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Abstract we investigated mid-infrared reflectance spectra of anorthosite samples from Mt. Briand
near the Manicouagan impact structure. Microprobe analyses of the plagioclase minerals reveal that

they have a similar chemical composition (labradoritic), which is corroborated by the location of the
Christiansen Feature at around 7.96 um (1256 cm™"). However, their respective spectral shapes differ
from each other in the region of the reststrahlen bands. This is linked to the degree of Al,Si order within
the plagioclase minerals, which also correlates with the previously assumed distance of the sample site to
the impact melt. Powdering and sieving led to remarkable changes in the spectra resulting from different
mechanical stability of minerals contained in the sample. Our data show that even very weakly shocked
(6-10 GPa, shockstage S2) anorthosites could show spectra of AlLSi disordered plagioclase which we
attribute to post shock heating after the impact shock. Consequently, the degree of Al,Si order has to be
taken into account in the interpretation of remote sensing data. A comparison of synthetic linear mixture
with an average Mercury spectrum reveals the possible presence of more or less anorthositic material with
reduced degree of Al,Si order of the plagioclase component on Mercury's surface. The results of our study
are helpful for the interpretation of data returned by space missions, especially for MERTIS - an infrared
spectrometer on its way to Mercury.

Plain Language Summary The studied rocks, which contain predominantly the feldspar
mineral plagioclase, are very common in our Solar System, for example, on the Moon and probably also
on Mercury. The surface of planets without atmosphere, like Moon and Mercury are constantly the target
of asteroid impacts. These impacts cause changes in the constituents of the rocks. The studied samples
are from the area near a meteorite crater and show weak effects of the former meteorite impact. The
infrared spectra of the samples have different shapes. This shape does not correlate with the chemical
composition, but with the distribution of aluminum and silicon ions in the plagioclase components of the
investigated samples. This distribution is often underestimated in remote sensing. Our study shows that
this distribution of these ions is related to a previously assumed distance of the sample location from the
impact. The results are useful for interpreting remote sensing data coming back from space missions. In
our case, in particular, from an infrared spectrometer on its way to the planet Mercury called MERTIS.
The study also presents a spectrum calculated from various mineral spectra comparable to the samples
analyzed. This spectrum shows similarities to an average Mercury surface spectrum and suggests that the
feldspars on the Mercury surface have a very disordered ion distribution.

1. Introduction

Anorthosites are plutonic rocks like diorites and gabbros, with a plagioclase content of > 90% but with minor
mafic mineral phases (e.g., pyroxenes) of less than 10% (Le Maitre, 2002). Plagioclases are the solid solution
between a Na-endmember (NaAlSi;Og/Ab) and a Ca-endmemeber (CaAl,Si,Og/An). Plagioclases can also
contain some potassium (KAISi;Og/Or). In addition to the chemical composition, plagioclases are charac-
terized by their degree of Al,Si order. The term low plagioclase indicate crystals with high Al,Si order and
high plagioclase indicate crystals with low Al,Si order (Ribbe, 1983). A change of the AlSi order does not
change the chemical composition. However, both properties, chemical composition as well as ALSi order,
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Figure 1. Relief overview of the Manicouagan impact structure with Mt.

Babel and the location of sampling site outside the crater at Mt. Briand
which is located in anorthositic bedrock (e.g., Grieve & Floran, 1978).

affect the shape of the mid-infrared (mid-IR) reflectance spectra (Reitze
et al., 2020, 2021). On the surfaces of planetary objects without atmos-
phere, space weathering (large meteorite impacts, micrometeorite bom-
bardment, as well as radiation originating from the Sun and the Galaxy)
plays an important role (e.g., Bennett et al., 2013, and references therein).
Shock experiments showed that spectra of plagioclases and anorthosites
tend to lose mid-IR bands corresponding with the shock pressure (e.g.,
Johnson, 2012; Johnson et al., 2003; Jaret, Johnson, et al., 2018). Similar
changes in the mid-IR plagioclase spectra occur in natural and synthetic
samples that have a reduced degree of Al,Si ordering, but whose origin
is not shock but temperature induced (Reitze et al., 2021). Without any
shock, the AlLSi distribution is depended on the temperature for a giv-
en chemical composition (Ribbe, 1983). These spectra could therefore
be misinterpreted as shocked plagioclases in the mid-IR. Investigations
of the plagioclases from the Lappajirvi crater, Finland, revealed an al-
most highest possible degree of disorder, showing a complex interaction
of shock and the impact melt (Bischoff & Stoffler, 1984). Simulated mi-

crometeorite bombardment with laser irradiation of powder pressed pellets leads to a decrease of spectral
contrast of the Reststrahlen bands (RBs) of plagioclase feldspar samples and a formation of smaller grain
sizes due to a gardening process, which disturbs the flat surface of the pellets (Moroz et al., 2014; Weber
et al., 2020).

The strongly eroded Manicouagan crater, Canada, is around 60 km in diameter with a central peak (Mt. Ba-
bel) and is located in Precambrian gneises (Dworak, 1969). Its age was determined with different methods
to approximately 215.4 Ma (Jaret, Hemming, et al., 2018). Plagioclases of Mt. Babel are highly disordered
with respect to their Al,Si distribution and sometimes converted into diaplectic glass, whereas plagioclase
samples from Mt. Briand which is located north-northwest outside the crater (Figure 1), showed a greater
degree of order (Dworak, 1969; van Soest et al., 2011).
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Figure 2. Thin section spectra of the three bulk rock samples. The
measuring range of MErcury Radiometer and Thermal Infrared
Spectrometer is indicated by the gray background between 7 and 14 um

(1,429 cm™ and 714 cm ™). The mean Christiansen Feature (CF) is around

7.95 um (1,258 cm™") indicated by the black dotted line. The reststrahlen
bands of the 10BD3 and 10BD2 sample are relatively similar with three
clear peaks whereas the spectrum of the 10BD5 sample only show two
clear peaks. Below the CF the spectra show an often observed oscillating
feature of thin section spectra probably originated from the highly

reflecting surface.

Besides Earth, where feldspars make up the most prominent mineral
in the crust, plagioclases are especially widely distributed on the Moon
(e.g., Wood et al., 1970). Mercury's surface is also thought to be composed
of plagioclase-rich material (e.g., Evans et al., 2012; Nittler et al., 2011;
Sprague et al., 1997; Vander Kaaden et al, 2017).

In October 2018, the BepiColombo spacecraft was launched to investi-
gate Mercury. Onboard the spacecraft is the MErcury Radiometer and
Thermal Infrared Spectrometer (MERTIS), which will explore Mercury's
surface in the mid-IR (Hiesinger et al., 2010, 2020). The goals of MERTIS
are studying and mapping the surface mineralogy as well as the ther-
mal inertia (Hiesinger et al., 2010). For this, MERTIS measures in the
wavelength region from 7 to 14 pm (1,429 cm™ to 714 cm™') with 78
channels (Spectrometer Channels/TIS) and from 7 to 40 um (1,429 cm™*
to 250 cm™) with 2 channels (Radiometer Channels/TIR) (Hiesinger
et al., 2010, 2020).

In April 2020 a swing-by at the Earth-Moon system allowed MERTIS to
study the Moon's surface from a distance of around 700,000 km. Because
anorthosites are widely distributed on the Moon (e.g., Wood et al., 1970),
knowledge of the mid-IR behavior of well characterized analogue sam-
ples of this rock type is essential for the correct interpretation of the ac-
quired MERTIS spectra. In addition, mid-IR spectra of Mercury's surface
will likely contain plagioclase-rich material. Thus a detailed comprehen-
sion of such material, its spectral behavior, and how different processes
influences the spectra, is necessary for an accurate interpretation of the
spectra. In the past, several mid-infrared studies investigated the mercu-

REITZE ET AL.

20f12



Ay
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Planets

10.1029/2021JE006832

Wavenumber cm™

rian surface with Earth-based telescopes in order to determine the sur-

2000 1400 1050 850 700 600 {QBD2 face mineralogy (e.g., Sprague et al., 2009, and references therein). Some
0-20 i ' ' ’ ’ Geometry i13°e13° of these studies report feldspars (potassium feldspar and plagioclase
feldspar) as potential rock forming minerals at Mercury's surface (e.g.,
g ry g
- 3128(;851'32 Sprague et al., 1997, 2009). Furthermore, old surfaces of planets under-
went numerous impacts, which affected the present minerals. There-
219 Fel fore, in this study our focus is on weakly shocked anorthosite samples
0.15 eldspar '
component as planetary surface analogue material. The spectra of the rock samples
50 um - 200 um were analyzed due to effects which are caused by the properties of the
M H Y y
5 minerals. This will help to distinguish between impact related effects and
% intrinsic structural related effects on the mineral spectra. In addition,
x 221 Feldspar 2 we present a comparison of a telescopic hermean spectrum taken from
2040 | —— component ) . . o
8 50 um - 200 um Sprague et al. (2000) with synthetic spectral mixtures of material similar
§ to the analyzed anorthosites.
(o]
% 220 Dark 3
o ?Iarlrzgﬁgine-rich 2. Samples and Analyses
0.05 S0pum - 200 pm 2.1. Sample Characterization
%230532'; 4 The analyzed rock samples 10BD2, 10BD3, and 10BD5 originating from
—_— Aﬁgite /Diopside Mt. Briand near the Manicouagan impact structure are reference sam-
50 um - 200 pm ples of the dissertation by Trieloff (1993). The samples are very weak-
0 ly shocked (maximum 6-10 GPa) anorthosites (Stoffler et al., 1991),

6

Figure 3. 10BD2 powder spectra of the original mineral separates
taken from (Trieloff, 1993): bulk sample, two feldspar components, and
two different dark phases. The bulk rock spectra is strongly affected by
the feldspar component. The two spectra of the feldspar components
differ only slightly from each other, especially the peak around 9 um
(1,111 cm™). The dark phases have no visual impact on the form of the

Wavelength um

bulk sample spectrum.

8 10 12 14 16 18

which were used to determine the age of the Manicouagan event (Tri-
eloff, 1993). Phase analysis of the thin sections of the anorthosites sam-
ples reveled a homogeneous distribution of the minerals, which were
crystalline. Plagioclase is the most abounded phase with minimum 95%,
followed by garnet (up to 5%), and small amounts of pyroxen and titan-
ite (both < 1%). Some of the plagioclases show fractures and undulatory
extinction. The handpieces were crushed and mineral separates were
prepared by Trieloff (1993): One separate, which contains feldspar (two
feldspar seperates for sample 10BD2, respectively) and two dark phases
for sample 10BD2 (labeled Dark3 and Dark4) as well as three dark phas-
es for samples 10BD3 (labeled Dark3, Dark4-, and Dark4+) and 10BD5
(labeled Dark1, Dark2, and Dark3). The bulk rock samples were sieved to grain size fractions of >200 pum,
100-200 um, 60-100 um, and <60 um. The separates of feldspar have a mean grain size between 90 and
121 um determined by light microscopy. We took one part of the feldspar mineral separates and sieved it
in a fraction from 63 to 125 pm and a remaining fraction containing larger crystals. We reanalyzed the thin
sections of the hand specimens to verify the mineralogical composition also via light microscopy. The thin
sections of the three bulk rock samples were also analyzed with JEOL JXA-8530F Hyperprobe electron
probe microanalyzer (EMPA) at Institut fiir Mineralogie (IfM) at the Westfilische Wilhelms-Universitit
(WWU) Miinster with 15 kV acceleration voltage and a beam current of 15 nA and the usage of natural
and synthetic standards to determine the chemical composition of the feldspar component (Jarsoewich
et al., 1980).

2.2. Infrared

For the IR measurements, we took the powdered bulk rock samples and mineral separates prepared for
Trieloff (1993). A Bruker 70v FTIR spectrometer with a liquid nitrogen cooled mercury cadmium telluride
(MCT) detector was used for the mid-infrared reflectance measurements between 2 and 18 um at the In-
frared and Raman for Interplanetary Spectroscopy (IRIS) lab at the Institut fiir Planetologie at the WWU.
The powder samples were measured with a grazing angle unit A513 which measures bi-conical reflectance
with an incident angle of 20° and emergent angle of 30° (i20° €30°) and with an incident and emergent
angle of 13° (113° e13°). The thin sections of the bulk samples were also measured with the grazing angle
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unit at i20° e30°, which leads with the used 2 mm aperture to a spot size

2000 1400 1050 850 700 600 10BD3 of 3.8-3.6 mm. All spectra were acquired in a vacuum of 2 hPa and room

0.05

T T

temperature (23°C to 25°C.) An INFRAGOLD™ rough gold standard was

Geometry i13°e13°
used for background calibration, for the thin sections, we used a polished

Tiishi et al., 1971). The Christiansen Feature (CF) at shorter wavelengths
than the RBs is visible as a pronounced trough in reflectance spectra
231 Dark4+ (peak in emissions spectra), which originates from a rapid change of

- Egg 01 SE’]DS gold mirror. The powder samples were placed in aluminum sample hold-
0.15 H . 227 Feldspar ers 1 cm in diameter with depths between 0.5 and 2 mm depending on
component the available amount of samples material and flattened with a spatula.
. 50 um - 200 um Each single channel spectrum of sample and background were calculat-
© ed through Fourier transformation of 512 single interferogram scans in
% ZD?C? Bi?jg( 3 double sided forward-backward scan mode. The reflectance was calculat-
+ 50 li)m - 200 um ed as the ratio of sample single spectrum to background single channel
3010 \ spectrum (7, /1, o onee)-
3 sample’ * reference
E 230 Dark4- Silicate minerals, especially feldspars, show distinct spectral features
8 — goa”:ﬁt_ sooum ™ the mid-infrared, RBs, due to stretching and bending of bonds be-
% H H tween Si,Al, and O ions in the tetrahedrons which change their wave-
o length with chemical composition as well as state of ALSi order (e.g.,

- g(?mﬁt- 200 um the refractive index (Logan et al., 1973). Reflectance spectra of samples

with a grain sizes below ~70 um show the Transparency Feature (TF),

| which is a broad peak caused by stronger volume scattering compared

6 8 1l0 1l2 14 16 18 to surface scattering (Pieters & Englert, 1993). A reduced grain size

Wavelength um

leads to a decreased overall reflectance and broader RB peaks (Pieters
& Englert, 1993).

Figure 4. 10BD3 powder spectra of the original mineral separates taken . . . . . .
from (Trieloff, 1993): bulk sample, feldspar component, and three different Autocorrelation analysis of infrared absorption spectra are widely used in
dark phases, where Dark4— and Dark4+ seem to be the same material. mineralogy to determine several sample characteristics (e.g., Malcherek

The bulk rock spectra is strongly affected by the feldspar component. The et al., 1995; Ballaran et al., 1999, for synthetic feldspars, and the chem-

dark phases may influence the bulk sample spectrum in the range above
11 um (909 cm ™) where the slope of the bulk spectrum is shallower than

in the pure feldspar spectrum.

ical composition of garnets respectively). The autocorrelation technique
is sensitive to the width of the analyzed peaks in the spectra. Reitze
et al. (2020) and Reitze et al. (2021) used the autocorrelation method to
analyze mid-IR reflectance spectra and were able to determine the degree
of ALSi order of alkali feldspars as well as plagioclase feldspars with the technique. The method uses the
wavelength of the CF and the width of the spectral autocorrelation function between 7.27 and 12.11 um
(Reitze et al., 2021).

3. Results

Light microscopy and EMPA analyses on the thin sections showed that the samples 10BD2, 10BD3,
and 10BD5 mostly contain plagioclase feldspar (10BD2 Ab,sAns,Or;, 10BD3 AbysAns,Or;, and 10BDS5
Ab,yAny,Or; all labradoritic, Table 1). Minor phases in the samples are garnet, titanite, pyroxen, saus-
suritized plagioclase, alkali feldspar, and iron oxide.

‘We focused our analysis on infrared spectra from 7 to 14 um, which is the measurement range of the MER-
TIS experiment. The following band positions were summed up in Table 1. The IDs refer to the IRIS spectral
database, available at www.uni-muenster.de/Planetology (Weber et al., 2018).

3.1. Thin Sections

Figure 2 shows the spectra of the three bulk sample thin sections measured with i20;e30 geometry. The CF
is at 7.97 um (1,255 cm ™) in the 10BD2 spectrum (ID 191), 7.98 um (1,253 cm™) in the 10BD3 spectrum
(ID 192), and 7.94 um (1,260 cm™") in the 10BD5 spectrum (ID 193). The wavelength region of the RB is
strongly affected by the feldspar within the samples. The spectra of samples ID 191 and ID 192 are relatively
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;‘;lel;:o}’t Micropobe Data for the Feldspars Taken from the Three Samples and Important Feature Positions of Bulk Samples and the Corresponding Components

Sample Oxides wt-% Std Dev Cations mol Std Dev

10BD2 Na,O 5.10 0.65 Na 1.34 0.17
MgO 0.07 0.00 Mg 0.00 0.00
AlL,O4 28.81 1.06 Al 4.60 0.18
SiO, 54.65 1.42 Si 7.41 0.17
K,O0 0.48 0.20 K 0.08 0.03
CaO 10.63 1.13 Ca 1.54 0.17
FeO 0.15 0.15 Fe 0.01 0.02
TiO, 0.00 0.00 Ti 0.00 0.00
Cr,0, 0.00 0.00 Cr 0.00 0.00
MnO 0.00 0.00 Mn 0.00 0.00
Total 99.89 Total 15.00

10BD3 Na,O 5.14 0.17 Na 1.35 0.04
MgO 0.07 0.02 Mg 0.00 0.00
AlL,O4 28.29 0.24 Al 4.53 0.02
Sio, 55.05 0.46 Si 7.48 0.02
K,O 0.48 0.08 K 0.08 0.01
CaO 10.40 0.16 Ca 1.51 0.03
FeO 0.13 0.04 Fe 0.01 0.01
TiO, 0.04 0.00 Ti 0.00 0.00
Cr,0, 0.00 0.00 Cr 0.00 0.00
MnO 0.02 0.00 Mn 0.00 0.00
Total 99.61 Total 14.97

10BD5 Na,O 5.46 0.12 Na 1.44 0.03
MgO 0.00 0.00 Mg 0.00 0.00
AL,O, 28.41 0.27 Al 4.54 0.03
Sio, 55.10 0.30 Si 7.47 0.03
K,O0 0.27 0.05 K 0.05 0.01
CaO 10.26 0.19 Ca 1.49 0.02
FeO 0.09 0.01 Fe 0.01 0.00
TiO, 0.00 0.00 Ti 0.00 0.00
Cr,0, 0.00 0.00 Cr 0.00 0.00
MnO 0.00 0.00 Mn 0.00 0.00
Total 99.59 Total 15.00
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Table 1

Continued

Sample ID Type CF RB, RB, RB; RB, TF Grain size

10BD2 191 Thin section 7.97 8.95 10.00 10.50 =

10BD3 192 Thin section 7.98 8.95 10.00 10.48 =

10BD5 193 Thin section 7.94 8.95 9.98 —

10BD2 215 Bulk Powder 7.96 8.76 9.96 > 200
216 Bulk Powder 7.97 8.76 9.96 100-200
217 Bulk Powder 8.00 8.76 9.96 60-100
218 Bulk Powder 8.02 8.80 9.96 11.1% 12.14 < 60
219 Fsp Powder 7.97 8.76 9.96 10.48% 50-200
220 Dark3 8.73 10.29 11.18 11.54 50-100
221 Fsp Powder 7.94 8.58 9.96 10.48" 50-100
222 Dark4 8.16 9.25 9.79 10.36 11.21 50-100

10BD3 223 Bulk Powder 7.93 8.85 10.02 > 200
227 Fsp Powder 8.00 8.83 9.96 10.48" 50-100
229 Dark3 8.11 9.12 10.00 10.38 10.99 50-100
230 Dark4— 8.11 10.31 11.18 11.54 50-100
231 Dark4+ 8.28 10.31 11.18 11.57 50-100

10BD5 232 Bulk Powder 7.94 8.95 9.92 > 200
236 Fsp Powder 7.93 8.81 9.92 50-100
237 Dark1 8.11 9.10 9.98 10.36 10.97 50-100
238 Dark2 8.24 10.18 11.15 11.51 50-100
239 Dark3 8.58 10.24 11.15 11.54 50-100

Note. Band positions and grain sizes in pm.

“Indicates a shoulder.

similar, but the ID 193 spectrum differs from the previous ones: All three samples show a clear RB peaks at
~8.95 um (1,117 cm™"). The spectra ID 191 and ID 192 have two further RB peaks at 10.00 um (1,000 cm™)
and 10.50 um (952 cm™") in ID 191 and at 10.48 um (954 cm™) in ID 192, respectively. In contrast, the ID
193 spectrum only contains one RB peak in this wavelength region at 9.98 um (1,002 cm ™).

3.2. Powder Samples

3.2.1. 10BD2

Figure 3 shows the spectra of 10BD2 powder samples, with bulk sample, feldspar components and dark
phases. The whole rock spectrum (ID 215) is strongly affect by the feldspar component (ID 219). The CF is
at 7.96 um (1,256 cm ™) in this spectrum (ID 215) compared to 7.97 um (1,255 cm™") in the feldspar compo-
nent 1 spectrum (ID 219) and 7.94 um (1,260 cm™") in the feldspar component 2 spectrum (ID 221). The two
feldspar spectra contain two large RBs, the stronger one at 9.96 um (1,004 cm™") shows a strong shoulder at
around 10.48 um (954 cm ™). In contrast, the weaker RB in the two feldspar spectra of sample 10BD2 shows
a peak at 8.76 um (1,142 cm™") in the ID 219 spectrum and a peak at 8.58 um (1,166 cm™") in the ID 221
spectrum. Otherwise, the two feldspar components differ not significantly from each other. The two dark
phases differ strongly from each other. The ID 220 spectrum contains one large RB peak at around 10 pm
(1,000 cm™) and a double peak around 11 wm (909 cm™). The ID 222 spectrum contains four RB peaks
between 9 um (1,111 cm™) and 11 pm (909 cm™") each with similar intensity.
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3.2.2. 10BD3

1 1 1

10BDS The spectra related with the sample 10BD3 are presented in Figure 4.
Geometry i13°e13° The bulk rock spectrum ID 223 is also strongly influenced by the feldspar
_ Eg%OBﬁrlﬁ rock component (spectrum ID 227) and shows a CF at 7.93 um (1,261 cm™)
236 Feldspar compared to 8.00 um (1,250 cm ™) in the feldspar spectrum. Nevertheless,
— component the width of the RB region of the ID 223 spectrum is slightly larger than
50 um - 200 pm the pure feldspar spectrum. This may indicate an influence of the dark
237 Dark 1 phase on the bulk rock spectrum. The feldspar spectrum ID 227 contains
—— Augite/Diopside two RBs, one at 8.83 um (1,133 cm™") and one at 9.96 pum (1,004 cm™)
50 pum - 200 um with a shoulder at around 10.48 um (954 cm™). The spectra ID 230 and
ID 231 (Dark phase 4+ and Dark phase 4—) are relatively similar showing
three clear peaks at around 10.31 um, 11.18 pm, and 11.54 um (970 cm ™,
238 Dark 2 895 cm™', and 867 cm™"), whereas the spectrum ID 229 is clearly dif-
—— Garnet ferent, showing three clear peaks at 9.12 pum, 10.38 pum, and 10.99 um

S0um-200Um (1 597 cm~, 963 cm™', and 910 cm ™).

3.2.3. 10BD5

Figure 5 shows the spectra related with the 10BD5 sample. As before, the
whole-rock powder sample spectrum (ID 232) is strongly affected by the
239 Dark 3 feldspar component (spectrum ID 236). The CF is at 7.94 um (1,260 cm ™)
- g(?ﬂ:ﬁt_ 200 um in the bulk rock sample and at 7.93 um (1,261 cm ™) in the corresponding
feldspar spectrum. The spectrum of the feldspar itself contains two RBs

6

8 10 12 14 16 18

Wavelength um

at 8.81 um and at 9.92 um (1,135 cm™ and 1,008 cm™). The spectra of
the dark phases are also very similar to the spectra of the dark phases of
the 10BD3 sample.

Figure 5. 10BD5 powder spectra of the original mineral separates taken

from (Trieloff, 1993): bulk sample, feldspar component, and three different
dark phases, where Dark 2 and Dark 3 seem to be the same material. The
bulk rock spectra is strongly affected by the feldspar component. The dark
phases may influence the bulk sample spectrum in the range above 11 pm
(909 cm™) where the slope of the bulk spectrum is shallower than in the

pure feldspar spectrum.

3.2.4. The Effect of Sample Preparation

As expected, the powdered and sieved bulk rock samples (however, they
are not the bulk rock samples anymore!) show changes not only due to
grain size but also due to sample preparation. Figure 6 shows this for
sample 10BD2. The CF of the 10BD2 bulk rock samples with a grain size
TF 200 pm is at 7.96 pum (1,256 cm™) and shifts to 8.02 um (1,247 cm™)
in the fractions with grain sizes smaller than 60 um. In addition to the
strong plagioclase dominated RB at 9.96 um (1,004 cm™) and shoulder at around 10.48 um (954 cm™), a
second shoulder appears in the spectrum of the finest fraction (ID 218) at around 11.1 um (901 cm ™) and a
sharp peak at 12.14 um (824 cm™) which is the TF.

4. Discussion
4.1. The Effect on Bulk Rock Spectra of Individual Mineral Components

The three infrared spectra of the weakly shocked anorthosite samples are highly affected by the plagioclase
components. In contrast to this, the minerals which only make up a maximum of 10vol% have only weak
to no effects on the bulk sample spectrum of the largest grain size fraction. Only sample 10BD5 may be
influenced by the dark mineral phases. Therefore, infrared remote sensing spectra of planetary surfaces
containing anorthosites such as the Moon's highlands should show mostly the plagioclase signature.

The mineral separates containing the dark phases are most likely garnet (ID 220, 230, 231, 238, and 239) and
pyroxene (ID 222, 229, and 237). The pyroxene component is a high Ca-pyroxene (e.g., Weber et al., 2016).
The garnet spectrum is comparable with almandine-rich absorption spectra (Ballaran et al., 1999), however
the comparability of absorption and reflectance spectra is low.
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The samples are a good analogue for parts of Mercury's surface, because

Reflectance (+offset)
o
o
(3]

0 i

2000 1400 1050 850 700 600 {10BD2 Bulk Rock deconvolution of Earth-based infrared spectra of Mercury showed, be-

T

Varying Gr:ain size sides a plagioclase component at some areas, accessory phases like pyrox-
Geometry i13°e13 ene and garnet as possible constituents (Sprague et al., 2009).

| 218 10BD2
<60pm 4.2. Effects of Al,Si Order
Figure 7 shows a comparison of the feldspars prepared from the samples
217 10BD2

with four different plagioclase feldspars taken from the IRIS database.
Sample ID 167 is a highly disordered pure albite (Reitze et al., 2020, 2021),
sample ID 127 is a synthetic plagioclase with a ~ labradoritic compo-
sition, with or near to highest possible disorder, sample ID 2 is a natu-
216 10BD2 ral low plagioclase with Ans;, and sample ID 126 a synthetic anorthite

60 um to 100 um

] 100 um to 200 um (Reitze et al., 2021). ID 2 and ID 127 have a comparable An-content as
the feldspars taken from the 10BD-samples (mean ~ Ab,;Ans,Or,). The
spectral differences between ID 2 and ID 127 are due to the different de-

21510BD2

— 5200pum gree of Al,Si order (Reitze et al., 2021). The wavelength of the CF is only
affected by the chemical composition of the plagioclases and the envi-
ronmental conditions (e.g., Conel, 1970; Donaldson Hanna et al., 2012;
Nash & Salisbury, 1991) but the exact correlation function is debatable
(Reitze et al., 2021). We are observing that the samples measured with
our setup produces comparable results for the CF wavelengths for natural

6 8 10 12 14 16 18 and synthetic samples of comparable composition. The RB at 8.75 um
Wavelength um (1,143 cm™) is related with Si-O stretching (Tiishi et al., 1971) and is ob-

. ) ) o servable in the plagioclase samples taken from the IRIS database, too.
Figure 6. 10BD2 bulk rock, crushed and sieved to different grain size The RB at 9.95 pm (1,005 cm™) (Si(Al)-O stretching, Hiishi et al., 1971) is

fractions. The spectral shape and wavelength of the CF is strongly affected
by different mineral proportions within the samples because of different

best matched with the spectra of samples ID 2 and ID 127, indicating a

mechanical stability of the different minerals within the sample. labradoritic composition. Nevertheless, also the high albite spectrum (ID

167) contains a strong RB peak in that wavelength region only slightly

shifted two shorter wavelengths indicating that careful spectral compar-

ison is necessary. The shoulder in the 10BD feldspar spectra is at around
10.48 um (954 cm™) and related to Si(Al)-O stretching (liishi et al., 1971). It corresponds with a peak in
the low plagioclase spectrum ID 2 and with a shoulder in the spectrum of sample ID 127. This shoulder
corresponds with the most intensive RB in the An,y, sample (ID 126), although, slightly shifted to longer
wavelengths. These observations hint, that the plagioclases in the 10BD samples are disordered with respect
to their ALSi distribution. Applying the method derived in Reitze et al. (2021) to determine the degree of
AlSi order of plagioclase samples based on mid-IR reflectance data, the feldspars taken from 10BD2, ID 219
and ID 221, have a degree of Al,Si order of 0.37 and 0.27, respectively (mean 0.32). The feldspar taken from
10BD3 (ID 227) has an ALSi degree of order of 0.30. The sample ID 236 taken from 10BD5 has an degree
of order of 0.44 and is therefore the most ordered one. The range of possible degree of AlSi order for plagi-
oclase samples with ~ Any, is from approximately 0.12 to 0.45 (e.g., Kroll & Ribbe, 1980).

4.3. Implications of the Formation History of the Feldspars

Plutonic rocks like our anorthosites from Mt. Briand are characterized by slow cooling allowing to form
a high degree of AlSi order in the plagioclase. Shock experiments with shock pressures up to 45 GPa by
Ostertag and Stoffler (1982) showed that the Al,Si distribution of feldspars remained unchanged due to a
shock. However, short heating up to 100 h of these experimentally shocked samples lead to a fast loss of AlSi
order (Ostertag & Stoffler, 1982). This fast change of the Al,Si distribution was attributed to an enhanced
ALSi diffusion in shocked feldspars (Ostertag & Stoffler, 1982). In addition, the diffusion of the cations K,
Na, and Ca were also strongly enhanced (Ostertag & Stoffler, 1982). Furthermore, just like extremely high
shocked plagioclases (e.g., Jaret, Johnson, et al., 2018), the state of ALSi order has a very large influence on
the mean-IR spectra of plagioclases (Reitze et al., 2020, 2021). This means, disordered samples could easily
be misinterpreted for shocked samples in mid-IR spectra. Our samples 10BD2, 10BD3, and 10BD5 are only
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very weakly shocked and the shock wave temperature achieve a value of

2000 1400 1050 850 700 600 10BD Plagioclases 20°C to 50°C (Trieloff, 1993). Since there is no evidence of higher shock

0.25

0.20
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iy
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Reflectance (+offset)
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=
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0.05

T

Grain size 63 um to 125 um in our samples originating from the plutonic bedrock outside the crater
Geomery 120° 307 from Mt. Briand, such as planar deformation lamellae, increased bire-
167 High fringence or even amorphous regions (Jaret, Johnson, et al., 2018; Stoffler
17 Albite Ang et al., 1991), we assume that the Al,Si distribution of the feldspars was

altered by the heat transferred outside, which was provided by the impact

_ 1z High melt, after the impact. Moreover, the samples with the highest disorder
Plagioclase Anso experienced the longest time (80 h) of a temperature of around 1,100°C
2 Low after the impact (Trieloff, 1993). The sample with a mean degree of order
~ Plagioclase Ang3 experienced an intermediate time (50 h) of such high temperatures and
126 Anigo the ordered one experienced only 8 h (Trieloff, 1993). These time-temper-

ature-correlations were calculated by Trieloff (1993) using the Ar-Ar-data
and were interpreted in terms of distance (not necessarily into the depth)
between the impact melt and the location of the samples. Therefore, this

236 10BD5 observation is important for the interpretation of the remotely acquired
~ Feldspar mid-IR spectra of atmosphereless planetary surfaces: It must be consid-
227 10BD3 ered that even weakly shocked anorthosites can have a reduced degree
~ Feldspar of order within their plagioclase components without the formation of
devitrified diaplectic or fusion formed glass, which leads consequently to
221 10BD2 spectra dominated by high plagioclases. This is especially important for
| = Feldspar2 the MERTIS observations of Mercury and the heavily cratered highlands
219 10BD2 of the Moon.
~ Feldspar 1

The spectral changes associated with crushing and sieving are related
to the different original sizes and the mechanical stability of the vari-

Figure 7. Comparison of the feldspar separates taken from the 10BD

6 8

10 12 14 16 18
Wavelength um

ous minerals within the rock sample. The plagioclase crystals in the
anorthosites are larger than the dark phases and break up later during
pulverization. Sieving such an anorthosite sample leads to a different
mineral composition in the different grain size fractions. Therefore, the

samples with four selected plagioclase samples: Pure high albite, a bulk rock samples are richer in dark phases and therefore the spectra are
synthetic high plagioclase with ~ Ans, (labradorite), a natural low more influenced by the dark phases. Vice versa, the grain size separates
plagioclase with ~ An;, and a synthetic pure anorthite. The black with smaller sizes contain less of the dark phases, which was already

line indicates the mean wavelength of the feature taken from the four
feldspars taken from the 10BD samples. The three dotted lines indicate
the mean wavelength of the two reststrahlen bands visible in the 10BD

shown for lunar mare soils by Taylor et al. (2001). This process has to be
considered when studying laboratory analogue material but also for real

feldspar spectra and the position of one shoulder. The feldspars of the planetary surfaces. If a rock is composed of different minerals, each of
10BD samples best match with the high plagioclase with labradoritic which exhibiting different mechanically stabilities and weathering prop-
composition. erties, meteoroid bombardment can become a mineral-specific break-up

process. Because there is no sieving on the planetary surfaces, the more

stable mineral will influence the spectra more in the region of the RB be-
cause the other one is finer and spectra of finer separates do not show as clear RB as the coarser ones (e.g.,
Pieters & Englert, 1993; Moroz et al., 2014). On the other hand, the TF should be than more influenced by
the mechanically weaker mineral. The TF observed in the spectrum of the finest fraction of 10BD2 bulk
rock sample (ID 218, Figure 6) is similar to the TF peak in the spectrum of the finest grain size (<25 um)
of sample ID 127 at 12.17 um (822 cm™) also reflecting the low degree of Al,Si order (Reitze et al., 2021).
However, this conclusion will only be true for a homogeneous distribution of the different particles of the
regolith and not, if the fine fraction clinging to the larger particles mimicking a very fine grained surface.
Nevertheless, observation of the Moon and it's relatively well known regolith in the mid-infrared may sup-
port this thesis.

4.4. Comparison to Hermean Spectrum

Figure 8 shows an average Mercury telescopic-gained emissivity spectrum taken from Sprague et al. (2000),
in a first step turned in reflectance with Kirchhoff's law, and the same spectrum with a baseline fit, in
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Figure 8. From top to bottom: (Spectrum 1) Average Mercury spectrum
taken from (Sprague et al., 2000, turned into reflectance with Kirchhoff's
law), normalized with a baseline (see also Weber et al., 2016, Figure

14). (Spectrum 2) Synthetic linear mixture of the feldspar spectrum of
sample ID 127 with two different grain sizes scaled to increase contrast,
(Spectrum 3) Synthetic linear mixture of two spectra with the same grain
size fractions of ID 127 as before and ID 134 diopside scaled to increase
contrast, (Spectrum 4) diopside ID 134 with a grain size between 63 and
125 pm, (Spectrum 5, ID 127), synthetic high labradorite with a grain size

between 63 and 125 pm, and (Spectrum 6) with grain sizes smaller 25 um.

The four main features in the average Mercury spectrum marked with
black dashed lines match relatively well with features contained in the
linear mixture spectrum while the intensity of the <11 um bands is not
well resolved.

comparison with our data. This spectrum contains four sharp peaks at
9.12 um, 9.91 pm, and 11.1 um. Spectra of feldspars with reduced de-
gree of ALSi order also contain clear peaks in that range at slightly below
9 um and around 10 pum (e.g., ID 127 or ID 227 grain size 63-125 um).
The spectrum of a fine grained (<25 um) high plagioclase (e.g., ID 127)
shows a strong TF at 12.17 um. Therefore, we calculated in a second step
a simple linear mixture of a high plagioclase with a grain size ranging
from 63 to 125 um and with a grain size smaller 25 pm (Spectrum 3 from
top of Figure 6). In this synthetic mixture spectrum, the peaks around
9 um, 10 um, and 12.4 um are present but slightly shifted. Only the peak
at 11.1 um, which is visible in the Mercury spectrum is missing. Hence, in
a third step, we added a diopside spectrum (ID 134 grain size 63-125 um)
to the mixed spectrum (Spectrum 4 from top of Figure 8). The shown
mixture is composed of 65% of ID 127 with the larger grain size, 29% of
ID 127 with the smallest grain size, and 6% of ID 134. This linear mixture
spectrum shows features at comparable wavelengths than the baselined
average Mercury spectrum, especially the 12.40 um feature is now pres-
ent resulting from TF of the fine-grained high plagioclase component.
In addition, there is now a peak at around 10.41 um resulting from the
pyroxene component.

This simple comparison of a Mercury spectrum and our laboratory
data reveals, that Mercury's surface can be interpreted as ~anorthositic
in certain areas, where the plagioclase component is ~labradoritic in
composition, which is an agreement with earlier studies (e.g., Sprague
et al., 1997). In addition, we can assume, that the plagioclase component
has a reduced degree of Al,Si order. As expected for a space weathered
surface, the present material has fine-grained components composed
of the main present mineral indicated by the TF at 12.4 um. Neverthe-
less, the fine-grained component in the linear mixture is only minor
compared to the larger components, which is in agreement with mature
regolith material from the Moon, where larger particles between 16 mm
and around 62 pm make up of approximately 70% of the regolith (McKay
et al., 1974). The small deviation between the wavelength of the feature
observed in the Mercury and the calculated spectra is probably due to
the slightly different chemical compositions (Reitze et al., 2020). The in-
terpretation that the TF reflects the plagioclase component is consistent
with the previously discussed mechanical stability of the various miner-
als in a rock. Therefore, the pyroxene component in the linear mixture is
probably over-estimated because of its stability (Moroz et al., 2014; Weber
et al., 2020). The non-fitting peak arising from the pyroxene component
is probably an artifact of the availability of a pyroxene spectrum, which
correctly matches the characteristics of the pyroxenes present at Mercury

in terms of chemical composition and crystallographic properties (Putnis, 1992). The local reflectance low
may be interpreted as CF, but could be an artifact of the baseline calibration, thermal gradients in Mer-
cury's surface regolith (e.g., Donaldson Hanna et al., 2012), or the difficult temperature calibration of the
emissivity spectra of the large surface area probed at Mercury. The observation of a reduced degree of ALSi
order is, to our knowledge, discussed for Mercury's surface spectra for the first time. There are two possible
explanations for this observation: (a) The plagioclases crystallized in a magma, which flowed out preserving
the observed degree of Al,Si order. (b) The plagioclases were shocked by an impact event combined by a
post shock heating event lead to the reduced degree of Al,Si order (e.g., Bischoff & Stoffler, 1984). These
two mechanisms may act together or separate from each other. This reveals the chance of interpreting the
infrared spectra of Mercury and other planetary bodies in terms of (thermal) formation history and shows
the importance of databases including well-characterized analog spectra.
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5. Conclusion

We analyzed weakly shocked anorthosite samples from Mt. Briand near the Manicouagan impact struc-
ture. The bulk sample spectra were strongly affected by the plagioclase components indicating that remote
sensing of such anorthosites in the mid-infrared will also show mostly the feldspar signature. The dark
and opaque phases (mostly pyroxene, garnet, and titanite) do not significantly affect the spectral shape of
the largest grain size fraction but become more important for the smallest grain size fraction because of
accumulation effects by sieving due to the mineral stability. This effect is partly also important for remote
sensing in the mid-infrared. Mechanically more stable minerals may accumulate in the regolith as larger
grains than less stable ones, mimicking a higher content of the stable phases. Analyses of feldspar mineral
separates prepared from the bulk samples, all with labradoritic composition, revealed that the spectra are
more comparable with high plagioclases (lower degree of ALSi order) than with low plagioclases (higher
degree of ALSi order) with labradoritic composition. From our observations, it appears that the impact
melt of the Manicouagan impact is responsible for the observed reduced degree of order of the plagioclases
at Mt. Briand outside the crater. The shock wave of the impact has first disturbed the plagioclase mineral
structure and the temperature increase induced by the heat, which was conducted from the impact melt,
leads to our findings, which also correlate with the time span the host rock was heated to 1,100°C through
the impact melt reported by Trieloff (1993). The degree of order is lower in the samples, which were hot-
ter for longer times. This result is important for the interpretation of remotely acquired mid-IR spectra of
planetary surfaces, which are covered by large impacts. Therefore, plagioclase-rich rocks, which were not
in direct contact with an impact crater and therefore only weakly shocked may nevertheless show spectra of
high plagioclases because of a short heating event.

The comparison of a Mercury spectrum and a synthetic linear mixture of high plagioclase and pyroxene
shows, that Mercury's surface is probably composed of anorthosites, in which the plagioclases are more or
less labradoritic in composition and with a degree of ALSi order between the most possible ordered and
most possible disordered. The work reveals, that a very precise and comprehensive sample characterization
of laboratory analogue material is indispensable for correct interpretations of remote sensing data and can
hint to the formation history of the observed surfaces or samples.

Data Availability Statement

The spectra are available in the IRIS spectral database at https://www.uni-muenster.de/Planetology/en/ifp/
ausstattung/iris_spectra_database.html (Weber et al., 2018).
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