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Abstract
Multispectral visible and near infrared (VNIR) observations from the Mars Exploration

Rover Pancam multispectral stereo camera systems are consistent with materials having been
subjected to a variety of aqueous processes. Ferric oxidesin the form of hematite in the Burns
and Grasberg formations of Meridiani Planum have been well characterized by Opportunity on
the basis of strong 535 and 864 nm absorptions and positive 754 to 1009 nm and 934 to 1009 nm
slopes. On the Noachian-aged rim of Endeavour crater, Opportunity has observed light-toned
veins with high Caand S, as determined by the rover’s Alpha Particle X-ray Spectrometer
(APXYS), and a negative 934 to 1009 nm slope in VNIR spectra extracted from Pancam,
indicative of a 1000 nm H,O overtone absorption- together these observations indicate that the
veins are composed of gypsum. Rocks overturned by Opportunity on the Murray Ridge portion
of the Endeavour crater rim display dark and light-toned coatings. The dark toned coatings have
ared, featureless slope that is consistent with that observed in laboratory spectra of high valence
manganese oxide minerals. Potential Mn oxide coatings may also be associated with some
exposures of the Grasberg formation. APXS results for high Mg and Sin the light-toned coatings
of the Murray Ridge overturned rocks, and a negative 934 to 1009 nm slope are consistent with
hydrated Mg-sulfates. Opportunity has also observed spectral features in rocks consistent with
orbital observations of Fe-smectites, aswell as Al-smectites and possible hydrated silicain light-
toned fracture-fill materials. The Spirit rover observed sulfate-rich light-toned soils exposed by
the rover’ swheels. Several of these soil observations contained spectral features, such as a broad
absorption centered near 800 nm, consistent with ferric sulfate minerals, afinding confirmed by
the rover’s M Gssbauer spectrometer. Spirit also excavated light-toned Si-rich soils. These soils
have aflat near infrared spectrum with adrop in reflectance from 934 to 1009 nm that is

consistent with free water contained in voids or adsorbed onto the surface of the silica
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I ntroduction

Since January 2004, the Panoramic Cameras (Pancams) on-board the Mars Exploration
Rovers Spirit and Opportunity have been imaging the martian surface along their traverse paths.
A key objective of the Mars Exploration Rover (MER) mission has been to detect signs of
ancient agueous activity and determine the role of water in affecting geology at the two MER
landing sites. Therole of the Pancams has been to provide stereoscopic imaging to aid in the
navigation of the rovers and to assess rock and outcrop morphology. The Pancams also possess
multispectral imaging capability through the use of their two 8-position filter wheels with filter
band centers and widths listed in Table 1. Aside from neutral density filters and an empty
position, there are 13 filters devoted to geology observations between the two “eyes’ of the
Pancam with 11 distinct (non-overlapping) wavelengths from 432 to 1009 nm. From a Pancam
13 filter (*13f") observation, we obtain an image cube that provides a visible-to-near-infrared
(VNIR) spectrum for each picture element, or pixel, for atotal of 1024x1024 pixelsin the
imaged scene. This multispectral imaging enables us to characterize the VNIR reflectance
character of targets of interest. The remote sensing aspect of Pancam has al so proven important
in cases where atarget cannot be reached by the rover’ s robotic arm for in situ examination or
where other operating constraints might preclude such an in situ examination.

This paper describes the Pancam instrument, data calibration, and how reflectance spectra
from multispectral Pancam observations have been used to help constrain the identity of a
number of minerals produced through agueous alteration. The observations and results portion
of the paper is divided according to several mineral and material groups. oxides, hydrous
sulfates, hydrated silica, and presumed phyllosilicate-bearing rocks.

Examining how the VNIR multispectral imaging capabilities on the Spirit and

Opportunity rovers have been used to characterize minerals associated with aqueous alteration is
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relevant for ongoing studies by the MSL rover Curiosity (Bell et a., 2013; Wellington et a., this
issue), aswell as similar capabilities planned for the ExoMars (e.g., Cousins et a., 2012) and
Mars 2020 rovers. This paper also examines a number of spectrally distinctive materias
observed by Opportunity since its departure from the Cape Y ork rim segment of Endeavour
crater. This paper furthers the multispectral examination of surface materials at Endeavour crater
that was introduced in Farrand et al. (20133, 2014) and is discussed in part by Arvidson et al.

(thisissue).

The Pancam Instrument and Calibration of Data

The Pancam instrument was described in detail by Bell et a. (2003). A description of
mission operational calibration was provided by Bell et a. (2006). In brief, the Pancam on each
rover has two 1024 by 1024 active-area charge-coupled devices (CCDs) with a 30 cm stereo
separation and a 0.27 mrad per pixel resolution. Each Pancam is mounted 1.5 m above the
ground on the mast referred to as the Pancam Mast Assembly (PMA). Each rover isalso
equipped with identical calibration targets (Bell et a., 2003) for the Pancam observations. Each
Pancam was calibrated before launch (Bell et al., 2003; 2006). Operational surface procedures
for the collection of multispectral images involve the close-in-time imaging of the calibration
target (in extended mission operations with Opportunity, calibration target imaging is sometimes
omitted if the calibration target was imaged on the previous sol at a similar time; acceptable
given the relatively uniform atmospheric conditions from sol-to-sol on Mars). Multispectral
image data from the calibration target, in conjunction with pre-launch calibration information,
are utilized to convert raw image data to calibrated radiance and then to radiance factor (I/F, or

more properly |/nF, where | isthe measured radiance and tF is the incident solar irradiance).
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Accumulation of airfall dust on the calibration target over the course of the mission led to
development of a correction for dust on the calibration target based on a two-layer Hapke model
along with the known photometric properties of the calibration target (Bell et a., 2006, Sohl-
Dickstein et a., 2005). The measurements presented here are |/F divided by the cosine of the
incidence angle at the time of image acquisition, a quantity described as relative reflectance, or
R*, by Reid et a. (1999) and Bell et a. (2006). Bell et a. (2006) estimated that the absolute
reflectance levels of Pancam multispectral data are accurate to within ~10% at the shortest
wavelengths, and slightly more accurate at longer wavelengths. Relative filter-to-filter
uncertaintiesin R* were estimated to be smaller, typically 1-5%, providing confidence in the
reality of even very small-scale spectral variations detected in the scene. The 13-geology filter
data sets examined here were typically compressed using the | CER wavel et-based compression
routine (Kiely and Klimesh, 2003) so that blue stereo bands (the L7 and R1 bands) were at 2
bits-per-pixel and al other bands were at 1 bit-per-pixel for transmission and uncompressed back
to the full dynamic range once received on Earth. Effects on the radiometric precision due to the

compression were estimated to be < 1% based on pre-launch tests (Bell et al., 2006).

Multispectral Processing Tools Used on Pancam Spectra

Multispectral Approaches

Analysis of Pancam data has been performed using both image processing and spectral
analysis paradigms. The image processing approach consists of successive analyses of the
separate multispectral sequences of the left and right eye image data. Purely spectral analysis
has been conducted using combined eye spectra of materials of interest that have been compiled

and examined as 11 band datasets. Asdescribed in Farrand et a. (2006, 2007, 2008, 20133,
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2014), the use of a number of established image processing approaches has been applied to | eft-
and/or right-eye image sequences including decorrelation stretch composites, spectral
parameterization, spectral mixture analysis (Farrand et al., 2006), and supervised classification
approaches. These techniques have been used to define regions of interest (ROIs) over spectraly
distinctive or representative areas. Spectra from the ROIs in both the left and right eye data are
averaged and are combined at the L2 and R2 bands (at 753 to 754 nm). These combined-eye
spectra have been used for 11-band processing of assemblages of spectra. The combined-eye
spectra have been analyzed as collections of vectors using clustering approaches (Anderson and

Bell, 2013; Farrand et al., 2013a; 2014) and various endmember determination approaches

(Farrand et a., 2008; 2013a; 2014).

Spectral Parameters

Spectral parameters are used to summarize information related to specific spectral
characteristics such as slope, band depth, and the position of spectral features. Table 2 listsa
number of spectral parameters that have been used in various Pancam data analyses (e.g.,

Farrand et al., 2006, 2007, 2008, 2013, 2014; Rice et a., 2010).

Geologic Setting
The aqueous alteration minerals observed by Spirit and Opportunity are best understood
in the geologic context of the Gusev crater and Meridiani Planum sites examined by these rovers.
Overviews of the geology of Gusev crater as it was known prior to the landing of Spirit include
Cabrol et a. (2003) and Greeley et al. (2003). In this paper, we focus on materials observed by
Spirit on the Husband Hill peak of the Columbia Hills and in the Inner Basin and Home Plate

which lie to the south of Husband Hill (images of Spirit’s traverse and site locations are available
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in Arvidson et a. (2008)). The materiasin the Columbia Hills have been interpreted as being
Noachian in age (Squyres et al., 2006). The materials making up Home Plate, at least its lower
Barnhill unit, were interpreted by Squyres et a. (2007) as being pyroclastic, potentially
hydrovolcanic, in origin. Sulfate-rich and silica-rich soils and nodul es observed around Home
Plate have been interpreted as being the result of hydrothermal processes (Schmidt et al., 2009;
Ruff et al., 2011).

The geology of Terra Meridiani, and the Meridiani Planum subregion examined by
Opportunity, were discussed prior to Opportunity’s landing by Arvidson et a. (2003). From the
time of itslanding to its arrival at the rim of Endeavour crater, Opportunity explored the Burns
formation, named in honor of geochemist Roger Burns, which comprise the bedrock of
Meridiani Planum. The Burns formation is a sulfate-bearing “ sandstone” composed of
siliciclastic materials derived from the mechanical and chemical erosion of basalt (Grotzinger et
al., 2005; McLennan et al., 2005; Clark et a., 2005). The Burns formation has been interpreted
as being late Noachian to early Hesperian in age (Arvidson et al., 2006). The rim of the 22 km
diameter Endeavour crater, which is currently the subject of Opportunity’s explorations, has been
interpreted as being Noachian in age (Squyres et al., 2012). Orbital observations made with the
Mars Reconnaissance Orbiter (MRO) Compact Reconnaissance Imaging Spectrometer for Mars
(CRISM) instrument revealed the presence of Fe/Mg smectite minerals on the rim of Endeavour
(Wray et al., 2009; Noe Dobreaet al., 2012). Discussion of place names and units aswell as
traverse maps are provided in Squyres et a. (2012), Arvidson et a. (2014), and Crumpler et al.
(2015). Observations by Opportunity around the bench of the raised rim segments revealed the
presence of another sulfate-bearing stratigraphic unit that is chemically distinct from the Burns

formation, the Grasberg formation (Crumpler et al., 2015). Other materials making up the rim of
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Endeavour included an impact breccia, dubbed the Shoemaker formation and nominally older,

clay-bearing, materials of the Matijevic formation (Squyres et al., 2012).

Pancam Observations of Aqueous Alteration Minerals

Oxides

Ferric Oxides. Hematite (Fe,Os) isamineral that is widespread on Mars (Bell et al.,
1996). The airborne and dune-forming bright drift deposits that blanket much of the planet’s
surface contain nanophase hematite (Singer et al., 1982). Crystalline (red) hematite and coarsely
crystalline (gray) hematite are not as widespread (or at |east not as apparent from telescopic and
orbital observations) and, when observed, are indicate aqueous ateration. Opportunity was
targeted to land in Meridiani Planum on the basis of orbital observations by the Mars Global
Surveyor (MGS) Thermal Emission Spectrometer (TES) of coarsely crystalline gray hematitein
the Meridiani Planum region (Christensen et al., 2000). Before Opportunity’s landing, the type
of surface materials hosting the gray hematite was unknown. After landing, it became apparent
through observations by the rover’s Miniature Thermal Emission Spectrometer (Mini-TES) and,
later, in situ observations by the rover’s MGsshauer spectrometer that the gray hematite was
hosted both in spherules, interpreted as concretions, weathering out of the light-toned sulfate-
bearing Burns formation outcrop (Klingelhofer et a., 2004) and disseminated within the Burns
formation itself (Glotch et al., 2006).

The first grind into Burns formation outcrop by Opportunity’s Rock Abrasion Tool
(RAT) produced red cuttings from the grind (Fig. 1A). The cuttings and the abraded rock
surface displayed spectra with a strong 535 nm band, a near infrared (NIR) absorption band with

aminimum in the Pancam R4 (864 nm) band and strongly positive 754 to 1009 nm and 934 to
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1009 nm slopes. These spectral parameters match that of red hematite. However, the narrower
reflectance maximum and deeper band depth of laboratory hematite compared to the Pancam
spectrum of the RAT grind (Fig. 1B) indicates the influence of nanophase hematite and possibly
other Fe-bearing phases on the spectral shape.

The spherules, colloquially referred to by the rover team as “blueberries’, have
reflectance spectrawith a strongly positive 934 to 1009 nm slope, and a reflectance minimum
appearing in some blueberry spectrain the Pancam R4 (864 nm) and in othersin the R5 (904
nm) band. These spectral characteristics are consistent with coarsely crystalline (dark red)
hematite (Fig. 2), but not of specular hematite which has a flat reflectance spectrum in the
Pancam spectral range (Fig. 3). The presence of a 864 to 904 nm absorption band in the
blueberry spectra suggests that the surfaces of the blueberries either have a patina of red to dark-
red hematite, possibly produced by wind-driven dust abrasion, or that the grain size of the
hematite in the blueberriesis less than approximately 90 um (Lane et a., 1999).

Asnoted in Farrand et al. (2007), Burns formation rock surfaces could be divided into
those that are lighter-toned to buff-colored in composites such as L357 (673, 535, 432 nm) or
L 256 (753,535, 432 nm) (Fig. 4), which had a higher 482 to 535 nm slope (and was labeled in
that paper asthe HFS class for Higher Four hundred eighty-two to 535 nm Slope). The redder or
more purple (again in composites such as L357 or L256; Fig. 4), cleaner (nominally wind-
abraded) Burns formation outcrop surfaces also have red hematite-like spectra (Fig. 5a) although
the near-infrared (NIR) band is not as well-defined and the 754 to 1009 nm slopes are
diminished. Nevertheless, these surfaces referred to in Farrand et al. (2007) asthe“LFS’ (for
L ower Four hundred eighty-two to 535 nm Slope) Burns formation surfaces have elevated 535

nm band depths and 904 nm band depths relative to other surface materials.
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The Grasberg formation was first encountered on the bench of the Cape Y ork rim

segment of Endeavour crater, and was interpreted alternatively asimmediately underlying or
overlying the Burns formation (Crumpler et a., 2015). Natural, wind abraded surfaces of the
Grasberg formation have an even closer resemblance to red hematite (Fig. 5b) with stronger 535
nm band depths, polynomial-fitted NIR band minimums at shorter wavelengths, and steeper 754

to 1009 nm slopes (Fig. 6) than are observed in the “purple’ (LFS) Burns formation surfaces

(Farrand et al., 2014).

Manganese Oxides. On the Murray Ridge portion of the Endeavour crater rim south of
Solander Point, a turn-in-place maneuver by Opportunity resulted in the overturning of at least
two rocks and the moving of others (Arvidson et al., thisissue). The smaller and larger of the
overturned rocks were named respectively Pinnacle Island and Stuart Island (Fig. 7). The newly
exposed surfaces of both rocks have two different coatings on them. Both rocks displayed a
dark-toned coating with ared, featureless spectral slope (Fig. 8A) and also a lighter-toned
coating spectrally similar to the gypsum veins and the Lihir/Esperance fracture-fill discussed
below. The nature of the light-toned coating is discussed in section 5.2.3 below in the discussion
of sulfate minerals. Asshown in Fig. 8b, the dark coating spectrum resembles that of terrestrial
desert varnish. Desert varnish is generally composed of birnessite ((Na,Ca)os(Mn™,
Mn®"),)04-1.5H,0) mixed with clay minerals and hematite (Potter and Rossman, 1979). The
comparison here to desert varnish is purely a comparison of spectral shape and is not intended as
aprocess analogue. Fox et a., (2015) and Arvidson et al. (thisissue) have provided a
comparison of the dark coatings to pure and mixed Mn oxide mineral reflectance spectra and

found that the spectra of the dark coatings are consistent with high-valence-state Mn oxide
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minerals. Indeed, the Mn-rich nature of the dark coatings was confirmed by APXS investigation
(Arvidson et al., thisissue).

Possible Mn-oxide minerals have also been observed by Pancam and APXS at several
locations in association with the Grasberg formation. These include several small two-toned
rocks on the north end of Cape Y ork (occurring among rocks of the Grasberg formation)
observed on sol 3038, alarge patch of material, potentially a coating, on the target Monjon
examined by APXS on sol 3419, and aso on rocks observed along the eastern border of the rim
on the bench imaged on sols 3739. These materials appear blue in |eft-eye composites such as
L256, Fig. 9A, and purple in right-eye composites such as R731 (Fig. 9B) and the 535 nm band
depth of these coatingsis very weak with comparison to other surface materials (Fig. 9C). The
spectra of these coatings (Fig. 10) have a positive, featureless red slope in the NIR and a broad,
weak 535 nm band in the visible wavelengths. The Monjon “blue” spectrum, and the other
occurrences noted from sols 3038 and 3419, occur amongst representative rocks of the Grasberg
formation. Grasberg formation rocks have spectra more typical of the Monjon sol 3419 “purple’
spectrum (Fig. 10 and also as shown in Fig. 5B). Mn in the blue-gray portion of the Monjon
target was twice that of the purple portion when measured by the APXS on sol 3419 (R. Gellert,
pers. comm.).

Asnoted by Arvidson et a. (thisissue) and Lanzaet al. (2014) the presence of high-
valence Mn oxides is significant since such minerals are formed in highly oxidizing, aqueous
environments. Moreover, the presence of Mn-rich mineralsis a potential indicator of a habitable

environment on account of their association with water and highly oxidizing conditions.

Sulfates

12

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



267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627

Sulfate-rich Soils Observed by Spirit. The first recognition of sulfate-rich soils by the
Spirit rover was during the investigation of the Big Hole (sol 113-115) and Boroughs trench (sol
135-142) targets on the Gusev crater volcanic plains between Bonneville crater and the
Columbia Hills (Haskin et al., 2005). Although sulfates (with a maximum > 20 mass % of the
examined soils) were implied by APXS and M 6ssbauer data analyses of trench regolith (Wang et
al., 2006), no spectral features of sulfates were identified in Pancam spectra because, as indicated
by the APXS data, the major sulfates were spectrally neutral Mg sulfates, rather than Fe sulfates
that exhibit characteristic absorption featuresin the VNIR spectral range.

Five major exposures of sulfate-rich soils, containing Fe-sulfates, were excavated from
depths of ~10 cm by Spirit (Arvidson et al. 2008, 2011; Wang et a., 2008; Rice et al. 2011).
The namesake location for this class of soils (e.g., Ming et al., 2008) was the Paso Robles site on
the crest of the Cumberland Ridge portion of Husband Hill (sol 399-432). Although examples of
these soils were encountered after Paso Robles, another example was not examined in situ again
until Spirit reached the Inner Basin (to the north of Husband Hill) at the Dead Sea/Arad region
(sol 721-728, Fig. 11a). Thefailure of the rover’sright front wheel led to the excavation of the
Tyrone target on the eastern side of Home Plate (sol 784-798, sol 864-1062, sol 1098-1306), the
Hamilton target on the north side of Home Plate (sol 1804 — 1852), and the Ulysses target on the
west side of Home Plate (sol 1864-2186). Fig. 11B shows the typical Pancam spectra of
“yellow” and “white” Fe**-sulfate-rich soils of the Arad site. These light-toned soils were found
to have SO5; concentrations measured by the APXS of up to 38 wt.% (Ming et al., 2006; 2008).
M 6sshauer spectrometer data indicated ferric-bearing sulfates in these soils (Morris et al., 2008),

and the soils' distinctive Pancam and Mini-TES spectra are consistent with a heterogeneous
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mixture of hydrated ferric sulfate phases (e.g., Johnson et a., 2007; Lane et a., 2008; Ruff et al.,
2008; Arvidson et al., 2011).

Johnson et al. (2007) selected six typical Pancam spectra from the sulfate-bearing
exposed soils at the Paso Robles, Dead Sea, and Tyrone sites, and used a database of 84
laboratory spectra and a multiple end-member spectral mixing model approach to identify
candidate Fe-sulfate assemblages that may contribute to the observed Pancam spectra. Among
the sulfate and ferric oxide/oxyhydroxide mineral spectrain the database, they found six ferric
sulfates that could make significant contributions to the observed Pancam spectra. They are
ferricopiapite [Feys” Fes> (SO4)s(OH),-20H,0], hydronium jarosite [(HzO)Fes (SO4)-(OH)¢],
fibroferrite [Fe**(SO4)(OH)-5H,0], rhomboclase HFe**(SO,),-4H20], paracoquimbite
[Fe,* (S04)39H,0], and a mixture of anhydrite [CaSO,] with coquimbite [Fe,** (SO4)s-9H0].
The analyses of Johnson et al. (2007) suggested that ferricopiapite, hydronium jarosite,
fibroferrite, rhomboclase composed a significant fraction of Tyrone yellowish light-toned soil,
while fibroferrite, (anhydrite + coquimbite), and paracogquimbite were consistent with spectra of
Paso Robles whitish light-toned soil, and hydronium jarosite and fibroferrite were likely present
in Arad soils at the Dead Sea site (Johnson et al., 2007). Fig. 12 compares a Pancam spectrum of
Arad soil and library spectra of phases suggested by Johnson et al. (2007). Other minerals have
been suggested as important components of the soils, including Fe**-bearing phosphates (L ane et
al., 2008), hydrated silica (Wang et al., 2008), and elemental sulfur (Morriset al., 2008). These
ferric sulfates are considered to be precipitates from a Fe** and SO,-rich hydrothermal brine
(Wang et a., 2008) or to have formed directly from fumarolic processes (Yen et al., 2008).

Wang et al. (2008) suggested that some of these minerals may be unstable under present

Mars surface temperature and pressure conditions, and that repeated Pancam observations on
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exposed light-toned soils at Tyrone indicated spectral changes, namely a decrease in the spectral
slope from the L7 (432 nm) to L3 (673 nm) bands, consistent with ferric sulfate phase changes.
Specificaly, laboratory experiments (Wang and Ling, 2011) on the stability and phase
transformation of ferricopiapite (a potential component of Tyrone yellowish soils based on
Johnson et al., 2007) demonstrated that under Mars-relevant conditions, the potential dehydration
products of ferricopiapite are rhomboclase, kornelite Fe,* (SO4)s 7H0, pentahydrate
Fe,>*(S04)s-5H,0, paracoquimbite, and two types of amorphous ferric sulfates. Wang and Ling
(2011) found reductions of the L3 vs. L7 ratio reflectance in laboratory sulfate dehydration
studies similar to those noted by Wang et al. (2008) in the Tyrone yellow sulfate-bearing soils.
The dehydration of ferricopiapite in Tyrone yellowish soil after exposure would suggest avery
different temperature and relative humidity environment within the subsurface. In another
examination of the data, Rice et al. (2011) studied the same Pancam observations and concluded
that temporal variations in Pancam spectra were more consistent with deposition of airfall dust
than with mineralogical changes, suggesting that the bright soils were stable over the observation
timescales (100+ sols). Further analysis of these data appear warranted to resolve differencesin
interpretation.

Finally, the presence of adrop in reflectance from the 934 (R6) to 1009 nm (R7) band in
some of the sulfate-bearing soils (such as the Arad white soil spectrumin Fig. 11B and Fig. 12)
is potentially evidence of the presence of awater overtone feature centered near 1000 nm. This
drop in reflectance was recognized as a feature of the Tyrone white soils by Wang et al. (2008)
and was discussed as a possible hydration feature by Wang et al. (2008) and Wang and Ling

(2011).
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Ca-Sulfate Minerals Encountered by Opportunity. Most of Opportunity’straverse on
the flat terrain of Meridiani Planum was over sulfate-bearing bedrock, as confirmed by
M ossbauer (Klingelhdfer et al., 2004) and Mini-TES observations (Glotch et al., 2006).
However, spectral features in the Pancam VNIR spectral range that could clearly be assigned to
sulfate minerals in the Burns formation bedrock of Meridiani Planum were lacking. Upon
reaching the rim of Endeavour crater, Opportunity has encountered at |east two types of sulfate-
bearing materials which have spectral features observable in the Pancam spectral range: gypsum
veins and light-toned subsurface rock coatings.

In itstraverse over the Cape Y ork rim segment of Endeavour crater, examples of light-
toned materialsin linear to curvilinear veins were observed intermittently in Opportunity’s
Navcam images over the course of the traverse along Cape Y ork. On the northwest bench of
Cape Y ork, Opportunity examined one of these veinsin situ, the Homestake target (Squyres et
al., 2012) (Fig. 13). Since that first examination, a number of veins have been examined in situ
(most on the Endeavour rim bench unit). However, thinner veins on the Matijevic Hill portion of
Cape York (in the Matijevic formation), and veins in the rim segments south of Cape Y ork were
also encountered. While displaying higher Caand S in APX S results, the case for identifying the
veins as consisting of the hydrated mineral gypsum [CaSO4¢2(H20)] was bolstered by the drop
in reflectance from the Pancam R6 to R7 bands (934 to 1009 nm), which was attributed to a 1.0
um H,0 overtone feature (Cloutis et al., 2006; Rice et a., 2010). The equivalent overtone feature
in bassanite [ CaSO4+0.5H,0] occurs at 0.95 um and anhydrite [CaSO,] is anhydrous and thus
does not have this absorption feature. Gypsum laboratory reflectance spectra convolved to the
Pancam bandpasses show this 934 to 1009 nm drop in reflectance (Fig. 14). Thisdropin

reflectance caused by a 1000 nm water overtone band has a so been observed by multispectral

16

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



357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627
imaging of light-toned veins using the Mastcam on the Mars Science Laboratory Curiosity rover
(Vaniman et a., 2014; Wellington et al., thisissue).

Ca-sulfatesin the form of gypsum would precipitate at temperatures lower than basanite
and anhydrite. The retaining of the highest hydration degree (as gypsum) is consistent with its
extremely slow dehydration rate under current Mars surface conditions that was experimentally
evaluated by Robertson and Bish (2013).

The gypsum veins observed by Opportunity are also characterized by high 535 nm band
depth values. Terrestrial gypsum veins formed in ferric oxide-rich sediments often incorporate
some of those ferric oxide-rich grainsinto the vein and thisislikely the case with the veins
observed on the Endeavour rim. Farrand et al. (2014) found spectral differences between the
veins observed on the bench unit of Cape Y ork and those occurring in the Matijevic Hill area.
These two sets of veins also expressed differences when compared against the spectrally similar
boxwork veins such as those hosting the Lihir and Esperance targets discussed below. The
spectral differences between the bench unit veins, those on Matijevic Hill and the boxwork
fracture fills are expressed primarily in terms of parameters related to the presence and/or degree
of crystallinity of ferric oxide minerals such as 535 nm band depth and 754 to 1009 nm slope.
Fig. 15 shows a spectral parameter plot of the Cape Y ork bench unit and Matijevic formation
veins for the 754 to 1009 nm slope and 535 nm band depth parameters indicating spectral
differences between the two sets of veins. The Matijevic formation veins have an overal flatter
NIR spectral shape while the Cape Y ork bench units have an overall red slope in the NIR leading
to positive 754 to 1009 nm slopes. The higher 535 nm band depth of the Cape Y ork bench veins
also indicates a higher fraction of crystalline ferric oxides. Differences between theveinsin

terms of the parameter related to the 1000 nm hydration feature, the drop in reflectance from 934
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to 1009 nm, are minimal as can be seen in Fig. 10 of Farrand et al. (2014). Spectral differences
between the different sets of veins potentially indicate different episodes of fluid flow and vein
formation.

M g-Sulfates Encountered on Murray Ridge. Arvidson et al. (thisissue) describe the
Pinnacle Island and Stuart Island rocks overturned by Opportunity on the Murray Ridge portion
of the Endeavour rim. As noted above, these rocks were characterized by both a dark, nominally
Mn oxide-bearing coating and by alight-toned coating with a 934 to 1009 nm downturn in
reflectance similar to that in the gypsum veins (Fig. 16A). Asnoted by Rice et al. (2010) a
number of hydrated or hydroxylated minerals display a 1 um overtone feature that at Pancam
spectral resolution would display the R6 to R7 drop in reflectance.

The Pinnacle and Stuart I1sland APXS observations that were centered principally over
the light-toned portions of those rocks showed high Mg and S values- indicating the presence of
Mg sulfate minerals (Arvidson et a., thisissue). Kieserite [MgSO,¢H,O] and epsomite
[MgSO,4+7H,0] both display dropsin reflectance in the longest Pancam channel (Fig. 16B). For
epsomite, the H,O absorption is broader leading to a decrease in reflectance extending to
Pancam'’ s R6 (934 nm) and R5 (904 nm) bands. Hence, the multispectral evidence from Pancam
is consistent with the light-toned coatings on Pinnacle and Stuart Island containing a Mg sulfate

phase, potentially kieserite.

Hydrated Silica

One of the most striking discoveries of the Spirit mission was the discovery of nearly-
pure hydrated silicain a subsurface soil in the “Eastern Valley” on the eastern side of Home
Plate. The highest Si content (> 90 wt.%) was in the Gertrude Weise (Fig. 17B) soil target

(Squyres et al., 2008). The “white” soils at the sulfate-bearing exposures Tyrone and Troy also
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were found to contain a SiO, component (Wang et a., 2008; Arvidson et a., 2011). SIO, made
up 32.9% of the Mt. Darwin observation within the Tyrone soils (Ming et al., 2008) and up to
46% of the Tyrone soils (Arvidson et a., 2011). Friable, nodular outcrops containing significant
amounts of hydrated silica (61.8 — 72.8 wt.%) were also observed in the vicinity of Home Plate
(Fig. 17A). The Si-rich deposits have been alternatively interpreted as volcanic fumarolic
deposits (Squyres et al., 2008) or as the result of precipitation from geothermal waters (Ruff et
al., 2011; Wang et a., 2008). Recently morphologic similarities have been observed between the
Si-rich nodules in the Eastern Valley and high-altitude silica sinter depositsin the El Tatio hot
springs region in Chile (Ruff, 2015; Nicolau et a., 2014).

The soil and nearby silica-rich outcrops are spectrally distinct from other Gusev crater
materialsin VNIR wavelengths. Wang et a. (2008) identified adrop in reflectance from 934 to
1009 nm that characterizes Pancam spectra of al known hydrated silica targets observed by
Spirit, which Rice et a. (2010) showed is due to the 2v1 + vz H,O combination band and/or the
3v OH overtone centered near ~1000 nm. In a study of these spectral featuresin terrestrial high-
silicamaterias, Rice et al. (2013) showed that most opaline silica samples exhibit these features
near ~950-960 nm, which is between Pancam’s R6 and R7 filters and would thus be undetectable
to the instrument. However, the spectra of water-saturated silica reproduce the spectral downturn
at 1009 nm that characterizes the Pancam silica spectra, leading to the interpretation that the
silica-rich materials observed by MER Spirit must contain large amounts of free water contained
in voids or adsorbed onto the silica surface.

The silica-rich materials are characterized by flat NIR spectrafrom 864 to 934 nm, which
allows the narrow hydration band to be distinguished from broad absorptions near 1000 nm in

the spectra of iron-bearing minerals. The broader ferric or ferrous iron absorptions near 1000 nm
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result in lower reflectance in additional Pancam bands besides the R7 (1009 nm) band- e.g. these
absorptions reduce the reflectance in the R6 (934 nm) down to the R4 (864 nm) bands, or to even
shorter wavelengths. Using criteria based on these parameters, Rice et al. (2010) defined a
Pancam "hydration signature” that characterizes the spectra of the hydrated minerals to which the
instrument is sensitive (including hydrated silica, some hydrated Mg- and Ca-sulfates, water ice,
and some carbonates). Rice et al. (2010) showed that the Pancam spectra of some dust-covered
rock surfaces can mimic the hydration signature when tilted away from the rover’sline of sight
and/or when viewed at very low Sun elevations. To avoid these fal se detections, the Pancam
hydration signature has typically only been used to identify potentially hydrated materialsin
observations made at low (~0°-30°) incidence (i) and emission (€) angles. The contributing
factors to the negative 934 to 1009 nm spectral slope of these rock surfaces have not yet been
fully identified, but Rice et a. (2010) proposed two main hypotheses. (1) the NIR slopeis due to
hydration in the Martian surface dust; or (2) the NIR slope effect is due to Pancam calibration
inaccuracies at specific viewing geometries. Example hydrated silica outcrop and soils are shown
in Fig. 17C. This Pancam hydration signature has since been used to interpret the mineralogy of
other high-silica surface targets at Gusev crater (e.g., Ruff et al., 2011; Arvidson et al., 2011) and
hydrated Ca-sulfate at Meridiani Planum (Squyres et al., 2012; Farrand et al., 20133, b, 2014)

(Section 3.2.2.1).

Phyllosilicate-bearing Outcrops

By the time that Opportunity reached the rim of Endeavour crater, itsinstruments that
were most sensitive to diagnostic mineral identification (M 6ssbauer spectrometer and Mini-
TES), had ceased to function. However, through the orbital reflectance spectroscopy of CRISM

and rover observations, the Whitewater L ake type outcrops of the Matijevic formation (Fig. 18A
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and 18B) were identified as being the host of a weak Fe-smectite signature (Arvidson et al.,
2014). Also, inits exploration of the Matijevic Hill area, Opportunity encountered
morphologically distinctive boxwork structures (Fig. 18C). APXS examination of the light-
toned fracture fill material of these structures indicated Al- and Si-rich compositions which
geochemical modeling (Arvidson et al., 2014; Clark et al., thisissue) was consistent with Al
smectite compositions plus a potential hydrated silica component.

Pancam spectra of the Whitewater L ake type outcrops could be divided into the light-
toned, fine-grained matrix materials exemplified by the AzildalDD location (Fig. 18A) and the
darker-toned coatings such as the Chelmsford IDD target (Fig. 18B). Spectra of these materials
are shownin Fig. 19.

The light-toned matrix materials are characterized by a broad reflectance peak centered
near 770 nm and negative slope from 864 to 1009 nm. The darker-toned coatings exhibit a more
convex reflectance peak and weak near-infrared absorption centered near 950 nm and also a
higher 535 nm band depth than the matrix materials. The deeper 535 and 904 nm band depths
were noted by Farrand et al. (2014) as being consistent with the coatings having more partially to
well-crystalline ferric iron minerals than are present in the matrix materials. Also, while not
diagnostic of the presence of nontronite, athird degree polynomial fitted to the four bands from
864 to 1009 nm of the dark coatings has a median band minimum of 950 nm which is close to
the continuum-removed band center of nontronite of 955 to 960 nm.

In an exploratory “walk-about” of Matijevic Hill, Opportunity observed the presence of
boxwork structuresin several locations. A prominent boxwork structure, with thick, light-toned
fracture-fill materials was briefly examined with the rover’s M1l and APXS at the Lihir target.

The APXS indicated that Lihir had the highest Al and Si yet detected in any target examined by
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Opportunity to that time (Al,O3 of 12.92% and SiO, of 58.44%; Clark et al., thisissue).
Opportunity returned to this fracture fill in order to investigate it more fully with a RAT brush
and grind on a new target, Esperance (yellow circlein Fig. 18C). The geochemistry of the
Esperance target is described by Clark et a. (thisissue). Pancam spectra of the Lihir/Esperance
fracture fill resembled the gypsum veins observed on the bench of Cape Y ork and on Matijevic
Hill with a high reflectance, relatively high 535 nm band depth, and a convex shape in the NIR
with adrop in reflectance from the Pancam R6 to R7 bands (934 to 1009 nm) (Fig. 20).
However, in terms of more subtle spectral parameters, the boxwork fracture fills have lower 535
nm band depths and have a fifth degree polynomial fitted band position with a median position
shorter than that of both sets of gypsum veins (Fig. 21).

Also, since geochemical modeling of Esperance has allowed for the possibility of excess
silica (Clark et al., thisissue), the presence of the 934 to 1009 nm drop of reflectance, suggests
the presence of hydrated silica, potentially similar to that observed by Spirit in the Eastern Valley
near Home Plate (section 3.3). Representative spectra from the Eastern VValley nodules (broken
surfaces from the Innocent Bystander target which was rolled over by Spirit) are compared
against awind-abraded, light-toned portion of Esperance in Fig. 22. Although similar, the NIR
reflectance of the Si nodules is flat whereas that of Esperance is more convex. Also, as shown in
Fig. 23, the Si nodules have alower 754 to 1009 nm slope and a higher R6/R7 (934/1009 nm)
ratio compared to Esperance and Lihir measurements. 1f the 934 to 1009 nm drop in reflectance
in Esperance is attributable to hydrated silica, the higher R6/R7 ratio of the Eastern Valley Si-
rich nodules is nominally attributable to a higher fraction of hydrated silica (62 to 69% SiO- in
the Innocent Bystander target) in the nodules compared to Esperance. Esperance has ~66%

SiO,, most of which Clark et al. (thisissue) attribute to montmorillonite (which does not have the
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934 to 1009 nm drop in reflectance when convolved to Pancam bandpasses), but the geochemical
modeling of those authors attributes one-sixth to one-fourth of the SIO, to silica and thus

Esperance would have alower fraction of hydrated silica compared to the Eastern Valley silica

nodules and this would be consistent with the lower R6/R7 ratio compared to the silica nodul es.

Key Observationsfor Mineralogical | dentifications

The multispectral reflectance measurements provided by the Pancam on both Spirit and
Opportunity have provided complementary information on rocks and soils to that provided by
the other MER instruments. Since the loss of Opportunity’s Mini-TES and M dssbauer
spectrometers, Pancam has become the only instrument on the rover providing mineral ogical
congtraints. In this paper, we highlight instances in which Pancam multispectral observations

have contributed to mineralogical identifications. These include:

1. The observation of red hematite in multiple locations visited by Opportunity including
Burns and Grasberg formation outcrops and the gray hematite spherules, interpreted as
concretions, that weather out of the Burns formation outcrop and that blanket the

Meridiani Planum plains.

2. Dark coatingswith a“red” (reflectance increasing with increasing wavel ength) generally
featureless slope that are consistent with Mn oxides. These coatings include more Mn-
rich coatings on the overturned rocks Pinnacle and Stuart Island and the previously

unreported on “blue”’ coatings on some Grasberg formation outcrops.
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3. Theobservation of spectral features consistent with Fe-bearing sulfate minerals at several

exposures of sulfur-rich soils excavated from the subsurface by the wheels of the Spirit

rover and examined in situ by Spirit.

. The 934 to 1009 nm drop in reflectance in Si-rich light toned soils and nodules in the

Eastern Valley of the Home Plate region examined by Spirit have been attributed to free
water contained in voids or adsorbed onto the surface of the silica associated with these

materials.

. Thedrop in reflectance associated with a1 um water overtone feature in gypsum veins

on the bench of the Cape Y ork rim segment of Endeavour crater, another set of gypsum
veins exposed in the outcrop of Matijevic Hill, also on Cape Y ork, and gypsum veins

observed on the southern rim segment of Murray Ridge/Cape Tribulation.

. Thelight-toned coatings on the overturned rocks Pinnacle and Stuart 1sland, which

display enrichmentsin Mg and S as determined by the APXS, have adrop in reflectance
from 934 to 1009 nm that is consistent with the spectra of some Mg sulfate minerals,

specifically kieserite.

. The 934 to 1009 nm drop in reflectance that is observed in gypsum veins was also

observed in the Al and Si rich fracture fills in boxwork structures on Matijevic Hill.

Based on APXS modeled geochemistry (Clark et al., thisissue) this feature, also
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attributed to a H,O overtone absorption, is more likely caused by hydrated silicain the

fracture fill material.

Implications

The ability to detect minerals altered by agueous activity using visible and near-infrared
(VNIR) multispectral imaging data on the surface of Mars has been demonstrated in this paper.
This ability has relevance for the Opportunity’ s on-going exploration of the western rim of
Endeavour Crater. The use of Pancam for the definition of spectrally unique materiasis
especialy important in the near term for Opportunity’s exploration of the Marathon Valley area
where orbital data has indicated the presence of phyllosilicate minerals. Also, the potential to
use VNIR multispectral imaging for the detection of aqueous alteration minerals also has
importance for the use of the Curiosity rover’s Mastcam and will be used in the future with the

ExoMars PanCam and the Mars 2020 Mastcam-Z.
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Figure Captions
Figurel. A. L357 (673, 535, 432 nm) enhanced color view of RATed El Capitan from
Opportunity sol 37 (sequence P2532). B. Pancam spectrum of RAT grind interior (red) vs. a
library spectrum (from the USGS spectral library, Clark et a., 2007) of red hematite (black,

reflectance values of library spectrum divided by 2).

Figure 2. A. Library reflectance spectra of coarsely crystalline hematite. B. Average of

blueberries from scenes P2556 from sol 45 and from P2585 from sol 51.

Figure 3. Full spectral resolution library spectra (Clark et al., 2007; PDS spectral library) of red,

dark red, and gray hematite over the Pancam spectral range of 430 to 1010 nm.

Figure 4. Sol 33 P2589 L 357 (673, 535, 432 nm) stretched color composite of target “ Cathedral
Dome’. Blue arrow indicates the buff-colored “HFS’ Burns formation color unit of Farrand et al.

(2007) and the black arrow indicates the purple-colored “LFS’ Burns formation color unit.

Figure 5. A. Representative Pancam spectra (denoted by sol number with the prefix of “B” and
Pancam sequence number of “P” plus 4 digits) of Burns formation “LFS” (or purple-colored in
typically used color composites) surfaces. B. Representative Grasberg formation surface spectra

(after Farrand et al., 2014).
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Figure 6. Plots of spectral parameters discriminating Burns and Grasberg formations. A. Fitted
NIR band minimum vs. 535 nm band depth (after Farrand et al., 2014). B. 754 to 1009 nm slope

vs. 535 nm band depth.

Figure 7. Subsection of sol 3567 P2535 L 357 (673, 535, 432 nm) composite shows overturned
rocks Pinnacle Island (inside green circle) and Stuart Island (inside red circle). Both have the

light and dark-toned coatings.

Figure 8. A. Dark coating on Pinnacle Island. B. Desert varnish spectrafrom USGS spectral
library (Clark et a., 2007). The ANP90-14 sample is a desert varnish coating on a sandstone and

GDS78 is desert varnish coating on rhyolite and quartz cobbles.

Figure9. A. L357 (673, 535, 432 nm) view of target Monjon (Sol 3419 P2559). Blue coating
indicated by arrow. B. R731 (1009, 803, 436 nm) view of Monjon. C. 535 nm band depth view

of Monjon. White arrow indicates low 535 nm band depth associated with coating.

Figure 10. Spectra of blue coatings on Grasberg formation exposures observed on sols 3739 and

34109.

Figure11. A. L357 (673, 535, 432 nm) composite of Spirit sol 721 P2538 view of Arad soils at
the Dead Sea site. Red polygon and circle indicate spectral extraction region for “yellow” soil in

spectral plot of Fig. 11B and blue polygon and circle indicate spectral extraction region for
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“white” soil in spectral plot of Fig. 11B. B. White and yellow soils from sol 721 P2538 Arad

observation. Spectra extracted from sites noted in Fig. 11A.

Figure 12 A. Sol 471 P2538 Arad white soil. B. Library spectra, convolved to Pancam

bandpasses of best match (in mixtures) spectra from Johnson et a. (2007).

Figure 13. Opportunity sol 2769 P2574 L357 (673, 535, 432 nm) view of gypsum vein

“Homestake” in Cape Y ork bench.

Figure 14. Library spectra (Cloutis et a., 2006; Clark et a., 2007) of calcium sulfate minerals at

full spectral resolution over the Pancam spectral range (A) and convolved to Pancam bandpasses

(B).

Figure 15. Plot of 754 to 1009 nm slope vs. 535 nm band depth for gypsum veins observed on

the bench of Cape Y ork vs. those observed in the Matijevic formation on Matijevic Hill.

Figure 16. A. Pinnacle Island bright coating spectrum. B. Library spectra (Clark et a., 2007) of

Mg sulfate minerals epsomite and kieserite.

Figure 17. Silica-rich materialsin the Inner Basin of the Columbia Hills of Gusev crater,
discovered by Spirit. A. Pancam L357 (673, 535, 432 nm) composite of the Innocent Bystander
nodular outcrop (sol 1294, P2581). B. Pancam L357 composite of the Gertrude Weise soil (sol

1187, P2533), which contains ~98% SiO, (Squyres et al., 2008). The width of the wheel track is
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~16 cm. C. Pancam relative reflectance spectra of silica-rich targets (see Rice et al., 2010 for
further discussion). All spectraexhibit arelatively flat near-infrared profile (864 to 934 nm) and
a characteristic downturn in the longest-wavel ength filter (1009 nm) due to H,O and/or OH

absorptions near ~1000 nm. Figure modified from Rice et al., (2013).

Figure 18. A. Sol 3090 P2571 L 357 (673, 535, 432 nm) composite of Whitewater L ake outcrop
showing the gray-toned AzildaRAT grind spot. B. Sol 3098 P2580 L357 view of the RAT-
brushed Chelmsford dark-toned coatings target. C. Sol 3262 P2579 L 357 composite of

Lihir/Esperance boxwork structure pre-RAT grind. The Esperancetarget is circled.

Figure 19. A. Matijevic formation Whitewater Lake matrix spectra. B. Matijevic formation

Whitewater Lake dark coating spectra.

Figure 20. Representative boxwork fracture fill spectra of targets Esperance and Lihir plus a

piece of boxwork fracture fill broken by the rover’s wheels.

Figure21. A. 754 to 1009 nm slope vs. 535 nm band depth for gypsum veins and boxwork
fracturefills. B. Fitted reflectance peak positions vs. 535 nm band depth for gypsum veins and

boxwork fracture fills.

Figure 22. Comparison of spectra of Esperance light-toned “as-is” surface to that of a broken

Si-rich nodul e surface on the Innocent Bystander target.
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959  Figure23. R6/R7 ratio vs. 754 to 1009 nm slope of Home Plate Eastern Valley silica nodules
960  (valuesfrom sol 1279 and 1294 views of broken surfaces on Innocent Bystander) compared with

961  Lihir and Esperance (values from sols 3230 (Lihir) and 3262 (Esperance)).

962
963 Tables
964
Name Center A (nm) Bandpass (nm) Description
L1 739 338 Empty
L2 753 20 Geology, Red stereo |eft
L3 673 16 Geology
L4 601 17 Geology
L5 535 20 Geology
L6 482 30 Geology
L7 432 32 Geology, Blue stereo |eft
L8 440 20 Solar neutral density
R1 436 37 Geology, Blue stereo right
R2 754 20 Geology, Red stereo right
R3 803 20 Geology
R4 864 17 Geology
R5 904 26 Geology
R6 934 25 Geology
R7 1009 38 Geology
R8 880 20 Solar neutral density
965 Table 1. Pancam Filters
966
967
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Parameter Formula Utility

482 to 673 nm 1000* ((R673 —R482)/191) Gauge of Fe oxidation

slope

535 nm band depth | 1-(R535/((0.57* R432)+(0.43*R673))) | Gauge of development of ferric oxides

601 nm band depth | 1-(R601/((0.52* R535)+(0.48*R673))) | Assess convexity near 600 nm

803 nm/ 904 nm RB03/R904 Indicator of strength of NIR absorption
band

803 nm/ 1009 nm | R803/R1009 Help distinguish between olivine and
pyroxene dominated lithologies

904 nm band depth | 1-(R904/((0.51* R803)+(0.49* R1009))) | Assess depth of NIR absorption band

754 to 1009 nm 1000* ((R1009-R754)/255) Gauge of hematite development;

slope indicator of pyroxene, olivine.

934 to 1009 nm 1000* ((R1009-R934)/75) Indicator of H,O overtone band

slope

Fitted reflectance | Maximum of 5™ degree polynomial Gauge of Fe oxidation

peak position fitted to bands from 535 to 904 nm

Fitted NIR band Minimum of 3 degree polynomial Distinguish between Fe-bearing phases

minimum position

fitted to bands from 864 to 1009 nm

Table 2. Pancam Spectral Parameters (note that the factor of 1000 in slope calculationsisonly a
scaling factor). Notation such as “R673” refersto the reflectance in the 673 nm band.
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972

973

974  Figure 1A.

46

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



975

976

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627

0.25
0.2
i
L
& 015
ks
D
o
0.1
0.05
-=%-= Sol 037 El Capitan RATed
—&— Hematite GDS27
D | | | I I I
500 600 700 800 900 1000
Wavelength (nm)
Figure 1B.

47

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



977

978

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)

Cite as Authors (Year) Title. American Mineralogist, in press.

(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627

A 025

-0 = Coarse Hematite C1CY 11
= @= (Coarse Hematite F1ICC17B

02t
LiH
e
LN}
g 0151 1’55
& 4.r"

gﬁ
01| ,&

‘\-y*‘gr"‘

“ -

0.05

& 015f

0.1

—+— Avg. sol 45 & 51 Blueberries

005 500 600 700
Wavelength (nm)

Figure 2.

48

800

900 1000

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



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627

0.45

= D ed hematite GDS27
0.4 1| = Dark red hematite C1CY11 T
m— (Gray hematite 89241

035}

03}

0257

02t

Reflectance

015}

01¢

0057}

500 600 700 800 900 1000
979 Wavelength (nm)

980 Figure 3.

49

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



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627
e AR AT L%, r = - Tig: e

AT i‘.' o™l . L‘. b i .‘.
>

981

982 Figure4.

50

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



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627

Burns Fm. spectra Grasberg Fm. spectra
—#*— B3024 P2543 Grasberg 2
—+— B2998 P2597 Grasberg brushed
03l 03l —+— B3038 P2544 Grasberg Fm. 2 |
’ ’ —=— B3038 P2544 Grasberg Fm. 1
025¢ 025
., 02f 02
r
015} 015
04 —+4— B50 P2574 Escalante Stairs 01
: —e— B163 P2587 Millstone RATed :
—=— B637 P2559 Ochi 1
—+— B51 P2584 Raspberry Newton
0.05 —=— B661 P2585 Williams Winona 0051
|||I||||I||||I||||I||||I||||I| TN ST I N T S T TN T T S [N T T S T A T T TN T N T S T S |
500 600 700 8OO 900 1000 500 600 700 800 900 1000
A Wavelength (nm) B Wavelength (nm)
983
984 Figureb.
0.96 . 0.04
3
.95 #  Burnsfm o
i ® Grasbergfm | | 002 " ®
oM = ®
g ®
5093 = 0 =
£ b= e ¥
£ 092 ¥ 2
z = z 002 = L
£ po1 > =
5 " g ¢
g 1o . o T S -004p 4 %
2 ® T o
Z 089 % ® ™ 006 %
£ pgg
= ¥ ® -0.08 ¥
0.87 = % Bums m
‘. @® Grasbergim
0.86 -0.1 : : ‘
0.1 02 03 04 05 0.1 0z 03 04 05
985 535 nm Band Depth 535 nm Band Depth
986 Figure6.
51

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



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627

: PRENFL
RS

987

988 Figure?.

52

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



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627

T T T r T T T ‘]12
= S0l 3555 P2531 Pl dark =& = Desert varnish ANP90-14
== Desert varnish GDS78 o 11
0.25 raw
4

0.2

& 0.15

‘\
<&,
Reflectance

0.1

F "“
40.07
e
r,

0.05

£
L ;{ R4
##‘ ‘
I I I * 1 1 1 [? 05
600 800 1000 600 800 100
Wavelength (nm) Wavelength (nm)

989

990 Figure8.

992  Figure9.

53

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



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627

ot
Lo

&
M
o

ot
%)

=
—k
(]

R* (spectra offset for clarity)

<
—

0.05 —— 50l 3739 coating
--%-= 5ol 3419 Monjon blue

—— 50l 3419 Monjon purple

700 800 900 1000
Wavelength (nm)

600
993

994  Figure 10.

54

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



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627

995

996 Figure 11A.

55

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



997

998

This

0.55

=
n

=
= o
B on

R* (top spectrum offset up by 0.05)
= = =
- 2 o 2w
] M on (%] on

=
—

0.05

is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627

==»== Arad white sail

—+— Arad yellow soil

700 800
Wavelength (nm)

600 900

Figure 11B.

56

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

1000



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627

r : : : : . 1 . :

oS ‘er"a'&“»
oof ¢ A |
0.4 !
—_— T
h )
‘j I
Y
0.35 o
0
©
(2]
=
(=]
03 =
=
fr o
&
0.25 a
=]
@
o
 —
02 £
2 =]
o 02t /| ——%— Rhomboclase CASF53 ||
o = /| —*— Coquimbite CASF45
0.15 01 p’ =@~ Fibroferrite CASF35
s —¥%— Ferricopiapite JB620A ||
—#— Sol 471 P2538 Arad white o --BF- H30 Jarosite SJ-1
0_‘]|||I||||I||||I||||I||||I||||I O|||I||||I||||I||||I||||I||||I
500 600 70O 800 900 1000 500 600 70O 800 900 1000
Wavelength (nm) Wavelength (nm)

999

1000 Figure 12.

1001

1002  Figure 13.

57

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



1003

1004

1005

1006

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627

Reflectance

58

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

-)‘-
08t B 08t ' i
——Gypsum caecs i —O—Gypsum caecls
Anhydrite caeciz 7 - AnhydriFe cagc02
075 —Bassanite GD3145 | 075 " —#*— Bassanite GD3145 |
SDIEI EDID '."DID SDID QDID 1DIDD SDID EDID '."DID SDID QDID 1DIDD
Weavelength (nm} Weavelength {nm)
Figure 14.
0.15 ) . . . . .
9|é Bench Veins
O Matijevic fm. Veins
01 * :
[iE
&
® 005} 4 -
- H
2 *
O
o of ¥ .
-
r
(|
005 OO .
0 [ 1 1 1 1 1 1
EJ_E 022 024 026 028 0.3 032 0.34
235 nm Band Depth
Figure 15.



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627

09
035t
085
03} 08¢
075
025¢
i 07l
021 0651
06}
015t
0.55¢ —o— Epsomite GDS149 |
—+— B3555 P2531 Pinnacle Island bright | —¥— Kieserite kiede1
01 L L L L L L 05 L . L L L L
500 600 700 800 900 1000 500 600 700 800 900 1000
Wavelength (nm) B Wavelength (nm)

1007

1008  Figure 16.

59

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



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627

-t

1009

1010  Figure 17A.

60

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



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627

1011

1012  Figure 17B.

= —8— Cienirude Welse
(Kenoshs Comets)
0,25 == [nmocent Hovander
—i— Morma Luker
E ~O Gentrude Weise (Lefly Cianote)
= Elizabeth Mahon (offsct -0L04)
015 == Mancy Warren (offest -0.06)
= == Tyrone Modules (ol -0.08)
[}
@
0,05
0,05
400 B0 R0 1000

1013 wavelength (nm)

1014  Figure 17C.

61

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



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627

1015

1016  Figure 18 A and B.

62

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



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)

(DOI will not work until issue is live.)

Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: http://dx.doi.org/10.2138/am-2016-5627
Rl o i ‘

1017
1018  Figure 18C.
0.25 - . . . - 0.25 . - . . - -
--%-- B3074 P2564 WwL coating
—O&— B3084 P2569 WwL coating
—4+— B3098 P2580 Chelmsford
0.2} 02+t .
0.15} 0.15}
4
01} 0.1}
i —#— B3074 P2564 WwL matrix 1
005 # --x-- B3084 P2569 WwL matrix | 009
v —a&— B3074 P2564 WwL matrix 2
1 1 1 1 1 1 | 1 1 1 1 1 1
A 500 600 700 800 900 1000 g 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)
1019
1020  Figure 19.
63

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




This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627

D45 -+ 1 - - 1T T T T 1 T T T T 1 T T T T T T

04

0.35

—
(3¢

0.25

o
]

pectra offset for clarity)

=015
o

0.1

—O— B3262 P2579 Esperance

—¥— B3230 P2564 Lihir

—&— B3240 P2565 broken boxwork

500 600 700 800 a00 1000
Wavelength (nm)

0.0

1021

1022  Figure 20.

64

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



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627

0.15 . T . T
%K Bench Veins
O Matijevic fm. Veins
01 # BoxworkFill * .
0.05F .
. *
S *
o
(0]
O L .
£ ¢ ¢ *
2 + o |
S N
° 0.05¢ m .
o +
[
01+ O d
*
015¢ .
0. I I 1 I
%_1 015 02 025 03 0.35
535 nm Band Depth
1023
1024  Figure 21A.
0.15 . T . T
%K Bench Veins
O Matijevic fm. Veins
01r| 4 BoxworkFills * 1
L, 005 ¥ g
S *
o
73]
O L m
£ + ¢ *
& + O O
= N
° -005¢ m 1
e +
[
01t O 4
+
A 4
015t 1
_0'%_1 0.15 02 025 03 035

535 nm Band Depth
1025

1026  Figure 21B.

65

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



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627

04k f,{f“‘{___:E“I'ExH ]
j 2 1

035} 7 -

0.3t ,I.f ]

« D251
(i

0.zt

015 -

01+

—— B3262 P257Y Esperance
— 41294 P25 broken Sinodule |

| | | T T T
s00 &o0 Jon 800 200 1000
Wavelength (nrm)

0.0%

1027

1028  Figure 22,

66

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



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5627

118 T T T I I I
< Horme Plate silica nodules
O LihinEsperance
116 -
r
g 114 | -
i
—_
= &
112t -
= £
-
[ep]
211k 4
LLa]
o
O
O
1.08}F O -
O O
']|:||§, 1 1 1 1 | |
-014 01z -0 -p.oa -0.06 -0.04 -ooz 0

724101009 nm slope
1029

1030  Figure 23.

67

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





