10

11

12

13

14

15

16

17

18

19

20

21

22

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5535 11/18

Reflectance Spectroscopy of Chromium-bearing Spinel with Application to

Recent Orbital Data from the Moon

K.B. Williams, C.R.M. Jackson, L.C. Cheek, K.L. Donaldson Hanna, S.W. Parman, C.M.

Pieters, M.D. Dyar, T.C. Prissel

Abstract

Visible to near-infrared (V-NIR) remote sensing observations have identified spinel in a
variety of locations and lithologies on the Moon. Experimental studies have quantified
the FeO content of these spinels (Jackson et al., 2014), however the chromite
component is not well constrained. Here we present compositional and spectral
analyses of spinel synthesized with varying chromium contents at lunar-like oxygen
fugacity (fO;). Reflectance spectra of the chromium-bearing synthetic spinels (Cr# 1-29)
have a narrow (~130 nm wide) absorption feature centered at ~550 nm. The 550 nm
feature, attributed to octahedral Cr**, is present over a wide range in iron content (Fe#
8-30) and its strength positively correlates with spinel chromium content

[ In(reflectancemin) = - 0.0295 Cr# - 0.3708 ]. Our results provide laboratory
characterization for the visible to near-infrared (V-NIR) and mid-infrared (mid-IR)
spectral properties of spinel synthesized at lunar-like fO,. The experimentally
determined calibration constrains the Cr# of spinels in the lunar Pink Spinel
Anorthosites to low values, potentially Cr# < 1. Furthermore, the results suggest the
absence of a 550 nm feature in remote spectra of the Dark Mantle Deposits at Sinus

Aestuum precludes the presence of a significant chromite component. Combined, the
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observation of low chromium spinels across the lunar surface argues for large

contributions of anorthositic materials in both plutonic and volcanic rocks on the Moon.
Introduction

Recent analyses of Chandrayaan-1 Moon Mineralogy Mapper (M*) and SELENE
Kaguya Spectral Profiler (SP) orbital data have identified spinel-bearing lithologies
across the lunar surface (e.g., Sunshine et al., 2010; Pieters et al., 2011; Dhingra et al.,
2011a, 2011b; Yamamoto et al., 2013; Pieters et al., 2014; Sunshine et al., 2014).
Detections of these previously unresolved surface components provide new insight into

the petrogenesis and evolution of the lunar crust.

Most remotely detected spinels are Mg- and Al-rich (“Mg-spinel”) and are thought
to be mixed with high proportions of plagioclase based on their prominent 2000 nm
absorption feature and relatively high albedos. This new rock type has been termed
“pink spinel anorthosite” (PSA, e.g. Taylor and Pieters, 2013; Pieters et al., 2014) and
has been found globally (Pieters et al. 2010, 2011, 2013, 2014; Sunshine et al., 2010;
Dhingra et al. 2011a, 2011b; Lal et al., 2011, 2012; Dhingra and Pieters, 2011; Kaur et
al., 2012, 2013a, 2013b; Bhattacharya et al., 2012, 2013; Donaldson Hanna, 2013;
Yamamoto et al., 2013; Sun et al. 2013; Kaur and Chauhan, 2014). Additionally, unique
low-albedo regions identified within the Sinus Aestuum pyroclastic deposits are
suggested to be rich in Fe- or Cr-rich spinel due to their spectral signature near 1000
nm (Sunshine et al., 2010, 2014; Yamamoto et al., 2013). The specific nature of each
spinel-bearing lithology remains uncertain and several petrogenetic models have been

proposed, including melt-rock reaction and impact melting (Gross and Treiman, 2011;
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Yamamoto et al., 2013; Prissel et al., 2014, Gross et al., 2014). Constraining the
composition of the remotely sensed lunar spinels is fundamental in identifying plausible

formation mechanisms.

Previous laboratory investigations have typically focused on characterizing
terrestrial spinels (e.g., Cloutis et al., 2004). Spectral comparison with terrestrial spinels
suggests PSA lithologies contain Mg-spinel similar to those found in pink spinel
troctolites. However, terrestrial spinels form under more oxidizing conditions than lunar
spinels, leading to relatively high ferric iron contents. Ferric iron in terrestrial spinels is
expressed across the spectral range of M® and SP, obscuring the connection to lunar
spinels (Figure 1). In this context, we conducted the current study to explore the

spectral effects of chromium on well-characterized lunar analog spinel.

In contrast to the Mg-, Al-rich composition inferred for the remotely sensed
spinels, Apollo samples and lunar meteorites mostly contain Cr- and Fe-rich spinels
(Haggerty, 1971, 1972, 1973, 1977). A small number of samples (e.g., spinel troctolites,
Mg-suite samples) contain spinels similar to those remotely detected. The apparent
overrepresentation of Mg-spinels in remote sensing observations may be due to the
ease of detecting Mg-spinels relative to Cr-, Fe-rich spinels. Given nearly all lunar spinel
samples are chromium bearing (up to 55 wt% Cr;03), remotely sensed lunar spinels are

expected to also contain above trace levels of chromium.

Chromium in spinel is spectrally active across the visible to near-infrared
wavelengths (V-NIR). In general, spinel spectra are characterized by a pair of strong,

broad absorptions near 2000 and 2400 nm attributed to Fe®" in tetrahedral coordination
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(Figure 1; Cloutis et al., 2004; Jackson et al., 2014). Measureable spectral variations,
such as the manifestation of subtle absorptions just short of 1000 nm, reflect variations
in Fe# (Fe/(Mg+Fe)*100) and Cr# (Cr/(Cr+Al)*100) of spinel, as discussed below.
Chromites, the iron-chromium (octahedral Cr**) endmember of spinel group minerals,
are characterized by increasingly strong absorptions into the visible wavelengths and, in
many cases, a distinct feature at 1300 nm attributed to tetrahedral Cr**(Cloutis et al.,

2004).

Laboratory spectroscopic analyses of spinel have also identified a narrow
absorption centered at 550 nm (see Figure 1) that has been attributed to octahedral
Cr** in spinel (Mao and Bell, 1975, Cloutis et al., 2004). This 550 nm absorption is
commonly weaker than the chromium absorption at 1300 nm, but it has been previously
identified in spectra of lunar samples, such as 70002,7 (Mao and Bell, 1975). The strong
preference of Cr** for octahedral crystallographic sites in spinel may influence the
ordering of other spectrally active cations in the mineral lattice (Navrotsky and Kleppa,
1967), such as the ratio of octahedral and tetrahedral Fe?*, and thus, may indirectly
affect a range of V-NIR spectral properties of spinel. Though the 550 nm feature
appears in laboratory spectra of both terrestrial and lunar spinels, it has yet to be

identified in the spectra of remotely sensed spinels.

Laboratory studies indicate at FeO contents 25 wt%, spectra of synthetic spinels
display short wavelength absorption features near 1000 nm related to octahedral Fe**
(Jackson et al., 2014). Low FeO abundances (<5 wt%) are therefore expected for the
PSA lithology because remote sensing observations of these regions on the Moon lack

observable absorption bands in the 1000 nm spectral range. In contrast, Sinus Aestuum
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spinel reflectance spectra display relatively strong absorptions near 600-700, 900-1000,
and 1350 nm, suggesting that the Sinus Aestuum spinels are higher in iron and/or
chromium abundance than the PSA spinels (Sunshine et al., 2010, 2014; Yamamoto et

al., 2013).

The effect of chromium on reflectance properties within the 550-1000 nm spectral
range in the absence of abundant Fe** has not been experimentally studied at lunar
oxygen fugacities. The short wavelengths of terrestrial spinel spectra are dominated by
the presence of Fe*" absorptions (Cloutis et al., 2004), which should be minimal in lunar
samples due to the low lunar fO,. In this study, we synthesize chromium- and iron-
bearing spinels at lunar-like oxygen fugacity (fO) in order to determine the influence of
chromium content on the spectral characteristics of spinel on the Moon. Identifying the
spectral reflectance features of chromium in lunar spinel, as well as constraining the
compositions at which the features exist, allows for estimation of the amount of
chromium in the spinel-bearing lithologies on the Moon. Our results provide a calibration
for interpreting spinel compositions from remote spectral observations and suggest

spinels in the PSA lithology have a low Cr#, potentially less than 1.

Methods
Mineral synthesis

Aluminate spinels of varying chromium content were synthesized by mixing
approximately stoichiometric proportions of reagent-grade oxide powders (MgO, Fe;Os3,

Al,O3, and Cr,03). Oxide powders were homogenized using a mortar and pestle, then
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pressed into 1 cm diameter pellets and placed atop zirconia beads all within a low,
rectangular alumina crucible. Samples were then sintered in a horizontal gas-mixing
furnace for 72 hours at an oxygen fugacity corresponding to 1 log unit below the iron-
wustite buffer at 1450°C.

A series of spinels (CrSp1-8) was synthesized with varying chromium content in
order to investigate the effect of chromium on spinel spectra. Eight different starting
compositions with Cr# varying from 1 to 29 and a fixed iron content (~5 wt% FeOQO) were
produced to create the CrSp1-8 series. Three additional samples (CrSp9-11) were
produced to examine the effect of Fe# and non-stoichiometry on chromium-bearing
spinel spectra. Samples CrSp9 and 10 were synthesized following the procedure listed
above, but with the aim of fixing chromium content and varying iron content. Sample
CrSp11 was produced by adding surplus MgO powder to one of the samples from the
CrSp series (CrSp8) and resintering this composition.

Fragments of each synthetic spinel were mounted for electron microprobe
analysis, and the remainders were crushed and dry sieved to <45 um particle size for
reflectance spectroscopy and Méssbauer measurements. The <45 ym particle size was
chosen in order to provide the most direct analog to remotely sensed lunar spinels, as
this particle size fraction dominates the optical properties of lunar soils at V-NIR

wavelengths (Pieters et al. 1993; Fischer 1995).

Electron microprobe analysis

Major element compositions of each sample were obtained using the Cameca

SX-100 electron microprobe at Brown University. Analyses were performed using 15 kV
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accelerating voltage, 20 nA beam current, and a focused beam. Point analyses were
spatially distributed throughout the entire sample in order to record any compositional

variation.

Mossbauer analysis

All samples were synthesized at the same oxygen fugacity. Mdssbauer data
obtained at Mount Holyoke determined the coordination state of iron for two of the
spinel samples (CrSp3 and 4). The methods outlined in Jackson et al. (2014) are
identical for the samples presented in this paper, as the samples were analyzed
simultaneously. For a detailed description of the Mdssbauer spectroscopy, see Jackson

et al. (2014).

Reflectance spectroscopy

Reflectance spectra of our synthetic spinels were acquired in RELAB at Brown
University with a spectral resolution <5 nm. Dry-sieved samples (<45 um particle size)
were measured by both the Bidirectional Reflectance spectrometer (BDR), which
measures V-NIR wavelengths (300-2600 nm), and the Thermo Nicolet Nexus 870
Fourier Transform Infrared spectrometer (FTIR), which measures out to mid-infrared
(mid-IR) wavelengths (800-25000 nm). Each BDR and FTIR measurement employed an
incidence angle of 30° and emergence angle of 0° (Pieters and Hiroi, 2004). BDR and
FTIR data for each sample were spliced near 1000 nm using conventional RELAB
procedures in order to smoothly connect the two spectra. All reflectance spectra

presented in this paper will be available through the RELAB spectral database
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(www.planetary.brown.edu/relab). (RELAB sample directory names are reported in

Supplementary Table S1.)

Spectral Analysis

V-NIR band strength is expected to increase with increasing iron and chromium
abundance in spinel. To measure this effect on the bands at 550, 1000, 2000, and 2800
nm, the strength of these bands in each sample spectrum was quantified. The spectrum
for each sample was first scaled so that the reflectance maximum between 1000-2000
nm (determined by a polynomial fit) equaled one. This procedure minimizes albedo
variations among samples to facilitate comparison of band strengths, making a further
continuum removal unnecessary. Then, a second-degree polynomial was fit in a least-
squares sense between 530-605, 825-1100, 1700-2200, and 2700-3000 nm. The
minimum reflectance value for each polynomial was identified, and the natural log of the
reflectance minimum [In(reflectancenmin)] for each band was calculated. The slope of the
correlation between In(reflectancenin) and the concentration of the cation species
responsible for the band is termed the “reflectance coefficient.” The reflectance
coefficient is used to quantify the relationship between spinel composition and spectral
features.

Across the mid-IR spectral range (8000 — 25000 nm or 1250 — 400 cm™),
radiation is commonly measured and reported in terms of emissivity, which can be
approximated from our data by subtracting the measured reflectance values from one

(Hapke, 1993). We report the mid-IR spectra in this way to facilitate comparison with
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previous laboratory studies. The primary spectral features in the mid-IR wavelengths
are 1) the Christiansen feature (CF) and 2) the restsrahlen bands (RB). The CF is
characterized by a primary emissivity maximum between ~10000 — 11000 nm (~900 —
1000 cm™") with a secondary CF between ~15000 — 18000 nm (~550 — 650 cm™') and is
diagnostic of mineralogy and bulk composition (Conel, 1969). The RB occur between
~12000 — 15000 nm (~650 — 850 cm™) and ~15000 — 25000 nm (~400 — 650 cm™) and
represent molecular vibrations related to stretching and bending motions. To determine
the wavelength position of these spectral features, a second-degree polynomial was fit
to each spectral feature in each spectrum following the approach used to calculate band
positions in the V-NIR spectral region. For the CF, a polynomial was fit to a portion of
the ~10000 — 11000 nm spectral range of each spectrum and the frequency of the
maximum emissivity value in the polynomial fit was used to represent the CF position.
The same method was used to find the position of the secondary CF in the ~15000 —
18000 nm spectral range. Diagnostic absorptions in the RB, four in total, were also fit to
determine the frequencies of the emissivity minimum values. The spectral range was
varied in order to best fit the emissivity and shape of each spectral feature in each
sample spectrum. Due to the non-unique nature of identifying the spectral features
using this methodology, the positions of spectral features can vary by = 20 nm as the

spectral range and polynomial order are changed (Donaldson Hanna et al., 2012).

Results

Sample description and major element composition
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The experimentally produced samples are porous and contain minor
compositional heterogeneities (Figure 2). Table 1 reports the average major element
compositions and standard deviations of our synthetic spinels. The predominant phase
in our samples is (Fe,Mg)(Cr,Al),O4 spinel. For CrSp1-7, Cr# ranges from 1 to 29 with
minor variation in iron content (Fe# 8-11). CrSp9 and 10 have similar chromium
contents (Cr# 5 and 6, respectively) but vary significantly in iron content (CrSp9 Fe#
21.9, CrSp10 Fe# 30.4), as designed. Within-sample variations of spinel composition
are illustrated by the point analyses in Supplemental Table S2. In more Cr-rich samples,
excess Cr,03 is present in phases <100 um in diameter (see Figure 2, a-b). Sample
CrSp8 (Cr# 14.2) is non-stoichiometric spinel with excess Al,O3;. Sample CrSp11 (Cr#

14.1) contains minor amounts of periclase (MgO).
Mossbauer spectroscopy

The abundance of Fe*" in spinel is positively correlated to the oxygen fugacity of
the system. Mdssbauer spectroscopy measured the abundance of Fe®* for samples
CrSp3 and 4 (Supplemental Table S3). Measured abundances show that Fe**
comprises 10% and 6% of total iron in samples CrSp3 and CrSp4, respectively. These
measurements are consistent with Fe** abundances (3-14%) in spinels synthesized
between IW+1.6 and IW-0.3 by Halenius et al. (2002), and confirm that reducing
conditions were obtained during each of the experimental runs. Because our spinels
were synthesized under low fO, conditions, our results are relevant to spinel formation

on the Moon.

V-NIR spectroscopy
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Jackson et al. (2014) have detailed the effect of iron on visible-infrared spectra of
synthetic aluminate spinel with emphasis on the 700, 1000, 2000, and 2800 nm
absorption bands. The chromium-bearing spinel samples presented have an additional,
narrow (~130 nm wide) absorption near 550 nm (Figure 3). The 550 nm band is present
in spinels with Cr# as low as 1. Absorption strength increases with increasing chromium

content (Figure 4). Our results generate the linear correlation:

In (reflectance,,;,) = —0.030 + 0.007 - Cr# — 0.37 + 0.08,R?> = 0.9 (1)

with uncertainties reported in 95% confidence intervals. At the highest chromium
concentrations studied, the 550 nm feature appears less sensitive to changes in Cr#.
The strength and shape of the characteristic iron absorption features (at 1000, 2000,
and 2800 nm) are not affected by the presence of chromium in the experiments.
Likewise, iron (Figure 5) and magnesium (Figure 6) have little effect on the 550 nm
chromium band, though they exhibit significant effects on longer wavelength bands
(Jackson et al., 2014). Each sample spectrum displays a sharp decease in reflectance
at wavelengths below 550 nm. This effect is likely related to metal-oxygen charge
transfer absorptions associated with iron and chromium cations (Cloutis et al., 2008).
When the charge transfer absorptions are removed from the spectra near 550 nm, a
relationship between 550 nm feature depth and Cr# remains (Supplementary Figure

S3).

MID-IR spectroscopy
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Full resolution laboratory emissivity (1 — reflectance) spectra for the CrSp spinel
series are plotted across the mid-IR spectral range (8000 — 25000 nm or 1250 — 400
cm™) in Figure 7. Diagnostic spectral features include the primary Christiansen feature
(CF) observed near ~980 cm™ (~10200 nm) and the secondary CF observed near ~620
cm™ (~16100 nm). Mid-IR laboratory spectra show a systematic shift of the primary and
secondary CF positions to lower wavenumbers (longer wavelengths) as the Cr#
increases (as seen in Figures 7 and 8). Thus, the primary and secondary CF positions
can be used to distinguish between compositions of chromium-bearing spinel. The

equations fit to the CF positions (wavenumber, cm'1) are as follows:
CFlys, = —2.240.1- Cr# + 975 + 2,R? = 0.996 (2)

CF2p0s.

—0.6 +0.2- Cr# + 621 + 3,R? = 0.873 (3)

A similar linear trend is observed between the primary and secondary CF positions and
Fe# in emissivity spectra of the olivine solid solution series (Hamilton, 2010) and the
synthetic suite of spinels with varying Fe# by Jackson et al. (2014). Four diagnostic
absorptions in the reststrahlen band (RB) regions were identified near ~865, 755, 700,
and 520 cm™ (~11600, 13200, 14300, and 19200 nm). As seen in Figure 8, the RB
near ~860, 760 and 700 cm™ also have linear relationships with Cr# as the diagnostic
band positions shift to lower wavenumbers (longer wavelengths), while the position of
RB4 near 520 cm™ appears independent of Cr#. The equations fit to the RB positions

(wavenumber, cm™) are as follows:

RBl,,, = —1.4+0.3-Cr# + 863 + 4,R* = 0.958 (4)
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267 RB2,,s. = —2+2-Cr# +760 + 16,R? = 0.653 (5)
268 RB3,,5 = —0.8+0.3-Cr#+ 694 + 5R> = 0.865  (6)

269  Thus, diagnostic absorption bands in the RB regions can also be used to distinguish
270  between chromium-bearing spinel compositions. Similar trends are observed between
271  RB absorption band positions and Fe# in spinels (Cloutis et al., 2004, Jackson et al.,
272 2014) and olivines (Hamilton, 2010). Uncertainties in regression equations are 95%

273 confidence intervals.

274

275 Discussion

276  Octahedral Cr®* as cause for 550 nm absorption

277 The correlation between 550 nm band strength and Cr# in our samples, along
278  with previous studies of spinel spectra (Poole, 1964; Mao and Bell, 1975; Cloutis et al.,
279  2004), conclusively link the 550 nm absorption band to octahedral Cr** in spinel.

280 Tetrahedral Cr** is known to display an absorption band around 1300 nm (Greskovich
281 and Stubican, 1966; Mao and Bell, 1975; Cloutis et al., 2004). Absence of an absorption
282  band near 1300 nm in our spectral data, combined with spinel stoichiometry from our
283  compositional data, indicates the chromium in our samples is overwhelmingly present
284  as octahedral Cr®*.

285 Tetrahedral Fe?* within spinel displays strong absorption bands in the near-

286 infrared wavelengths (Cloutis et al., 2004; Jackson et al., 2014), but does not produce

287 the absorption feature at 550 nm observed in our samples. Previous work at similar
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synthesis conditions (Jackson et al., 2014) has shown that increasing octahedral Fe?*
content increases the strength of the absorption band near 700 nm without giving rise to
any absorption bands near 550 nm. Because iron content is held constant for spinels
CrSp1-7, the increase in 550 nm band strength could only be due to Fe** (tetrahedral or
octahedral) provided octahedral Cr** was increasing the proportion of these iron
species. The current experiments demonstrate the addition of iron to chromium-bearing
spinels does not significantly increase the strength of the 550 nm absorption band
(Figure 5). Rather, the iron begins to produce an absorption shoulder near 700 nm.

Thus, the 550 nm feature appears to be solely a function of octahedral Cr®*.
Comparison of synthetic spinel to lunar sample 70002,7

Application of our results to remotely gathered data from the Moon requires
compositional and spectral similarities between lunar spinels and our synthetic samples.
Mao and Bell (1975) report a spectrum from a spinel found in Apollo sample 70002,7,
which is compositionally similar to the spinels synthesized in this study (Fe# 11.6 and
Cr# 4.29). The spinel spectrum from sample 70002,7 shows absorptions at 1000 and
2000 nm characteristic of Fe?* (Mao and Bell, 1975; Cloutis et al., 2004; Jackson et al.,
2014). Additionally, the lunar spinel spectrum shows a narrow absorption band near 550
nm, which the authors attribute to octahedral Cr**. The 550 nm absorption in the lunar
spinel spectrum is similar in strength and depth to the characteristic feature of our
synthetic chromium-bearing aluminate spinels (Figure 9). Furthermore, equation (1)
predicts Cr# 7 £ 3 from the spinel spectrum of Apollo sample 70002,7, within error of the
actual value of 4.3. Thus the experimental calibration can be used to quantify lunar

spinel compositions using the strength of the 550 nm spectral feature.
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311 Mid-IR spectral systematics

312 Extensive data analysis is needed to characterize the mid-IR remote

313  observations of the lunar spinel locations identified by V-NIR techniques (Pieters et al.,
314  2011; Dhingra et al., 2011; Dhingra and Pieters, 2011; Bhattacharya et al., 2012; Kaur
315 etal., 2012; Lal et al., 2012; Yamamoto et al., 2013; Pieters et al., 2014). Our results
316 indicate that the mid-IR spectral range can be used to distinguish chromium-bearing
317  spinel compositions from: (1) one another based on the position of the CF and RB, (2)
318 Mg-spinel compositions with varying Fe#, and (3) silicate minerals found on the lunar
319 surface such as plagioclase, pyroxene, and olivine. As seen in Figure 8, diagnostic

320 spectral features of chromium-bearing spinels systematically shift to lower

321 wavenumbers (longer wavelengths) as the Cr# increases, and importantly, these shifts
322  are relatively large compared to those associated with changes in Fe# (c.f. Jackson et
323 al., 2014). Thus, for locations of pure chromium-bearing spinel on the lunar surface, the
324  CF and RB positions could distinguish the Cr# for that spinel. In addition, the CF and
325 RB positions of chromium-bearing spinel occur at lower wavenumbers (longer

326  wavelengths) that are distinct from the CF and RB positions of silicate minerals such as
327 plagioclase, pyroxene, and olivine. Lunar spinel locations have been identified based on
328 spectra dominated by the aluminate spinel signature, however V-NIR laboratory

329 analysis by Cheek and Pieters (2014) have shown that significant amounts of

330 plagioclase can be mixed into these spinel-rich units before the broad diagnostic

331 absorption band at 1250 nm of plagioclase is observed. Across the mid-IR spectral

332 range, mineral mixtures with rocks and coarse particulates have very high absorption

333  coefficients resulting in few multigrain interactions, and spectral features of the
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component minerals add linearly to produce the mixture spectrum (Christensen et al.,
1986). Thus, our laboratory mid-IR spectra of chromium-bearing spinels presented here,
along with detailed analysis of mid-IR remote observations of lunar spinel locations by
the Diviner Lunar Radiometer Experiment onboard NASA’s Lunar Reconaissance
Orbiter (LRO) and future hyperspectral data sets, could act to better constrain the
abundances and compositions of spinel in these spinel-rich areas. In particular, Diviner
has three narrow spectral channels near 8000 nm (7810, 8280, and 8550 nm) and one
wider spectral channel covering the 12500 — 25000 nm spectral range, which can be
used to characterize the wavelength position of the CF and the overall shape of the RB
region. These four Diviner spectral channels could be used to easily distinguish
between Cr-rich, intermediate-Cr, and Cr-poor spinel compositions, however laboratory
emissivity measurements of our synthetic samples under simulated lunar conditions are
needed to further refine the degree to which Diviner would be able to distinguish

between spinel compositions (e.g., Cr#).

Implications

The connection between a narrow 550 nm absorption band and octahedral cr
in the spinel structure provides a tool by which to identify chromium in remotely sensed
spinel. Because these experiments were conducted at fO, ~IW-1, the results are
applicable to any planetary surface with similar redox conditions. Below, we explore the

implications of our laboratory investigation for the petrologic interpretation of specific
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spinel-rich occurrences on the Moon: pink spinel anorthosites in the highlands, and dark

mantle deposits at Sinus Aestuum.
Pink Spinel Anorthosite (PSA) lithology

The lack of any observed absorption peak near 550 nm in spectra from both M3
and SP datasets of spinel-bearing lithologies suggests there is little octahedral Cr**in
the remotely sensed spinel, potentially Cr# <1. Spinel in lunar clasts believed to
represent the Mg-rich spinel all have Cr# >1 which, by our results, would produce a 550
nm absorption feature (Papike et al., 1998; Gross and Treiman, 2011; Treiman and

Gross, 2015; Wittman et al., 2015).

Assuming the lack of observable 550 nm bands associated with PSA is not a
result of other processes, it indicates that the remotely sensed spinels are very Cr-poor
and Al-rich. Highly aluminate spinels are typically associated with Mg-suite materials
and can be produced by assimilation of plagioclase-rich lunar crust by Mg-suite parental
magmas (Prissel et al., 2014). The petrology of the Mg-suite rocks indicates their
parental magmas contained high normative abundances of plagioclase and were
relatively Cr-poor (Elardo et al., 2011), providing a link between Mg-suite magmatism
and PSA observations. This link is strengthened by the low Fe# associated with the Mg-
suite parental magmas and PSA spinel (Jackson et al., 2014). Thus, PSA lithologies
plausibly represent locations where substantial amounts of crustal material were
assimilated into Mg-suite magmas. Alternatively, the Cr-poor and Al-rich spinel
composition could be produced from hybridized mantle melts (Longhi et al., 2010) or

impact melting (Gross et al., 2014).
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Dark Mantle Deposits at Sinus Aestuum

Spectral data on pyroclastic deposits at Sinus Aestuum contain a “visible feature”
around 600-700 nm (Sunshine et al., 2010, 2014; Yamamoto et al., 2013), but no
obvious absorptions at shorter wavelengths. The 600-700 nm band center is clearly
offset from band centers related to octahedral Cr**, a fundamental cation species
required to stabilize chromite components within spinel. Thus, our results argue against
previous suggestions that the Dark Mantle Deposits at Sinus Aestuum contain large
chromite components because the characteristic octahedral Cr®* spinel absorption is

absent (Sunshine et al., 2010, 2014; Yamamoto et al., 2013).

Rather, we suggest that the spinels observed at Sinus Aestuum are dominantly
aluminate spinels that are distinctly more Fe-rich compared to the remaining remote
observations of PSA spinels. This suggestion is in accordance with previous
interpretations of the Sinus Aestuum spinel spectra (Yamamoto et al., 2013), as well as
the Fe-rich (>16 wt% FeO) pyroclastic glasses returned from the Moon (e.g. Delano,
1986). However, Cr-rich spinels are expected to form during typical mare basalt or lunar
picritic liquid crystallization (Elkins-Tanton et al., 2003). In order to stabilize low Cr#
spinels, we suggest the pyroclastic materials at Sinus Aestuum assimilated a relatively
large amount of plagioclase, similar to the model proposed for PSA (above), leading to
a decreased Cr# prior to eruption. Again, this suggests that Sinus Aestuum region
experienced a relatively protracted magmatic history with multiple pulses of magmatism,

as these conditions favor assimilation of country rock.
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Select spectra at Sinus Aestuum are reported to exhibit a 1300 nm absorption
band (Yamamoto et al., 2013), and this band has been attributed to tetrahedral Cr**
(Cloutis et al., 2004). It is possible that tetrahedral Cr?* is present in the Sinus Aestuum
spinels, but given the lack of evidence for octahedral Cr**, the affinity of spinel for
octahedral Cr**, and the observation of abundant octahedral Cr** in lunar spinels
(Haggerty, 1971, 1972, 1973, 1977), this would imply an extremely reduced oxygen

fugacity for the Sinus Aestuum pyroclastic materials.

Alternative explanations for the lack of an observed 550 nm absorption could
include that (1) the remote detection limits are very high (perhaps related to the
decreased signal/noise ratio of M* and SP at short wavelengths), (2) space weathering
has preferentially muted the 550 nm band, or (3) mixing with other materials has
preferentially muted the 550 nm band. Gross et al. (2015) demonstrated that the Cr**
absorption near 550 nm remains robust after simulated space weathering, indicating
that space weathering is not a likely cause for the lack of 550 nm bands in remotely
sensed lunar spinels. Further, laboratory spectra taken of spinel-plagioclase mixtures
demonstrate that the 550 nm band for a spinel with Cr# 0.1 is detectable in laboratory
settings, even at low spinel abundance (~15 vol%) (Cheek and Pieters, 2014). V-NIR
and thermal mixture modeling, combined with thorough analysis of M3 and SP
signal/noise ratios at short wavelengths, should help to refine this constraint. Future
work to determine the effect of lower oxygen fugacity, higher chromium contents, and
space weathering across a range of wavelengths will improve compositional constraints

based on the 550 nm feature.
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Figure captions:

Figure 1, V-NIR spectra of terrestrial and lunar chromium-bearing spinels. Note the
strong, broad, characteristic spinel absorptions near 2000 and 2400 nm. Terrestrial
samples S117, S124, and S125 (Cloutis et al., 2004) illustrate the effect of Fe,O3 on
spinel spectra, most notably in shorter wavelengths (<1200 nm). In comparison, the
spinel spectrum from lunar sample 70002,7 (Mao and Bell, 1975) exhibits a prominent
band only at 550 nm in the shorter wavelengths and is substantially brighter between
600 and 1000 nm. The sharp 550 nm feature also appears in the terrestrial spectra -
though slightly muted - and is here attributed to octahedral Cr**. Figure legend identifies
sample name and oxide weight percent (wt%) for species of interest. Spectral

reflectance scaled as described in text.

Figure 2, Back-scattered electron (BSE) images showing minor heterogeneity of
experimental products. a) Porous CrSp3 grain: light grey represents spinel phase; bright
spots caused by excess Cr;0s;. b) Enlarged BSE image of CrSp3 (image area is
highlighted by the inset in a). ¢c) CrSp2: light grey represents spinel phase. d) CrSp11:

dark grey grain portions at top of image are periclase (MgO).

Figure 3, V-NIR spectra of CrSp1-7 (<45 ym grain size) with ~ 5 wt % FeO. All samples
display a relatively narrow band centered near 550 nm associated with octahedral Cr**.

Separate bands centered at 1000, 2000, and 2800 nm are also present and associated
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with Fe. Figure legend identifies sample name and Cr#. Spectral reflectance scaled as

described in text. Unscaled spectra plot available in supplement.

Figure 4, Correlation between In(reflectancenin) for the 550 nm band and Cr# at <45 pm
particle size for samples. The In(reflectancenin) parameter is inversely proportional to
band strength. Values of In(reflectancenin) for the 550 nm band correlate linearly with
Cr# [slope = -0.030 + 0.007 (95% confidence), r* = 0.9], but the regression does not
pass through the origin [intercept = -0.37 £ 0.08 (95% confidence)]. This likely reflects a
small amount of darkening local to the 550 nm region related to other absorbing

species.

Figure 5, Effect of Fe on V-NIR spectra of chromium-bearing spinel: Samples CrSp5,
CrSp9, and CrSp10 show the V-NIR spectral effects of increasing bulk Fe content on
samples with Cr# ~ 5. Figure legend identifies sample name, Cr#, and Fe#. Spectral

reflectance scaled as described in text. Unscaled spectra plot available in supplement.

Figure 6, Effect of MgO-rich non-stoichiometry on V-NIR spectra: Sample CrSp11
(solid spectrum) was prepared by adding an additional 4.1 wt % MgO to the starting
oxides of CrSp8 (dashed spectrum). The addition of MgO shifts the non-stoichiometry

of the spinel away from excess Al,O3. Sample CrSp11 has severely weakened 2000
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and 2800 nm bands but a strengthened 1000 nm band compared to CrSp8. Spectral

reflectance scaled as described in text.

Figure 7, Mid-IR spectra from select samples (<45 ym grain size). Spectra are offset
for clarity and vertical lines highlight the positions of identified features. The primary
Christiansen feature is near ~980 cm™ (~10200 nm) and the secondary CF is near ~620
cm™ (~16100 nm). Reststrahlen band regions are located near ~865, 755, 700, and 520
cm™” (~11600, 13200, 14300, and 19200 nm). The spectral contrast in the mid-IR
spectrum for CrSp5 is anomalous compared to the other mid-IR spectra of the CrSp
series but the mid-IR CF and RB feature positions are consistent with the remaining

spectra.

Figure 8, Mid-IR spectral systematics from the CrSp series (<45 ym grain size). The
positions of Christiansen features 1 (a) and 2 (b) are negatively correlated to Cr#. Four
reststrahlen bands are identified (Absorptions 1-4, c-f). The positions of Absorption 1, 2
and 3 are negatively correlated to Cr#. The position of Absorption 4 appears

independent of Cr#.

Figure 9, Sample spectra (CrSp5 and CrSp9) comparison with spectra of spinel in
Apollo sample 70002,7 from Mao and Bell (1975). Figure legend identifies sample

name, Cr#, and Fe#. The 550 nm band shape in the lunar spinel spectrum is identical to
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that of our synthetic analogs, and all three samples contain roughly the same amount

chromium. Spectral reflectance scaled as described in text.

Supplementary Figure Captions
Figure S1, V-NIR spectra of CrSp1-7 (<45 pm grain size) with ~ 5 wt % FeO. All

samples display a relatively narrow band centered near 550 nm associated with
octahedral Cr**. Separate bands centered at 1000, 2000, and 2800 nm are also present

and associated with Fe. Figure legend identifies sample name and Cr#.

Figure S2, Effect of Fe on V-NIR spectra of chromium-bearing spinel: Samples CrSp5,
CrSp9, and CrSp10 show the V-NIR spectral effects of increasing bulk Fe content on

samples with Cr# ~ 5. Figure legend identifies sample name, Cr#, and Fe#.

Figure S3, Continuum-removed V-NIR spectra (a) of CrSp1-7 (<45 ym grain size) with
~ 5 wt% FeO. A continuum fit between 500 nm and 650 nm was removed to isolate the
550 nm feature from the short-wavelength steepening observed in the original spectra.
The resulting correlation between In(reflectancenin) for the 550 nm band and Cr# differs
from the original regression line, but maintains that the In(reflectancenmin) parameter is

inversely proportional to band strength [-0.0075 Cr# + 0.8621, r* = 0.9].
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Table 1. Averaged compositions of experimental starting materials reported in wt% oxides.

n Si0, sp. TiO, spb. ALO; sb. Cr,O; sob. FeO” sp. MnO sp. MgO sp. CaO sp. NiO sbp. Total sob.

CrSpl 9 -- -- 68 1 1 1 5 2 -- 26 1 -- -- 100 2
CrSp2 6 -- -- 67 2 3.1 7 5.5 2 -- 252 5 -- -- 100 2
CrSp3 7 008 6 -- 67 1 3 1 4 1 -- 25 1 n.a. -- 99.7 7
CrSp4 6 0.1 5 -- 67 2 4 1 4 1 -- 246 8 n.a. -- 100 1
CrSp5 9 012 3 -- 64 4 5 3 5.1 3 -- 250 9 -- -- 99 2
CrSp6 11 0.09 6 -- 50 5 21 4 4.5 3 -- 237 9 -- -- 100 2
CrSp7 8 0.2 1 -- 45 3 27 3 5.0 3 008 2 229 4 n.a -- 100 1
CrSp8 5 -- -- 582 6 14 1 5.0 4 005 3 219 8 n.a. -- 100 3
CrSp9 9 -- -- 63 2 5 2 109 3 -- 217 3 n.a. -- 101.1 8
CrSp10 10 -- -- 62 2 5 2 145 2 -- 185 7 -- -- 100 2
CrSp11 10 0.16 2 -- 569 7 139 6 2.7 6 -- 260 4 -- 0.05 4 100 1

Note : 8.D. denotes 2c standard deviation on the last significant digit reported. Cr# = [Cr/(Cr + Al)] x 100; Fe# = [Fe/(Fe + Mg)] x 100. Analyses below detectab
* Number of analyses.

P FeO = total iron.



Cr# sp. Fe# sob.
1 1 11 4
3.0 7 109 2
3 1 8 3
4 1 9 2
5 4 102 8
22 5 9.6 8
29 4 110 6
142 9 113 5
6 2 219 6
5 2 304 8
141 6 5 1

n "

le limits denoted by "--". n.a. = not analyzed.
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Figure 7
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Figure 8
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Figure 9
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