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[bookmark: _Hlk30497305]ABSTRACT. Understanding the Martian climate requires a detailed characterization of the optical properties of Martian dust as it is a ubiquitous component of the atmosphere. The need for a consensus motivates measurements of terrestrial simulants under controlled conditions. This investigation demonstrates an in-situ method to entrain and directly measure the absorption spectrum of six Martian dust simulants using photoacoustic spectroscopy. Measured absorption cross sections (Cabs) were used in Mie theory calculations to retrieve the imaginary component of the refractive index (k) of each sample while constraining the real component to n = 1.5; the refractive index of silica. The weakly absorbing simulants have k values ranging between 0.002 and 0.03 at λ = 500 nm that correlated with the iron oxide mass fraction.


INTRODUCTION. 
The role of atmospheric dust on Martian climate was first observed and interpreted by Gierasch and Goody in 1972 using data from the Mariner 9 orbiter and Priestley’s theory of free convection with Kraichnan’s theory of the boundary layer to recreate the observed temperature profile.1–3 Agreement between observational and modeled data could not be reached when assuming a CO2 atmosphere. However, the observed Mariner 9 temperature profile could be reproduced when they included atmospheric particles that absorbed ~ 10 % of the incident solar radiation.2
Atmospheric dust (surface soil that has been lofted into the atmosphere) may positively or negatively affect a planet’s radiative balance. The magnitude of these effects is a function of the optical, physical, and chemical properties of the dust; e.g. size distribution, integrated number density, scattering and absorption cross sections and scattering phase function. Understanding these properties is critical for understanding the impact of dust on a planet’s climate.4,5 
Dust is ubiquitous in the Martian atmosphere.2,5 The planet’s strong winds effectively loft, entrain and transport dust across long distances. Martian dust storms can be  regional and span a few Martian days or sols (1 sol = 24 hours and 39 minutes) or can be planet-encircling events that cover the entire planet for several months.6 Airborne dusts on Mars are estimated to have physical diameters between 1 µm and 3 µm, although this may vary during high dust loading events.7–9 
Mineralogy of Martian Soils and Dust
Early work on Martian mineralogy was done using data from the 1976 Viking landers, which provided elemental analyses of Martian surface soil via X-ray fluorescence measurements. Analysis by Clark et al. concluded that Martian soil is composed of SiO2 at a mass fraction of 0.44 ± 0.06. The soil also exhibited a high Fe content as Fe2O3 with mass fractions ranging from 0.15 to 0.19.10 Light scattering properties of Martian dust have been estimated using Viking lander sky images. Pollack et al. modeled these observations to find that observed suspended soil particles were present throughout the observation period, and its opacity was due to fine-grained magnetite (Fe3O4).11 In addition, Viking landers also revealed that Martian soils were magnetic. Hargraves et al. suggested that magnetite was dispersed onto particle surfaces, giving them color.12
Two decades after the Viking Missions, the Mars Pathfinder (MPF) landed in Mars’ Ares Vallis, equipped with an Alpha Proton X-ray Spectrometer (APXS) and the Imager for Mars Pathfinder (IMP), a color stereo imaging system. APXS measurements revealed that Martian surface soils had enhanced Fe mass fractions, up to 0.06, relative to surface rocks, leading to the conclusion that soil compositions are not dominated by the physical weathering products of local rocks, but possibly eolian sediments.13 MPF collected multispectral, elemental, magnetic, and physical measurements of diverse soils, rocks and dust at the Sagan Memorial station, and discovered that the most distinct spectral parameters of Martian dust on soil reflectivity were in the red, and the red/blue reflectivity ratio; consistent with the presence of nanophase ferric oxides. MPF interpretation by Bell et al. concluded that soils observed were similar in composition (mass fraction SiO2 = 48.6 % ± 2.4 % and Fe2O3 = 17.5 % ± 1.0 %) to those observed by the Viking landers; further suggesting the uniformity of surface particles is due to eolian transport.13
Hematite (Fe2O3) was detected in Meridiani Planum from remote observations by the Mars Global Surveyor that preceded the Mars Exploration Rovers. The Mars Global Surveyor’s Thermal Emission Spectrometer (TES) also discovered unique deposits of crystalline gray hematite.14 In 2004, the Mars Rover Opportunity returned Mossbauer and X-ray diffraction spectra that revealed four mineralogical components of Meridiani Planum soil, two of which were rich in hematite. The data also indicated the presence of hematite-rich spherules and their fragments throughout the landing site.15,16 In summary, there is agreement between mineralogical research that suggests Martian soil and dust composition is dominated by SiO2, with an iron containing pigment, such as hematite and/or magnetite, that give rise to the particles’ light absorption and magnetic properties.
[bookmark: _Hlk66268050]Mineralogical studies are essential to ongoing engineering efforts to design future spacecraft and consider Mars’ habitability. One such effort is through the design of Martian dust simulants that will enable simulations on Earth. Dust simulants have been used extensively for several decades in engineering tests to model the Martian environment (radiative heating and ice sublimation rates, dust deposition)  and plant growth experiments required for future human explorations.17–21 Simulants are distinguished in two groups: a) terrestrial analogs and b) Martian mimics. Terrestrial analogs are samples collected from locations on earth that mimic Martian mineralogy. One example is the Mojave Simulant that has been used in NASA’s Jet Propulsion lab for the last two decades.22 Martian mimics are manufactured simulants based on observational data of Martian dust and soil.23 Both classes of simulants contain silica as the primary constituent, with varying concentration of iron oxides and  Na, Mg, and Mn containing trace minerals.22,23 Studies of coarse mode particles (2.5 µm to 10 µm) in the Earth’s atmosphere have correlated the concentration of iron oxides, such as hematite (Fe2O3) and magnetite (Fe3O4) with particle albedo.24,25 The presence of iron oxides on Mars suggests that similar correlations may also exist between particle mineralogy and other optical properties. 
Despite the depth of information on Martian mineralogy, there currently lacks consensus about the optical properties of Martian dust. Martian dust spectroscopic data was collected from the 1971 dust storm by the UV spectrometer on the Mariner 9 and Pang et al. retrieved the cloud particle size distribution and complex refractive index.7 Observed single-scattering albedo (ωo)  and phase function were matched with Mie theory calculations for size distributions of spherical, homogenous and isotropic materials and estimated an effective particle radius reff  = 1 m, and k = 0.02 and 0.01 at λ = 268 nm and 305 nm, respectively, with n = 1.75. These results agreed with previous work by Mead, suggesting that at visible wavelengths, Martian dust has n =  1.75, and a negligible k.26
A decade later, Bell et al. utilized Viking lander data previously presented by Pollack et al.  and the Phobos-2 spacecraft and telescopic measurements to propose a new wavelength-dependent model for the ωo of Martian dust that encompasses wavelengths between 0.3 m to 4.3 m and does not assume the mineralogical composition of particles. Particles were assumed to have an effective radius reff = 1.85 m as described in Pollack et al.27 The k from the model developed by Bell et al. only slightly varies from previous observations and exhibits k values indicative of basaltic compounds, however details of mineralogy is lost in the retrieval algorithm.
In 1999, Tomasko et al. used a sequence of images of the Martian sky from IMP and multiple scattering models to characterize the size distribution and optical constants of Martian aerosols. Images were obtained at λ = 444 nm to 965 nm. It was found that the geometric cross section weighted mean particle radius is 1.6 m ± 0.15 m and is independent of the variance of the distribution. Imaginary refractive index decreased with longer wavelengths, consistent with the reflection spectrum observed by IMP for Martian soil. Additionally, ωo increases and ranges from 0.7 to 0.9 while k decreases and ranges from 0.0185 to 0.0052 with increasing λ, assuming n = 1.5.9 The overall results of this interpretation are in agreement with analysis by Pollack et al. of Viking Lander data.9,27
More recently, Wolff et al. performed a comprehensive analysis that took advantage of both remote and surface-based measurement data. Observations by the Compact Reconnaissance Imaging Spectrometer (CRISM) onboard the Mars Reconnaissance Orbiter (MRO) spanning λ = 440 nm to 2920 nm of the 2007 dust event were combined with data from the Mars Exploration Rovers, Spirit and Opportunity, to characterize ωo of Martian dust aerosols.8 An iterative algorithm was employed to retrieve m while considering reff = (1.2 , 1.4, 1.6, and 1.8) m at λ between 400 nm and 2600 nm. Wolff et al. results show that at the selected range of λ, k is maximal at 400 nm (0.008 to 0.012), and decreases to a minima at 700 nm (0.001 ≤ k ≤ 0.002).8 Furthermore, Manago et al. developed a new method to retrieve optical and physical properties of Martian dust from spectral intensities of direct and scattered solar radiation from the wealth of data collected from Mars landers.28 In this model, Martian dust is assumed to have a monomodal size distribution composed of spheroidal particles of silicate-like materials with hematite inclusions. The reff used was based on Tomasko et al., in the range of 1.2 m to 1.8 m, which agreed with the reff  = ~ 1.5 m estimated by Spirit and Opportunity and the reff  = 1.2 m to 1.4m reported by the Phoenix lander. The n was shown to be approximately 1.5 across the wavelengths studied, which agrees with the n of silicates. The k is close to zero in the near-IR but dramatically increases at shorter wavelengths (k = 0.0122 at λ = 443.6 nm and k = 0.0042 at λ = 965.3 nm), which suggests presence of iron oxides.4 
The findings summarized above suggest that it is not unreasonable to assume that Martian dust particles are generally silicate based, with iron oxides, such as hematite, acting as the primary absorber at shorter visible wavelengths. Such composition is also reflected in the composition of Martian dust simulants. However, even with the wealth of remote sensing, lander, and rover measurement data, Martian dust’s quantitative effect on the planet’s radiative budget remains uncertain. Measuring dust optical properties under controlled laboratory conditions may serve to better constrain the material’s refractive index and improve predictions of the impact of dusts on the Martian atmosphere. The purpose of this study is to better understand Martian dust optical properties by directly measuring the aerosol absorption spectra of dust mimics between λ = 405 nm and 840 nm in a controlled laboratory environment for retrieval of k. Optical properties of four Martian mimics and two terrestrial analogs, each with a unique composition and concentration of iron oxides.  
EXPERIMENTAL.
The experimental procedure to quantify the absorption spectra of Martian soil simulants is described below and can be separated into 4 stages: sample preparation, size distribution measurements, absorption coefficient measurements, and refractive index retrievals. A schematic of the measurement system is shown in Figure 1.
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Figure 1. Experimental schematic for quantification of the absorption spectra of Martian soil simulants including: sample aerosolization, size distribution measurements using an aerodynamic particle sizer (APS), absorption coefficient measurements via photoacoustic spectrometer (PAS) and particle number density measurements by a condensation particle counter (CPC).
Sample Preparation and Aerosol Generation
A total of six commercially available Martian soil simulants were analyzed: 2 terrestrial analogs obtained from the Martian Garden (MMS-1 and MMS-2) and four Martian mimics obtained from Exolith Labs at the University of Central Florida (MGS-1, MGS-1S, MGS-1C and JEZ-1) (refer to notes). The Mojave Mars Simulant 1 (MMS-1) is based on research by NASA/JPL and is composed of Saddleback Basalt from the same sources used by the JPL.22 Mojave Mars Simulant 2 (MMS-2) is composed of the same minerals as MMS-1, but with additional inclusions of iron (III) oxide, silicon dioxide, magnesium oxide and calcium oxide to better mimic the aluminum to iron ratio of Martian soil.22 MGS-1 is the Mars Global Simulant basaltic soil believed to mimic the mineralogy of the Rocknest target at Gale crater as observed by Curiosity.23 MGS-1S and MGS-1C are the modified versions of MGS-1 that simulate the hydrated sulfates and clays, respectively, from the NASA Mars Water In-Situ Resource Utilization Study, respectively.29  A fourth sample, the Jezero Delta Simulant (JEZ-1) represents the anticipated mineralogy of the Jezero Crater deltas that will be investigated by NASA’s 2020 Mars Rover. 
In this project, MGS-1 and JEZ-1 were given special regard as they mimic dust from the landing sites of the two currently active Martian rovers, Curiosity and  Perseverance.23 For these samples, two size distributions were studied which we refer to as coarse and fine. The coarse distribution was generated from the as-received product while the fine distribution was generated by grinding each of the samples for 30 minutes in a commercial roller grinder. All remaining samples were studied only in the fine mode, size distribution details are presented in Table 2. 
Ideally, the particle size distribution and number density of aerosol particles remains constant over the 30-minutes required to collect an absorption spectrum using photoacoustic spectroscopy. To achieve this, soil samples were gradually added to a fritted glass bubbler and perturbed by dry, particle free air to reach stable number densities ≥ 400/cm3 at flows between 2 L/min and 5 L/min; flow was  maintained by a needle valve. Flow was sample dependent and manually adjusted to reach the required number density. Entrained particles were subsequently passed through a 4 L buffer volume as shown in the experimental schematic (Fig. 1). 
Size Distribution Measurements
An aerodynamic particle sizer (APS, TSI 3321) was used to determine the aerodynamic diameters (Dae) of particles between 0.5 μm to 20 µm by way of a time-of-flight algorithm. Particles with Dae less than 0.5 μm made up less than 5% of the sample mass, so their contributions to the photoacoustic signal were considered to be negligible. For subsequent Mie theory calculations, in order to satisfy the assumption that particles are spherical, we use the volume equivalent diameter, Dve, defined as the diameter of a sphere having the same volume as the particle. Dve can be calculated from Dae via 
 	 			(1)
where  and  are the particle density and standard density (1 g cm-3), respectively, and Cc is the Cunningham slip correction factor.30 The bulk density of the samples was measured by taking the volume displaced by 10 g of sample in 50 ml of water; we assume the samples were completely insoluble in water. The measured bulk density of each sample was assumed to be equal to density of the aerosol. Lastly, a shape factor (χ) of 1 was used based on the assumption of spherical particles. 
For each sample, size distributions of Dae were obtained from the APS and converted to Dve using Eq. 1. Individual size distributions were collected for 60 s and then averaged to 30 min; the amount of time required to collect an aerosol absorption spectrum. Dve distributions were fit to a log-normal distribution
		(2)
where dN, A, D0 and w are the number of particles in each size bin, the peak amplitude, the distribution mode, and the distribution width, respectively. The integrated number density of the distribution was harmonized with the number density of particles measured by the CPC downstream of the photoacoustic cell (Fig. 1) by adjusting A.  
Absorption Cross section Measurements
Entrained particles were directly sampled into a photoacoustic spectrometer (PAS) coupled to a condensation particle counter (CPC, TSI 3775, 0.3 L/min), using a spectrometer that has been previously described in detail.31 Photoacoustic responses were measured at 15 selected wavelengths between 500 nm and 840 nm using a supercontinuum laser with a tunable wavelength and bandwidth filter (NKT Photonics SuperK Extreme EXR-15 with SuperK Varia) and a λ = 405 nm diode laser. Laser intensity was modulated using a mechanical chopper driven by a function generator and tuned to the lowest order resonant frequency mode of the photoacoustic cell; nominally ∼ 1640 Hz in ambient air.32 The photoacoustic signals generated were detected by an electret microphone and fed to a low-noise preamplifier and a lock-in amplifier (LIA). The absorption coefficients ( were calculated from
									(3)
where x and y are the in-phase and out-of-phase components measured by the LIA for the microphone signal relative to output of the function generator. The x0 and y0 terms account for the small, but non-zero background offset. WRMS, Cc and βm are the root-mean-square power of the laser, the cell constant of the acoustic resonator, and the microphone sensitivity. Presently Ccβm = 0.263 V m W-1. The √8 has been included to convert the RMS power to peak-to-peak.
A CPC downstream of the PAS measured the number density of particles (N), allowing the absorption cross section to be calculated from
 										(4)	
Signals from the LIA and CPC were digitized using an A/D board at 20 kHz and averaged to 1s while the RMS power was directly read from an optical power meter at 1 Hz. These data were then averaged to 30 s and Cabs calculated, corresponding to a single technical replicate. A minimum of 3 technical replicates were collected for each λ in the spectrum. Reported Cabs and their uncertainties represent the average and 1σ standard deviations of these replicates.
To avoid temporal biases, wavelengths emitted by the supercontinuum laser were randomized prior to measurements with the λ = 405 nm diode laser measurements taking place at either the beginning or end of each experiment; switching between lasers utilized a flip optical mount. Variations in WRMS at a single wavelength from flipping the mirror were < 1 mW. 
Imaginary Refractive Index Retrieval
Two parameters that affect aerosol optical properties are the size distribution and the complex refractive index, m, defined as 
											(5)
which includes the real (n) and imaginary (k) components that describe light refraction and attenuation through a medium.
[bookmark: _Hlk69127382]Using Mie theory, k for Martian dust simulants were retrieved from the measured Cabs, size distributions, and a pre-selected n. Literature suggests that Martian soil has n ≈1.5 which is near that of silica (msilica = 1.5 + 0i) between λ = 400 nm and 900 nm.10,33 Silica is the primary component of the Martian dust simulants, hence we follow previous literature in assuming n = 1.5 for use in the k-retrieval routine.4,28,33  Theoretical Cabs were calculated using k spanning 0.001 to 0.05 in increments of 0.001 and compared to the measured Cabs at each wavelength. The value of k that minimized the difference between the calculated and measured Cabs was taken to be the k of that sample. 
RESULTS AND DISCUSSION
Size distributions and optical properties of Martian dust simulants are presented below. Absorption cross section spectra for each sample are plotted with their respective retrieved imaginary refractive index, k. A sensitivity analysis was also performed to test the k retrieval algorithm. 
Size Distributions and Composition of Martian Dust Simulants
Several studies have worked to elucidate the composition of Martian soils and dust. One of the earliest works were done by Hargraves et al. who suggested that loose Martian surface material is made of 1 % to 7 % of highly magnetic components that was interpreted as the iron oxide maghemite (γ‑Fe2O3).34 This was followed by Pollack et al. that derived a refractive index of Martian dust using Viking Lander Sky images with imaginary refractive index values between k = 0.04 and k = 0.086 in the visible wavelength range that were consistent with fine grain magnetic iron oxides, magnetite. Using Viking Lander XRF data, Clark et al. indicated the presence of a 0.44 mass fraction of silica and 0.18 mass fraction Fe as Fe2O3 as the two primary components of Martian fines.10 Iron oxides are also present in the studied Martian dust simulants at mass fraction between 0.08 and 0.18 (Table 1). Importantly, in this study iron oxides are the primary focus and their mass fractions are reported as total FeO and are not fractionated by iron oxidation state or minerology. 
Table 1. Summary of Martian dust simulant composition sourced from their respective manufacturer’s website
	Sample
	SiO2
	TiO2
	Al2O3
	Cr2O3
	FeOtotal
	MnO
	MgO
	CaO
	Na2O
	K2O
	P2O5
	SO3

	MGS-1*
	45.6
	0.3
	9.4
	0.1
	16.9
	0.1
	16.5
	4
	3.7
	0.4
	0.4
	2.6

	JEZ-1*
	44.2
	0.2
	11.3
	0.3
	9.5
	0.1
	25.9
	3.5
	1.9
	0.3
	0.6
	2.1

	MGS-1S*
	29.3
	0.3
	6.4
	0.1
	11.3
	0.1
	16.2
	14.8
	2.1
	0.5
	0.3
	18.7

	MGS-1C*
	56.1
	0.2
	16.9
	0
	8.2
	0
	12.6
	2
	1.9
	0.5
	0.4
	1.2

	MMS1+
	49.4
	1.09
	17.1
	0.05
	10.87
	0.17
	6.08
	10.45
	3.28
	0.48
	0.17
	0.1

	MMS2+
	43.8
	0.83
	13.07
	0.04
	18.37
	0.13
	6.66
	7.98
	2.51
	0.37
	0.13
	6.11


*Exolith Lab, University of Central Florida College of Sciences. +The Martian Garden – Austin, Texas. ǂRefer to Notes for technical disclaimer.
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[bookmark: _Hlk26903667]Figure 2. (a) 1X magnification photographic image and (b) 100X magnification light microscope image of each Martian dust mimics (yellow box) and analogs (orange box) investigated in this work. From left to right: MGS-1, MGS-1S, MGS-1C, JEZ-1, MMS-1, MMS-2. (c) Measured size distribution of fine MGS-1 as a function of Dae (red) and converted to Dve (blue) using Eq. 1. Red shading indicates the 1σ standard deviation of measured data. The Dve distribution was fit using a log-normal distribution curve (Eq. 2), and amplitude was modified in order to equate integrated concentration and the number density measured by the CPC (green). See discussion in text. 
Unmagnified photographic images of each as received sample are shown in Fig. 2a. The samples vary between light brown to deep red, likely due to variations in the type and quantity of iron oxides within each sample. Figure 2b shows 100X magnification optical microscopy images of Martian dust simulants after 30 min of mechanical grinding. 100X microscope images show the presence of a heterogenous mixture of faceted particles with variable colors ranging from a transmissive colorless to dark red and black particles, indicative of the heterogeneous mixture of materials within each sample. The visual coloration of the six simulants are similar, though lighter in shade compared to Martian soil observed at the Phoenix landing site, but differ in shape; observed Martian soils consisted of rounded homogenous black and red spherules (likely due to age and wind erosion), whereas the simulants appear jagged and heterogenous in shape.15,35    
Measured size distributions of MGS-1 had a geometric mean Dae of (1.08 ± 0.01) μm as shown by the red trace in Fig. 2c. This distribution was then converted to Dve using Eq. 1 and ρp = 2.76 g cm-3, shifting the geometric mean diameter to (0.60 ± 0.03) μm; see blue trace in Fig. 2c. Each soil simulant was treated similarly with the Dae to Dve conversion method using the measured bulk density of the individual samples; see Table 2. 
The integrated number density of particles measured by the APS was always lower than the number density of particles measured by the CPC downstream of the PA. This discrepancy likely arises for two reasons: the count rejection algorithm used by the APS software at high particle concentration and the sensitivity of the CPC to all particles larger than 14 nm versus the 300 nm minimum optical size detected by the APS. These discrepancies were rectified by extending the fitted Dve distribution to include all particles with Dve > 150 nm (while maintaining the same logarithmic spacing between size bins) and modifying the amplitude until the integrated N agreed with that measured by the CPC. In essence, the size distribution was measured by the APS while N for calculation of Cabs was obtained from the CPC (Fig. 1). Summary data for the size distribution fits for the six Martian dust simulant samples are shown in Table 2. 
Table 2. Measured physical and optical properties Martian dust mimics (yellow) and analogs (orange) 
	Sample
	Density
(g cm-3)
	Dae 
Geometric Mean
(μm)
	Dve  
Geometric Mean
(μm)
	Cabs at
λ = 500 nm
(x 10-13 m2)
	k (× 10-2) at
λ= 500 nm

	
	
	
	
	
	

	MGS-1
	2.76
	1.08 ± 0.01
	0.62 ± 0.02
	2.07 ± 0.13
	

	MGS-1 Coarse
	2.76
	1.40 ± 0.01
	0.81 ± 0.04
	5.21 ± 0.61
	

	MGS-1C
	2.23
	1.25 ± 0.01
	0.81 ± 0.04
	2.09 ± 0.15
	

	MGS-1S
	2.35
	1.14 ± 0.01
	0.72 ± 0.03
	0.89 ± 0.10
	

	JEZ-1
	2.39
	1.14 ± 0.01
	0.71 ± 0.03
	1.19 ± 0.15
	

	JEZ-1 Coarse
	2.39
	1.58 ± 0.01
	0.99 ± 0.06
	3.17 ± 0.54
	

	MMS-1
	2.39
	1.13 ± 0.04
	0.70 ± 0.03
	0.73 ± 0.10
	

	MMS-2
	2.24
	1.04 ± 0.01
	0.67 ± 0.02
	4.35 ± 0.19
	



Absorption Cross sections and Imaginary Refractive Indexes
[bookmark: _Hlk32773642]The absorption spectra of six commercially available Martian soil simulants were measured. For MGS-1 and JEZ-1, the absorption spectra of these simulants for both coarse and fine mode samples are shown in Fig. 3a and 3b, respectively. The measured Cabs is λ-dependent and unique for each sample. For MGS‑1, the measured Cabs is maximal at the shortest wavelength used (λ = 405 nm), decreases rapidly and monotonically between λ = 532 nm and 600 nm, and is invariant at longer λ. The absorption of JEZ-1 is nearly constant within measurement uncertainty between λ = 405 nm and 500 nm, decreases linearly between λ = 532 nm and 600 nm and is invariant for longer λ. The spectral shape is independent of size distribution for both samples, suggesting that the sample absorption directly scales with particle mass (Fig 3.).
 [image: ]
Figure 3. Cabs (red/left axis) as a function of wavelength for the coarse (filled symbols) and fine (open symbols) particle distributions for MGS-1 (rectangles) and JEZ-1(circles). Corresponding imaginary refractive indices, k, (blue/right axis) are shown by the dashed and solid blue lines for the fine and coarse mode distributions. Blue shading indicates one standard deviation (1) for k, darker shading indicate overlapping of values. 
[image: ]
Figure 4. Cabs (left axis, square symbols) for fine distributions samples and the corresponding retrieved imaginary refractive index, k (right axis, solid lines) as a function of wavelength for MGS-1S (top left), MGS-1C (top right), MMS-1 (bottom left), MMS-2 (bottom right).
[bookmark: _Hlk32774538]Cabs spectra for MGS-1S, MGS-1C, MMS-1, and MMS-2 exhibit a trend similar to the fine MGS-1 and fine JEZ-1 spectra: between λ = 405 nm and 500 nm, the rate change in Cabs spectra is less than the change in Cabs between λ = 532 nm to 600 nm, and Cabs is non-zero and invariant at longer wavelengths. See Fig. 4.
[bookmark: _Hlk60580282]The λ-dependent k was retrieved for each sample from the amplitude adjusted Dve distributions and the measured Cabs; e.g. Fig. 3 and 4. The n was assumed to be 1.5 and λ-independent. This value represents the average n of silica (the primary component of Martian dust simulant) at λ between 400 nm and 900 nm. Uncertainties in the retrieved k were taken as the range of k that agreed with the measured Cabs to within ± 10 %. Particle size, Cabs, k, and their respective uncertainties have been summarized for each sample at λ = 500 nm in Table 2. It is worth noting that n and k  are complexly coupled such that the assumed n-value does not significantly affect the retrieved k.
Blue and red solid lines in Fig. 3 show that k spectra for coarse and fine distributions for MGS-1 (left) and JEZ-1 (right) agree within one standard deviation (for wavelength <600 nm) and are nominally small (k < 0.05). k follows the same trend observed in Cabs, this was expected as these properties are coupled, although not directly. 
Additionally, the measured k and reported FeOTotal mass fractions were correlated at λ = 500 nm, implying that a form of iron oxide is the primary chromophore for Martian dust simulants in this study (Fig. 5). It was observed that k at λ = 500 nm increases steeply for FeOTotal mass fractions above 0.1, with k values over threefold at 0.18 total iron oxide fraction. The elemental composition indicates the presence of other oxides at low mass percentages, see Table 1, the analysis assumes that iron oxides compromise the only chromophore in the measured dust simulants.36 This observation implies that the iron oxide concentration is an important parameter in the quantitative determination of Martian dust simulant direct radiative effects at visible wavelengths, as previously determined for dusts measured on Earth.37 
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Figure 5. Imaginary refractive index of Martian dust simulants at λ = 500 nm as a function of their total iron oxide mass fraction (solid symbols). 
The sensitivity of k to changes in integrated number density, size, and n was investigated for MGS-1 at λ = 500 nm; see Table 3. From a base value of k = , a 10 % decrease (increase) in the geometric mean Dve resulted in an increase (decrease) in k of 0.007 (0.004). Changes in n had less of an impact on k; a 10 % decrease to n = 1.35 (increase to n = 1.65) resulted in an increase (decrease) in k of 0.002 (0.001). Additionally, an increase to n = 2 resulted in an increase in k of 0.008. This analysis further indicates that the assumed n value does not significantly change the value of k. Additionally, it is worth noting that the current method above was not sensitive enough to capture small changes in anything other than the most strongly absorbing components such as iron oxides. 
Decreasing N by 10 % led to an almost twofold increase in k (Δk = 0.011), whereas increasing N by the same fraction only slightly decreased k (Δk = 0.002). Regardless of these sensitivities, the absolute value of k is small (< 0.05) at all λ considered.
Table 3. Sensitivity tests on Mie Theory model based on MGS-1 data at λ = 500 nm.
	Sample
	k ( λ = 500 nm)

	MGS-1
	0.012 (+0.013/-0.002)

	Dve geometric mean -10%
	0.019  (+0.021/-0.003)

	Dve geometric mean +10%
	0.008 (+0.008/-0.001)

	n -10%
	0.014 (+0.015/-0.002)

	n +10%
	0.011 (+0.012/-0.002)

	n  = 2.0
	0.019 (+0.02/-0.003)

	N -10%
	0.023 (+0.027/-0.004)

	N +10%
	0.010 (+0.01/-0.001)



Previous studies have retrieved k for Martian dusts from observational data sets. Ockert-Bell and Bell created a model using Hapke theory (derives reflectance of a mixture using singly and multiply scattered light) and size distribution data from the Viking lander’s scattering angle measurements to estimate the single scattering albedo (ωo, the ratio of scattering to extinction) and retrieved k = 0.011 at λ = 500 nm and assuming an effective particle diameter of 3.7 µm.38 Data from the Imager on the Mars Pathfinder (IMP) was used by Tomasko et al. to calculate an effective particle radius of 1.6 µm with k = 0.0185  at λ = 443.6 nm.9 Wolff et al. utilized data from the Compact Reconnaissance Imaging Spectrometer (CRISM) onboard the Mars Reconnaissance Orbiter (MRO) and retrieved ωo through an iterative process based on observed optical depth and scattering phase function, and subsequently selected a set of possible effective diameters between 2.4 µm and 3.6 µm to retrieve k.8 Their k depender on effective particle diameter (Deff), and for Deff of 2.4 μm, k = 0.01 at λ = 500 nm, consistent with the two previous studies.8,9,38 These three models yielded an average k of 0.01 at λ between 443 nm and 500 nm, which is consistent with the calculated k =  for MGS-1 at λ = 500 nm in this study (Table 2). It is worth noting that presently, the measured particles has a geometric mean Dve between 0.6 μm and 1.1 μm, with the smallest geometric mean being approximately 30 % smaller than the Deff assumed in these previous works. However, as demonstrated with the sensitivity analysis, changes in the size distribution should not significantly affect the absolute value of k beyond experimental uncertainties.
CONCLUSION.
The absorption spectra and wavelength-dependent imaginary component of the refractive index for six unique Martian dust simulants were obtained from photoacoustic spectroscopy measurements and Mie theory approximations and reported. The geometric mean of Martian dust simulants ranged between volume equivalent diameters of 0.6 µm to 0.99 µm and retrieved imaginary components of the refractive index ranged between 0.002 to 0.032 assuming a real component of 1.5. More work is needed to gain additional insight into the physical properties of Martian soil simulants as dusts, such as shape factor and wavelength-dependent mass-specific absorption, scattering, and/or extinction cross sections and single scattering albedo. The presented data contributes to the growing body of knowledge which may enable a better understanding of the impacts of dust on the Martian climate for future missions and habitability. 
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