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Abstract

Visible and near-infrared wavelength (VNIR, A=0.35 - 5 um) laboratory diffuse
reflectance spectra and corresponding optical functions (real and imaginary refractive
indices) for several iron sulfates (natural K- and Na-jarosite, szomolnokite, rhomboclase)
are presented. On Mars, jarosite has been identified in Meridiani Planum, Mawrth Vallis,
Melas Chasma, and Eridania Basin; szomolnokite has been found as distinct layers at
Columbus Crater and as outcrops at Juventae Chasma, and rhomboclase has been
identified at Gusev Crater. Constraining the mineralogy and chemistry (Fe- vs. Mg-rich)
of the sulfates on Mars may contribute to our understanding of the environmental and
agueous conditions present on Mars during their formation. The data presented here will
help to constrain the mineralogy, abundance, and distribution of sulfates on the martian

surface, which will lead to improvements in understanding the pressure, temperature, and
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humidity conditions and how active frost, groundwater, and atmospheric processes once
were on Mars.
Keyword: jarosite, szomolnokite, rhomboclase, optical constants, visible to near-infrared

wavelength, laboratory diffuse reflectance spectroscopy

Introduction

Iron sulfates, hereafter Fe-sulfates, have been observed spectroscopically on Mars
in avariety of forms via Earth-based tel escope observations as well as spacecraft, landed,
and rover missions. This suggests that acidic agueous conditions occurred in the past and
that evaporation and dessication processes were at work on Mars.

Sulfate minerals have been inferred for Mars since the Viking and Pathfinder
spacecraft missions (e.g., Toulmin et al. 1977; Kieffer et al. 1992 and references therein)
and have been found in the Mars-derived SNC meteorite class (e.g., Chatzitheodoridis
and Turner 1990; Gooding 1992; Treiman 1993; Bridges and Grady 2000; Bridges et .
2001; Wentworth et a. 2002, 2005; Farquhar et al. 2007). A variety of sulfates have also
been directly observed on Mars at near- and thermal-IR wavelengths using the NASA
Infrared Telescope Facility in Hawaii and from Mars orbiter and landed mission
instrumentation including the Phobos 2 infrared imaging spectrometer (ISM), Mars
Global Surveyor Thermal Emission Spectrometer (MGS TES), Mars Exploration Rovers
(MER) Spirit and Opportunity, Mars Express Observatoire pour laMineralogie, |’ Eau, les
Glaces et I’ Activite (OMEGA), and Mars Reconnai ssance Orbiter Compact
Reconnai ssance |maging Spectrometer for Mars (MRO CRISM) (Pollack et al. 1990;

Blaney and McCord 1995; Bandfield 2002; Cooper and Mustard 2002; Bibring et al.
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2004; Lane et al. 2004, 2008; Squyres et al. 2004; Johnson et al. 2007; Murchie et a.
2007). Observations performed with the Mars Exploration Rovers (MER) and Mars
Express OMEGA visible and near-infrared imaging spectrometer led to the discovery of
hydrated sulfates exposed in outcrops on the martian surface (e.g., Squyres et al. 2004;
Gendrin et al. 2005; Bibring et a. 2006). Observations performed at a higher spatial
resolution with MRO CRISM led to the discovery of many more small (kilometer-sized)
hydrate-bearing outcrops scattered throughout the martian surface (e.g., Pelkey et al.
2007; Murchie et al. 2009). The diversity of hydrated phases on Mars overall suggests an
aqueous history where water was present in a large variety of geological environments
and pH levels.

Several Fe-bearing sulfate minerals are of particular interest for Mars research.
Fe-sulfates have been found only in specific areas (e.g., Lichtenberg et al. 2010; Roach et
al. 2010; Ling and Wang 2010 and references therein; Liu and Wang 2012 and references
therein). Pathwaysto the formation of Fe-hydroxides and other Fe-sulfates such as
melanterite and jarosite by weathering sulfides, acid fog alteration, and Fe-oxidation have
been suggested for Mars (e.g., King and McSween 2005; Golden et al. 2005; Tosca et al.
2008 and references therein). Fe-sulfates were found by the MER roversin avariety of
forms, including jarosite, in Meridiani Planum and Gusev Crater, suggesting that acidic
aqueous, evaporation, and dessication processes were at work in these locations (Fairen et
al. 2009 and references therein). Jarosite outcrops have also been found in Mawrth Vallis
(Farrand et al. 2009) and western Melas Chasma (Weltz et al. 2009, 2012, 2013).

Szomol nokite and jarosite have been found as distinct layers within polyhydrated non-Fe

sulfate at Columbus Crater on Mars (Wray et al. 2008, 2009a), and hydrated Fe-sulfates
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have been positively identified in the martian southern highlands and Endeavour Crater in
Meridiani Planum (Wray et a. 2009b,c). Szomolnokite has been suggested as a possible
match for the monohydrated sulfate at Aram Chaos (Lichtenberg et al. 2010). Juventae
Chasma, located northeast of Valles Marineris, also matches spectral signatures of mono-
and polyhydrated sulfates, including szomolnokite, dehydrated ferric sulfate and
copiapite, and hydronium jarosite (Bishop et al. 2008, 2009; Bishop and Weitz 2011).
Jarosite, rozenite, and szomolnokite have been definitively identified on Mars by
OMEGA and CRISM (Carter et al. 2013). X-ray diffraction results from temperature
series experiments of dehydrating ferrous sulfates (melanterite, rozenite, szomolnokite,
hal otrichite, and romerite) suggest that melanterite might be unstable under Martian
surface conditions, but other ferrous sulfates, including szomolnokite, should be stable
(Brown et a. 2008). Rhomboclase has been extensively investigated in stability field
studies of Mars minerals (e.g., Wang and Ling 2011 and references therein).
Rhomboclase and other Fe-sulfates (hydronium jarosite, ferricopiapite, paracoquimbite,
fibroferrite) have been suggested for Mars based on MER Pancam and |aboratory spectral
analyses (Johnson et al. 2007; Lane et a. 2008; Ling and Wang 2010 and references
therein). Whereas the sulfate chemical varieties (Fe-, Mg-, Ca-bearing) on Mars may be
caused by acidic surface water, some of these (Mg-sulfates) do not require acidic surface
water to form, so determining the exact type of Mars sulfates (Fe- vs. Mg-rich) may lead
to critical information on the epoch of their formation or humidity conditions on Mars
during their formation (Marion and Farren 1999; King and McSween 2005; Vaniman et

a. 2004, Cloutis et al. 2007).
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Although the presence of sulfates and hydrous ateration minerals on Mars
strongly suggests that Mars experienced at least one period of agueous activity at some
point in its history, the extent of this activity is still not fully understood: Was alteration
extensive to the point that aqueous minerals became the dominant mineralogical species
in the areas where alteration occurred, or was it limited such that the ateration products
now form a small part of a mineral assemblage that includes unaltered primary minerals?
In order to resolve thisissue, it is necessary to constrain the type and abundance of
aqueous and non-agueous minerals present in an assemblage. Laboratory diffuse
reflectance spectra may be used to constrain surface abundance to first order vialinear
mixture modeling of spacecraft observations, in which the spacecraft spectrumis
modeled as alinear combination of laboratory spectra of individual minerals, scaled by
their abundances (cf. Ramsey and Christensen 1998). This method is primarily
applicable in the mid-infrared (A ~ 5-50 um), where minerals present avery low albedo
(0.12-0.14 for unaltered minerals) and light that undergoes multiple reflectionsis
commonly absorbed before it can escape the assemblage. When minerals are intimately
mixed, such that light reflects off of multiple surfaces before escaping to the observer, or
when materials have a higher albedo, which occursin the visible and near-infrared (A
~0.35-5 um) portion of the electromagnetic spectrum, spectral mixing is non-linear.
Radiative transfer theory (e.g., Hapke 1993, 2002, 2008; Shkuratov et al. 1999) can be
used to model the spectra of such intimate mixtures. These models rely on the optical
functions, or “constants’ (real and imaginary refractive indices n(A) and k(1)) of the
materials involved, which can be derived from laboratory spectra of grain size separates.

Availability of reflectance spectra and optical constants for Fe-sulfates will enable
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detailed analysis of remote and landed spectral observations, improving our
understanding of the physical and chemical evolution of the Martian surface. Therefore,
in this study, we present both laboratory visible to near-infrared (A ~0.35-5 um) diffuse
reflectance spectra and derived optical constants of a suite of Mars-relevant Fe-sulfates.
Prior Work

Whereas the full range of Fe-sulfate chemistries has been explored in detail with
Raman, LIBS, Mossbauer, reflectance, absorption, and emissivity spectroscopy, few
optical constant datasets exist for hydrated Fe-sulfates, largely because few reflectance
spectral datasets have been published with robust particle size estimates. Diffuse
reflectance spectra, especially in the visible to near-infrared wavelength (VNIR) range,
exist for Fe-sulfates (Table 1), typically at standard temperature and pressure conditions
for Earth. For thiswork, we surveyed the literature and also several spectral databasesin
use by Mars researchers to determine which Fe-sulfates and grain sizes would be the
most useful to add to known holdings. The PDS Geosciences Node Spectral Library
(http://speclib.rd.wustl.edu/) yielded Fe-sulfate samplesin < 45 um and < 125 um size
fractions. The ASTER spectra library (Advanced Spaceborne Thermal Emission and
Reflection Radiometer, http://speclib.jpl.nasa.gov) contains only < 45 um, 45-125 um,
125-500 um samples of jarosite, plumbojarosite, and natrojarosite. The HOSERL ab
collection (Hyperspectral Optical Sensing for Extraterrestrial Reconnaissance L aboratory,
http://psf.uwinnipeg.ca/Sample_Database.html; E. Cloutis, pers. comm. 2013) offers a
wide variety of Fe-sulfate compositions, but these are only available for one size fraction:

<45 um. Brown University’s RELAB database (Reflectance Experimental Laboratory,
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http://www.planetary.brown.edu/rel abdata/catal ogues/Spectra_Catal ogue.x|s) repeats
many of the HOSERL ab samples, as well as additions from contributors such as J.
Bishop, M. Lane, J. Mustard, and R.V. Morris. A few studies have varied pressure-
temperature or dehydration conditions to resemble Mars but at the expense of measuring
multiple particle sizes. Overall, few past studies acquired reflectance spectrafor multiple
grain sizes or even documented the grain size of the samples; those that did document
sizeslisted the sieve fractions used to produce their samples, which were often either
extremely broad or open-ended (e.g., < 45 um), suggesting that the mean effective
diameter is unknown, with sizes likely dominated by clumps and the finest particlesin
the sample. Thisis problematic for four reasons: (1) At least three grain sizes are
essential for deriving optical functions that can be used to generate models of different
grain sizes (e.g., Lucey 1998). (2) Sieve fractions are rough-cut estimates of grain size;
for sieved particulates, the mean effective diameter of a sample can be much different
than the median value of the sieve fraction limits (~20% larger than the upper screen size;
Moersch & Christensen 1995). (3) Knowing the grain size well isimportant becauseit is
the main variable and largest source of error in determining optical constants. (4) The
particle sizesin past studiesfal into two categories, motivated by IRTM/TES and MER
results: atmospheric dust/silt-sized (e.g., < 45 um size fraction) or sand-sized (~ 200 um).
However, for agueous terrains such as fluvial and lacustrine deposits, there should be a
range of particle sizes between and greater than those diameters, up to mm-scale or
gravel sizes (Folk 1974). Thus, thereisaneed for laboratory reflectance spectrathat
represent Mars equatorial surface temperatures (T ~ 280-300 K) and different particle

sizes that have not been measured before, to better represent aqueous terrains and
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converge on the best set of optical constants (which should be independent of particle
size). Thus, we concentrated on four hydrated Fe-sulfate minerals for which sieve
fractions were typically broad in past literature (Table 2) and six finite size fractions
between 53 and 250 um (Table 3) to fill in the missing size range between atmospheric
dust and sand-sized particles.

Experimenta Details

Table 2 lists the samples measured in this study. A larger suite of Fe-sulfates of
different hydration types was purchased from Excalibur Minerals and Minerals
Unlimited, including some of the same lots previously measured for the Mars program.
Upon X-ray diffraction (XRD) analysis, it was determined that many of these samples
were contaminated with mixed phases or rinds. We present data on the purest samples
from the original Excalibur / Minerals Unlimited suite (natural K-jarosites from three
localities and rhomboclase), a natural powdered sample of Na-jarosite (Caltech
collection, courtesy of Drs. Joel Hurowitz and Ken Farley), and synthesized samples
(szomolnokite). The szomolnokite was synthesized by putting ferrous sulfate in an oven
at 80°C until it reached chemical stability.

Optical constants may be estimated from spectral measurements of reflectance at
multiple particle sizes, or derived from a combination of reflectance and transmittance
spectra. In diffuse reflectance spectroscopy, the samples are loosely packed powders
having randomly-oriented particles of a known size range. Samplesfor this study were
ground and sieved to consistent particle size ranges. The natural rhomboclase sample
(Alcaparrosa, Chile) and Na-jarosite were already in particul ate form, so were sieved

without crushing; for the remaining samples, al grain sizes > 250 um were crushed and
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resieved to the six size fractionsin Table 3. The average grain diametersin Table 3 were
also verified by optical microscopy in transmitted and reflected light at 10x zoom and
analyzed with the particle sizing software suite Simagis Live™, Smart Imaging
Technologies, Co., Houston, TX: http://www.simagis.com (Fig. 1), which performs
similarly to the Imagel particle analysis software used for Mars analog clays (e.g., Brown
et al. 2012). For our optical microscopy images, the particle detection limit for the
Simagis Live™ automated grain size analysis software with intensity threshold set to
zero was equivaent spherical particle diameter ~ 1.1-3 um. Particles with projected
areas 0.84 um? (diameter ~ 1.03 um) and less were rejected as blank pixels. Grain
boundaries and overlapping particles were verified both by automated and manual
identification of 8-10 fields-of-view per size fraction, yielding the total number of
particles per size fraction on the order of 100-1000. The histograms showing the
distribution of grain sizesfor al samples are available by request. Table 3 summarizes
the diameters for the samples, including mode 1 (the dominant grain size by area) and
mode 2 (the amount of finesin the sample). Particles with larger geometric cross-
sectional area most affect the single scattering phase function; for example, increasing the
number of mid-sized particles or adding fines in various proportions to create bimodal or
trimodal size distributions in multisphere T-matrix models does not have much effect on
the phase function or even the single scattering albedo of collections of loosely or
closely-packed Mg-sulfate particles (values change in the 1e-5 place; Pitman et a. 2013).

Thus, we assume mode 1 diametersin our n, k derivations.

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

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.2014.4730 4/2

10

Processing of the samples was performed by lightly crushing the materialsusing a
mortar and pestle, and subsequently dry sieving to the size fractions of interest. The
synthetic szomolnokite and natural K-jarosite samples were most stable to crushing and
sieving. With the exception of the rhomboclase, the Fe-sulfates (notably natrojarosite)
formed aggregates and clumps immediately upon sieving. The sieved rhomboclase
particles were very transparent and did not readily form aggregates. To avoid changing
the hydration state of the sulfates, the samples were not washed; however, under optical
microscopy, we saw no evidence of coating with very small fines. Whereas SEM images
can provide more detail for particle diameters from 0.01-5 um (e.g., for monitoring
clinging finesin clays; Roush et al. 2013), optical microscopy should suffice for
characterizing particle sizes of the order of one to hundreds of microns (Y ang, 2003).

Due to the fact that the hydration state of some sulfatesis very sensitive to
environmental humidity and temperature, maintaining the long-term stability of the
mineral was an issue of concern. Thus, for the synthesized samples, sample preparation
was performed immediately after synthesis under controlled humidity and temperature
conditions. Spectral and XRD analyses were performed as quickly as possible after
samples were prepared, after they were processed, and after they were measured. For
spectral analysis, the prepared hydrated Fe-sulfate powders were placed in stainless steel
sample holder cups with sample volume on the order of 2 cm?® (1 cm depth), to ensure
that each material was optically thick in the near-IR.

Powder XRD patterns were obtained for all samples using JPL’s Bruker AXS model
D8 Discover X-ray diffractometer which is equipped with a graphite monochromator and

a Genera Area Detector Diffraction System (GADDS). The radiation applied was CuK o
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(A = 1.5404 A) operated at 40 kV and 20 mA. The phase identification was confirmed by
comparing the 13 to 47° 26 range (Fig. 2) with standard powder diffraction files from the
International Centre for Diffraction Data (ICDD), 2000.

Room temperature (T~300 K) diffuse reflectance spectra were acquired at ambient
pressure (1 bar) at JPL’s Planetary |ces Characterization Laboratory. From A = 0.35-2.5
um (resolution: 3 nm for A <1 um, 10 nm for A > 1 um), diffuse bidirectional reflectance
spectra were acquired with an Analytical Spectral Devices Inc.® (ASD) FieldSpec FR®
fiber optic spectrometer at three viewing geometries (incidence angle i=0°, phase angle g
and emergence angle e=10°, 15°% i=30°, g=e=0°) for each of the six grain sizes. A
Thermo Scientific® mercury cadmium telluride (MCTA) detector was used to collect
conical-hemispherical reflectance spectraat A = 1.5-25 um (resolution: 2 cm™). Spectral
data are truncated at A <10 um due to signal attenuation by CaF; infrared windows,
however, this exceeds the wavelength range needed for NASA Marsmissions. The
sample cup was illuminated from above through two separate viewports at 11.5° relative
to normal by two light sources: a globar from a Thermo Scientific® Nicolet 6700 Fourier
transform infrared (FT-IR) spectrometer and a Sciencetech Inc.® 650W quartz-tungsten-
halogen (QTH) lamp with low-OH silicafiber optics. For each grain size fraction, 25
individual spectrawere acquired with the ASD FieldSpec 3 and spectrally averaged to
produce signal-to-noise ratios of 1000 or better. The spectrawere calibrated with two
NIST-approved standards. Spectralon® (Labsphere, Inc.) for the VNIR and diffuse
InfraGold® for the NIR-MIR range. The NIR-MIR spectrafrom the MCTA detector

were scaled and merged to the VNIR ASD spectraat A =2 um.
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Spectroscopic Results

In Figures 3-5, we present diffuse laboratory reflectance spectra and estimated
optical constants for K-jarosite, Na-jarosite, rhomboclase, and szomolnokite. Electronic
datatablesfor al reflectance spectra and optical constants shown are available asa
supplement to this article. For K-jarosite (Fig. 3), we first compared the VNIR range for
the three different localities, then focused our analyses on the two samples with the
greatest range in spectral behavior: Copiapo Mine and Arabia. The Arabiajarosite isthe
purest in terms of K-jarosite chemistry whereas the Copiapo jarosite dataset is superior in
terms of size analysis, as some grain size fractions were excluded from the Arabia
jarosite and rhomboclase analyses due to poor sorting or microscopy image quality.
Reflectance spectrafor Na-jarosite, rhomboclase, and szomolnokite (Fig. 5) are plotted in
different wavelength ranges (A = 0.35t0 2.5, 5, or 10 um) to illustrate the important
peaks for each compound. In Figures 4-5, optical constants are shown in the same VNIR
range for best comparison, as the rhomboclase reflectance spectradrop for A > 2.5 um.

We modeled the laboratory reflectance spectrato derive k using analytic radiative
transfer scattering theory, as described in detail in Dalton and Pitman (2012). Briefly, we
used the USGS package radtran (Clark 1993), which creates synthetic reflectance spectra

from the approximation of Hapke (1981, 1993),

R = 4 . S BOIP(@) + H)H () - 1. (Eq. 1

In EqQ. 1, o isthe single-scattering albedo, po and u are the cosines of the incidence and

emergence angles e and e, H(wo) and H(w) describe the intensity of the radiation
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scattered, the backscatter function B(g) depends on phase angle g, opposition surge width
and height, and P(g) is the single particle phase function weighted by coefficients b and c.
For a given wavelength, we calculated the best o to make the synthetic spectrum

match the laboratory spectrum. Assuming that particles are closely packed, w is

1-S)A-S ){r + eXF{—Z(Ot(Ol+ s))y2 d/ 3}
0= + , (Eq. 2)
1-1§ +(r-§)expf-2Ae(ar+ s)]%dls}

where S and S are reflection coefficients defined in terms of n; sisthe wavelength-
dependent internal scattering efficiency; r is the bihemispherical reflectance; and d isthe
grain diameter. By supplying the laboratory reflectance spectrum, niis (from Table 4), s,

and d, we obtained k(1) from the absorption coefficient ¢zin units of pm™ (Eq. 3):
o= % (Eq. 3)

We assumed the following values in calculating o

(1) Diameter specified in Table 3,

(2) Density = 3.09 (K-jarosite), 3.18 (Na-jarosite), 2.23 (rhomboclase), 3.0 g cm™
(szomolnokite). Sources: CRC Handbook of Chemistry and Physics (electronic
version, http://www.hbcpnetbase.com, http://www.mindat.org,
http://webmineral.com, accessed August 30, 2013),

(3) Incidence anglei = 0°, emission angle e = phase angleg = 10°,

(4) B(g) =0and P(g) =1 + bcos(g) — see Eq. 1 description,

(5) radtran specific settings. di = 0, wo= 1.8, sd = 0.3. In radtran (Clark 1993), the
diameter is afunction of a constant scale factor, di, and a user-specified

wavel ength, wo, that divides the reflectance spectrum into two regimes with lower
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and higher amounts of photon scattering (see Dalton & Pitman 2012 and
references therein). dristhe grain size that produces the best spectral match for A
> W divided by the grain size that produces the best match for A < wp. sdisthe
internal scattering coefficient times particle diameter (i.e., the mean number of
scattering events per grain diameter).

(6) No preferred orientation of samplesfor nyis (A ~ 0.589 um), i.e., Nyis = Nmean =
(1/3)(ng + ng+ ny) or (1/2)(n, + Ng), Where ng, Ng, Ny, N, and n, are the crystal-
axis-specific indices of refraction averaged from standard table values (Table 4).

We solved for n(A) at different wavelengths after Warren (1984) using equation 4,

dinA (Eq. 4),

G PN €
) (=) By- 7)

n(4)=ng+
where “P’ denotes the principal part of the integral, and iterate until n and k do not
change significantly.

Discussion
VNIR-MIR band assignments for Fe-sulfates are given in detail by Cloutis et al.

(2006), Basciano and Peterson (2008), and Bishop and Murad (2005). Briefly, the Fe-
sulfate reflectance spectrain Figures 3 and 5 exhibit a sharp rise from A = 0.35t0 5.0 um,
with evidence of an iron band at 0.45 um, then a broad plateau from 0.5to 1.0 um and a
broad iron absorption centered near 0.80 um (Fe**) to 0.90 um (Fe™). Changesin the
wavelength position and band shape of certain features (A ~ 1.4, 1.85, 2.26 um) are
important diagnostics for identifying K- vs. Na-jarosite and formation temperature

(Basciano and Peterson 2007, 2008; Swayze et al. 2008; Spratt et al. 2013 and references

therein). Water absorptions may be present at 1.4 and 1.9 um, though thisis not
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necessarily structural water. Figures 3a,b show awater band near A ~ 1.9 um that is not
characteristic of K-jarosite (but is present for hydronium jarosite), suggesting that the
Copiapo jarosite sampleis either contaminated with a hydrated material or contains some
HsO" substituting for K*. Our XRD analysis confirmed that the Arabiajarosite is pure K-
jarosite (Fig. 2, line a) and that the Copiapo Minejarosite (Fig. 2, line b) isablend of K-
jarosite and Na- and/or HzO"-jarosite with a hydrated mineral contaminant, possibly
scorodite. The spectral intensity drops to a minimum near the 3.0 um water fundamental,
suggesting at least some structural water, but the 3.1 um crystalline ice emission band is
rarely present, indicating that the samples were measured above the freezing point of
water. S-O overtones and combinations give rise to complex structure in the 4.0-5.0 um
region. Our Arabiaand Copiapo jarosite spectra show most or all of the expected
featuresinthe A = 1.2-2.6 umrange: A ~ 1.46 um (OH vibration + H,O absorption);
1.514,1.84, 2.214, 2.26, and 2.296 um (Fe-OH vibrations); 1.96 um (H-O absorption);
and 2.38-2.5 um ((SOy)., stretching + OH vibration) (cf. Basciano and Peterson 2007,
2008). Comparing different source localitiesin Fig. 3e, al three of the jarosites (Arabia,
Copiapo, and Bolivia) exhibit the A ~ 1.46 and 1.84 um features, with Copiapo jarosite
having the deepest feature. The A ~ 1.514 um feature is most on mark for the Bolivia
jarosite, whereas the Copiapo jarosite is dlightly offset in terms of wavelength position.
The A ~ 1.514 um feature is weak to nonexistent for the Arabiajarosite. The Bolivia
jarosite also presentsa A ~ 1.9 um hydrated band. The Arabiaand Boliviajarosites have
amore pronounced shoulder at A ~ 2.296 um and more peaks at A ~ 2.38-2.5 um than
does the Copiapo jarosite. For jarosite, diagnostic va(SOs)* modes at ~ (1200-1000 cm™

1) 8.33 — 10 um and one T, mode, the triply degenerate antisymmetric stretch at 1104 cm®
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1~ 9,06 um, also fall within our detectors’ wavelength range (Spratt et al. 2013 and
references therein). However, the fine particulates within our samples result in feature
enhancement (i.e., deeper bands) in the VNIR and features being damped out in the IR,
such that features longward of 8 um in our spectra, including the vs and main
fundamental modes, cannot be uniquely assigned (M. Lane, personal communication,
2013). In generd, our jarosite and rhombocl ase spectra compare favorably to figure 5 of
Swayze et al. (2008) and Liu and Wang (2012), respectively. Our szomolnokite

resembl es the spectra from Cloutis et al. (2006) as well.

Reflectance and single scattering albedo depend on particle size; the final set of
optical constants per compound does not. However, by using multiple particle sizes, we
have attempted to constrain the envel ope of possible absorption coefficient values and
better converge on k() for the bulk mineral. In Figures 4 and 5, the average optical
constants for each Fe-sulfate mineral (solid lines) are bracketed by the estimated error
due to the diameter estimatesin Table 3. Other sources of uncertainty inn(4) and k(1)
are the quality of the laboratory reflectance spectra, which we have minimized by using
long integration times (~2500 s), and approximations in the radiative transfer derivation.
Our natural jarosite n(A) and k(A4) are in good agreement with a separate experiment on
synthetic jarosites using different codes (Sklute et al. 2013). To our knowledge, there are
no other optical constants datasets available for Na-jarosite, rhomboclase, or
szomol nokite, making these values unique.

The laboratory analog reflectance spectra and optical constants contained here
will permit determination of the abundance and distribution of Fe-sulfates, and the

mineral assemblages in which they are found. Knowledge of the concentration and
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361 locations of these materials will improve understanding of the geochemical evolution of
362 thesurface of Mars, contents of past water bodies, from channels to paleolakes; tectonic,
363  atmospheric, and other transport phenomenadriving chemical and mineral distributions,
364  and the present state of agueous and organic chemical processes. The power of models
365 utilizing these measurements will be further amplified in the deployment of future surface
366 and orbital infrared instruments to locate sites of past and/or recent aqueous activity,

367  potential habitats for life, and resources for possible human exploration.

368 Implications

369 The results presented herein will enhance the scientific return of orbiter spacecraft
370  missions by substantially contributing to the spectral databases of analog minerals

371  currently available for Mars. This study is unique because it provides both geometry-
372  controlled reflectance spectra and estimated optical constants for hydrated Fe-sulfates,
373  which can be used as tracers of the past composition and state (e.g., relative humidity,
374  oxygen fugacity, salt formation temperature) of Mars and Earth. Whereas fine-grained or
375  coarse-grained standards exist for these minerals, we have explored grain sizes that have
376  not previoudy been studied in reflectance spectroscopy. Spectral modeling of intimate
377  mixturesthat include Fe-sulfates has been impossible until now because of the paucity of
378  published optical constants for Fe-sulfates; this study provides optical constants that can
379  beused asinputs to the most commonly used planetary science radiative transfer models.
380 Thesedatawill be applicable to arange of studies on evaporate and hydrothermal

381 mineralogy on Mars and useful for designing future Mars sample return missions. These
382  datamay also be useful for mapping the abundances and types of Fe-sulfatesin terrestrial

383  environmentsto identify acidic mine water contamination, acidity patternsin
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groundwater flow, and subsurface mineral resources (Cloutis et al. 2006; Swayze et al.
2008).
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Table 1. Examples of prior Mars-relevant reflectance spectral studies of Fe-sulfates

Mineral Name  Waveength Temperature (K) Particle Size Sour ce
_ Range (um) B Hm)
Szomolnokite,  0.35-5; 5-25 Not specified <45,<125 Laneetal.
jarosite, (2004); Bishop
ferriocopiapite, and Murad
coquimbite, (19962; Bishop
schwertmannite et al. (2004)
Fe- & Mg- 0.3-5 Not specified <45(<125 Dyaretal.
sulfates, eg., (Mars conditions) szomolnokite (2005)
szomol nokite, only)
melanterite
Jarosite 0.2-5.3;0.3-25 300 <45 Bishop and
Murad (2005);
Rothstein et al.
(2006); Clark
et al. (2007)
2 Fe- & Mg- 0.45-4.3;0.3-26 293.15 <45 Craigeta.
sulfates (Mars (2006); Cloutis
conditions) et al. (2006,
2008);
HOSERL ab
(2013)
Jarosite; 1.2-26 Not specified Not specified Basciano &
hydronium Peterson
jarosite (2007)
Jarosite (K-, Na-, 0.35-2.5 Not specified Not specified Swayze et a.
hydronium) (2008)
Melanterite 0.35-2.5 ~300; <273.15 Not specified Freeman et .
(Mars (263.15) (2008);
conditions) Freeman and
Wang (2009)
Melanterite, 0.35-2.5 298.15 Not specified Morriset a.
fSZOf_nOI nl?klte, 250C. 50-330°C: (2009)
erric sulfate ! ’
hydroxide (M ars Hum|d (|ab0rat0ry
conditions) air) and dry (dry N
gas) environments
Ferricopiapite, 0.35-2.5 Not specified Not specified Wang & Ling
rhomboclase, (2011) and
. references
kornelite, therein
pentahydrate,
ferric sulfate,etc.
Na-jarosite, 0.4-2.5 50 & 95°Cfor Not specified Liu & Wang
rhomboclase, dehydration; ambient (2012)
ferricopiapite
Synthetic jarosite 0.35-2.5; ambient <45, 45- Sklute et al.
0.9-4.76: 1.6- 125, 125- (2012, 2013)
2' o 180; < 63,
8.5 63-90, 90-
125
K-, Na&, 0.35-25 ambient <45;<125 PDS
synthesized Geosciences
jarosites, Node (2013)
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ferricopiapite,
coquimbite,
szomol nokite,
rozenite,
romerite,
amaranthine
K-, Na-, Pb- 0.4-2.5; ambient < 45;45-  ASTER (2013)
jarosite 2-15.385 125; 125-500
Jarosite; 0.32-2.55 ambient; <25, 25-75, RELAB (2013)
natrojarosite 300, 248°C 75-150, <
45, 125-
1000, < 125,
<500, < 75;
<45, 45
125, > 125
Rhomboclase ambient 45, <50, <
125, < 250,
45-125, 125-
250
Szomol nokite ambient < 45, 45-
125, < 125, >
125
Coquimbite ambient < 125, < 45,
125-500, <
75
Copiapite; ambient < 25, 25-75,
ferricopiapite 75-150, <45,
< 125, 45-
125, 125-
250, 250-
1000, < 75;
<45,<125
Table 2. Samples used in this study
Mineral Name Description Structural formula Source
Jarosite Potassium iron KFe*3(S04)2(0OH)s (1) Copiapo Jarosite
sulfate hydroxide Mine, DonaAna
Co., New Mexico,
U.S A.
(2) Arabia District,
Pershing County,
Nevada, U. S. A.
(3) Grande Lode, La
Colorado Mine,
Cercado Province,
Oruro, Bolivia
Natrojarosite Sodium iron sulfate NaFe®3(SO4)2(OH)s  Natural sample from
hydroxide Caltech collection;
source unknown
Rhomboclase HsFe® 02(S04)2:2H,0  Alcaparrosa, Chile
Szomol nokite Monohydrated iron  Fe“"S04-H,O Synthesized

sulfate
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Table 3. Grain sizes used to derive n, k

Mineral

Jarosite
(Copiapo)

Jarosite
(Arabia)

Natrojarosite

Rhomboclase

Szomolnokite

Notes:

75-106  90.5
106-125 115.5
125-150 137.5
150-224 187
224-250 237

Sieve Median Weighted
f Mean |
Range Diameter

89.79

112.55
128.68
158.50
240.13
296.40

72.64
128.45

128.92
186.14

247.30
319.38
104.23
152.95
179.85
200.36
235.61
281.68

153.85
183.40
278.07
325.43

69.57

114.87
133.14
146.24
277.11
284.71

Initial Estimates (um)

Micr oscopy
Diameter

Mode 1

56.67 + 38.52

104.15 + 25.01
135.54 + 22.14
170.44 + 24.36
244.27 + 50.22
296.37 + 42.17

33.97+8.52
75.83+19.43
51.67 + 15.35,
113.53 + 13.63
133.35+ 38.53
~135 + 20,
188.50 + 12.35,
266.75 + 8.77
249.60 + 54.59
319.22 + 37.17
87.94 + 26.96
121.02 + 53.55
148.78 + 36.02
142.60 + 73.25
213.42 + 53.75
286.83 + 82.28

152.91 + 28.42
156.58 + 62.05
247.81 £ 75.55
298.23 + 52.65

57.20 £ 21.57
88.06 + 28.61
133.12+ 18.34
145.14 + 45.59
222.91 + 36.27
302.92 + 36.41

Mode 2
(e.g., fines)

6.64 + 5.93
6.00 + 3.69
7.54 +6.04
~5*4
5.19+1.27
~4+2

7.75+ 3.18,
9.23+8.03

9.94+8.13
~15+ 10,
49.62+15.30

19.34+14.45
~20+12
10.94 + 7.42
16.21+4.74
13.85+8.75
~10+ 10
490+ 191
15.60+12.62

5.65+0.52
16.33 + 5.02
1498+ 8.74
186.97 +
45.48
~85+5
7.48 = 4.00
10.56 *+ 6.55
11.14 + 8.63
12.39+11.69
13.01+11.76

33

Diameter
Used (um)

57

104
135
170
244
296

76
Excluded

133
Excluded

250
319
88

121
149
143
213
287

'Roush (2005), page 260. Mean and standard deviation values from a Gaussian histogram fit. Duplicated

or poorly sorted grain sizes were excluded from n, k derivation.
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Table 4. Refractive index as,sumptions1 for nyis

Unixial (-) n_m
Jarosite 1.791-1.820
1.815-1.820
Natrojarosite 1.832
1.830
Biaxial (+) n_o

Rhomboclase 1.534
Szomol nokite 1.591
Notes:

n_e
1.705-1.715
1.713-1.715
1.750

n_
1553 - 1.555
1.623

34

n_vis
1.760

1.790
n_y n_vis

1.634-1.638 1575
1.663 1.626

Table values adopted from Anthony et al. (2013), http://www.webmineral .com, http://www.mindat.org.
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Figure 1. Example of diameter determination from optical microscopy images

using Simagis Live™ particle size analysis software. Panel (a): one field-of-view for K-

jarosite (Copiapo Mine) dseve = 150-224 um size fraction. Panel (b): The minimum grain

sizein this size fraction (the “0™ bin of panel ¢ right histogram) is 3.1 um. Panels (c, d):

Histograms represent total results for eight fields-of-view. The left histogram illustrates
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the number of grainsin each dgee Size bin (*mode 2” givenin Table 3). Theright
histogram scales the number of grains per size bin by geometric cross-sectional area

n(d/2)?, to yield the dominant grain size affecting area (Table 3 “mode 17).

Intensity
?

2-Theta (degrees)

Figure 2. X-ray diffraction patterns for Fe-sulfates:. (a) jarosite, (b) jarosite +
natrojarosite, (C) natrojarosite, (d) szomolnokite, (€) rhomboclase, and (f) melanterite.

The intensity of each pattern has been normalized to 1 and offset by 1 for clarity.
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Figure 3. Jarosite laboratory diffuse reflectance spectrain six grain sizes.

Panel (a, b): K-jarosite and Na- and/or HzO'-jarosite with a hydrated mineral
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contaminant, from Copiapo Jarosite Mine, Dona Ana County, New Mexico. The band at
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1.9 umisnot diagnostic of K-jarosite but due to either hydronium or a hydrated

component (cf. water band “B” in synthetic K-jarosite, figure 11, Basciano & Peterson

2007). Pand (c, d): Pure K-jarosite, from Arabia District, Pershing County, Nevada.

Panel (e) illustrates the spectral differences between natural jarosite from three localities.
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Figure 4. K-jarosite imaginary and real indices of refraction k(L) and n(1), for

Copiapo Mine and Arabia samples. Top panels. dotted lines indicate estimated error

bars. Bottom panels: solid vs. dashed linesillustrate the effect of viewing angle on

average indices of refraction. Colored lines indicate the differencesin optical constants

due to spectral differences of the natural K-jarosite samples.
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