed in form of intergrowths microstructures of Fe-pigeonite and
18 548 silica phases down to 40 um in size.

19549 e Possible presence of maskelynite and glass patches on the basis of spectra with no or weak absorptions
20 55() and blue slope. The spectral identification was done by the comparison with library spectra of shocked
;; 551 plagioclases and maskelynite.

23 552 SEM analyses on same grains showed a variable composition of the original plagioclase, now
4 553 maskelynite.

25 554 e Spectral detection of Ca-carbonate and Ca-phosphates in few isolated and concentrated regions of few
26 295 pixels. By SEM analyses: calcite grains appear to be concentrated in holes. The analyses by EDS of Ca-
57556 phosphate grains that were interpreted spectrally as apatite showed a composition of Fe-
28 557 merrillite/whitlockite.

29558 e Spectral characterization of opaque Fe-bearing phases by detection of features in the range 0.47-0.6,
30559 near 1 um and positive slope. The spectral identification was confirmed by the comparison with library
31560 spectra of iron sulfides. These phases consisted of iron oxides (ulvospinel) and troilite/pyrrhotite as
32561 inferred by EDS analyses.

33562  Moreover, different spectral mineral components detected by SPIM can be isolated, thanks to the high spatial

34563  resolution, by spectral feature mapping and once validated the chemical/mineralogical composition, these can be

35564 part of a spectral library relative to a particular meteorite sample, or meteorite group. In fact, some of the

36 565 mineralogical phases found on planetary surfaces or in meteorites are very rare and sometimes, as for the case of

37566 merrillite, need to be synthetized for creation of spectral libraries. This work also demonstrates that, while

;g 567  preserving the microstructures and the original mineral association, imaging spectroscopy could be used for the
568  reconstruction of the rocks’ histories and helpful in order to improve the mixing models for planetary

e 569  measurements in situ and by remote sensing. In particular, in view of the ExoMars 2020 mission (Vago et al.,

42970 2017) this kind of spectral measurement on minerals characterized by the same paragenesis or same

43571 metamorphic/sedimentary processes, will aid the interpretation of data collected in situ by Ma_Miss (De Sanctis

44572 etal., 2017) spectrometer.
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Fig.6. a) SPIM spectra of maskelynite grains in NWA8657 and comparison with shocked albitite and shocked
anorthosite (Johnson and Horz, (2003. X and Y are the coordinates corresponding to the different pixels.
Data around 1.5 and 2.5um were removed because of instrumental artifacts; b) Zoom of the maskelynite

spectra in Fig.6a
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