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Abstract The hydrous Ca-sulfates, gypsum and bassanite, have been detected on Mars using both
visible/near-infrared (VNIR) remote sensing measurements and in-situ rover-based mineralogical
measurements. Understanding the distributions and abundances of minerals on the Martian surface
from remote sensing data is important in evaluating ancient Martian environments. Optical constants
are critical input parameters in radiative transfer theory, which allows for the extraction of mineral
abundances from a mixture spectrum. We have derived VNIR (0.35-2.5 pm, at 10 nm spectral sampling)
optical constants of gypsum and bassanite powders using radiative transfer theory and laboratory
reflectance spectra of separated size fractions as well as multiple phase angles. In addition, the MIR
(2.5-25 pm, or 4,000-400 cm™}, at 2 cm™! spectral sampling) orientation averaged optical constants of
gypsum and bassanite were generated using the classical Lorentz-Lorenz dispersion theory. We compare
the optical constants of gypsum derived in this work with previously published estimates and note both
similarities and differences. The optical constants derived in this work will assist in modeling VNIR
reflectance spectra and quantifying mineral abundances from mineral mixtures.

1. Introduction

Gypsum (CaSO,+2H,0) and bassanite (CaSO,+0.5H,0) are the most common varieties of hydrous Ca-sul-
fate minerals (Alpers et al., 2000) and have been found in several regions on Mars by orbital and in-situ
observations. Gypsum has been identified in Olympia Planitia in the north polar region and at lower lat-
itudes in Valles Marineris using visible/near-infrared (VNIR) hyperspectral imaging by the Mars Express
Observatoire pour la Mineralogie, ’'Eau, les Glaces et 'Activite (OMEGA) (Gendrin et al., 2005; Langevin
et al., 2005), and in Iani Chaos and Noctis Labyrinthus by the Mars Reconnaissance Orbiter Compact Re-
connaissance Imaging Spectrometer for Mars (CRISM) (Sefton-Nash et al., 2012; Weitz et al., 2013, 2015).
Bassanite has been found at Mawrth Valles by CRISM (Wray et al., 2010). The possible presence of bassanite
in one Chasma of the Noctis Labyrinthus region on Mars from CRISM data has also been discussed by Man-
gold et al. (2010). Gypsum in veins has been identified in situ at Endeavor crater by Pancam onboard Mars
Exploration Rover Opportunity (Squyres et al., 2012). More recently, a variety of Ca-sulfate veins, signifying
gypsum and bassanite have been found at Gale crater using several instruments available on Curiosity (e.g.,
L’Haridon et al., 2018; Nachon et al., 2014, 2017; Rampe et al., 2017; Rapin et al., 2016; Vaniman et al., 2018).

Since gypsum and bassanite formation require the availability of water, the presence of Ca-sulfate miner-
als can hold important information about aqueous activity throughout Martian history, particularly dur-
ing the Hesperian period, or “Theiikian” during which massive sulfates on Mars were deposited (Bibring
et al., 2006). Gypsum is the first sulfate mineral to precipitate from the evaporite environments on Earth
due to its low solubility (Harvie et al., 1984). Formation and stability of bassanite from precipitation is
less frequent, and the most common appearances of bassanite on Earth are formed by the dehydration
of gypsum in warmer environments (Mees, 1998). However, the formation of bassanite from dehydration
of gypsum seems unlikely under current Martian conditions as suggested by Robertson and Bish (2013).
The hydration state difference between gypsum and bassanite suggests restricted environmental conditions
where water is present with different temperatures, humidity, and pH levels for the formation of each min-
eral. Generally, gypsum forms at a temperature lower than 60°C at neutral pH, while bassanite forms at a
higher temperature between 80°C and 120°C at pH 8-9 with a low water activity (Bishop et al., 2014; Osso-
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rio et al., 2014). When extrapolating laboratory dehydration/rehydration experiments on CaSO,*nH,O to
Mars-relevant surface conditions, the presence of gypsum indicates a hydrating environment at relatively
low temperatures, while gypsum dehydration to bassanite is restricted to local areas at high temperatures
associated with impact/volcanic events (Robertson & Bish, 2013). To better clarify the details of these aque-
ous environments, it is necessary to constrain the exact type and abundance of Ca-sulfate minerals present
on the Martian surface. Although Mars landers and rovers can provide comprehensive information on these
minerals to unravel the formation environments, they are limited to local regions. Qualitative identification
and quantitative extraction of the type and abundance of minerals on the surface from broader regional
remote sensing data is critical to shedding light on a complete view of ancient Martian environments.

VNIR reflectance spectroscopy is one of the most important and useful methods to identify minerals from
a remote sensing platform. Beyond qualitative mineral identification, it is often highly desirable to place
quantitative constraints on the abundances of single minerals present in a mixture for further analysis
of the ancient formation environment. Spectral deconvolution techniques in the mid-infrared (MIR) and
VNIR differ. Generally, spectra of coarse particulates (>60 um) can be modeled via a linear combination of
individual minerals weighted by their areal abundances primarily at MIR wavelengths because the light is
commonly absorbed before it can scatter multiple times (e.g., Ramsey & Christensen, 1998). However, in the
VNIR wavelength region, determining the quantitative abundances of single minerals in a mixture is diffi-
cult because spectral response does not mix linearly with abundance. This is because light generally reflects
multiple times in an intimately mixed medium before reaching the detector (Hapke, 2012).

Radiative transfer theory (Chandrasekhar, 1960), which describes the interaction of light with a particu-
late medium, can be used to address the problem of nonlinear spectral mixing of intimate mixtures and
to extract quantitative mineral contents. An approach derived from radiative transfer theory widely used
in planetary studies is Hapke's bidirectional reflectance model (Hapke, 1981, 2012). In Hapke's model, a
reflectance spectrum can be computed as a function of single-scattering albedo, illumination and viewing
angles, and scattering phase function. Although reflectance is not linearly correlated with concentrations in
a mixed spectrum, the single scattering albedos of individual components in a mixture do combine linearly.
Single scattering albedo or the probability that a photon interacting with a particle will be scattered rather
than absorbed, is a function of the material's complex index of refraction, also termed optical constants,
and particle size. Optical constants (n and k, real and imaginary parts of the complex index of refraction,
respectively), are the fundamental optical properties of minerals and are independent of particle size and
shape. The details of light-matter interaction for minerals are related to their optical constants. At MIR
wavelengths, where both n and & are large and vary substantially with wavelength, both play a strong role in
the shape and magnitude of reflectance or emission spectral features. The large k-values found in this wave-
length region cause light to typically be absorbed by the first particle interaction, causing the linear mixing
behavior for coarse particulates described above (Adams 1993; Gillespie, 1992). At VNIR wavelengths, the
shapes and depths of spectral absorption features are primarily controlled by the imaginary part of the in-
dex of refraction, k. While n does not vary substantially at VNIR wavelengths, knowing its absolute value at
each wavelength is important to accurately model nonlinear spectral mixing. Therefore, optical constants
are important input parameters in a radiative transfer calculation to extract mineral abundances from VNIR
remote sensing spectroscopy.

Optical constants are not available for a variety of major rock-forming minerals or exist only for a few com-
positions (Lucey, 1998). There are various approaches to modeling the optical constants of minerals. Classi-
cal dispersion theory is widely used to derive optical constants of orthorhombic and higher symmetric min-
erals in the MIR region (Glotch et al., 2007; Glotch & Rossman, 2009; Roush et al., 1991; Roush, 1995, 1996;
Spitzer & Kleinman, 1961). Anisotropic crystals have quite different optical properties depending on their
crystallographic orientation. Spectra of these minerals must be measured at multiple crystallographic
orientations using polarized light to properly define their optical constants (Arnold et al., 2014; Aronson
et al., 1983, 1985; Mayerhofer & Popp, 2007; Ye, Rucks, et al., 2019). At wavelengths <5 um, the assumption
that Fresnel reflectivity is the dominant source of reflected light becomes increasingly invalid due to a de-
crease in the imaginary index of refraction, which results in an increasing contribution of multiply scattered
light (Roush et al., 1991). Therefore, classical dispersion theory can only be properly utilized in the MIR
regime. Optical constants derived from transmission measurements have also been performed by Roush
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et al. (2007). This method requires a sample to be made into thin films or to occur as pure transparent single
crystals, which are not available for a variety of minerals.

Radiative transfer theory methods can be used to derive bulk, orientation-averaged optical constants for
powdered materials (Hapke, 1981; Shkuratov et al., 1999). Since sample preparation for powders is inexpen-
sive and convenient compared to other techniques mentioned above, deriving optical constants from diffuse
reflectance of powders is widely used. Lucey (1998) used Hapke's model to derive the imaginary refractive
index, k, of olivine and pyroxene from reflectance spectra with a series of fixed initial assumptions for pa-
rameters in Hapke's formulation, including a constant real part of the refractive index, n. Roush (2003, 2005)
described an additional iterative approach that allows determination of » as a function of wavelength using
a subtractive Kramers-Kronig analysis. Dalton and Pitman (2012), Pitman et al. (2014), Roush et al. (2007),
and Roush (2021) combined Hapke's theory and subtractive Kramers-Kronig analysis to determine optical
constants through a few iterations. In those works, the typical optical constants they derived are particle size
dependent. However, optical constants should be independent of particle size, so those results must be due
to the simplifications inherent in their chosen radiative transfer approach. In order to eliminate the particle
size effect, they iteratively adjusted the grain size to converge the deviation of k to the mean, or averaged the
k-values for multiple grain sizes (e.g., Lucey, 1998; Roush et al., 2007).

Sklute et al. (2015) slightly modified this method to determine optical constants of several compositions of
the Fe3* sulfate, jarosite. They used a global optimization algorithm to determine the particle size-independ-
ent k. They also derived the MIR & through classical dispersion theory and combined it with the VNIR & to
create a larger wavelength range over which to determine the real part of the index of refraction, n, using
Kramers-Kronig analysis. They showed that including the longer wavelength k-values in their calculations
had a strong effect on the VNIR values of n. The method from Sklute et al. (2015) not only provided a robust
way to derive wavelength-dependent optical constants but also made an appropriate constraint on the phase
function. One of the widely used approximations for phase function in Hapke's model is a two-term Leg-
endre polynomial. In previous works, authors used constant coefficients for the Legendre polynomial (e.g.,
Lucey, 1998; Pitman et al., 2014; Robertson et al., 2016), while Sklute et al. (2015) found the wavelength-de-
pendent Legendre polynomial coefficients by fitting spectra acquired at 7 different phase angles for each
particle size. However, the method from Sklute et al. (2015) solved for too many variables (the Legendre
polynomial coefficients b and c, effective particle size (D), internal scattering coefficient s, and imaginal
refractive index k) at the same time. This can lead to a non-unique solution, many of which might not be
physically reasonable. In this work, we apply the modeling procedure of Sklute et al. (2021), which made
an improved modification to the method of Sklute et al. (2015), to separate the derivation of phase function
and k values. The details of the modeling method are presented in Section 3.3.

In this work, we derive the orientation averaged optical constants of gypsum and bassanite in the MIR
wavelength range using classical dispersion theory (e.g., Glotch et al., 2007; Glotch & Rossman, 2009) and
in the VNIR wavelength range following the method of Sklute et al. (2015, 2021). Unlike most previous
studies, this work determines grain size independent k-values along with the wavelength-dependent phase
function and n values based on careful laboratory measurements and rigorous theory in the VNIR region.
Optical constants of gypsum have been determined by Roush et al. (2007) and Robertson et al. (2016). To
our knowledge, however, there are no optical constants available for bassanite. Therefore, this work not
only can be used as a direct comparison to the past efforts but also is an extension of available mineral
optical constants.

2. Background Theory
2.1. Hapke Model

Hapke's radiative transfer model is used in this study to derive optical constants. In this work, we use a cal-
ibrated Spectralon standard, which we assume is a Lambertian scatterer. Following these assumptions, the
radiance coefficient in Hapke's bidirectional reflectance model (Hapke, 1981) is:

REFF (i,e,g) = %ﬂo 1+ #{[1 +B(g)|P(g) + H(u)H (n) - 1}. )
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In Equation 1 g, = cos(i ) and y = cos(e), where i and e are the incidence angle and emergence angle of
light, respectively, and g is the phase angle, where g = i + e. The backscattering function B( g) can be set
to zero for the purpose of this work since the phase angles are greater than 15° (Mustard & Pieters, 1989).

The single scattering phase function P( g) can be approximated by a two-term Legendre polynomial of the
following form:

P(g) =1+b*cos (g) +c* [l.Scos2 (g) - 0.5}, 2)
where phase function coefficient 4 describes the degree of forward/backward scattering, and coefficient ¢

characterizes the degree of side scattering (Mustard & Pieters, 1989).

Q

The parameter w is the single scattering albedo, defined as w = =%, where Q, and Q, are the scattering and

extinction efficiency of a particle, respectively. For closely packed i)articles, 0, =150

1-5;
w=Q =§,+(1-§,)——=06.
9 =S ( “)I—S,@ )
S, is the Fresnel surface reflection coefficient for externally incident light, S, is the Fresnel reflection coeffi-
cient for internally scattered light. They can be approximated by

(n-1)" + &2
Se = —22 + 005 (4)
(n + 1) +k
4
S, =1.014 - ——.
n(n +1)2 ®)

O is the internal transmission factor and is given by

~ r+ exp(—ql (a + s)(D))

= . (6)
1+ r,-exp(— (a + s)(D})
Here, 1, is the bihemispherical reflectance of a semi-infinite medium and is given by
1
| a P
(a+s)
e (7
2
1+ L
(a+s)
where ¢ is the absorption coefficient, such that
4rk
o =27 8
P ®)

s is an internal scattering coefficient and (D) is the effective grain size, or optical path length (Hap-
ke, 2001, 2012, 2012; Pieters et al., 1993). We should note that the term (D) is different from the physical
grain size of a particle.

Finally, Chandrasekhar's isotropic H-function can be extrapolated from a lookup table of x, w, and H (x)
from Chandrasekhar (1960) or approximated after Hapke (2012) as

-1
H(x) = {] - wx{ro + #ln(l ;xﬂ} 9)

where the variable r, = (1 —Vl-w )/(1 +l+w ) When single scattering albedo is very close to 1, which is
the case for our sample at short wavelength, the approximate solution of H-function shows large disagree-
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ment with the exact solution of H-function (Hapke, 2012). Therefore, we use the extrapolation of Chan-
drasekhar's H-function table as H(x) in Hapke's model.

2.2. Singly Subtractive Kramers-Kronig Analysis

A single subtractive Kramers-Kronig analysis derives n as a function of wavelength from existing values of
k (Lucarini et al., 2005). The Kramers-Kronig equations are a general class of expressions that relate the
real and imaginary components of any complex response function that is analytic in the half-plane above
the X-axis in a Cartesian coordinate system. Formal Kramers—Kronig analysis requires data at all wave-
lengths, which is a criterion that can never be met. However, a subclass of these expressions, singly sub-
tractive Kramers-Kronig relations, are useful for limited spectral ranges. Therefore, we used MIR k-values
determined from classical dispersion theory to extend the range for a more convergent solution. The singly
subtractive Kramers-Kronig transformation can be written as

22 -v%) 0 vi(Y)
2

Ply
(v2-v?)(v2-w)

where n(v) is the real refractive index at frequency v, and n; is a known value for the index of refraction
at point v, (frequency at sodium D line 0.58929 um). v’ is a dummy variable of integration. P denotes the
Cauchy principal value of the integral.

n(v) =ny + av', (10)

2.3. Dispersion Theory

To estimate the MIR optical constants, classical dispersion theory in combination with Fresnel equations
are used in this study following the method of Spitzer and Kleinman (1961). Dispersion theory describes the
vibration of a crystal lattice as a collection of harmonic oscillators. Each lattice oscillator is defined by a set
of dispersion parameters, including resonant frequency (v), band strength (47zp), and band width (y). The
optical constants are related to these oscillator parameters as follows:

47[,0]1/]?(1/]2- —v2)
2
2 2 2.2 2
(vj -v ) +(;/jvjv )
47zpjv/2» (7.1.1/.,‘1/)
/ 2 2)? 2.2 2 12)
(vj -V ) +(ijjv )

where ¢, is the high frequency dielectric constant, j represents the jth oscillator.

n> — k2 =£0+Zj

an

nk =

The total reflectance can then be calculated using optical constants through Fresnel equations:

_RI+R}
)

(13)

T

2,

) cos @ — u) + v
Ry = 3 (14)

(cos g+ u) +2

, [(nz -kz)cosa 'M:|2 +(2nk cosé’—v)2
R? = (15)
. {(nz - kz)cosﬁ + uT + (2nk cosé + v)2

, 12 \1/2
n? — k% — sin®0 + {(nz — k- sinzﬁ) + 4n2k2}

u= 5 (16)
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Figure 1. XRD patterns for gypsum and bassanite.
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—(n2 —k* - sin29) + {(n2 -k - sin29) + 4n2k2}
V= a7

2

where 6 is the incident angle.

3. Method
3.1. Sample Description and Preparation

The chunk gypsum sample was purchased from Ward's Science. Bassanite was synthesized by putting pow-
dered gypsum in an oven at 80°C overnight. Powder X-ray diffraction (XRD) patterns were collected using
the Rigaku Miniflex X-ray diffractometer to determine the purity of phase in the Department of Geoscienc-
es, Stony Brook University. The instrument was operated in the Bragg-Brentano geometry configuration
with CuKa radiation (1.54 A) and D/teX Ultra 1D detector. The patterns were obtained at a scanning rate
of 0.5° per minute with a 0.02° step size from 10° to 70° for these two minerals (Figure 1). XRD patterns of
both our samples are consistent with those of pure samples from the Caltech RRUFF database. Gypsum
and bassanite were ground and sieved into four size fractions (<32, 90-125, 125-180, 180-250 um). Samples
were washed with ethanol to remove clinging fines. The smallest size fraction of gypsum and bassanite
was pressed into compact pellets ~2 mm thickness and 13 mm diameter providing a smooth surface like a
mirror for MIR specular reflectance measurements.

3.2. Laboratory Measurements

VNIR (0.35-2.5 um) reflectance spectra were acquired at 7 phase angles from 45° to 105° (we fixed the incident
angle i = 45°, and changed the viewing angle ¢ = 0°, —10°, —20°, —30°, —40°, —50°, —60°) for each sample
referenced to a square calibrated Spectralon standard under identical conditions using ASD Fieldspec3 spec-
troradiometer at Stony Brook University's Center for Planetary Exploration (CPEx). The instrument consists
of 512 element silicon photodiode array detectors over the 350-1,000 nm range with a spectral sampling of
1.4 nm and two TE cooled InGaAs photodiode detectors (SWIR1: 1,000-1,830 nm; SWIR2: 1,830-2,500 nm)
over the 1,000-2,500 nm range with a spectral sampling of 2 nm. All spectra were resampled to 1 nm spectral
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1.0 sampling with the provided software. Designed phase angles were achieved
by using a custom-built goniometer with the angular error of <2° (Sklute
0.8 et al., 2015). Each spectrum was collected with an average of 300 scans to
o provide a sufficient signal-to-noise ratio. Each sample was run four times,
20.6 rotating sample cup 90° every time, and then all spectra were averaged to
g produce the final spectrum. The detector was optimized with the change
% 0.4 of phase angle, and white reflectance (300 scans dark current, 600 scans
o white reference) was collected before each measurement. During the spec-
0.2l . tral measurements, the viewing spot size would become more elliptical at
— Bassanite larger phase angles. In order to avoid the detector viewing areas outside the
0.0L= Gypsum : ‘ : sample, an 8° field of view foreoptic lens was attached to the detector and
0.5 1.0 1.5 2.0 25

Wavelength (um)

sample cups were placed close to the foreoptic. All reflectance spectra were
calibrated to correct the photometric effect of the Spectralon according to

Figure 2. Example laboratory visible/near-infrared reflectance spectra of the method of Yang et al. (2019).

gypsum and bassanite measured with >250 pum particle size used in this
study. Incidence and emergence angles were 30° and 09, leading to a phase

angle of 30° for these measurements.

VNIR reflectance spectra of gypsum and bassanite are dominated by ab-
sorption features caused by combinations and/or overtones of H,O vi-
brational modes, and the individual wavelength of each of these features
in gypsum and bassanite spectra have been presented and analyzed in
previous studies (Bishop et al., 2014; Cloutis et al., 2006, 2008; Crowley, 1991; Harrison, 2012; Hunt, 1977).
The VNIR reflectance spectrum of gypsum exhibits bands at 1.0, 1.2, 1.4-1.5, 1.75, 1.9-2.0, 2.2, and 2.4 pm.
Although bassanite spectra have similar spectral features to gypsum, there are adequate differences to dis-
tinguish these two minerals. Characteristic bands at 1.0, 1.2, ~1.4, ~1.9 um in bassanite are narrower and
shifted to shorter wavelengths compared to the bands in gypsum spectra. The absorption band at 2.2 um in
gypsum is not seen in bassanite, but a band at ~2.1 pm is present in bassanite, but not in gypsum (Figure 2).

MIR specular reflectance spectra were collected for each pellet referenced to a gold mirror using a Nicolet
6700 FTIR spectrometer in CPEx with an equipped specular reflectance accessory with 30° incidence and
emergence angles. The spectrometer is equipped with a deuterated L-alanine doped triglycine sulphate
(DLaTGS) detector and a CsI beamsplitter and uses a dry air purge to reduce contributions from atmospher-
ic CO, gas and H,O vapor. The MIR spectra of each sample were acquired from 400-4,000 cm™ at 2 cm™*
spectral sampling with a total of 512 scans.

3.3. Computation Procedure

This work is based on the procedure from Sklute et al. (2021) to limit the potential of deriving non-unique
solutions. Here, we summarize the modeling method.

The optical constants n and k were calculated using Hapke's model of radiative transfer theory through sev-
eral steps of minimization (Figure 3) using a MATLAB encoded routine. First, reflectance spectra for each
grain size at one phase angle were converted to an initial guess for single scattering albedo, w, by setting

phase function
minimization
routine 2

VNIR £ ) k

data |SSS——)/ minimization ) minimization
routine 1 routine 2

Kramers
MIR Dispersion : wavelength
- ! » Kroni -
data analysis analys?s dependentn

Figure 3. Flow chart of visible/near-infrared optical constants calculations performed in this work. Step 1: Blue
arrows; Step 2: Orange arrows; Step 3: Purple arrows; Step 4: Yellow arrows.

h 4
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Reflectance (offset for clarity)
Phase function coefficients

Large

05 L0 15 20 25
Wavelength (um)

Figure 4. Modeled and measured reflectance for three sizes at seven

d the initial guess for phase function coefficients » and ¢ from Mustard and
Pieters (1989). The ranges of b and ¢ (—1.7 < b < 1.7, =1 < ¢ < 2) were
adopted from Mustard and Pieters (1989). Then, we leverage the fact that
all spectral variations due to phase angle and those due to grain size are
mathematically separable. According to Equation 1, all phase angles of a
given grain size should have the same single scattering albedo. Thus, we
can robustly derive phase function parameters by requiring w for each
grain size to remain constant across phase space and forcing phase func-
tion coefficients, b and ¢, to account for all spectral variation due to phase
angle. This step derives wavelength-dependent b, ¢, and w for each grain
size using a least squares minimization to simultaneously model each
group of the 7 phase angle spectra. The phase functions coefficients for
f each grain size fraction from this step are used as constants in all follow-
ing calculations.

Second, a guess for £ is derived from w using a fixed effective particle size

(D) (set as the lowest boundary of the size distribution), as well as an

internal scattering coefficient s (set to zero) for each grain size. Then, a

05 10 15 20 25 grain-size independent & is derived by modeling three grain sizes simul-
Wavelength (um) . . .

taneously using » and ¢ from the previous step and requiring all spectral

variation due to grain size be accounted for by (D) and s. Bounds for (D)

phase angles for gypsum. (a) shows the small grain size (90-125 wm) are allowed to vary between 1/3 the lowest value through the highest val-
spectra, (c) shows the medium grain size (125-180 um) spectra, and (e) ue of the sieved size fraction (see Hapke [2012] discussion for equant
shows large grain size (180-250 pum) spectra. Spectra from 7 phase angles particles), and s was allowed to vary between 0 and 0.1 um~.

are offset for clarity (from bottom to top corresponding to g = 459, 55°,
650, 759, 859, 950, 105°). Determined two-term Legendre polynomial phase  Third, the VNIR k was combined with MIR (2.5-25 pum) k calculated from

function coefficients b and ¢ for gypsum. Panel (b) shows the small grain classical dispersion theory for pellets, and this long range k was used to

size parameters, (d) shows the medium grain size parameters, and (f)

shows the large grain size parameters.

derive VNIR wavelength-dependent n by a subtractive Kramers-Kronig
analysis.

Finally, we used the new wavelength-dependent » to run the minimization routine for a new & and vice
versa. The third and fourth steps were iterated several times until » and k did not change substantially.

4. Results and Discussion
4.1. Phase Function

A two-term Legendre polynomial was used as the phase function in this study. A two-term Henyey-Green-
stein (2HG) phase function was also tested, but failed to produce reasonable convergence between the model
and the data over the full grain size, phase angle, and wavelength range. While the 2HG phase function has
been favored by some authors (e.g., Cord et al., 2003; Hartman & Domingue, 1998; McGuire & Hapke, 1995;
Shepard & Helfenstein, 2007), we note that those publications focused on one or a handful of wavelengths
in the VIS region of the spectrum, whereas we fit hundreds of wavelengths throughout the entire VNIR
wavelength range and across all phase space. Furthermore, to our knowledge, phase behavior of sulfates
has not been adequately studied, however, Sklute et al. (2015) similarly found a 2HG phase function could
not adequately model the jarosite phase data across the full VNIR region.

We derived the wavelength-dependent phase function coefficients b and ¢ from 7 phase angles instead of
assuming a constant number for them. Figures 4 and 5 show the phase function fitting results between
calculated and measured reflectance spectra for 3 sizes at 7 phase angles, as well as final phase function
coefficients b and ¢ for 3 sizes of gypsum and bassanite, respectively. Figure 6 shows the variation of the
modeled phase function of gypsum and bassanite at different grain sizes.

‘We note that our modeled phase functions for gypsum and bassanite are significantly different from each
other. The derived phase function of gypsum represents moderated forward scattering, which is consistent
with the assumption for most bright minerals. However, the phase function we modeled for bassanite shows
strong backscattering properties. We think the reverse trend of phase scattering behavior for gypsum and
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bassanite could be caused by several reasons. First, the phase behavior is

Lor e : . determined from 7 phase angles ranging from 45° to 105° in this study.
- This limited range of angles may not be sufficient to appropriately deter-

' mine phase function with a two-term phase function. However, attempts
oo to restrict b and c values to a forward scattering regime led to poor con-

vergence between the data and the fits. Second, bassanite samples are
composed of irregular particles, which could create substantial surface
roughness and may cause the phase function to display backscattering
(Hapke, 2012). Third, high brightness and transparency of bassanite com-
pared to gypsum (higher reflectance of bassanite compared to gypsum
measured under the same condition) could make light transport deep-
er and possibly reach the black sample cup. The backscattering behav-
ior of bassanite is possible partly coming from the combined scattering
behavior of the bassanite and the underlying black sample cup. Finally,
due to the similar physical properties of bassanite and gypsum, as well as
the same experimental and modeling condition, the derived phase func-
tions of bassanite and gypsum may represent their real phase scattering
features. If this is true, minerals in the same class could have different

1.0t €

0.5F

0.0

Phase function coefficients

0.5 1.0 15 2.0 2.5

25
Wavelength (um) Wavelength (um) phase scattering behavior. Therefore, more caution is warranted when

assuming the phase function for different particles in spectral modeling.

Figure 5. Modeled and measured reflectance for three sizes at 7 phase A broad and comprehensive study of the phase scattering behavior for

angles for bassanite. (a) shows the small grain size (90-125 um) spectra,
(c) shows the medium grain size (125-180 um) spectra, and (e) shows

different rock-forming minerals is worth doing in the future.

large grain size (180-250 um) spectra. Spectra from 7 phase angles are

offset for clarity (from bottom to top corresponding to g = 450, 559, 659, 4.2. MIR Optical Constants

750, 859, 959, 105°). Determined two-term Legendre polynomial phase

function coefficients b and ¢ for bassanite. (b) shows the small grain size Non-linear least squares optimization is used to fit the calculated and
parameters, (d) shows the medium grain size parameters, and (f) shows measured spectra for the optimized oscillator parameters following the

the large grain size parameters.

method of Glotch et al. (2007). MIR optical constants of gypsum and bas-
sanite derived from classical dispersion theory and Fresnel equations are
shown in Figure 7 and the oscillator parameters used to fit the reflectance
spectra are shown in Table 1.

4.3. VNIR Optical Constants

The initial constant n was calculated as the average of the crystallographic axis specific refractive indices
at 0.58929 um, such thatn ; = ("a +ng +n, )/3. The visible refractive indices of gypsum and bassanite for
each crystallographic axis (Anthony et al., 1995) and averaged values are listed in Table 2.

The effective particle size, (D), is the most influential factor that affects the derivation of optical constants.
Unlike Lucey (1998) and Roush et al. (2007), who adjusted (D) for each sample to obtain k suitable for
multiple grain sizes, the method used in this work allows for the simultaneous fitting of multiple data sets
to determine (D) for each particle size, along with a single array for k. Derived effective grain size (D) and &
values of gypsum from various initial guesses of (D) are perfectly identical with each other, and results for
bassanite are also very close to each other (Figure 8). Therefore, results generated in this work likely repre-
sent (D) associated with a global minimum deviation between the model and data, as they are independent
of the initial guess (D). We found that the derived (D) is lower than the bottom of its grain size fraction
range. The global optimization routines allow (D) to vary from 1/3 the lowest value to the highest value
of the sieved size range because the mean ray path length (D) is usually smaller than the average particle
diameter for irregular particles with internal imperfections (Hapke, 2012).

Reflectance spectra in this study were measured at 7 phase angles for each of three-grain size. Each set of
reflectance data consists of three-grain sizes at one phase angle, which was used as input for the program
to generate one set of optical constants. We can see that the variation of derived k-values from reflectance
data at 7 phase angles is limited to a small range (Figure 9), and the final k-values are highly sensitive to the
associated (D) (Table 3). For example, derived k values for both gypsum and bassanite at g = 75° and 95° are
smaller than & values at rest of phase angles, while their corresponding effective grain sizes are larger com-
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Small

Medium

Figure 6. Variation of phase function modeled with a two-term Legendre Polynomial for gypsum (left) and bassanite (right) with three different grain sizes

(top: small grain size; middle: medium grain size; bottom: large grain size).

pared to others. This is likely due to the uncertainties from the laboratory measurements at these phase an-
gles, which can be partly witnessed from fitting results at phase function derivation step (Figures 4 and 5);
spectral fitting results at g = 75° and 95° are relatively poor compared to others. Ideally, with more accu-
rate laboratory measurements and appropriate acquisition of phase function, derived k values in this study
would be the same for reflectance data at any phase angles. Therefore, the variation of k-values determined
from reflectance data at different phase angles records the uncertainties of our laboratory spectral measure-
ments. In this work, we averaged the derived optical constants from all 7 phase angles as our final results.

In the Hapke model, the parameter , the internal scattering efficiency, cannot be known in advance for an
individual sample. Hapke and Wells (1981) found the best value of s of 600 cm™! for synthetic silicate glass
particles. Lucey (1998) discussed the parameter s for natural olivine and pyroxene and set s to zero. Roush
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Figure 7. Measured and modeled mid-infrared reflectance, and derived optical constants for gypsum (left) and

bassanite (right).

et al. (2007) manually varied s to 1.25 cm™ for consistent spectral comparison. In this study, we determined
s along with k through global minimization routines (Table 3).

Porosity is another important factor in reflectance spectra (Hapke, 2008, 2012). The constant K, the porosity

factor, is
2
In|1-1209¢%
‘o ) (18)
1.20943
Table 1
Oscillator Parameters for Gypsum and Bassanite
Gypsum &y =1.1821 Bassanite & = 1.7667

v 7 47p v 7 4zp
482 0.1846 0.2240 339 0.1216 0.7633
601 0.0313 0.0497 456 0.2858 0.1547
609 0.0229 0.0085 597 0.0155 0.0358
673 0.0232 0.0479 605 0.0294 0.0185
979 0.1033 0.0173 660 0.0190 0.0554
1116 0.0193 0.1088 1,008 0.0159 0.0071
1134 0.0254 0.1210 1,091 0.0146 0.0762
1618 0.0131 0.0082 1,114 0.0151 0.0628
1971 0.5355 0.2611 1,127 0.0179 0.0264
2802 0.4358 0.2658 1,146 0.0179 0.1194
3168 0.1126 0.0439 1,167 0.0123 0.0063
3316 0.0372 0.0149 1,181 0.0166 0.0027
3383 0.0133 0.0063 1,206 0.0174 0.0027
3543 0.0345 0.0139 1,615 0.0121 0.0038
3656 0.0333 0.0119 1,789 0.4072 0.1002
4224 0.2714 0.0859 3,013 0.4065 0.0954

3,665 0.1799 0.0825
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Table 2
Visible Refractive Index Values for Gypsum and Bassanite Used as the Initial Guess

Ny nﬂ n7 Nyjg
Gypsum 1.519-1.521 1.522-1.523 1.529-1.53 1.524
Bassanite 1.550-1.559 1.56 1.577-1.584 1.565

where ¢ = 1-porosity, is the filling factor. When we take porosity into consideration, the Hapke's radiance
coefficient (Equation 1) becomes to

. _ew 1 Ho M
REFF (i.e.g) = K P {[1 + B(g)IP(g) + H[ < ]H[Kj 1}. 19)
Previous studies have shown that different values of porosity can change the value of k by a factor of two or
more (Hapke, 2012; Sklute et al., 2015). Due to the uncertainty associated with porosity estimates, we tested
the effect of different filling factors on the derived optical constants. It is clear to see from Figure 10 that the
variations of k values from different porosity corrections are significant, while n values do not change at all,
likely due to the dominance of the MIR k values on the Kramers-Kronig transformation. In the absence of
precise knowledge of the packing density of each of these minerals at each grain size, we opted to not in-
clude porosity in the model for our calculations but provide the reader with both data and programs should
they desire to reassess this common assumption.

4.4. Comparison With Previous Results

Roush et al. (2007) and Robertson et al. (2016) have previously derived gypsum VNIR optical constants.
Here we compare the gypsum VNIR optical constants derived from this work with those from the Hapke
scattering model in Roush et al. (2007) and Robertson et al. (2016) (Figure 11). Robertson et al. (2016) and
our work both find an optimized single array k-value for a range of particle sizes simultaneously, which
is the main difference to the method of Roush et al. (2007). Robertson et al. (2016) calculated two types
of optical constants of gypsum, for spherical particles and irregular particles. In their study, they related
optical path length (D) to the physical particle size D by (D) ~ 0.9D for spherical particles and (D) = 0.2D
for irregular particles. Our work derived (D) about ¥ of the lower bound of size fraction which is close to
the irregular particle case (D) = 0.2D if we use the relationship as defined in Robertson et al. (2016). This
result corresponds to the gypsum particle habit. However, the k values from this work show significant
differences compared to the results of irregular particles in Robertson et al. (2016). Instead, our & values are
nearly identical to the results of spherical particles in Robertson et al. (2016). The reason that our k values
are close to that of spherical case in Robertson et al. (2016) is mainly because their prepared gypsum par-
ticles are smaller than samples in our study, and their spherical case for (D) is on the same magnitude of

Gypsum Bassanite
3 initial <D> (um) derived <D> (um) _3 initial <D> (um) derived <D> (um)
10 E <D1> <D2> <D3> <D1> <D2> <D3> 10 E <D1> <D2> <D3> <D1> <D2> <D3> 3
- 30 45 60 37 48 62 m—" 30 45 60 a7 63 79
60 90 125 37 48 62 60 90 125 48 64 81
— 9 125 180 37 48 62 — 90 125 180 43 58 72
105 150 215 37 48 62 105 150 215 45 59 74
W 125 180 250 37 a 125 180 250 45 59 74
1074 E 1074 E
Y4 v
107 E 107> 1
107 {1 1079 ]
0.5 1.0 1.5 2.0 2.5 0.5 1.0 1.5 2.0 2.5
Wavelength (um) Wavelength (um)

Figure 8. Derived visible/near-infrared imaginary refractive index of gypsum (left) and bassanite (right) from different
initial guess of (D) with reflectance data at one phase angle (i = 45°, e = -20°) and three grain sizes D1 = 90-125 um,
D2 = 125-180 pum, and D3 = 180-250 um.
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Figure 9. Derived visible/near-infrared optical constants of gypsum (left) and bassanite (right) from reflectance data at
seven different phase angles.

ours. Although optical constants are grain size independent parameters in theory, the calculation of optical
constants is mainly impacted by particle size. The difference between our results and previous studies are
mainly caused by the different methods that are used to find the single array of k, as well as how the phase
function and H-function are dealt with. As we discussed previously, this study used a global optimization
to find a single array k-values instead of averaged k values from different particle sizes. We determined the
wavelength dependent phase function from reflectance at multiple phase angles instead of assuming a con-
stant phase function. We also used the extrapolation of Chandrasekhar's H-function table as H (x) rather
than an approximation from Hapke (2012) because of the insufficient accuracy of the H (x) approximation
when single scattering albedo is very close to 1. Our values for n drops off much more steeply toward longer
wavelengths than those of Roush et al. (2007). This trend is the same seen by Sklute et al. (2015) and results
from the different range of k values used to determine n through Kramers-Kronig analysis. In addition, since
there is nearly two orders of magnitude difference in & values at the overlap region of VNIR and MIR data
set, the way of combining MIR and VNIR k-values would affect the derived » values, resulting in different

Table 3
Final Values of Effective Grain Size { D) (um), and Internal Scattering Coefficient s (um =) for Both Gypsum and Bassanite at 7 Phase Angles and Three Particle
Size Fractions D1 = 90-125 um, D2 = 125-180 um, and D3 = 180-250 um

Gypsum Bassanite
Phase angle (D1) (D2) (D3) s1 52 52 (D1) (D2) (D3) sl 52 52
g =45° 34 48 61 10+ 0.1 0.1 49 66 83 0.1 0.005 0.1
g =55° 37 45 60 1077 0.1 0.1 42 56 71 10* 0.004 0.1
g =165° 37 48 62 10°° 0.1 0.1 43 58 72 0.02 1077 0.1
g="75° 54 75 99 1074 0.1 0.1 65 90 112 0.1 1077 0.1
g =85° 36 48 60 10°¢ 0.1 0.07 46 62 80 0.06 0.005 0.1
g=95° 57 77 106 1074 0.1 0.1 72 96 119 0.1 1078 0.1
g =105° 37 48 63 10°° 0.1 0.1 53 72 90 0.003 10 0.1
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Figure 10. Derived visible/near-infrared optical constants for gypsum (left) and bassanite (right) from different
porosity corrections.

slope curves of n in VNIR range (Ye et al., 2019). Therefore, it always requires a subjective adjustment to ei-
ther MIR or VNIR data set for combining & values in these two wavelength ranges. In Figure 12, we compare
the single scattering albedo of gypsum calculated with a constant » value as used in Robertson et al. (2016)
and wavelength dependent n values as derived in this study while fixing other parameters. We can see that
although the single scattering albedo are almost identical at the most wavelengths, the differences at the
longer wavelengths are clearly caused by the different n values, which would have apparent effect on the
spectral mixture modeling results. Overall, our results illustrate the need to use a wavelength dependent,
rather than a constant » value in radiative transfer modeling, as n values of minerals can vary substantially
over the VNIR wavelength range.
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—— This study

—— Roush et al. (2007)
Robertson et al. (2016)
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___ Robertson et al. (2016)
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Figure 11. Comparison of gypsum V optical constants derived from this study, Roush et al. (2007) and Robertson
et al. (2016). Robertson et al. (2016) used a constant value of n = 1.51. No porosity effect was considered in this

comparison.
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1.0 4.5. Potential Applications of Gypsum and Bassanite Optical
o Constants on Mars
©
§ 09 The presence of various types of sulfates (Fe-, Mg-, and Ca-sulfates) have
;E, been detected in numerous regions of Mars from both orbital and in-situ
£ 08 observations. The extensive distribution of sulfate minerals in sedimen-
% 0.7 tary deposits and soils has given rise to a conception that the Martian
- geological history has been dominated by a sulfur cycle in contrast to a
% o carbon cycle on Earth (King & McLennan, 2010; McLennan, 2012). Op-
i% B p———Y tical constants of several hydrated Mg-sulfates (Dalton & Pitman, 2012)
0.5}~~~ wavelength-dependent n \ and Fe-sulfates (Pitman et al., 2014) have been studied previously. In this
10 13 18 20 23 322 work, we focus on the optical constants derivation of Ca-sulfates, gyp-
Wavelength (um) sum and bassanite, with the method developed by Sklute et al. (2021).
We should note that the third kind of Ca-sulfate, anhydrite, has not been
Figure 12. Comparison of single scattering albedo of gypsum calculated included in this study because it has no absorption features in the VNIR

with a constant value of » = 1.51 used in Robertson et al. (2016) and
wavelength dependent n values derived in this study. The single scattering

wavelength region.

albedo is calculated through EquationS 3-8, where k is taken from the The 1argest gypsum occurrence on Mars is located at the Olympla dunes

result derived in this study, (D) is set to 62 um, and s is set to 0.

in the north polar region (Langevin et al., 2005). Various formation mech-
anisms of gypsum in the north polar region of Mars have been proposed.
Langevin et al. (2005) suggested that interaction of acidic snow with Ca-
rich minerals during volcanic activity or evaporation of the outflows from the melted ice cap would form
gypsum deposits at the sand dunes in the Olympia Planitia. Fishbaugh et al. (2007) fitted the OMEGA
spectra of gypsum at the Olympia Undae dune field with 35% pure gypsum of a few tens of microns in
grain size mixed with 65% millimeter-sized gypsum containing dark, spectrally featureless materials. They
hypothesized that these locally gypsum-rich dunes formed by in-situ weathering of sulfide and high-Ca-py-
roxene dunes followed by evaporation in the pore spaces of these dunes after water from nearby channels
percolated through them. Massé et al. (2010, 2012) identified spectroscopically weak signatures of gypsum
sediment covering the surface of the north polar cap and the circum-polar dunes other than the restricted
areas at the Olympia Undae. This wider distribution of gypsum deposits at the north polar region of Mars
suggests that the polar gypsum was initially formed by acidic weathering of dust particles that were deposit-
ed in the ice, then released and transported by ice sublimation and winds (Massé et al., 2010, 2012). A simi-
lar scenario of glacial origin has been proposed for the formation of sulfate deposits at equatorial Meridiani
Planum and Interior Layer Deposits (ILDs) in Valles Marineris during periods of high obliquity (Michalski
& Niles, 2012; Niles & Michalski, 2009).

Gypsum located in layered deposits at lower latitudes has been reported for multiple regions (Gendrin
et al., 2005; Sefton-Nash et al., 2012; Wray et al., 2011; Weitz et al., 2013, 2015). The appearance of sulfate de-
posits in the large-scale ILDs in equatorial areas has been suggested to originate from precipitation through
evaporation, alteration by acidic groundwater circulation or volcanic outgassing (Gendrin et al., 2005), or
sublimation of massive ice deposits consisting of dust and sulfur aerosols (Michalski & Niles, 2012). Wray
et al. (2011) found a discrete ring of lighted-toned layered deposits including gypsum, Fe/Mg-sulfates, and
phyllosilicates around the walls of Columbus crater in the Terra Sirenum, from which they hypothesized
that the precipitation of sulfates came from a groundwater-fed deep lake. Gypsum associated with other
hydrated minerals identified within a trough of Noctis Labyrinthus and bright layered mounds in the floor
of Melas Chasma by Weitz et al. (2013, 2015) suggested that some localized aqueous activities could have
occurred relatively late in Martian history.

Bassanite has been detected on the outflow channel floor at Mawrth Vallis by Wray et al. (2010). Sur-
prisingly, bassanite was found underlying phyllosilicate-bearing layer deposits and seemed to predate the
phyllosilicate unit, which was not consistent with the model proposed by Bibring et al. (2006) that sulfates
usually formed later than phyllosilicates on Mars. The occurrence of bassanite at Mawrth Vallis could be
explained by the leaching of Ca from upper layers followed by the precipitation of Ca-sulfate in the lower
units, or might indicate a more complex Martian aqueous history than the theory of Bibring et al. (2006)
suggested (Wray et al., 2010). The identification of hydrated minerals with the possible presence of bassan-
ite in one chasma of the Noctis Labyrinthus region by Mangold et al. (2010) indicated a late-Amazonian

YE ET AL.

15of 18



A7
ra\“1%
ADVANCING EARTH
AND SPACE SCIENCE

Earth and Space Science 10.1029/2021EA001834

Acknowledgments

This work is supported by the RIS‘E
(Award NNA14B04A) and RISE2
(Award 80NSSC19M0215) nodes of NA-
SA's Solar System Exploration Research
Virtual Institute.

aqueous alteration process. The appearance of these phases with the close proximity of a volcanic plain
suggested that bassanite may be formed by the interaction of local snow with hot volcanic ash or by the
direct solid-gas interaction in relation to volcanic activity (Mangold et al., 2010).

The wide occurrence of a variety of chemically different sulfates on Mars displays a diverse degree of hydra-
tion states, which could indicate various sedimentary environments. While Ca-sulfates do not have a broad
range of hydration states compared to Fe/Mg-sulfates, the distribution, stability, and relative abundance
of hydrous sulfate salts on the Martian surface would provide significant constraints on their formation
conditions and Martian hydrologic cycle. In this work, the optical constants of hydrous Ca-sulfates will be
the addition to that of Fe/Mg-sulfates derived by Dalton and Pitman (2012) and Pitman et al. (2014). These
optical constants data will facilitate mineral abundance extraction using radiative transfer models and in-
crease the scientific return of remote sensing datasets.

5. Conclusion

The VNIR and MIR optical constants of gypsum and bassanite determined in this work expand the library of
optical constants. With the availability of these optical constants, radiative transfer models can be used to es-
timate the individual component abundances of hydrous Ca-sulfates from the mineral mixtures. The k-val-
ues for gypsum at VNIR wavelengths show close agreements with results from Robertson et al. (2016) for a
spherical particle assumption. In addition to the acquisition of optical constants, the wavelength dependent
phase function has been constrained by reflectance from multiple phase angles. The combination of optical
constants at MIR wavelengths allows us to derive the wavelength dependent n values with Kramers-Kronig
analysis. Although n values do not change a lot at VNIR wavelengths, the derivation of absolute wavelength
dependent n values, along with our refined k-values, could facilitate better accuracy in spectral unmixing of
terrestrial and Martian remote sensing data sets that are expected to include hydrous Ca-sulfates.

Data Availability Statement

Laboratory spectra and derived optical constants are archived at Zenodo.org https://doi.org/10.5281/zeno-
do.4735694. The MATLAB code used to model the optical constants is available at Zenodo.org https://doi.
org/10.5281/zenodo0.4429127.
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