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Understanding VNIR Plagioclase Signatures on Mars Through
Petrographic, Geochemical, and Spectral Characterization of
Terrestrial Feldspar-Bearing Igneous Rocks

M. Barthez! 2, J. Flahaut! (), M. Guitreau? (2, G. Ito!, and R. Pik!

!Centre de Recherches Pétrographiques et Géochimiques, Université de Lorraine, CNRS UMR-7358, Vandceuvre-1&s-Nancy,
France, “Laboratoire Magmas et Volcans, Université Clermont Auvergne, OPGC, CNRS UMR-6524, IRD UMR-163,
Clermont-Ferrand, France

Abstract Plagioclase feldspar is a common mineral in terrestrial rocks and has recently been detected

on Mars surface with visible near-infrared (VNIR) spectroscopy. The presence of plagioclase using this
method is determined through the identification of an absorption band centered around 1.3 pm on reflectance
spectra, which requires the incorporation of Fe?* in plagioclase lattice. Previous laboratory studies of powder
mixtures showed that plagioclase should only be detectable if present in amounts >90% as its absorption
band can be masked by those of mafic minerals. Plagioclase composition, but also the size of the grains and
the associated minerals in a rock, influence the spectral signature of plagioclase feldspars. Thus, the analysis
of whole, uncrushed rocks appears to be relevant for comparisons with Mars remote sensing observations
that have shown plagioclase-like signatures. In the present work, we performed laboratory measurements on
five feldspar-bearing terrestrial rocks of various nature chosen because they reflect the first order terrestrial
magmatic variability. The mineralogical composition of these samples, the chemical composition of feldspar
crystals, and total rock spectra as well as spectra of each mineral were determined using microscopy, electron
microprobe, and VNIR spectroscopy. Our study shows that plagioclase signature is visible on the spectra of
macroscopic rocks containing between 30% and 80% plagioclase of different compositions (An,s-Ang;). Our
findings have strong implications for the interpretation of feldspar signatures on Mars, which can belong to a
range of feldspar-bearing rocks and could thus provide information about the formation of Mars' crust.

Plain Language Summary Plagioclase feldspar is a common mineral of terrestrial rocks that has
recently been detected on the surface of Mars with reflectance spectroscopy. In geology, this method allows

to non-quantitatively assess the mineralogical composition of rocks by studying the spectrum of the sunlight
reflected by them. Previous laboratory studies of plagioclase powders demonstrated that its spectral signature
is quickly masked when mixed with more iron-rich minerals and that 90% plagioclase content may be needed
to observe their diagnostic absorption band around 1.3 pm. In the present study, five terrestrial samples of
uncrushed rocks of varied nature, which contain plagioclase, were analyzed with instruments for petrographic
and spectral characterization. A diverse set of instruments allowed us to obtain the total rock spectrum, its
mineralogy, the spectrum of each mineral group, and the chemical composition of plagioclase for each sample.
Our results show that plagioclase signature is present in the spectrum of all five rocks despite them having
different compositions, textures, and amounts of plagioclase. We further demonstrate that the position of the
plagioclase absorption band varies depending on multiple factors. Our findings have strong implications for the
interpretation of feldspar signatures on Mars, which could correspond to a range of feldspar-bearing rocks.

1. Introduction

Remote sensing instruments onboard satellites contribute to the understanding of planetary surfaces' geol-
ogy. Mars remote sensing missions have previously enabled the discovery of water flow features (Fassett &
Head, 2005) with Mars Global Surveyor (MGS, Albee et al., 1998), Mars Orbiter Camera (MOC, Malin &
Edgett, 2001), MGS Mars Orbiter Laser Altimeter (Zuber et al., 1992), Mars Express (Chicarro et al., 2004) High
Resolution Stereo Camera (HRSC, Neukum & Jaumann, 2004), and Mars Odyssey (Saunders et al., 2001) THer-
mal EMission Imaging System (THEMIS, Christensen et al., 2004), whereas hydrated minerals were detected
with the Mars Express Observatoire pour la Minéralogie, I’Eau, les Glaces et I’Activit¢é (OMEGA, Melchiorri
et al., 2006) spectral-imaging instrument (Bibring et al., 2006).
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More recently, the Mars Reconnaissance Orbiter (MRO, Zurek & Smrekar, 2007) Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM, Murchie et al., 2007) detected plagioclase feldspar signatures in the
visible-near infrared (VNIR) on the surface of Mars. The detection of such minerals could indicate the presence
of a primitive anorthositic crust possibly akin to a magma ocean related flotation crust, as interpreted by Carter
and Poulet (2013) and more recently by Phillips et al. (2022). Plagioclase detections could also be accounted for
by the volcanic nature of Martian secondary crust (Farrand et al., 2021; Flahaut et al., 2022; Payré et al., 2022;
Rogers & Farrand, 2022; Rogers & Nekvasil, 2015) or indicate the presence of felsic rocks such as granodior-
ites, discovered by the Curiosity rover (Sautter et al., 2015). The detection of plagioclase on Mars surface raises
questions regarding the fundamental processes that operated on this planet since the exact origin of these signa-
tures (i.e., the nature of the feldspar-bearing rocks) has sharply distinct implications for our understanding of the
formation and evolution of Mars.

Plagioclase feldspar is a common mineral in terrestrial rocks. Its chemical composition varies between two
endmembers: sodium-rich albite (NaAlSi,Og), and calcium-rich anorthite (CaAl,Si,Oy). Plagioclase is most
commonly classified based on its anorthite content (An), where albite and anorthite have 0% and 100% An,
respectively.

Powders of anorthite-rich plagioclases were previously studied using reflectance spectroscopy in the VNIR range
(Adams & Goullaud, 1978). The authors showed that plagioclase feldspar is detectable when it incorporates
ferrous iron (Fe?*) in its structure. In this case, an absorption band due to the electronic transitions of iron is
visible with band minimum located in the vicinity of 1.3 pm (referred to as the 1.3 pm absorption band) on the
reflectance spectrum of plagioclase feldspars. The center of this absorption band and its strength appear to vary
with the increase in An content (Adams & Goullaud, 1978), as does the band depth tends to increase with the
amount of Fe?* incorporated by plagioclase (Adams & Goullaud, 1978; Bell & Mao, 1973).

Additional laboratory studies carried out on mixtures of binary powders showed that the spectral signature of
plagioclase is no longer visible when 10% or more of mafic minerals are added (Cheek & Pieters, 2014; Crown
& Pieters, 1987). According to these studies, a minimum of 90% plagioclase feldspar content is necessary in the
rock composition for its spectral signature to be distinct on the total rock spectrum. Yet, a different study using a
binary mixture of large plagioclase and pyroxene crystals (Rogers & Nekvasil, 2015) showed that up to 50% of
mafic minerals could be needed to hide the plagioclase spectral signature.

The key point shown by Rogers and Nekvasil (2015) was that not only the feldspar composition but also the size
of the grains (and most likely the associated minerals) in the rock influences the spectral signature and detecta-
bility of plagioclase feldspars. Thus, the analysis of whole (uncrushed) rocks appears to be extremely relevant, in
addition to previous studies of binary mixtures of powders and grains, for comparisons with Mars remote sens-
ing observations that have shown plagioclase-like signatures (e.g., Carter & Poulet, 2013; Farrand et al., 2021;
Flahaut et al., 2022; Payré et al., 2022; Phillips et al., 2022; Rogers & Farrand, 2022; Wray et al., 2013).

The objective of our study is to determine whether plagioclase spectral signature (1.3 pm absorption band), such
as those observed on Mars, could be detected in uncrushed terrestrial plagioclase-bearing magmatic rocks rang-
ing from mafic to felsic. To achieve this objective, we measured VNIR reflectance spectra and characterized the
petrography of feldspar-bearing rocks using a suite of qualitative and quantitative analytical methods. From these
measurements, we investigated the characteristics of the plagioclase absorption band in relation to the chemical
composition of plagioclase feldspars and the petrography of their host rock.

Through a repeatable petrographic characterization method, we show that feldspar-like absorption bands are pres-
ent in all our rock samples containing plagioclase feldspar in varying amounts and compositions. We additionally
discuss the possible implications of our findings for the interpretations of Mars hyperspectral observations. The
composition of the rocks involved in the detections of feldspar plagioclase on the surface of Mars is still discussed
(Carter & Poulet, 2013; Farrand et al., 2021; Flahaut et al., 2022; Payré et al., 2022; Phillips et al., 2022; Rogers
& Farrand, 2022; Rogers & Nekvasil, 2015; Sautter et al., 2015). The data collected in our study provide clues to
determine the primitive, secondary, or tertiary nature of the rocks involved in these Martian detections.

2. Materials and Methods

Measurements of VNIR reflectance spectra, petrographic and geochemical characterizations were conducted
on five macroscopic rock samples. They were chosen because they reflect the first order terrestrial magmatic
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Chanka Dome, Chile Vosges Mountains, France Kiglapait, Canada Afar stratoid series, Ethiopia Afar stratoid series, Ethiopia

Figure 1. The five macroscopic samples of terrestrial feldspar-bearing rocks cut as regular pieces of about four by three cm. Left to right: dacite NJ2 (Chanka Dome,
Chile; De Silva et al., 1994; Flahaut et al., 2021), granite NJ11 (Vosges Mountains, France; Simmler, 1962), anorthosite NM6 (Kiglapait, Canada; Morse, 2015), basalts
NRI1 and NR2 (Afar, Ethiopia; Pik et al., 1998).

variability from mafic to felsic and from eruptive to plutonic. All samples were cut as shown in Figure 1, and used
for both spectral analyses and thin section making.

Terrestrial feldspar-bearing rock samples studied are volcanic or plutonic rocks, from various geographic origins,
borrowed from the Centre de Recherches Pétrographiques et Géochimiques (CRPG) researchers' collections:

e NJ2: dacite from Chanka volcanic dome, Atacama Desert, Chile (De Silva et al., 1994; Flahaut et al., 2021);
e NIJ11: granite from granitic pluton (« Granite des Crétes »), Vosges Mountains, France (Simmler, 1962);

e NMG6: anorthosite from Kiglapait intrusion, Labrador, Canada (Morse, 2015);

e NRI1 and NR2: porphyritic basalts from basaltic flows, Afar triangle, Ethiopia (Pik et al., 1998).

The five rocks were cut homogeneously in the form of sugars of about four by three cm. These samples, NJ2,
NJ11, NM6, NR1, and NR2, were studied using six different instruments in order to characterize them spectrally,
petrographically, and geochemically. Determining the mineralogical composition of these feldspar-bearing rocks,
their reflectance spectrum, and the spectral signature of each mineral in each sample allow us to assess whether
the plagioclase feldspar spectral signature contributes significantly to the total rock spectrum of each sample.

2.1. Petrographic and Geochemical Characterization

A petrographic study of each sample was carried out using an optical microscope, as well as geochemical anal-
yses with micro-X-ray fluorescence (p-XRF) spectroscopy, Scanning Electron Microscope (SEM), and an Elec-
tron Probe MicroAnalyzer (EPMA).

The optical microscope uses visible light transmitted through a thin section. The observations were made using
both polarized and cross-polarized light.

Micro X-ray fluorescence analyses were performed using a Bruker M4 Tornado at GeoRessources, Nancy
(France). Under vacuum, an X-ray beam is focused by a polycapillary optics to determine the elemental compo-
sition by measuring the energy lost by the atom. The amount of energy lost during the bombing of the sample is
unique to each element. Chemical maps of the macroscopic samples were acquired at a resolution of 50 pm per
pixel, which included Al Si, Ca, S, Fe, K, Mg, Mn, Na, Zr, Sr, and Rb (Figure S7 in Supporting Information S1).

Additional chemical maps were acquired using a SEM JEOL 6510 at CRPG Nancy (France). Thin sections of
our samples were coated with carbon prior to analysis. An electron beam obtained by heating a tungsten filament
is then focused on the thin section of the sample. The interaction between the incident electrons and the sample
causes the formation of lower energy secondary electrons. The microscope detects secondary electrons at each
point of the thin section by scanning it. Whole thin sections of the five samples described above were mapped
with a resolution of about 1.4 um/pixel. To obtain this resolution, it was necessary to analyze the thin section
in several parts. About 400 images were stitched for each sample using a custom-made Python code to get a
global map of the thin sections. The elements analyzed are Al, Si, Ca, S, Fe, K, Mg, Mn, Na, Ni, O, P, Rb, Sr,
and Ti. The ENVI image processing software (L3Harris Geospatial) was used to process these chemical maps.
By superimposing three chemical maps as red, green, and blue, false color images were created. To highlight the
chemical composition diversity of feldspars, false color maps were created with calcium as red, sodium as green,
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Figure 2. The five feldspar-bearing macroscopic samples NJ2, NJ11, NM6, NR1, and NR2 were analyzed with a Scanning Electron Microscope (SEM). Calcium (Ca),
Sodium (Na), and Potassium (K) SEM chemical maps are superimposed as red, green, and blue components, respectively. These false-color maps allow to differentiate
calcic, sodic, and potassic feldspars. The Electron Probe MicroAnalyzer (EPMA) analysis points are indicated as white boxes. Both porphyritic and microlitic crystals

were targeted with EPMA.

and potassium as blue (Figure 2). One Region Of Interest was created for each mineral contained in each sample
to be used as an endmember. Using the Minimum Distance (MD) algorithm, pixels of these images were classi-
fied according to their color, and therefore their chemical composition. The MD technique uses the mean vectors
of each endmember and calculates the Euclidean distance from each unknown pixel to the mean vector for each
class. This method made it possible to look at the mineralogical composition in detail as well as to estimate the
surface percentage that each mineral covers in each sample.

Both, p-XRF and SEM are semi-quantitative methods. To accurately determine the chemical composition of
plagioclase feldspars, two to four plagioclase crystals per thin section were further analyzed using an EPMA. An
electron beam coming from the microprobe, a CAMECA SX1000 from Georesources, Nancy (France), bombards
the samples. In response, X-rays are emitted by the sample at the characteristic wavelength for each element. The
EPMA employs a similar technique as SEM with standards of each element being used to quantify their content in
the analyzed crystals. To determine the chemical composition of feldspars in the samples, the elements analyzed
are Na, Ca, K, Al Si, O, and Fe.

2.2. Reflectance Spectroscopy

VNIR reflectance spectroscopy (0.4—4 pm) is a widely used technique in planetary science to detect minerals
remotely (e.g., Clark et al., 2003).

Reflectance spectroscopy measurements were carried out on macroscopic samples using an ASD Fieldspec 4
point-spectrometer. The instrument combines three different detectors in the VNIR (0.350-1.000 um), SWIR 1
(1.001-1.800 pm), and SWIR 2 (1.801-2.500 pm) to make a spectrum in the full 0.35-2.50 pm range. Spectral
resolution varies with the VNIR and SWIR detectors having 3 and 8 nm resolutions, respectively. Spectra were
collected with the instrument contact probe and calibrated with reference panels of 10% or 50% reflectance
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depending on the darkness level of each sample. The contact probe views a circular area of approximately 2 cm
in diameter, leading to the acquisition of a spectrum representative of all grains contributing within the viewing
area, and then to the rock itself. These total rock spectra acquired are comparable to those of remote sensing
hyperspectral measurements.

In order to show the scope of the study of whole rocks in comparison with previous studies interested in powders
or grains (Adams & Goullaud, 1978; Cheek & Pieters, 2014; Crown & Pieters, 1987; Rogers & Nekvasil, 2015),
we chose to also study the powders of our five samples, NJ2, NJ11, NM6, NR1 and NR2, with the ASD Fieldspec
4 point-spectrometer, and more precisely with its accesory, the Mug-Light (2 cm diamter spot). The samples
were first crushed with a jaw crusher and then porphyrized with an agate vibratory disc mill. The grain size of
the powders is then <80 pm.

All these spectra acquired with the ASD Fieldspec 4 on both rocks and powders were then normalized using the
Continuum Removal process available in ENVI. This continuum is a convex hull that fits the spectrum using
straight-line segments that connect local maxima. The first and last reflectance values are equal to 1.

We further used hyperspectral cameras to resolve finer spatial scales and acquire spectra of each mineral contained
in these rocks. As opposed to the one-dimensional data of ASD Fieldspec 4 point-spectrometer (spectra), data
from hyperspectral cameras are three dimensional, consisting of a two-dimensional image plus the spectral data
as the third dimension (hyperspectral cubes). We acquired hyperspectral images of the samples with the HySpex
VNIR-3000-N and SWIR-640 cameras that operate from 0.40 to 1.00 pm and from 0.96 to 2.50 pm, respec-
tively. At a distance of 30 cm from the sample, the resulting pixel size is about 39 and 130 pm in the VNIR and
SWIR, respectively. The hyperspectral cubes are converted to reflectance using reference panels of 10% or 50%
reflectance depending on the darkness level of each sample. The analyses of the cubes were performed with the
ENVI image processing software to classify the image pixels according to their spectral signature. We used the
Spectral Angle Mapper (SAM) method, which is one of the supervised classification methods available in ENVI
(Kruse et al., 1993); this algorithm determines the spectral similarity between two spectra by calculating the
angle between the spectra of the hyperspectral cube and a given reference spectrum (known as an “endmember”).
Endmembers were handpicked to map as many mineral classes as expected from the petrographic analyses of
the samples. This classification then provides mineralogical maps and associated statistics that give the mineral
surface abundances according to the class created with SAM based on the endmembers.

Both the total rock spectra or powder spectra acquired with the ASD Fieldspec 4, and the spectra of miner-
als acquired with hyperspectral cameras were then compared to the USGS reference spectral library (Kokaly
et al., 2017) to identify mineral signatures.

The plagioclase absorption band, observed in the spectra of total rocks, powders, and plagioclases in each sample
themselves, is located in the 0.8—1.7 pm region. The plagioclase band centers were then determined numerically
with a custom-made python routine. First, the slight gaps in spectra arising from the three separate detectors (in
the case of ASD Fieldspec 4 spectra) were realigned in order to avoid interpreting them as real spectral features.
Next, plots of spectra were visually inspected for narrow bands that typically arise from the hydration of miner-
als or other bands due to associated minerals present in the rock (e.g., olivine). If narrow bands were found, the
portion of the spectra where these bands overprint the broad band of plagioclase was remove and reconstructed
using spline interpolation (linear, quadratic, or cubic), second-degree polynomial fitting, or third-degree polyno-
mial fitting, chosen through trial and error. Then, to reduce high-frequency, low-amplitude noise, spectra were
smoothed using a Savitzky-Golay filtering method with a third order polynomial and a window size ranging
51-81 wavelengths. Finally, the minimum was sought in a chosen wavelength range according to each spectrum
(on average between 0.9 and 1.5 um): this minimum gives the plagioclase band center position.

3. Results
3.1. Mineralogical and Elemental Composition

The mineralogical composition of each sample was first assessed by optical microscopy. Results are described
in Table 1g and representative pictures of the thin sections of each sample observed in transmitted light are
shown in Figure S1 (Supporting Information S1). All samples contain plagioclase feldspar as well as a diversity
of associated minerals depending on the rock composition (e.g., olivine and/or pyroxene for mafic rocks and
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biotite and K-feldspar for more felsic rocks). Chemical maps of the thin sections acquired with the SEM confirm
the mineralogical composition determined by optical microscopy. In addition, SEM (Table 1a and Figure 2) and
p-XRF (Figure S7 in Supporting Information S1) analyses provided first estimates of the composition of feldspars
and their abundance.

Optical microscopy observation located feldspar crystals on the thin sections of the samples, and the SEM data
provide further information that enables the characterization of the potassic, alkali or plagioclase nature of feld-
spars. All the samples contain plagioclase with varying compositions between the sodic and the calcic endmem-
bers (Figure 2). In addition to plagioclase, NJ11 (granite) contains potassic feldspars and NR2 (basalt) contains
alkali feldspars. The percentage of plagioclase contained in each thin section was then determined using a Low
Pass filter to smooth the noisy SEM data prior to MD classification (Figure S2 in Supporting Information S1).
Plagioclase, of various compositions, represent between ~9% and ~88% of the samples, however, classifications
on the SEM maps do not always capture the microcrystals contained in the groundmass of samples NJ2 (dacite)
and NR2 (basalt) because of the noise contained in the data. The granite NJ11 contains partially altered plagi-
oclase crystals, which are not taken into account in the total amount of plagioclase. Hence, the plagioclase content
determined with the SEM data of these three samples is likely underestimate of the total amount of plagioclase
feldspars. Similar petrographic observations were made from p-XRF data, which are even less resolved than SEM
data, and are presented in Figure S7 (Supporting Information S1).

Following these analyses, measurements with the EPMA were performed in order to obtain quantitative compo-
sitions. The location of the EPMA analysis points is shown in Figure 2 on the SEM chemical maps. Several
feldspars of different sizes, both plagioclase and alkaline, were measured in each sample. The results obtained are
plotted in Figure 3a according to their calcium, sodium, and potassium content in the classical feldspar ternary
diagram. The diversity of our samples makes it possible to cover a wide range of feldspar compositions.

In order to accurately determine the chemical composition of plagioclase crystals, the anorthite (An) content was
determined based on the known chemical formula of the two plagioclase endmembers: sodic plagioclase (NaAl-
Si,0,) and calcic plagioclase (CaAl,Si,Oy). Iron is not part of the theoretical composition of plagioclase but can
be incorporated in small quantities through elemental substitution (Adams & Goullaud, 1978), as discussed in
Section 4.2.

Table 1c and 1d show the average An and Fe contents in analyzed plagioclase crystals for each sample. Values are
the average An and Fe contents of all plagioclase crystals measured in each sample (Figures S8-S12 and Table
S1 in Supporting Information S1). Plagioclase crystals in basalt NR1 have the highest An and Fe contents of all
samples, with Ang; and 0.73 wt% FeO. Plagioclase crystals in NJ11 granite, on the other hand, contain only An,
and 0.18 wt% FeO. As Figure 3b shows, plagioclase An and Fe contents are positively correlated.

3.2. VNIR Spectral Signature

The macroscopic samples and their corresponding powders were spectrally characterized in the VNIR with the
ASD Fieldspec 4 instrument. Figure 4a shows the rock spectra (solid lines) and powder spectra (dotted lines) of
the five samples NJ2, NJ11, NM6, NR1, and NR2, as well as a reference spectrum of anorthite powder from the
USGS Spectral Library (Kokaly et al., 2017). Figure 4b shows the same spectra with the continuum removed
using the convex hull method available in the ENVI software. In both Figures 4a and 4b, spectra are plotted with
an offset for clarity.

All macroscopic samples show a broad absorption band centered around 1.3 pm. This band center varies from
one sample to another: 1.16 for NJ2 (dacite) and NJ11 (granite), 1.19 for NR1 (basalt), 1.38 for NR2 (basalt),
and 1.45 pm for NM6 (anorthosite). These values are reported in Table le and in Figure S13 (Supporting
Information S1).

Powders of the same samples with a particle size of less than 80 pm were also analyzed using the ASD Fieldspec
4. Comparison of reflectance spectra of macroscopic and powdered samples demonstrates that the shape of
the spectra is clearly different even though the material composition is the same (Figure 4). When the samples
contain hydrated minerals, the characteristic absorption bands of -OH compounds and H,O at 1.4 and 1.9 pm
are found in both powder and rock spectra (e.g., NJ2). The comparison of the ~1.3 um absorption bands related
to the electronic transitions of Fe?*, however, indicates that powder and rock spectra do not have the same band
center (NR1 and NR2), nor even the same shape (NJ2, NJ11, NR1, NR2) or intensity. The diagnostic feldspar
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Figure 3. Results of point analyses (location of the analysis points in Figure 2) made with the Electron Probe MicroAnalyzer on thin sections of the five
feldspar-bearing macroscopic samples NJ2, NJ11, NM6, NR1, and NR2. Between two and six feldspar crystals (porphyritic and microlitic) were analyzed per sample.
(a) Feldspar ternary diagram showing the chemical composition of feldspar crystals. (b) FeO content as a function of An content of plagioclase feldspars of the
macroscopic samples (analysis points located between Albite and Anorthite endmembers inpanel (a)). As argued in Section 4.2.1, the analysis point of NJ11 indicated
by an empty red circle is discarded from further discussions. (c) Plagioclase absorption band center position determined by analysis of visible near-infrared and
SWIR hyperspectral data cubes as a function of An content of plagioclase feldspars of the macroscopic samples. The gray data points were extracted from Adams and

Goullaud (1978).

absorption band is not visible on the powder spectra of samples NJ2 (dacite) and NJ11 (granite). The exception
is the NM6 (anorthosite) sample, which is an anorthosite and contains between 80% and 90% of plagioclase
feldspars (Table 1a and 1b). Both the powder and the total rock spectra of NM6 display the diagnostic plagioclase
absorption band. It should be noted that the band depth is generally lower on the powder spectra than that of the
macroscopic samples (Figure 4).

Grain to grain analyses were performed using the VNIR-3000-N and SWIR-640 hyperspectral cameras. The mineral
locations and types are known from optical microscopy and SEM data (Figure 2 and Figures S8—S12 in Supporting
Information S1). The average spectrum of each mineral contained in each mineral group from each sample was
obtained using a SAM classification from the ENVI software. This classification allows the determination of the
percentage of each class and therefore the surface abundance of each mineral (Table 1b). Figure 5 shows the results
obtained using the NR1 (basalt) sample as an example, while results for the other samples are shown in Figures
S3-S6 (Supporting Information S1). The processing of SWIR data suggests that ~66% of the NR1 sample contains
plagioclase (both crystals and microcrystals), while the VNIR data estimate gives us ~42%. The average spectrum
of the plagioclase class in the SWIR range displays an absorption band centered at 1.29 pm, consistent with USGS
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Figure 4. Reflectance spectrum of the five feldspar-bearing samples, (a) before and (b) after continuum removal. The data
were acquired with the ASD Fieldspec 4 on samples NJ2 (dacite), NJ11 (granite), NM6 (anorthosite), NR1 (basalt), and NR2
(basalt) both as powders (dotted lines) and macroscopic samples (solid lines). The black spectrum is the USGS Anorthite
HS201.3B given for reference. The black vertical lines indicate the position of the center of the ~1.3 pm absorption band,
which can be seen in more detail in Figures S13, S14, and S16 (Supporting Information S1).

library anorthite spectrum (Figure 4) and not observed in other mineral groups from this sample. Similarly, represent-
ative spectra of each mineral present in each rock sample were extracted from the VNIR and SWIR spectral images.
The spectrum of plagioclase is therefore known for each sample, and the plagioclase absorption band center position
was determined using our Python code (Table 1f and Figure S3—S6 in Supporting Information S1). These values can
then be compared with the ones obtained on the total rock spectra acquired with the ASD Fieldspec 4 (Table 1e).

4. Discussion
4.1. Identification of Plagioclase VNIR Spectral Signature

For each sample, the mineralogical composition (Table 1g) and spectral signature of each mineral (e.g., NR1
sample in Figure 5) were determined. We observed that only plagioclase has an absorption band centered around
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Figure 5. Visible-near-infrared (VNIR) and SWIR cube processing of the NR1 (basalt) macroscopic sample is shown as an
example. The mineralogical composition of this sample is known from microscopic analyses (Table 1g), allowing us to select
the spectrum of each mineral on the hyperspectral cubes and use them as endmembers. (a) Left to right: RGB composite of
the VNIR hyperspectral cube (true colors); result of the Spectral Angle Mapper (SAM) classification made with ENVI on
the VNIR hyperspectral cube; result of the SAM classification made with ENVI on the SWIR hyperspectral cube. (b) Table
showing which mineral class the SAM classification colors correspond to and the surface abundance of each mineral class

in the VNIR and SWIR domains. (c) Reflectance spectrum of each mineral class after SAM classification in the VNIR and
SWIR domains. The graphs were placed side by side to observe continuity between domains, although a gap in absolute

reflectance might be observed between the two different instruments. The wavelength units chosen for this graph are

nanometers.
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1.3 pm with broad shoulders at 0.8 and 1.7 pm. The same absorption band is observed on the total rock spectra
of all studied macroscopic samples and on the USGS anorthite spectrum (Figure 4, Kokaly et al., 2017). We
therefore conclude that this absorption is the spectral signature of plagioclase feldspar. It should, however, be
noted that in the groundmass of volcanic samples, which is composed of plagioclase and mafic minerals (such as
olivine, pyroxene, biotite, or amphibole), this band is no longer visible (Figure 5c). Both the presence of mafic
minerals and the smaller crystal sizes could explain why plagioclase absorption band vanished in the ground-
mass. Mafic minerals are indeed known to mask the spectral signature of plagioclase by overlaying or attenuating
its absorption band (e.g., Cheek & Pieters, 2014).

In the spectra of the macroscopic samples acquired with the ASD Fieldspec 4 (Figure 4), the position of the
plagioclase-related absorption band seems to vary. This band center varies from one sample to another: it is
observed around 1.16 for NJ2 (dacite) and NJ11 (granite), 1.19 for NR1 (basalt), 1.38 for NR2 (basalt), and
1.45 pm for NM6 (anorthosite). These values are not always consistent with the results obtained using the hyper-
spectral cameras (Table 1f). For instance, the average spectrum of the plagioclase mineral group in basalt NR1
(measured with the hyperspectral cameras) has an absorption band centered at 1.29 pm while the spectrum of the
macroscopic sample (measured with the ASD Fieldspec 4) has an absorption band centered at 1.19 pm. Basalt
NR1 also contains olivine crystals which have a broad absorption centered around 1 pm, which likely contribute
to the total rock spectrum. Hence, the observed absorption in the total rock spectrum is likely a combination of
both the olivine and plagioclase signatures. The shape of the absorption band can indeed be related to the plagi-
oclase chemical composition but also to the grain size: the larger the size of the grains, the deeper the plagioclase
absorption band.

The presence of other minerals may contribute to the total spectrum of the rock in both its macroscopic and
crushed state, as confirmed by the analysis of the spectra of powders NR1 and NR2 (basalts), which both have
an absorption band related to the presence of olivine centered around 1 pm. On these powder spectra, only the
olivine spectral signature at 1 pm is visible, whereas these crushed rocks contain ~43% of plagioclase according
to the hyperspectral data (Table 1b). The ambiguity due to the presence of an olivine absorption band on the
powder spectra led us to work with whole, uncrushed rocks as a better analog to Mars remote sensing data.

Other minerals in spectral libraries can display absorption features at similar wavelengths than plagioclase,
such as biotite, pyroxene, muscovite, chlorite, glass, or almandine garnet (e.g., Henderson et al., 2020; Horgan
et al., 2014; Scudder et al., 2021; Wray et al., 2013). Biotite is part of the mineral assemblage that makes up NJ2
(dacite) and NJ11 (granite) samples, plotted in yellow (NJ2) and red (NJ11), respectively, in Figure 4, whereas
chlorite and muscovite are common alteration products of biotite and plagioclase respectively. The 1.2 pm
absorption band of biotite, unlike plagioclase, does not have a left shoulder in the visible range. This observa-
tion is confirmed by the average spectrum of biotite obtained after processing hyperspectral VNIR and SWIR
images. Biotite also has a diagnostic doublet absorption at 2.33 and 2.40 um that helps to discriminate it from
other minerals, while chlorite and muscovite present diagnostic absorptions at 2.32/2.39 pm and 2.35/2.44 pm
respectively. Chlorite, muscovite, biotite, and other plagioclase alteration products, also have a broad absorption
band centered around 1.2 pm in addition to typical H,0O and -OH absorptions around 1.4 and 1.9 pm. Therefore,
we cannot exclude that the biotite, muscovite, and chlorite signatures add up to the plagioclase absorption band
feature to make the final band observed in the total rock spectrum. What should be noted here is that plagioclase
contributes to the presence of an absorption band around 1.3 pm on the total rock spectrum of all samples.

Our study, therefore, shows that it is indeed possible to detect the presence of plagioclase feldspar in a magmatic
rock, even though it does not contain 90% feldspar, and regardless of its nature (e.g., effusive rock NR1 shown in
Table 1b contains ~54% of plagioclase according to hyperspectral data).

Both VNIR and SWIR hyperspectral cubes were used to provide estimates of surface percentages from the classi-
fication statistics (Figure 5b, Table 1b, Figures S3—S6 in Supporting Information S1), with discrepancies between
the VNIR and the SWIR cubes. We argue that these differences could have two distinct origins: (a) the VNIR
cube has a resolution twice that of the SWIR cube. The pixel size in the SWIR is sometimes too large for the clas-
sification to efficiently distinguish the groundmass from the plagioclase microlites; and (b) in the VNIR range,
the plagioclase crystals and microlites spectra are too similar for the classification to distinguish the plagioclase
crystals from the plagioclase microlites. Thus, in the example of the NR1 sample (Figure 5), the obtained percent-
age is between ~42%, obtained in the VNIR, and ~66%, obtained in the SWIR.
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The amount of plagioclase was estimated based on hyperspectral camera data but also on SEM chemical maps.
Comparing the results of the two methods for samples NJ2 (dacite), NJ11 (granite), and NR2 (basalt) in Table 1a
and 1b, large differences in values are observed. NJ11, taken as an example, the SEM data give 17.55% plagi-
oclase while hyperspectral camera data give 47.61%. In NJ11 and NR2, some plagioclase crystals are altered:
altered and fresh plagioclases are similarly classed from hyperspectral camera data, while altered and fresh plagi-
oclases are differentiated in SEM chemical maps. Another source for discrepancies is the texture of samples NJ2
and NR2, which are volcanic rocks with plagioclase microlites in the groundmass. The plagioclase microlites are
not considered in the total percentage of plagioclase contained in NJ2 and NR2 based on the noisy SEM data,
unlike the classification made based on hyperspectral data.

4.2. Influence of Plagioclase Composition
4.2.1. Correlation Between the Fe and An Contents

Pure feldspars are considered to have no absorption band in the VNIR and SWIR ranges. However, plagioclase
feldspars can incorporate a small amount of Fe?* in their structure. An absorption band centered around 1.25 pm
is then visible on their reflectance spectrum (Adams & Goullaud, 1978): the greater the amount of Fe>* incorpo-
rated, the deeper the absorption band at 1.25 pm (Bell & Mao, 1973).

The incorporated ferrous iron can occupy M-sites by replacing Ca>* (Appleman et al., 1971; Hafner et al., 1971;
Hofmeister & Rossman, 1984). About 90% of the time, however, Fe?* occupies T-sites with a double substitution
of Fe** + Si*+ & 2A13* (Adams & Goullaud, 1978; Longhi et al., 1976; Lundgaard & Tegner, 2004). In both
cases, the plagioclase feldspar will have an absorption band ~1.25 pm on its reflectance spectrum, although
occupation of the T-sites will result in an absorption band twice as deep as when Fe?* occupies M-sites sites
(Burns, 1993). Only plagioclase feldspars can incorporate Fe?* since they are the only feldspars composed of
Ca®* and 2A1** (Smith & Brown, 1988). Alkali feldspars, on the other hand, do not have the necessary chem-
ical composition to host Fe>* although they may sometimes contain plagioclase impurities and thus exhibit a
~1.25 pm absorption band.

The chemical analyses carried out on the five terrestrial feldspar-bearing rock samples with the EPMA were
therefore performed in order to determine the composition of feldspars, potassic and plagioclase, of microlithic
and porphyritic size. The results are gathered in a feldspar diagram (Figure 3a). The crystal chemical composi-
tions in the five samples cover a wide range of possible plagioclase feldspar types.

To understand the influence of plagioclase composition on their spectral signature, we compare the An content
with the Fe content (Figure 3b), and the An content with the position of the plagioclase absorption band obtained
with the classification on hyperspectral cubes (Figure 3c). A positive correlation between the content of An and
Fe is observed. This relationship could be related to the evolution of the magma composition during its crystal-
lization as observed in various cases (e.g., Bowen, 1928; Couturié, 1977; De Wit & Kruger, 1990; Irvine, 1970).
Ca-rich plagioclase and iron oxides are therefore expected to be among the first minerals to form in magmas.
Over fractional crystallization, most magmas become gradually depleted in calcium and iron, and, hence, plagi-
oclase becomes less and less calcic. This is in line with our EPMA analyses that show that the cores of plagioclase
crystals are richer in An than the margins, suggesting that the amount of Ca decreased in the magma as it cooled
down and crystallized. Alternatively, the redox state of the magma, which also evolves during crystallization,
could possibly explain why more sodic plagioclase contain less iron, assuming that the iron is in the Fe3* state in
more evolved melts. Among the unknowns, there is the possible effect of crystallization speed and cooling rates
on the incorporation of iron into plagioclases.

Our results show a clear correlation between An and Fe content, in spite of Lundgaard and Tegner (2004) results
that suggest that Fe content is independent of plagioclase composition. In addition to the availability of the differ-
ent elements in the magma during its crystallization, the initial composition of the magma, its redox state and the
cooling rate are among the many factors that could play a role in the incorporation of Fe?* in feldspars.

Our data are well-correlated except for one of the data points in NJ11 (granite), which contains 0.88 wt% FeO
(Figure 3b); hence, it is seven times richer in iron than the other crystals studied. This measurement was made
on the edge of a plagioclase crystal, close to a mafic mineral, which likely biased the final result. This hypothesis
is supported by the fact that the center of this plagioclase crystal was also analyzed and gave an iron content of
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0.08 wt% despite similar An content. The 0.88 wt% FeO point in NJ11 will therefore not be taken into consider-
ation in the following discussion.

The overall trend in the data (Figure 3b) therefore indicates a positive correlation between the An and FeO
content. Within the same sample, however, this trend is not always observed, like in the NR1 (basalt) sample.
In our samples, we observe that the microcrystals contained in the groundmass contain less An than the large
crystals but more iron. Within a sample, as NR1, the observed trend is then inverse to that of the entire collection.

4.2.2. Correlation Between the Band Center Position and the An Content

Figure 3c shows a correlation between the An content and the position of the plagioclase absorption band at
~1.3 pm: the more An in plagioclase, the more shifted to longer wavelengths the center of the absorption band.
The trend therefore seems to indicate a correlation between An content and the position of the absorption band,
with the exception of labradorite. Indeed, plagioclase crystals contained in NR1 (basalt) are richer in An, with
67.17%An, than NM6 (anorthosite), with 53.63%An; yet, the former has an absorption band centered at 1.29 pm
and the latter at 1.42 pm (Table 1c and 1f). The same result was observed by Adams and Goullaud (1978), which
showed that labradorite has an absorption band around 1.3 pm while anorthosite, which is richer in An, has an
absorption band around 1.25 pm (Figure 3c).

Potassic feldspars in samples NJ11 (granite) and NR2 (basalt) also contain iron: 0.02 and 1.46 wt% on average,
respectively (Table S1 and Figure S9 in Supporting Information S1). The structural formula of potassic feldspars
has only one Al**. The mechanism of double substitution to incorporate Fe?* (Smith & Brown, 1988) is there-
fore not possible for these minerals. These amounts of iron therefore correspond to the incorporation of Fe3*
by feldspar. The presence of Fe* in the structure of a mineral results in the presence of a characteristic band at
~0.86 pm, due to the absorption of blue light by the mineral, giving the red color (Adams & Goullaud, 1978).

NJ11 sample contains sanidine feldspar based on EPMA analyses. The presence of orthoclase is visible in the
VNIR hyperspectral data since the reflectance spectrum of potassic feldspar has an absorption band at 0.90 pm
(Figure S4 in Supporting Information S1). It should be noted, however, that iron is present in small quantities in
NJ11 K-feldspar crystals compared to NR2. However, the reflectance spectrum in the VNIR of the anorthoclase
contained in NR2 does not show an absorption band around 0.86 pm potentially masked by the spectral signature
of mafic minerals (Figure S6 in Supporting Information S1).

Although we have analyzed an average of four crystals per sample, which allows us to obtain 40 data points, in
order to confirm the trends identified by our EPMA analyses, it is necessary to study a wider range of samples.
This would ultimately allow us to assess the amount of Fe necessary to observe such absorptions, the influence of
associated minerals, and to better understand the actual relationship between the position of the feldspar absorp-
tion band and its An and Fe contents.

4.3. Implications for Mars

Remote sensing, meteorite and in situ data consistently indicate that the surface of Mars is mostly basal-
tic in composition (e.g., McSween et al., 2003). However, according to recent geophysical models (Baratoux
et al., 2014), large volumes of anorthositic or felsic rocks, less dense than the surficial basalt, may be buried
under the southern highlands of Mars. This lower crust could be the source of some of the more exotic composi-
tions recently detected from orbit (e.g., the anorthosites of Carter and Poulet (2013)), or observed in situ in Gale
Crater by the Curiosity rover (e.g., the granodiorites of Sautter et al. (2016)), although fractional crystallization
and other magmatic processes can also explain the occurrence of more alkaline and/or evolved, trachytic (Sautter
et al., 2015) and dacitic (Christensen et al., 2005) compositions, locally.

The total rock spectra, obtained using the ASD Fieldspec 4, are comparable to the data obtained using hyperspec-
tral sensors onboard Martian satellites. Indeed, recent detections of plagioclase feldspars (Carter & Poulet, 2013;
Farrand et al., 2021; Flahaut et al., 2022; Payré et al., 2022; Phillips et al., 2022; Rogers & Farrand, 2022; Wray
et al., 2013) were made using remote sensing instruments observing the surface of Mars. The interpretation of
these signatures, in terms of lithologies is still under discussion given the variety of geological contexts presented
in several studies (Carter & Poulet, 2013; Farrand et al., 2021; Flahaut et al., 2022; Payré et al., 2022; Phillips
et al., 2022; Rogers & Farrand, 2022; Wray et al., 2013).

Our study further shows that a number of rock types can carry plagioclase signatures, leading to many possible
interpretations. Detections of plagioclase on the surface of Mars could be consistent with primitive anorthositic
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rocks (Carter & Poulet, 2013; Phillips et al., 2022), as well as secondary volcanic rocks (Farrand et al., 2021;
Flahaut et al., 2022; Payré et al., 2022; Rogers & Farrand, 2022), or even felsic tertiary rocks (Sautter et al., 2015),
given that all of our anorthosite, basalt, dacite and granite rock samples show similar signatures. The construction
of a reference library acquired on macroscopic rock fragments that we undertook should lead to a more accurate
interpretation of Martian detections.

4.4. Limits and Perspectives

The chemical composition of plagioclase feldspars, grain size, and associated minerals play a major role in the
VNIR spectral signature of the macroscopic rocks. Our study shows that the signature of plagioclase is visible on
all the total rock spectra but not systematically on the spectra of powders. Rocks containing only few mafic miner-
als, such as NM6 (anorthosite), which contains between 5% and 10%, display a plagioclase absorption band on
their powder spectrum only slightly affected by the signature of mafic minerals. As shown in the study of Cheek
and Pieters (2014), the four other samples have their powder spectrum dominated by the mafic mineral spectral
signatures, which overlay or attenuate the plagioclase absorption band.

Whether samples are studied as a macroscopic rock or as powder will cause variations in its VNIR spectral
signature. The grain size has indeed been shown to strongly influence the spectral signature, including its pres-
ence, shape, width, and intensity (Clark et al., 2003). The study of macroscopic samples and not powders in the
laboratory therefore seems to be more accurate for the study of rocks on the surface of planets by remote sensing.

As discussed in Section 4.1, associated minerals can also contribute to the average spectrum of the macroscopic
sample and modify the resulting plagioclase absorption band center and shape. It would be interesting to study
the asymmetry and width of the absorption band around 1.3 pm to determine potential overprints from biotite
and olivine minerals, among others.

The surface alteration of samples and natural roughness were not accounted for in our study; however, these
factors are known to influence the spectral signatures of rocks. All of our measurements were indeed carried out
on fresh cut pieces of rocks, which is not an ideal match to the naturally exposed outcrops which are on Mars.

Spectral data obtained in this study can be applied to the study of feldspar-bearing igneous rocks at the surface
of rocky planets as we measured directly on natural macroscopic samples, instead of pure minerals and powders.
Still, it is necessary to consider the significant difference in scale between our laboratory studies, at a centimeter
scale, and the resolution of remote sensing data, at a decameter scale. We made sure to analyze a representative
part of our rock samples, shown in Figure 1; however, more heterogeneities in Martian outcrops could regularly
exist given the spatial resolution of the instruments which are used (18 m/pixel at best for the Mars CRISM
instrument).

5. Conclusions

Five feldspar-bearing macroscopic samples were analyzed using optical microscopy, SEM, EPMA and reflec-
tance spectroscopy (point-spectrometer and hyperspectral cameras). The samples were characterized spectrally,
petrographically, and geochemically in order to describe in detail the samples and try to relate their VNIR spectral
signature to one of the plagioclase feldspars. The results show that the absorption band of plagioclase feldspars
in the VNIR domain is visible on all five of the macroscopic samples spectra even though they contain varying
amount of plagioclase (~30%-80%), but not necessarily on the corresponding powders. Analyses of mineral
classes average spectra with the hyperspectral cameras confirm that the observed feature around 1.3 pm is related
to plagioclase feldspar minerals, although associated minerals such as olivine or biotite tend to overlap and distort
the resulting signal in the total rock spectra.

The position of this absorption band was compared with the chemical composition of the plagioclases and more
precisely their iron and anorthite content. Our results suggest that there are correlations between the FeO and the
An content, as well as the plagioclase absorption band center position, which generally increases with the An
content (with the exception of labradorite, as already noted in previous studies). Laboratory analyses on a larger
set of samples would be needed to understand those trends more accurately.

Our results demonstrate that grain size, plagioclase composition, and associated minerals must all be taken into
account when interpreting VNIR spectral signatures of plagioclase; this finding contributes to the understanding
of recent mineral detections made on Mars.
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