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Abstract: Spectral reflectance properties of nontronite [a phyllosilicate with an ideal
formula of Nag sFe2**(Si,Al)s010(OH)2-nH,0] were investigated under simulated Mars surface
conditions of atmospheric pressure and composition, and after heating to 110°, 180°, and 300°
C. The data can be used to determine the conditions to which nontronites on the martian surface
may have been subjected. Nontronite’s spectral features include Fe** associated absorption
features below 1000 nm, H2O/OH features near 1400 nm, H2O features near 1900 nm, a
characteristic metal-OH (Fe**) feature in the 2280-2290 nm region, and an additional Fe-OH
absorption feature near 2400 nm. Heating in a low-pressure CO> environment leads to the loss of
Fe-OH-associated features below 1000 nm at temperatures as low «s 110°C. Both OH and H20
are progressively lost upon heating to 300°C, but small, spectral. /-de tectable amounts remain at
300°C. The longer wavelength Fe-OH absorption bands in th» 2230 and 2400 nm region persist
up to these temperatures. Comparison to other smectites .21 “e-rich phyllosilicates show that a
strong 2280-2290 nm absorption feature and weak or ahsc = ~2320 nm feature are unique to
nontronite. A broader absorption feature in the 23010 a1 region suggests the presence of
nontronite and one or more Mg-bearing phy!'~si.:~ate(s). A Mg*Fe®** phyllosilicate is implausible
because of the difficulty in incorporating Mg? into the dioctahedral structure of nontronite. With
increasing grain size, nontronite spectra .~come darker and progressively more blue-sloped
beyond ~1500 nm with absorption ba.r's :miowing increasing depth until saturation is reached for
some of them beyond a few hundi »d-m.cron grain size. The spectral changes documented in this
study, as well as a comparisor *o cvevious studies, suggest that the absorption features associated
with nontronite can be user to ~'ace constraints on conditions that nontronite may have been
exposed to in the past. Thi. <tudy demonstrates that dehydration as well as dehydroxylation can

occur at temperatures <2”J°C.
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1. Introduction

Detection of phyllosilicate minerals on Mars dates to at least the 1980s based on various
diagnostic absorption features seen in Earth-based telescopic spectra (e.g., Singer, 1982);
however, the nature of the phyllosilicates could not be confidently determined at the time. More
recently, spectral signatures indicative of phyllosilicates have been observed by the Compact
Reconnaissance Imaging Spectrometer for Mars (CRISM) onboard the Mars Reconnaissance
orbiter and the Observatoire pour la Mineralogie, L’Eau, les Glace s et I’ Activite (OMEGA)
spectrometer on the Mars Express orbiter (Poulet et al., 2005; Bik..~g ot al., 2006; Mustard et al.,
2008; Ehlmann et al., 2009, 2011; Brown et al., 2010; Murchiz ~t ..., 2009). These detections are
based largely on absorption features in the 2000-2500 nm *:giu:. Most phyllosilicate
occurrences detected on Mars are associated with ancietit ai.1 heavily-cratered terrains (Che and
Glotch, 2012). A proportion of these deposits were likey reeatedly subjected to impact-
generated heating and such thermally-altered ph:‘l. - sil'cates could be present on the surface of
Mars today (Che and Glotch, 2012; Gavin 7.nd Zhe vrier, 2010).

Fe-Mg smectites, which can inc. 'de nontronite [ideal formula:
Nao sFe2%*(Si,Al)4010(OH)2-nH20], h v~ ~een detected in multiple locations on the martian
surface, including Mawrth Vallis, Nin:. Fossae, Terra Meridiani, Gale Crater, and north of the
Syrtis Major volcanic plateau /b."ring et al., 2005; Poulet et al., 2005, 2007; Bibring et al., 2006;
Michalski and Noe Dobrea. ."07; Clark et al., 2007; Ehlmann et al., 2008, 2009; Mustard et al.,
2008; Murchie et al., 790> W ray et al., 2009; Milliken et al., 2010; Ehlmann and Mustard, 2012;
Carter et al., 2013). The dr tection of phyllosilicates on Mars is largely based on the presence of
hydration bands at ~1400 nm, and metal-OH vibrational bands at ~2200 nm (Al-OH), ~2290 nm
(Fe-OH), and >~2320 nm (Mg-OH) (Poulet et al., 2005). The 2280-2290 nm absorption feature

has been interpreted as being attributable to Fe-bearing smectites, which can include nontronite.

Some of the current Mars landed missions are located in regions where phyllosilicates are
present based on orbital and in situ data. Fe-rich phyllosilicates have been documented within the
sediment deposits in Gale Crater (Milliken et al., 2009, 2010) the landing site of the Curiosity
Rover, in the region of Jezero Crater (Schon et al., 2012; Salvatore et al., 2018; Wiens et al.,
2022), the landing site of the NASA Mars 2020 Perseverance Rover, and at Oxia Planum (found



between Ares Vallis and Mawrth Vallis), the landing site for the future ESA ExoMars Rosalind
Franklin rover mission (Quantin et al., 2016; Ivanova et al., 2020). A more detailed account of

several nontronite identifications is presented in section 1.1.

This study builds on previous studies of the stability and spectroscopic properties of the
Fe-smectite phyllosilicate nontronite and the spectroscopic basis of its detectability on the
surface of Mars. We focused on exposing nontronite to Mars-like surface conditions of
atmospheric pressure and composition, and progressively heated the samples to temperatures up
to 300°C. This complements several previous studies which were ~.onducted under different
conditions and/or over different temperature intervals or periods %1 hecting (e.g., Boslough et al.,
1980; Weldon et al., 1982; Cloutis et al., 2007; Gavin and Ch~t., 2010; Morris et al., 2010;
Che and Glotch, 2012; Gavin et al., 2013; Friedlander et a' 2u25; Michalski et al., 2017). We
also spectrally characterized a suite of 5 nontronite samules ‘o assess any spectral variability of
natural samples and assessed whether grain size variat’sns van mimic spectral variations
associated with low-pressure CO. environments ai."- he.ating. The goals of the study were to a)
determine nontronite’s unique UV-VIS-NI". sy actial properties for orbital and in situ spectral
detections, b) determine how nontronite reflec ance spectra vary when this mineral is exposed to
different conditions (in particular low-!2ve, (<300°C) heating in a low-pressure CO-
atmosphere), and c) determine whe* ~o.~*ral properties of nontronite could be used to constrain
conditions to which nontronite has 1~en exposed. We focused on heating below 300°C because
this has been a largely unexplore temperature range, and has not been previously examined in a
low-pressure COz envirorime.t. Temperatures below ~350°C are associated largely with
dehydration while higher *emperatures are associated with dehydroxylation (Ding and Frost,
2002). This study fills an important gap in understanding the spectroscopic properties of
nontronite as they relate to Mars. Low-temperature heating (below the dehydroxylation
temperature) could arise from a number of causes, such as heating due to an impact event, burial

under impact ejecta, ashfall, and/or lava flows.
1.1. Detection of Fe/Mg-smectites on Mars

Fe/Mg smectites have been detected in a number of regions on Mars and have been based
largely on the presence of absorption features in the ~2280 and ~2320 nm regions. Some of these

detections and the basis for the detections are summarized below.



1.1.1 Mawrth Vallis region

Fe/Mg-bearing phyllosilicates were detected in the Mawrth Vallis outflow channel using
the OMEGA spectrometer on board the Mars Express orbiter (Poulet et al., 2005, Loizeau et al.,
2007). The detection of Fe-bearing smectites was mainly based on the hydration bands seen at
1410 and 1930 nm, in addition to the metal-OH vibrational bands at ~2290 nm (Fe-OH), and
>2320 nm (Mg-OH) (Loizeau et al., 2007; Poulet et al., 2005). Data from CRISM showed
absorption features at ~1400, 1920, 2300, and 2390 nm that were attributed to the presence of
Fe/Mg phyllosilicates in the western region of Mawrth Vallis (Bis' op et al., 2008a). Origins of
the clay-rich region found at Mawrth Vallis were proposed to be Z.:her from the deposition of
non-hydrated minerals that were subsequently altered by grov:.c'wuier activity or weathering, or
alteration that occurred elsewhere, and the post-alteration c:du.:znts were deposited into the
Mawrth Vallis region (Loizeau et al., 2010). Modeling < f tr, > distribution of these minerals has

helped to shed light on past aqueous conditions in this urea (Gainey et al., 2022).
1.1.2 Oxia Planum region

Oxia Planum is the planned landing s’ e of the ESA Rosalind Franklin rover. It is located
between two major outflow channels: Are: Vallis and Mawrth Vallis. CRISM data identified a
range of absorption bands within Oxia lsnum and its catchment area related to phyllosilicates
(Brossier et al., 2022). These obcer ‘ations are consistent with spectral interpretations made in the
immediate region around Maw, *h \‘allis (Bishop et al., 2008a). Oxia Planum’s phyllosilicate
spectra are consistent witl. v = p.esence of Fe/Mg-rich phyllosilicates (nontronite and saponite)
mixtures (Brossier et al., 2uZ2) Spectra of outcrops within the catchment area are consistent with
those of nontronite, baseu on the narrow absorption band at 2290 nm in addition to the 1410,
1920, and 2400 nm absorption features (Brossier et al., 2022; Noe Dobrea, 2010).

1.1.3 Gale crater region

Nontronites and other clay minerals in Gale crater were detected from analysis of CRISM
data based on absorption features at ~1400, ~1900, and ~2290 nm (Milliken et al., 2009, 2010).
Gale crater has been interpreted to have hosted sediment deposition and erosion as seen by the
horizontal depositional patterns of the lower, exposed strata (Malin and Edgett, 2000; Milliken et

al., 2010). The central mound in Gale crater, termed Mt. Sharp, is divided into two major



formations: the upper and the lower. Fe-smectites that match with laboratory spectra of
nontronites are found in the thin beds below the lower-middle member contact formation
(Milliken et al., 2010). Sulfates overlie the clay minerals in the lower formation, suggesting that
a change occurred from a clay-conducive environment to a sulfate-conducive environment
(Bibring et al., 2006; Milliken et al., 2010).

1.1.4 Jezero Crater region

Jezero Crater lies south of the Nilli Fossae region and is host to several outcrops of
Fe/Mg smectites as determined from analysis of OMEGA data (EI" nann et al., 2008; Poulet et
al., 2005) and CRISM (EhImann et al., 2008; Mustard et al., 20C 3; G Hudge, et al. 2015). Clay-
rich sediments from the Noachian plateau were transported tc Jez>ro Crater through drainage
valleys (Ehlmann et al., 2008; Poulet et al., 2005). Absorntin features near 1900 and 2300 nm
were used to identify smectites (Ehlmann et al., 2008). " _300 nm band position suggests a
phyllosilicate that is intermediate between nontror..c {(band position: ~2285 nm) and saponite
(band position: ~2315 nm) (Ehlmann et al., 20C%). Sinectite-forming fluids were likely moderate
to alkaline pH during their deposition (Ehi.marn et al., 2008). Recent in-situ detections using the
SuperCam VISIR spectrometer have dei~rmined that iron-rich phyllosilicates such as nontronite
and hisingerite are abundant in Jezerc ¢ a ~r’s Maaz formation. The detections are based on the
2280 nm absorption band which is frectently paired with the 1420 and 1920 nm hydration
bands, along with a 2400 nm absarption band (Wiens et al., 2022). Wiens et al., (2022) suggest
some chemical weathering ou~ured in Jezero crater due to the presence of alteration products in

the IR spectra such as ~e--ich phyllosilicates.
1.1.5 Syrtis Major region

Northeast of Syrtis Major, four stratigraphic layers occur, with the lowermost layer
consisting of Fe/Mg smectites and pyroxene (Ehlmann and Mustard, 2012). The basement layer
consisted of low-calcium pyroxene that experienced at least partial aqueous alteration to produce
Fe/Mg smectites (Ehlmann et al., 2009; Ehlmann and Mustard, 2012). However, this lowest
stratigraphic layer forms the highest topographical hills within the region, with the Mg smectites
being identified by 1390 and 2310 nm absorption bands seen in CRISM data (Ehlmann and

Mustard, 2012). An olivine-rich unit sits atop the basement Fe/Mg smectite-pyroxene layer



which was likely deposited from lava flows subsequent to the Isidis Basin impact (Brown et al.
2020).

1.1.6 Terra Meridiani region

Terra Meridiani is a region near the Arabia Terra where the presence of hydrated
minerals has been observed, as seen by the hydration band at ~1900 nm in OMEGA data (Poulet
et al., 2007). Small amounts of phyllosilicates have also been detected within northern Terra
Meridiani and Arabia Terra in eroded outcrops suggesting a history of aqueous alteration (Poulet
et al., 2005). However, these detections are found mixed with sulfe: > deposits (Poulet et al.,
2005). Absorption features around 1900 and ~2300 £ 100 nm wt re u ed to identify and map
Fe/Mg-bearing smectites (Poulet et al., 2005).

2. Nontronite’s crystal structure a.1u spectroscopic properties
2.1 Crystal structure

Smectite clays are layer-lattice phyllosili :awc< with exchangeable interlayer cations and
the ability to incorporate and retain interla: er v ater (Odom, 1984). The smectite structure
consists of one octahedral sheet sandw’~hed be :ween two inward-facing tetrahedral sheets; hence
it is termed a 2:1 phyllosilicate (Odor, "9b.;). Between adjacent tetrahedral-octahedral-
tetrahedral (T-O-T) layers, water 8.1 2u.er cations are present. If isomorphic substitution of
cations with lower valence occuL's in :he crystal lattice of phyllosilicates, a permanent negative
charge arises and requires e;~hai geable cations in the interlayer space to balance the overall
charge. This gives a swel ing >apacity to smectite clays as the exchangeable cations attract and
bond to water and can thu. be in various hydration states. Depending on the cations present in
the interlayers, a smectite clay may undergo swelling post-hydration as layer spacing increases
with increasing amounts of interlayer water (Odom, 1984). Interlayer spacing is between ~10 to
15 A (Varma, 2002), however, it can increase by several A as reactions take place in the
interlayer (Adams et al., 1983).

Nontronites are iron-rich smectite clay with a 2:1 phyllosilicate structure. The tetrahedral
layer consists of (Si**, AP*, Fe3*)O tetrahedra, while the octahedral layer contains Fe**, as well as
Na and other cations (Merola et al., 2007; Palchik et al., 2013). The most probable cation
combinations in nontronites are [4Si](3Fe**) and [1ALSi](3Fe*") (Daynyak and Drits, 1987). It



appears that the substitution of Mg?* into nontronite’s dioctahedral structure is extremely limited,
and the presence of Mg in “nontronite” is due to the segregation of Mg into trioctahedral domains

(Petit et al., 2017 and references therein).

In the octahedral layer, the most common cations that occupy these sites are Fe®*, AP*, and
Mg?*. Fe** can occur in two configurations, termed cis and trans. In both sites, Fe** is bonded to
4 oxygen and 2 OH groups, which differ in the locations of the O and OH groups (Goodman et al.,
1976; Bonnin et al., 1985; Bishop et al., 2002; Wang et al., 2020). In dioctahedral smectites, one-
third of the octahedral positions are vacant. In nontronites, the tra 1< sites are usually unoccupied
(Besson et al., 1983). The relative occupancies of the cis and t~.s ites by Fe®*" have a major

impact on the temperature of dehydroxylation (Wang et al., 2C27.
2.2 Spectroscopic properties of nontroi.‘tes (350-2500 nm)

Figure 1 shows the reflectance spectra of severa! nutronite samples included in this study.
The spectra show a number of absorption features tr.at can be assigned to various mechanisms. In
general, absorption features below ~1000 ..M .ve attributable to the presence of Fe** (e.g.,
Karickhoff and Bailey, 1973; Weldon et a.. 1982; Sherman and Vergo, 1988). At the lowest
wavelengths, the steep reflectance dron-uf below ~500 nm is assigned to intense Fe3*-O charge
transfers (Sherman and Vergo, 1988). h2 narrow feature near 450 nm is attributed to Fe3* “pair
excitations”, with a possible secon absorption feature near 430 nm due to the excitation of Fe3*
in tetrahedral coordination (She*mecn and Vergo, 1988). An absorption feature in the 670-710 nm
region has been assigned ‘v 7t.ahedrally coordinated Fe3* ligand field transitions (Bishop et al.,
2002a) and/or Fe**-Fe“ inte, valence charge transfers (IVCT) (Sherman and Vergo, 1988). A broad
feature in the 900 nm reylon is assigned to Fe* ligand field transitions. An absorption feature,
usually expressed as a doublet, in the 1400-1450 nm region is assigned to an overtone of the
hydroxyl (OH) stretching vibration (e.g., Clark et al., 1990). The complexity of this band is a
function of differences in cis and trans bond lengths (Sherman and Vergo, 1988; Bishop et al.,
2002b). An absorption “shoulder” located closer to 1460 nm is likely associated with O-H
stretching of interlayer water (Clark et al., 1990; Bishop et al., 1994). The absorption feature near
1900 nm is attributed to nontronite’s interlayer water (Clark et al., 1990) and a longer wavelength
shoulder near 1970 nm would be attributable to adsorbed water (Bishop et al., 1994). The weak

absorption features in the 2200 nm are attributable to Al-OH stretching + bending combinations



and/or quartz Si-OH vibrations (Clark et al., 1990; Rice et al., 2013). The absorption band near
2280 nm is due to an OH stretch plus Fe-OH bend (Clark et al., 1990; Bishop et al., 2002a). A
weaker band near 2400 nm has been assigned to a Fe-OH stretch plus bend involving Fe** in
tetrahedral coordination and/or distorted octahedral site (Bishop et al., 2002a, 2002b). The
reflectance drops off beyond ~2300 nm is likely attributable to the short wavelength wing of OH
and H20 stretching fundamentals in the 2700-3100 nm region as well as a ~2500 nm tetrahedral
Fe3*-OH stretching plus bending combination (Clark et al., 1990; Bishop et al., 2002a, 2002b). In
summary, nontronite reflectance spectra in the 350-2500 nm region are directly linked to Fe®* in

some way, largely via bonding to hydroxyl.

Several factors will affect the reflectance spectra of :.>niwunites and the appearance of
absorption bands, such as structural order, cation subst*utiuis, stacking disorders, etc. (e.g.,
Besson et al., 1983; Bonnin et al., 1985; Bishop et al., “00.1, 2002b; Gates et al., 2002; Wang et
al., 2020).

2.3 Nontronite formation condiuons

Several formation conditions relevar. 0 nontronite are discussed below, but these are not
all conditions that limit the formation of 1.2ntronite. Nontronites can form in both terrestrial and
marine environments ranging from neu ral to alkaline due to weathering of protoliths, as ocean
sediments, and hydrothermal depo.its as Fe-rich bedrock undergoes hydrothermal alteration
(Harder, 1976, 1978; Wilson, .21s; Gainey et al., 2017; Petit et al., 2017). Nontronite formation
can also occur as a result %1 “ewhering (intermediate stages) of basalts, serpentines, and gabbros
(Velde, 2014).

Naturally, nontronites form via the oxidation of trioctahedral Fe (1) silicate into
dioctahedral nontronites (Baker and Strawn, 2014; Farmer et al., 1991, 1994). Results from
Gainey et al., (2017) indicate that nontronites can form under oxidizing conditions, producing
smectites that may retain a low concentration of organics within their structure. Petit et al. (2017)
concluded that nontronite synthesis can occur over various temperature ranges (low ambient
temperatures to ~200°C) and various redox conditions (Petit et al., 2017). Under authigenic
conditions, formation temperatures range from 2-3°C and within hydrothermal deposits ~150°C
(Petit et al., 2017; Wilson, 2013).



Nontronites can form from Fe2*-containing solutions after several days under low
temperatures (3-20°C) while under anoxic and/or reducing conditions (Harder, 1976, 1978;
Chemtob et al., 2017). Additionally, Harder (1978) also concluded that higher pH values and
negative Eh (oxidation/reduction potential) values favored the synthesis of Fe-clays like
nontronites (Harder, 1978). Such conditions may occur in nature for example in sediment from

both freshwater or saltwater, and in bottom water layers (Harder, 1978).
2.4 Nontronite versus hisingerite and other phyllosilicates

Hisingerite has been suggested as possibly being present in “ezero Crater based on a
presumed spectral similarity to nontronite (Wiens et al., 2022). I tisin yerite (ideal formula:
(Fe**2Si,0s(0OH)4.nH20)) is a hydrous iron silicate that has b :en . uggested as possibly being
spectrally similar to nontronite in the VIS-NIR wavelength , ~gion (~300-2500 nm) (Milliken et
al., 2014). Eggleton and Tilley (1998) determined that h.~inverite is conclusively not similar to
nontronite structurally; it is a hydrated, ferric, kao':ii mineral: an Fe3* analog to kaolinite and
halloysite (Milliken et al., 2014; Evans et al., 2C '7; vutolo et al., 2019). Hisingerite’s chemical
properties diverge from nontronite with lo. *ar sluminum and a 1:1 octahedral: tetrahedral cation
ratio (Eggleton and Tilley, 1998). Hisin>erite may be more common on Mars than on Earth due

to the higher levels of Fe in the mantl: c1 “Mars (Evans et al., 2017; Tutolo et al., 2019).

Hisingerite can form thrcuyY weathering, deuteric alteration, or hydrothermal alteration
(Eggleton and Tilley 1998). Hi_inyzrite can occur in a variety of geological environments but
most commonly results as a.> ancration mineral from pyroxene and olivine-bearing iron gabbroic
rocks (Whelan and Golu'an, 1961). Hisingerite is known to form in low—temperature
environments (~200°C) ui through the hydrothermal alteration of ferroan olivine-bearing rocks
as a serpentinization product (Evans et al., 2017; Tutolo et al., 2019). Additionally, unlike
smectites, hisingerite has a curved or spherical morphology which traps water within those
structural spheres but does not hold water in interlayer regions (Eggleton and Tilley 1998). For
nontronite formation, the presence of Al-bearing protoliths such as basalt is necessary. At low
temperatures, basalts exposed to water will produce clays such as nontronite. The abundance of
plagioclase, and its aluminum, will strongly favor the production of an Al-bearing alteration

product. Unlike nontronite, hisingerite and serpentine formation require an Al-poor protolith.



The implications for hisingerite versus nontronite spectral detection are discussed in a

subsequent section.
2.5 The role of smectites in organic accumulation and synthesis

Clay minerals like smectites tend to accumulate organics due to their large surface area
and optimal interlayer sites and favor the preservation of organic molecules because their fine
particles aggregate forming small pores that limit penetration of fluids and limiting damaging
radiation (Negron-Mendoza and Ramos-Bernal, 2004; Fornaro et al., 2018a, 2018b; Razzell
Hollis et al., 2021). By providing shelter and protection against the mal destruction for organics
in extreme environments, the interlayer in smectites can act as a 2lac » for organic synthesis
(Williams et al., 2005). Under experimental conditions simul iting hydrothermal seafloor
conditions, montmorillonite and saponite (expanding smeci.:es) catalyzed the synthesis of far
more organic compounds from methane than illite, a noi. e¥panding smectite (Williams et al.,
2005). Adams et al. (1983) found that reactions be’w:.en 2-methyl pent-2-ene with primary
alcohols can occur on the surface and in the inte*layer of Al-montmorillonite (Adams et al.,
1983). Kennedy et al. (2002) also found th.t th.e smectite interlayer can protect against oxidation
or metabolization of organic matter. Sn.~ctite protection against harsh environments is important
for Mars as they not only serve as gec ck.c ical markers for past aqueous environments but they

serve as reservoirs for hosting org:inic ~ompounds due to their structure.

Poch et al. (2015) carrie™ out mid-UV irradiation experiments under martian-like
temperature and pressure 21, Niycine and adenine molecules co-deposited with nontronite from an
aqueous solution. Obser -auun determined a reduction of the efficiencies of photodecomposition
of these organic molecuics by a factor of 5 in the presence of nontronite, along with additional
photoprotection by a factor of 5 from doubling the amount of nontronite in the sample of glycine.
These observations strongly suggest that the photoprotection provided by nontronite is not only
due to mechanical shielding, but also a sort of stabilizing molecule-mineral interaction takes
place, such as electrostatic interactions of the molecules in the interlayers and/or on the edges of
nontronite, allowing a more efficient energy dissipation and/or easier recombination for the
fragments of the photo-dissociated molecules. Nontronite has been shown to promote an
acceleration of the dissociation of urea, maybe due to its greater ability to chelate Fe3* ions with

respect to glycine and adenine, which may be responsible for a more efficient photo-oxidation



and decomposition. Dos Santos et al. (2016) also confirmed the photoprotective properties of
smectites like montmorillonite, nontronite, and saponite towards amino acids under martian-like

UV irradiation conditions.
3. Materials and methods

A total of five nontronite samples were included in this study in addition to three
hisingerite samples (two are from the NASA RELAB public spectral database: https://pds-
speclib.rsl.wustl.edu/search.aspx) a gibbsite sample (Table 1) and a wide variety of other
phyllosilicates. The samples were characterized by reflectance spe: ’ roscopy (350-2500 nm),
compositionally by X-ray fluorescence spectroscopy and wet ch:mis'ry (Table 2), and

structurally by X-ray diffractometry, (Table 3).
3.1 Sample preparation

For subsequent analyses, samples were prer~red by 1iand crushing the samples using an
alumina mortar and pestle under a fume hood, ard " sieved using stainless steel sieves. Hand
crushing minimizes any alteration that may occ dr fiom heating using mechanical crushers. Dry
sieving involved alternately shaking, g~ntly brushing, and lightly tapping while the sample was
in its respective sieve. This was done *u ~vo.d any alteration of the sample that may occur with
the use of liquid solvents for wet s’c\v*ny. All samples were crushed and sieved to <45 um. In
addition, grain size fractions of -’45, 15-90, 90-106, 106-212, 212-430, and 430-1000 pum were
prepared for the NON105 seample.

3.2 k. flectance spectroscopy

An Analytical Spectral Devices (Boulder, CO) Labspec 4 Hi-Res® spectrophotometer
was used to collect reflectance spectra from 350 to 2500 nm at a viewing geometry of i=30° and
e=0°. An in-house tungsten light source was used to provide incident lighting with a divergence
of <1.5° with a fully illuminated spot size of 10 mm. A total of 500 spectra per sample, standard,
and dark current were acquired and averaged to improve the signal-to-noise ratio (SNR). The
spectrometer collects data with a spatial resolution of between 2 and 7 nm, and a spectral
sampling interval of 1.4 nm, which is then internally resampled by the spectrometer to output

data at 1 nm intervals. The spectra were corrected for dark current, small absorption features



beyond ~2000 nm in the absolute reflectance of Spectralon, as well as occasional small

reflectance offsets at 1000 and 1830 nm, where detector changeovers occur.

An absorption band in the 2280 nm region appears to be uniquely associated with
nontronite, as discussed below. The depth of the absorption band near 2280 nm was calculated as
follows: a straight-line continuum was constructed that was tangent to the reflectance spectrum
on either side of this feature, near 2250 and 2310 nm. The reflectance spectrum was divided by

the continuum and the depth was calculated as:

" Rb
Rc
Rb is the reflectance of the continuum-removed spect ‘'um 1t the position of lowest
reflectance, and Rc is the reflectance of the straight-line coninuum at the same wavelength
position as Rb (Clark and Roush, 1984).

The same procedure was used to determine fiie Jepth of the 2320 nm region absorption
band. In this case, the straight-line continuu- i .vas tangent to the reflectance spectra near 2250
nm and in the ~2360-2420 nm region. Band . *nters were calculated after isolating the 2280-90
nm absorption band using a straight-line continuum fixed to the reflectance spectrum at 2245 and
2325 nm for each spectrum and finding the wavelength value and reflectance at the point of
minimum reflectance between tk2 «chor points using the Excel calculation (=min(2245:2325)).
This procedure was conducted cn «il absorption features listed in Table 4. Table 4 also includes
band minima which were wc1tinied using the same Excel calculation on the original reflectance
spectra to determine the vavelength position of the lowest value in the regions of the absorption
bands of interest. Band inunima may not reflect the true band center due to slope changes,

therefore band centers have been used in this study.
3.3 X-ray fluorescence and wet chemistry

Compositional analysis was carried out at Franklin and Marshall College using a Malvern
PANalytical, Inc. Zetium X-ray fluorescence (XRF) spectrometer to identify major and selected
minor elements and wet chemistry (WC) to determine ferrous iron content. Details of the

procedures can be found in Reichen and Fahey (1962), Govindaraju (1994), and Mertzman



(2000), and on-line at: https://www.fandm.edu/earth-environment/laboratory-facilities/xrf-and-

xrd-lab. Compositional data are provided in Table 2.
3.4 X-ray diffraction (XRD)

XRD characterization of the samples was done using <45 um powdered subsamples. The
XRD analysis involved acquiring continuous scan data from 5 to 80° 26 on a Bruker D8 Advance
with a DaVinci automated powder diffractometer. A Bragg-Brentano goniometer with a two
theta/theta setup was equipped with a 2.5° incident Soller slit, a 1.0 mm divergence slit, a 1.0
mm scatter slit, a 0.2 mm receiving slit, a curved secondary graphn . monochromator, and a
scintillation counter collecting at an increment of 0.02° and inte¢ rati n time of 1 second per step.
The line focus Co X-ray tube was operated at 40 kV and 40 A, 1sing a take-off angle of 6°.
Phases identified by XRD analysis are provided in Table 3. The X-ray diffractograms are

included in the online supplement.
3.5 Heating of nontronite uncar N ars-like surface conditions

The NON101 sample was exposed <0 ¢ veral elevated temperatures to replicate impact-
induced heating that may occur on Mars, and uader Mars-like surface conditions. This
experiment was designed to complem~:," nrevious impact and elevated heating experiments
discussed below. The <45 um samuic Wus put into an 8 mm diameter and 6 mm deep sample
cup. The sample was heated usi: 9 a .2aled vacuum oven to 110°C, 180°C, and 300°C for one
week each with a continuouc flov. of CO2 gas to create atmospheric conditions to simulate those
found on early Mars, witl' pressures between 20 and 100 millibars. This experimental setup was
conducted due to the impc "tance to understand the effects of temperature as a separate process
from pressure. French (1998) determined that the nonlinear relationship between temperature and
pressure in impact environments would make it unlikely that temperatures would exceed 500°C
in shocked materials. Reflectance spectra were acquired using an ASD FieldSpec Pro
spectrophotometer equipped with a bifurcated cable attached to a 150 W light source. The
samples were removed from the vacuum oven for spectral measurements and put back in the
vacuum oven for the next temperature interval. Sample spectra were acquired both before and
after heating to each temperature, without and through a 10 mm-thick sapphire window after the
sample was removed from the oven, allowed to cool to ambient temperature, and briefly exposed

to terrestrial ambient conditions. This was done to allow for direct comparison to data from



Cloutis et al. (2007). The spectroscopic data included in this study are provided in the online

supplement.

4. Results
4.1 Nontronite spectral variability

Nontronites exhibit a number of spectral features attributable to Fe**, including
absorption bands in the ultraviolet-visible wavelength region near 260, 370, 450, 650, and 950
nm. The bands in the 260 and 370 nm region are attributed to Fe-O charge transfers, while the
450, 650, and 950 nm bands are attributed to spin-forbidden transii” ns in Fe®* (Sherman, 1985;
Sherman and Vergo, 1988). The absorption feature present in ng 1tro.ite spectra near 1400 nm
represents the OH stretching overtones of both structural OH ana molecular H>O (Bishop et al.,
2008b). OH, will result in a lower wavelength absorption tecture than H.O (Clark et al., 1990).
The spectral feature near 1900 nm represents a stretchiny + bending combination band of
molecular H>O and is most often attributed to interia- er water (Bishop et al., 2008b). The ~2280
and 2400 nm bands represent Fe-OH combinaticn viurations (Clark et al., 1990; Bishop et al.,
2008a, 2008b, 2011, 2013).

The XRD data indicated that all ti.> samples used in this study were dominated by
nontronite. This was confirmed by com 03 "Ing the compositional data to ideal nontronite and
further confirmed by XRD analysi. The data did indicate some impurities in the nontronite
samples (Table 3), while the XF Jdata (Table 2) indicated compositional differences between
samples, which could accnu.t vor the small shifts between (2280-2290) in the position of the
2280 nm feature in the 1.2nu unite spectra. The largest compositional differences are for SiO»,
and Fe>Os (Table 2). The former can be due to the presence of quartz as indicated by XRD and
the latter is likely due to the presence of additional Fe oxyhydroxides, but whose presence was
not detected in the XRD spectra (with the exception of NON104 in which a small amount of
goethite was detected), perhaps due to their low degree of crystallinity, low abundances, or small

grain size. X-ray diffractograms and peak identifications are provided in the online supplement.

The NON101-105 spectra all exhibit absorption bands characteristic of Fe* below 1000
nm. Compositionally, NON104 contains the most Fe-Oz wt.% as seen in Table 2, and exhibited
the deepest and most robust Fe**-associated absorption features. All the spectra exhibit H,O/OH
bands near ~ 1400 and ~1900 nm, along with characteristic metal-OH (Fe®*") bands at 2280 and



2400 nm (Bishop et al., 2008b). A slope decrease is present past 2280 nm upon which the Fe-OH
absorption band at ~2400 nm is superimposed (Figure 1). The center of the NON101-105
absorption band in the 2280 nm region ranges between 2283 nm and 2290 nm (Figure 1b);
specifically at 2290, 2285, 2286, 2283, and 2288 for NON101-105, respectively (Table 4).

In addition to small differences in band positions, the different nontronite samples also
exhibit differences in Fe-OH band depths (for an identical grain size), and the presence or
absence of a local reflectance maximum in the 780 nm region (Table 5). This is likely due to

some combination of crystallinity and the presence of additional fr rric oxyhydroxides.
4.2 Nontronite versus other phyllosilicates: the .»280-2290 nm band

To determine how spectrally unique nontronite is ccimhar.d to other minerals, and in
particular Fe/Mg phyllosilicates, we conducted an exten.iv > scarch of the C-TAPE
(http://www.uwinnipeg.ca/c-tape) and RELAB (https://site> brown.edu/relab/relab-spectral-
database/) spectral databases. We focused on the .r¢se 1ce of a strong 2280 nm absorption
feature, a weak or absent 2320 nm absorptic.: *2a.'re, and the presence of a distinct 2400 nm
absorption feature. We did not find any mine: als that exhibit these three properties (Table 6).
The band centers associated with the met..'-OH in other phyllosilicates such as montmorillonite,
saponite, and beidellite were present at (0nger or shorter wavelengths than the 2280-2290 nm
nontronite absorption and can be a.‘ributed to other cations, such as Al and Mg (Clark et al.,
1990). They all displayed a slo,.= u-op off longward of their respective absorption band in this

wavelength region (Figurss ?a and 2b).

Hisingerite is of si. 2cial interest because of its possible confusion with nontronite (Wiens
et al., 2022). The hisingerite spectra displayed the closest absorption band center to the 2280 nm
nontronite feature, located at 2300, 2290, and 2290 nm for <45 pm sample HIS001, and <75 pum
samples c1ph08, and <75 um c1p09, respectively. The hisingerite spectra display broader and
shallower features than nontronite’s narrower better-resolved features (Milliken and Bish, 2014),
likely attributed to hisingerite’s poorly crystalline nature (Eggleton and Tilley, 1998) (Figures
2b and 3). Like nontronite, hisingerite displays H.O/OH features at ~1400 and 1900 nm. The
hisingerite spectra exhibit a generally featureless absorption profile in the 1400 nm region,
whereas nontronite displays a doublet with centers at ~1415 and ~1430 nm (Table 4). The 1900

nm absorption for all nontronite samples was found to be at a shorter wavelength than



hisingerite, from 1903-1910 nm, while hisingerite produced band centers between 1910-1920
nm, demonstrating that hydration-associated absorptions can be used to distinguish these two
phyllosilicates. In addition to hydration features, nontronite displays multiple Fe3*-related
absorptions in the visible wavelengths of the spectrum, while hisingerite produces a single
shallow broad band ~1000 nm (Figure 3). Also, unlike nontronite, hisingerite does not exhibit a

well-defined 2400 nm absorption band.

The closest mineral we found with the 2280, 2320, and 2400 nm absorption features of
nontronite was gibbsite (an aluminum hydroxide: Al(OHa)). It exrbits an absorption band at
2270 nm (~10-15% deep) and a weak or non-existent 2320 nm rey.~n cand (<2% deep, centered
near 2320 nm) (Figure 4). This feature is attributable to an A' 2+ Suretching/bending
combination (Cloutis and Bell, 2000).

Nontronite and gibbsite exhibit additional spectr..! d’/ferences, which allow them to be
discriminated spectrally. Nontronite will always be a..companied by strong Fe**-associated
absorption features, including the steep reflectai"~e uiop-off below ~600 nm, and an absorption
band centered near ~900 nm, which are ab.=nt in gibbsite spectra. Gibbsite shows a steep
reflectance decline longward of ~2100 .»m, which is also absent in nontronite. Both minerals
exhibit a multi-band absorption featur e 1, the 1400-1500 nm region, but this feature is more
complex in gibbsite. The H.O-relatea ~hsorption feature near 1900 nm will be a function of H.O
content and hence is not particuicrly diagnostic, as H2O is not intrinsic to either mineral. The two
minerals could further be disc iminated by other means, including composition and structure
(e.g., by XRD).

4.3 wontronite grain size variations — spectral effects

We examined one of our nontronite samples (NONZ105) as a function of grain size to
determine whether grain size-associated spectral changes might mimic spectral differences as a
function of composition or heating. The multiple grain size NON105 spectra exhibited an
expected decrease in overall reflectance and a more blue-sloped spectrum (i.e., reflectance
decreasing toward longer wavelengths) beyond ~1500 nm, as expected. The spectra also show an
apparent widening of the ~1400 and 1900 nm H,O/OH absorption features (Figure 5). The Fe3*-
associated absorption features below ~1000 nm and the 2280 nm band persist across all grain

size spectra (Figure 5). The various absorption bands appear to optically saturate (i.e., reach a



maximum band depth) for grain sizes of 106-212 um (for the 650 1900, 2280, and 2400 nm
absorption features), and 212-430 pum for the 900 and 1400 nm absorption features (Table 5).

4.4 Heating under Mars-like surface conditions

Some previous experiments (e.g., Che and Glotch, 2010; Morris et al., 2010) showed that
nontronite can undergo spectral changes when exposed to temperatures as low as 50°C, while
other experiments indicated that major spectral changes can occur above ~400°C (e.g., Che and
Glotch, 2012; Gavin and Chevrier, 2010) (summarized in Table 7). However, these heating
experiments were not conducted under Mars-like surface conditiorn . of pressure and atmospheric
composition — a major impetus for this study. Based on the resul s o1 these earlier studies, and to
better understand the spectrum-altering effects of low-temper atui » (i.e., <300°C) heating on
nontronite on Mars, we exposed NONZ101 (<45 pum grain s.7e) to 110, 180, and 300°C for one
week (168 hours) at each temperature in a low-pressure ZO- environment. Visually, we noticed a
shift in visible color from a yellowish-green to a reudish-brown, with increasing temperature,

consistent with the formation of hematite or a rc-ateu re-oxyhydroxide.

Additional evidence that both low pic sures and heating rates play roles in nontronite
alteration comes from previous studies. F.* example, Ellis and Mortland (1962) found that the
decomposition of kaolinite and nontror ite, respectively, were affected by the pressure used for

thermal decomposition, with lowei nressures facilitating dehydration.

The reflectance spec:ra 0. the heated nontronite samples are shown in Figures 7-9. With
increasing temperature, v'e fi d progressive spectral changes over the ambient to 180°C range.
These include a reduction ‘n the depths of the 650, 900, and 2400 nm Fe3*-OH-associated
absorption bands, as well as the 1400 and 1900 nm hydration bands (Table 5). The 2280 nm Fe-
OH band is quite stable. Upon heating to 300°C, we see more drastic spectral changes: the
spectrum is much flatter over the 350-1300 nm interval, the 900 nm Fe-OH band seems to move
to shorter wavelengths, and the 1400 and 1900 nm hydration bands are shallower and more

featureless. The 2320 and 2400 nm Fe-OH bands are also greatly reduced in intensity.
5. Discussion

The ensuing discussion focuses on how and whether heating to 300°C in a Mars-like

surface environment differs from other heating experiments conducted under different



conditions, and how such low-temperature heating can be distinguished from unheated exposure

to Mars surface conditions, higher temperature heating, and impact experiments.
5.1 Heating effects on nontronite

Previous studies of nontronite thermal stability have shown that a variety of factors can
affect the stability of nontronite. Firstly, robust analysis of nontronite stability is complicated by
compositional and structural differences between different samples, the presence of impurities or
secondary phases (e.g., Besson et al.., 1983; Bonnin et al., 1985; Che and Glotch, 2012; Ding
and Frost, 2002; Gates et al., 2002), and atmospheric pressure (Elli . and Mortland, 1962). The
mechanisms associated with the thermal transformation of nontrnite and the temperatures at
which these occur will be a complex function of factors such as ¢ “ystallinity, and octahedral site
occupancy (e.g., Che and Glotch, 2012; Gavin and Chevriei, 2010; Gavin et al., 2013; Wang et
al., 2020 and references therein). The rate of dehydratio./de.1ydroxylation is also time-dependent
and controlled by factors such as grain size (e.g., Cu»j and Frost, 2002) and duration of heating
(e.g., Morris et al., 2010).

In general, exposure of nontronite to , rogressively higher temperatures leads to a number
of structural/compositional changes. At ti1.> lowest temperatures, nontronite will readily lose
adsorbed water as well as interlayer we er (largely below ~150° C). Dehydroxylation begins
around 350-450°C and extends 'p 1 around 700°C. This involves retention of the layered
structure of nontronite but also nc.udes loss of hydroxyl, the substitution of hydroxyl by oxygen,
and changes in octahedral s.» vunfiguration (Heller-Kallai and Rozenson, 1980; MacKenzie and
Rogers, 1977; Weldon ¢! ai., 1982). Between ~700 and 1000°C, previous studies suggest the
formation of nanocrysta..ine and/or poorly crystalline phases. Above ~1000°C, nontronite can
recrystallize into cristobalite, sillimanite, and hematite (Table 7) (e.g., Che and Glotch, 2012;
Ding and Frost, 2002; Gavin and Chevrier, 2010; Gavin et al., 2013). This simple picture of
nontronite dehydration and dehydroxylation is complicated by many of the aforementioned
factors, so different samples show different temperatures associated with progressive heating
(e.g., Ding and Frost, 2002).

The application of multiple analytical techniques enables insights into the structural
changes associated with heating. For example, Morris et al., (2010) determined through visible-

near infrared spectroscopy, Mossbauer spectroscopy, and X-ray diffractometry the structural



collapse through the complete removal of interlayer H-O at 210°C. The collapse was determined
by the lack of spectral features at 1400 and 1900 nm. However, collapsed nontronite retained the
Fe-OH features at 2290 and 2410 nm (Morris et al., 2010).

5.2 The importance of low-temperature heating

As detailed above, exposure of nontronites to low temperatures (<300°C) under Mars-
like conditions, leads to a number of spectral changes, which are discussed further below in the
context of previous experiments. Low-temperature heating may be an important factor on Mars,
and the ability to identify heated nontronites could provide importo t insights into surface
modification processes. There are a number of ways in which ncatroites could be heated at low
temperatures. These include the burial under ashfall deposits or I va flows (Goudge et al., 2015;
Hiesinger and Head, 2004; Mustard et al.,2007, 2009; Tana::2 et al., 2014; Kremer et al., 2019),
burial under impact ejecta (Barlow, 2005; Michalski anu Ni'es, 2010), or areas away from the
immediate point of impact (Abramov and Kring, 25u7, 2005, 2004; Osinski et al., 2013;

Schwenzer et al., 2012; Schwenzer and Krina 231.3).

Heating events on the surface of Mai. are widespread with many processes and variables
present. The following are several proces:~s but do not limit potential heating determined on the
Mars surface: impact heating, impact-¢ 2n2rated hydrothermal systems, ejecta, basalt flows, and
ashfall deposits are several of thr .rocesses seen on Mars that could generate heat and potentially

alter minerals. This discussion /cu3es on the Jezero Crater region’s potential heating sources.

Impact-generated hya, othermal systems are proposed for Mars craters (Newsom, 1980;
Newsom et al., 1996; Alle 1 et al., 1982) as an environment that may be conducive to life
(Schwenzer et al., 2012; Abramov and Kring, 2005). Long-term heating may be an effect of
hydrothermal systems generated through impacts as the 4 km diameter Kardla Crater took an
estimated 1500-4500 years to cool to temperatures <90 °C (Jdeleht et al., 2005). Daubar and
Kring (2001) determined the lifetime of a hydrothermal system in craters from 20-200 km in
diameter with exclusively conductive cooling could last up to 103 to 106 years. On planetary
bodies whose surfaces are predominantly frozen hydrothermal systems will heat a much larger
volume of rock to temperatures above the freezing point of liquid water but <50 °C (Schwenzer
et al., 2012).



Mars volcanism is the primary geologic process on the surface throughout the planet’s
history (Greeley and Spudis, 1981). A large number of basaltic flows are identified on Mars and
within the Syrtis Major region. Syrtis Major volcanic complex has associated flows that extend
from the central caldera and cover an areal extent of 106 km?, reaching the western floor of the
Isidis basin and covering the Nili Fossae floor (Tornabene et al., 2008). These flows are

superposed by ejecta from the Hargraves impact (Mustard et al., 2009).

Impact ejecta can be a source of surface heating outside of the crater rim region. Ejecta
blankets typically surround fresh impact craters that extend appro» imately one to two crater radii
beyond the crater rim (Melosh, 1989). Discernable ejecta blankets cve cttributed to one-third of
all martian craters >5 km in diameter (Barlow, 2005). Ninety oo of the discernable ejecta
blankets possess layered ejecta that have either single or mti.2-layer morphologies (Barlow,
2005). Michalski and Niles, (2010) identified a carbone:e ai 1 phyllosilicate-bearing bedrock
exhumed from a depth of 6 km due to a meteorite impe ct thct may have been buried by Syrtis

Major volcanic impact ejecta materials.

The pitted capping unit found outs. e r f Jezero Crater is characterized by a relatively thin
unit that caps older material with eroded texture and a large number of superposed craters and
pits that often contain surficial debris ccv > (Hiesinger and Head, 2004). It is interpreted as
having been formed through volcaic ond impact melts from the Isidis basin forming event
(Mustard et al., 2007, 2009) thay ~aps the altered basement unit and may be related to older
volcanic flows from nearby < 'rti; Major (Hiesinger and Head, 2004; Tanaka et al.,2014). The
protolith olivine-rich ':1it as Jeen interpreted as being formed through the exposure of an
olivine-rich subsurface la\ 2r (Hoefen et al., 2003), olivine-rich basaltic flows (Hamilton and
Christensen, 2005), or the emplacement of an olivine-rich impact melt sheet with the formation
of the Isidis basin (Mustard et al., 2007, 2009). Jezero Crater exhibits a <10 m thick volcanic
floor unit stratigraphically above the period of fluvial activity and the fan deposits (Goudge et
al., 2015). The source of this basaltic material is unclear however, is likely attributed to volcanic

infill or volcanic resurfaced open basin lakes (Goudge et al., 2012).

The most plausible explanation for the circum-—Isidis Planitia olivine-rich unit, one of the

most widespread and mineralogically diverse olivine-rich rock units, is that it formed as an



ashfall deposit (Kremer et al., 2019). The ash flow deposit has a probable volcanic origin in the

greater Syrtis Major-Isidis Planatia region (Kremer et al., 2019).

Heat tends to decrease at an exponential rate away from the source of the impact
(Schwenzer et al., 2012). Large 100-200 km diameter impact events are known to impart kinetic
energy from the shock waves that produce and sustain temperatures >90°C in the subsurface for
tens of thousands to millions of years (Abramov and Kring, 2007, 2005, 2004). The Sudbury 150
to 250 km diameter or 15,000 km? impact structure event produced temperatures up to 1200°C
with a large extent of the surrounding rocks only heated to <300°C based on modeling
temperatures (Abramov and Kring, 2004, 2005). A 1km thick brecc#a v as deposited over the
initial central melt sheet with initial temperatures of 250°C (A.<:21.5v and Kring, 2004).
Schwenzer et al., (2012) and Abramov and Kring, (2005) 1sea .-odeling to determine the post-
impact temperature distribution of 30 km diameter crat=rs o.» Mars where the central peak of the
crater reaches a temperature of 300-350°C with decrea.ing .2mperature over radial and vertical
distance. Similar modeling was conducted on 189 .-n. 100 km, and 14 km diameter craters on
Mars (Abramov and Kring, 2005; Schwenz :r e al., 2012). The 180 and 100-km diameter craters
have modeled temperatures <300°C maving o.'twards from the central uplift moving from the
subsurface and cooling towards the surface ‘Abramov and Kring, 2005). Small to Medium
impact craters up to 20-30 km in dizme:=: both simple and complex will typically range from a
maximum of 100-120°C (Osinski eu 7l., 2013). The 14 km diameter crater has a central peak that
reaches 50°C (Schwenzer et al., 2012).

Similar heatin; is. therms may have been produced in the Syrtis Major region on Mars, a
heavily cratered terrain. T' e Isidis basin is a 1900 km diameter impact basin (Schultz and Frey,
1990) from the Late Noachian through age modeling (3.96 Ga) (Werner, 2005). Jezero Crater is
a 45 km diameter impact basin (Goudge et al., 2015). Subsequent exhumation of heated

nontronites from impact and volcanic processes would then enable their detection on the surface.

Gavin and Chevrier, (2010) found that heating of nontronite, in ambient pressure air or in
N2, suggests that interlayer water is lost at ~400° C; between 400 and 700°C, an intermediate
phase, similar to nontronite forms, but with the loss of interlayer water; nanocrystalline and/or
poorly crystalline phases formed between 700 and 1000°C; above 1000°C, the sample

recrystallized into cristobalite, sillimanite, and hematite (Table 6) (Gavin and Chevrier, 2010).



Large changes were seen between ambient conditions and 400°C, with band depths decreasing
by factors of 3 to 25 (Table 5). All absorption bands essentially disappeared by 725°C. They
also noticed a color difference in their nontronite sample heated to 875°C in CO2 versus air — it
was much darker than the other samples, suggesting a possible role of atmospheric composition
in the heated alteration of nontronite. However, they also noted no change in reflectance spectra

with atmospheric composition (Gavin and Chevrier, 2010).
5.3 Mars surface exposure + heating

Mars box 1 (MB1), a Mars surface environment exposure ¢ neriment of 47 days, was
conducted by Cloutis et al. (2007) on several samples, including non.ronite (NON101). Exposure
to Mars-like surface conditions led to limited spectral variabi ity Figure 6). The Fe-OH-related
absorption bands in the <1000 nm region were largely unati>cted, while the 1400 and 1900 nm
hydration bands showed a measurable reduction in depti.~ but did not completely disappear
(Table 5). The 2280 and 2400 nm Fe-OH bands wi+ largely unaffected. Exposure to millitorr
pressures led to more significant spectral change=: 1.c., reduction in the depths of all absorption
bands below 2200 nm. However, the 228G ~n¢ 2400 nm bands seemed to be largely unaffected

by these lower pressures.

The results from this low-presst re exposure have implications for the analysis of Mars
meteorites and for Mars sample »e..'rn. Millitorr pressures from the Mars surface exposure
analysis help to constrain the s.>biity of nontronite with relevance to asteroids and delivery of
nontronite-bearing samples ~o..« Mars to Earth as meteorites. Our results indicate the potential to
spectrally identify nonti>niwe in samples exposed to millibar pressure by the persistent 2280-

2290 nm absorption banu (and with heating no more than 300 °C).

Examination of the "Black Beauty" martian regolith breccia meteorite NWA 7034, shows
evidence of impact-induced heating (Goodwin et al., 2022). Goodwin et al. (2022) identified two
possible periods of habitability based on the geochronological history of this meteorite, including
a pre-Noachian window and an impact-derived hydrothermal system allowing for habitable
crater environments in the Amazonian (Goodwin et al., 2022). The meteorite experienced a
lithifying disturbance event ~ ca. 1500 Ma with a bulk temperature excursion below 900°C,
along with exposure to 700°C for weeks to years post-impact, while buried >5m deep in an
impact blanket (Goodwin et al., 2022). NWA 7034 showed additional evidence of hydrothermal



alteration - from feldspar veins cross-cutting previously oxidized clasts indicating hot fluids in
contact with breccia to temperatures >500°C (MacArthur et al., 2019). Our study demonstrates
that the potential to identify nontronite in any meteorite at temperatures lower than or equal to
300°C is likely using the characteristic Fe-OH 2280-2290 nm features. However, based on
previous heating results past 300°C, the extensive heating and alteration undergone by NWA
7034 would likely dehydrate and alter any nontronite beyond the point where its diagnostic
spectral features would persist. Any nontronite detected in such a sample would more plausibly
be attributable to terrestrial alteration, post-impact hydrothermal systems (Schwenzer and Kring,
2009), or have been excavated from deeper layers by the impact (Mi2gold et al., 2007; Gavin et
al., 2013). To determine these possible modification processes, v et b 2ating experiments are

planned that may constrain hydrothermal alteration.
5.4 Atmospheric pressure and comrnosi.‘onal effects on heating

Heating nontronite at low pressure is expecie: . to promote dehydration (Ellis and
Mortland, 1962). Comparison of our results to s'me previous studies allows us to partially
disentangle the effects of heating in differe ~t conditions. However, only a limited number of
studies included heating below ~300°C Morris et al., 2010; Che and Glotch, 2012) (Table 5).

Ding and Frost (2002) have sug 1ested that the type of atmosphere in which nontronite is
heated could lead to the formaticn of ferric phases and/or other phases whose abundances would
be too low to detect by many a 2ly:ical techniques but which could lead to spectroscopic
changes (e.g., maghemite® \: 1lac.<enzie and Rogers, 1977; Moskowitz and Hargraves, 1984;
Hviid et al., 1994).

Morris et al. (2010) investigated nontronite heated in N2 at ambient pressures at 50, 105,
and 210°C, and found that interlayer water was lost above ~210°C; spectrally this was seen as a
loss of 1400 and 1900 nm region OH/H,0 bands. The Fe**-associated bands below ~1000 nm
were lost upon heating to between 105° and 210°C. Even upon heating to 50°C, they found a
reddening of the red slope below ~1200 nm (Table 6). As with our results, the most persistent
spectral features were the Fe-OH absorption bands in the 2280 and 2400 nm regions. At 105°C

(heating for 1004 hours) all the nontronite-associated absorption bands disappeared.



Che and Glotch (2012) heated pressed pellets of nontronite in H,O- and CO»-purged
ambient terrestrial atmosphere to temperatures of between 100 and 900°C in 100°C increments.
They measured reflectance spectra above 1200 nm, and found no systematic spectral changes
below 300°C; the 1400 nm OH band disappeared by 400°C, while the 1900 nm H20 band
changed shape at 400°C and disappeared by 700°C; the 2280 and 2400 Fe-OH bands were
largely unchanged to 300°C, and then weakened and disappeared by 700°C. DSC curves showed

minima at either 109 or 138° C and a maximum of around 850°C.

The Morris et al. (2010) and Che and Glotch (2012) studie’. are closest in conditions to
our study, at least in terms of the temperature range. A comparisc:. 2t J\eir results to ours
suggests that heating in a low-pressure CO- environment pror.c*es uehydration and loss of OH
and H>O, as both bands weaken at 110°C. While these stuc' v recuits are not directly comparable,
it appears that dehydration and loss of water occur arotnd 130-210°C, loss of the Fe-OH bands
in the 2280 and 2400 nm region occur above 300°C. ar.d su.me change in OH-bonded Fe®* can
occur as low as 50-100°C as evidenced by chances ‘n <pectral slope and the position, width, and

depth of Fe3*-associated absorption bands Felo v 1500 nm of the Morris et al. (2010) spectra.
5.5 Duration of hecting efiects

We exposed our nontronite sairl¢ to heating for 1 week (168 hours) at each temperature
increment (110, 180, 300°C). This ~as done to try and ensure that any compositional-structural-
spectral changes would be con,lew by this time. This time interval was informed by our

previous low-pressure exru. re experiments (Cloutis et al., 2007).

Morris et al. (201u" found spectral changes occurring over periods of days to weeks for
their nontronite samples held at a constant temperature, with increasing time leading to loss of
the Fe®*-associated absorption features and hydration bands near 1400 and 1900 nm, as well as
the Fe-OH bands below 1000 nm. As found by Morris et al. (2010), we found similar significant
spectral changes at the lowest temperature (110°C) investigated. This is in contrast to shorter-
term heating experiments (one day per temperature increment - Che and Glotch, 2012; Table 7)
where spectral changes are largely confined to temperatures >400°C. Their results for their two
nontronite samples show disparate results (Table 5). One sample showed an initial increase in all

band depths, followed by a decrease, while the other showed little change to 200°C and then



modest decreases to 300°C (from ambient temperature to 300°C). None of the absorption bands
disappeared by 300°C (Table 5).

It is difficult to disentangle the effects of atmospheric pressure, atmospheric composition,
and duration of heating, but it would appear that all three play a role in nontronite
decomposition, with the duration of heating being the most important factor (for a constant
temperature). This has implications for the spectrum-altering effects of transient versus long-

duration heating.
5.6 Heating versus shock heating

There are multiple shock experiments involving nontroni.> Tnese experiments allow the
combined effects of pressure plus temperature to be investija.~d «nd are directly relevant to how

impacts can affect the structural, compositional, and spe.u>scapic properties of nontronites.

Boslough et al. (1980) conducted shock exp~riinents (18-30 GPa) in air on pressed
powders of <63 um nontronite. They found that .he ~4jor effects of shock were the collapse of
the nontronite along the c-axis, associated *.vith loss of interlayer water. They also noticed a
substantial decrease in OH content. Be~lough vt al. (1986) compared thermally annealed to
shocked nontronites. They found that 7o sa.nples heated above 600°C, there was very little
structural similarity to the shocked sempies. They attributed this to the formation of new and

different phases between them.

Weldon et al. (1982) 1.'v.d that nontronite samples heated in a reducing environment had
a visual appearance a’ ' v."s<pauer spectra that were unlike impacted samples subjected to
similar temperatures (~25’, and ~550°C); however, these differences were not investigated in
detail. In their shock experiments, they determined that partial dehydroxylation occurred, and the
post-impact octahedral site was a mixture of 4-, 5-, and 6-fold coordination, due to a loss of OH.
This caused the Fe-O absorption edge to shift further into the visible spectral region, manifested
as a darker and redder sample. It was also concluded that the bulk of the sample did not

experience temperatures high enough (i.e., ~300°C) to promote thermal dehydroxylation.

Gavin et al. (2013) conducted laboratory shock experiments on <63 um nontronite
powders in ambient air (Table 5). The temperatures that the samples experienced ranged from
80-137°C (average) and 220-524°C (peak); pressures were 0.9-1.6 GPa (average) and 5.4-17.5



GPa (peak). They found that with increasing shock pressures and temperatures, the 1400 and
1900 nm hydration bands increased slightly in strength, the color of the samples was unaffected,
the 2280 and 2400 nm Fe-OH bands were unaffected, and a new band appeared at 2100 nm
(Table 7). Their spectra do show a shallower spectral slope in the 1100-1300 nm region for the
most shocked sample. Spectral changes were more noticeable in the mid-infrared than in the
1000-2500 nm region.

Friedlander et al. (2015) conducted laboratory impact shock experiments on <2 pm
nontronite as pressed powders (Table 7). They were subjected to [ eak pressures of 10.2-39.1
GPa. As with Gavin et al. (2013), they found that the 1400 and 1©C” . hydration bands
persisted to the highest pressures, but were weakened (Table T; 17.¢ spectra became gradually
redder and the 2280 nm band shifted to slightly shorter wa:.ele..5chs, while the 2400 nm band
shifted to slightly longer wavelengths; both bands grad:.ally broadened and disappeared at
pressures of 34.6 GPA, likely due to distortion of crvst.loy.aphic sites and partial loss of
hydroxyl. Of the <1000 nm bands, the 650 nm F2-"H Jand was the first to disappear (at
somewhere above 10.2 GPa), while the 95 nn Fe- OH band persisted to the highest pressures,
albeit weaker and broader. Friedlander et al. (2016) found that dioctahedral smectites were more
susceptible to structural deformation thon wioctahedral smectites, likely due to the site vacancies

in the former.

Michalski et al. (2017) a2 conducted shock experiments on fine-grained (<2 nm)
nontronite powders pressed 1o nellets. The shock experiments were conducted in air, with
pressures between 10 >na 40 5Pa (Table 5). They found a decrease in the depth of the 2280 nm
Fe-OH absorption band w th increasing pressure, with the band disappearing at ~35 GPa (Table
5). The 2400 nm Fe-OH band blended into the overall decrease in reflectance towards longer
wavelengths by ~10 GPa. The 1400 and 1900 nm hydration bands were present in all the
samples, but with generally lower intensities. They concluded that while the spectra do change,

overall, the ability to detect nontronite was not unduly affected.

Kraus et al. (2013) found that it is difficult to interpret the results of laboratory shock

experiments and to extrapolate them to impact shocks on planetary surfaces.

5.7 Heating versus shock (heating) on nontronite reflectance spectra



Differences between heated versus shocked nontronites were noted by Boslough et al.
(1986). Obvious differences exist between long-term (hours to weeks) laboratory heating of
nontronites versus shock-associated heating (less than a few minutes). Also, shock experiments
involve changes in pressure that can affect the structure of nontronites (e.g., Gavin et al., 2013;
Friedlander et al., 2015). These differences are manifested as differences in some spectral
properties. Heated nontronite can begin to show spectral differences at 50°C, such as reddening
(Morris et al., 2010), followed by changes in the Fe*-associated absorption bands, located below
1000 nm, between 50 and 105°C, and loss of these bands and hydration bands between 105 and
210°C.

For the shock experiments, hydration bands in the 140Z ~niw 1900 nm persist in almost all
the shock sample spectra whereas they are largely lost by 2.)0-2C0°C in the heating experiments.
This may be attributable to the short duration of heatinn ass.ciated with the shock experiments,
whereby any liberated water cannot escape from the se nple. prior to cooling. Also, the 950 nm
Fe-OH band persists to pressures of at least 39.1 G™a /~riedlander et al., 2015), while the 650
nm Fe-OH band is lost at low pressures. Tre 2.°80 xm Fe-OH band also persists to somewhere
around 30 GPa (Table 5).

It is difficult to directly compi re .~ results of the impact experiments to the heating
experiments, as the shock experimznie vesult in a range of temperatures (e.g., Gavin et al., 2013),
and temperature estimates are no: orovided in the other cited studies (Friedlander et al., 2015;
Michalski et al., 2017). Neve.*he ess, the major spectral differences relate to the preservation of
1400 and 1900 nm ba" s *n th e shock experiments over a wide range of shock pressures. It is
worth noting that impact e <periments will disrupt the crystalline structure of nontronite due
largely to pressure-associated effects (Friedlander et al., 2015), whereas heating will disrupt the
structure due to the loss of hydroxyl and H20. This, in turn, will manifest itself as a reduction in
1400 and 1900 nm OH/H20 absorption bands, as well as for the various absorption bands
associated with hydroxide-bridged Fe. As noted by Gavin et al. (2013), it is difficult to
disentangle the sample alteration effects associated with shock pressures versus temperature.
They also noted that in laboratory shock experiments, shock affects essentially the entire sample,

while elevated temperatures are much more localized.

5.8 The “disappearance” of absorption bands



The term disappearance, when referring to the absence of an absorption band in a
spectrum can be a misnomer. In the case of nontronite spectra, the “disappearance” of an
absorption band can be due to a number of causes (e.g., Morris et al., 2010). As an example, the
various Fe3*-OH bands could ~disappear” when bridging OH is lost from the structure
(dehydroxylation), the structure changes to the point that there is a wider range of Fe-OH bond
length so that the band becomes broader and shallower to the point of not being detectable. This
could happen via dehydroxylation or dehydroxylation accompanying shock alteration of
nontronite’s crystal lattice. An absorption band could also become indistinguishable as a result of
the formation of opaque phases that lower reflectance sufficiently to “hide” an absorption band.
In a similar vein, an absorption band could become “masked” by an ¢ djacent feature, such as the
strong Fe-O charge transfer band that can become increasing.\/ in ense and wide from impact
shock (e.g., Weldon et al., 1982).

5.9 Other wavelength regions

In addition to spectral differences betwe:n sniucked and heated nontronites, additional
insights into the nature of nontronites on N\ ars could be learned from the comparison of results
from different wavelength regions. As.nted by Che and Glotch (2012), Gavin et al. (2013),
Friedlander et al. (2015), Michalski e’ a’. {2017), and others, different wavelength regions are
sensitive to different properties of 101.:vonite. For example, the visible-near infrared region is
sensitive to properties such as O, '/H.O content and Fe hydration state and bonding, while the

mid-infrared region is more sansitive to the silicate lattice.
6. L. nucations for nontronite on Mars

Many of the experiments described in this paper were designed to enable the detection of
nontronites on Mars and to better understand the conditions to which they had been exposed. A
review of these studies is outside the scope of this paper. We note here that our study is

complementary to them, and heating was conducted under more Mars-like conditions.

For visible-near infrared spectra, nontronite detection has been largely based on the
presence of an absorption feature in the 2300 nm region. Our results and analysis suggest that the
narrow 2280 nm Fe-OH absorption band is the most persistent and diagnostic absorption feature

associated with nontronite. We also note that little to no Mg can be incorporated into nontronite’s



dioctahedral structure (e.g., Petit et al., 2017). Mg-bearing phyllosilicates have a narrow
absorption feature near 2320 nm (Table 6; Clark et al., 1990). This suggests that nontronites are

spectrally distinct from other Fe/Mg phyllosilicates.

Fairen et al. (2010) determined areas associated with different-sized craters where
temperatures would not exceed those associated with visible-near infrared spectral detectability.
As we have demonstrated, spectral detectability is a function of temperature even at temperatures
below that associated with nontronite dehydroxylation, so that detectability is a wavelength-
specific term, and spectral differences associated with temperature could be used to constrain

temperatures.

Pelkey et al. (2007) developed a number of spectral p iran sters to enable the detection
and characterization of absorption bands associated with va, ‘*aus minerals of interest on Mars. Of
most relevance is “BD2290”, which measures the depth ~f 2ay absorption feature in the 2300 nm
region. It uses a continuum from 2250 to 2350 to (v ct an absorption band in this region and is
intended for Mg, and Fe-OH minerals. As notec in uus study, this wavelength region covers both
the 2280 nm Fe-OH band as well as the 23.°0 ».m Mg-OH band, so it is not able to discriminate

nontronite from Mg-bearing phyllosilic.tes.

A number of previous studies n ¢ identified what are termed Fe/Mg smectites on Mars,
on the basis of an absorption bara :n the 2300 nm region. Poulet et al. (2005) identified the
presence of Fe/Mg smectites 0.. the basis of an absorption band in the 2300 nm region. They

attributed variations in ba”wu ~hape to varying Fe/Mg abundances.

Bibring et al. (200.7) used OMEGA data to identify the presence of nontronite on the
basis of its characteristics 2280 nm Fe-OH band across Mars. Additional bands were also seen at
2400 nm, as well as in the 1400 and 1900 nm regions. They noted that nontronite was the most
abundant phyllosilicate detected by OMEGA.

Loizeau et al. (2007) used OMEGA spectra to characterize phyllosilicates in the Mawrth
Vallis region of Mars. They identified outcrops with a 2300 nm region absorption feature that
they attributed to nontronite. However, its band is shifted to longer wavelengths than nontronite,
and the position of the 1900 nm absorption band and doublet of the 1400 nm band are not
aligned with the OMEGA spectra.



Bishop et al. (2008a) and Wray et al. (2008) examined CRISM spectra to better constrain
the nature of phyllosilicates in the Mawrth Vallis region. They both detected a number of
occurrences of a 2300 nm absorption feature that they attributed to Fe/Mg-smectites. As we have

concluded, these probably represent a mixture of nontronite and Mg-phyllosilicates.

Le Deit et al. (2012) conducted a similar spectroscopic survey around Valles Marineris
and noted 4 different formation types associated with clays. They compared CRISM spectra to
laboratory spectra of nontronite, saponite, and vermiculite to try and constrain specific clay
types. They concluded that the detected clays on the basis of a 23CJ nm region absorption feature

are of mixed types.

McKeown et al. (2009) applied the parameters of Pell ey «t al. (2007) —i.e., BD2300 — to
characterize phyllosilicates in the central Mawrth Vallis reg.~n. They mentioned the detection of
a more Mg-rich nontronite, which we suggest, is more h.~2ly a mixture of nontronite and Mg-OH
phyllosilicates, as nontronite is not able to incorpo’ a: > Mg into its dioctahedral structure (e.qg.,
Petit et al., 2017). They also identified nontroni:» on wne basis of a 2280 nm absorption band in
some of their CRISM spectra; the spectra «.'so «ncluded 1400 and 1900 nm hydration bands, but
not the shorter wavelength nontronite bonds. As we have noted, the shorter wavelength bands are
the first to disappear upon heating. Tte' 'so mentioned that nontronite is the most common

phyllosilicate identified in the Mawrti, Vallis region.

As demonstrated by a nomwar of these studies, the inclusion of geomorphological and
stratigraphic information, as *~veit as multiple wavelength regions, can provide clearer insights
into the origin, evoluulo.. e placement, and thermal and shock history of nontronite-bearing

deposits.

For current instruments on Mars, nontronite detection is possible using multiple
techniques. Spectral resolutions between orbital and lab-based detections of nontronites on Mars
are different. The lab-based ASD at C-TAPE has a 7 nm spectral resolution compared to CRISM
which has a 10 nm spectral resolution with a larger sampling interval making detections between
nontronite and hisingerite far more ambiguous through orbital detections. The Mars Bidziil target
indicates a similar spectrum to our nontronite samples with the 2280 nm band with a slope
decrease towards the 2240 nm in both Fe-OH absorption bands (Wiens et al., 2022).
Additionally, the target exhibits well-defined hydration bands at 1420 and 1920 (Wiens et al.,



2022). Beyond reflectance and XRD, discussed above, Laser-Induced Breakdown Spectroscopy
(LIBS) analysis would be able to determine the aluminum content (lower in hisingerite) which

would provide adequate information to determine mineralogy.

Any plausible detections based on orbital data would likely need to be accompanied by
additional in situ analysis and sample return missions to confirm the presence of nontronite in
locations such as Jezero Crater. The CRISM and OMEGA detections of nontronite are based on
the absorption bands at ~1900 and 2300 nm (Ehlmann et al., 2008; Mustard et al., 2008; Poulet
et al., 2005). Issues with these identifications lie in the spatial resc ution which is less
problematic for landed instruments (Milliken and Bish, 2014). Fro.m our results, the position of
the 2300 nm band could potentially be attributed to nontronite J'te v its characteristic absorption
band at 2280-2290 nm, though a mixture or the presence cof anctiier phyllosilicate such as
saponite or hisingerite may not be ruled out. Hisingerit~ anu nontronite detection could be
interpreted similarly (even at scales smaller than CRIS’/ and OMEGA resolution) because the
olivine/pyroxene vs. plagioclase abundance can *sa. v o ver these scales — this seems apparent
from observations at Jezero (Wiens et al. 27,22 . Several minerals also exhibit absorption bands
in the 2300 nm region (e.g., Clark et al , 199u, which would further complicate the identification
of nontronite. Nontronite may be detert~d u<sing several of the mentioned techniques, therefore
the results of this study can be usec 21 her constrain the alteration history of processes such as
impact heating, formation of hy«.rowermal systems, and volcanism of samples and/or targets on

Mars.
7. Summury

Because dehydroaylation proceeds at generally higher temperatures than dehydration,
OH-associated absorption bands will persist to higher temperatures (and higher shock pressures)
than H.O-associated absorption bands. In addition, Fe-OH bonds that involve a single Fe atom
and a single OH molecule should be more resistant to degradation than those involving two Fe
atoms and a bridging OH. In the case of nontronite, the single Fe atom-associated absorption
band is the 2280 nm feature, while the absorption features below 1000 nm involve two Fe atoms
bridged by OH (e.g., Sherman and Vergo, 1988). This likely accounts for the fact that the 2280
nm absorption feature becomes shallower at a slower rate with increasing temperature than the

features below 1000 nm. This indicates that the 2280 nm band is the best feature for identifying



the presence of nontronite. In addition, we have shown that this absorption feature is unique to

nontronites.

Some of the major findings from our study, and comparison to previous research suggest
that the 2280 nm Fe-OH band is the most persistent absorption band in 350-2500 nm nontronite
spectra, being most resistant to heating and shock. However, its depth does decrease with
increasing temperatures (even below the generally accepted dehydroxylation temperature of
~400°C). This suggests that partial dehydroxylation occurs at these “lower” temperatures.
Because this band is associated with a single Fe atom and single CH molecule, it is less likely to
be altered as compared to other Fe-associated molecules that invr..= .70 Fe atoms and a
bridging OH molecule. This accounts for the fact that lower w21 igth absorption bands (<1000
nm) that involve such double bonds are less likely to persic. au .>igher temperatures. Some change
in the structure of nontronite with increasing temperature is 1lso implied by the gradual loss of

detail in the 1400 nm region.

Our results suggest that nontronite is relotiveiy stable under Mars surface conditions, and
to heating to at least 300°C in terms of the ner-istence of a 2280 nm Fe-OH band, while Fe**-
associated absorption bands below ~1621 nm are strongly altered as low as 110°C. Similarly, the
1400 and 1900 nm H.O/OH-related a")sw ~*1on bands are present, albeit weakly in the 300°C
spectra, suggesting that some hydrateu interlayers of nontronite would persist on the martian
surface in both heated and unhea:=d nontronites (Cloutis et al., 2007). Therefore, the scenario of
organics being sheltered ana ,rofected in the extreme environments on Mars within the
phyllosilicate layers i< nle1sikle. Due to the spectral stability of nontronite up to 300°C under
Mars-like pressures under purged CO., exposure to Mars-like surface and millibar pressure
conditions determined in this study, identifying nontronite on Mars can aid in determining
locations of possible concentrations of organic molecules due to nontronite’s water and organic
molecule retention properties and its ability to protect organics from thermal and UV destruction
(Poch et al., 2015; dos Santos et al., 2016), oxidation, or metabolization (Kennedy et al., 2002;
Williams et al., 2005).

Nontronite is also an important mineral to identify on Mars due to its implications for
environmental conditions present during formation, and subsequent stability (Grotzinger, et al.,

2012; Tu, et al., 2021). Dissolution rates are determined for long-term nontronite stability and



secondary precipitates forming sediments on the martian surface. The Gainey et al., (2014)
experiment indicates that nontronite is likely to persist under aqueous conditions on Mars and
once formed would persist for prolonged periods relative to the surrounding basalt. The
dissolution rates from laboratory experiments follow the same order in the field, therefore are
comparative (Hausrath et al., 2008a, 2008b). The paleoclimate of Mars is still debated, with
anoxic surface conditions likely being present on early Mars (Chetomb et al., 2017). The timing
of the evolution to current oxidizing conditions is unresolved (Chevrier et al., 2007; Carr and
Head, 2010; Catling and Moore, 2003; Ramirez et al., 2014; Sholes et al., 2017). The current
formation of nontronite on Mars may result in unfavorable conditici.> for organic matter as a
result of the current oxidizing environment (Gainey et al., 2017). Ho' vever, anoxic conditions
may have persisted beyond the Noachian due to the presence f f¢ rric smectites in late Noachian
sedimentary units detected in situ at Gale crater by the C.: o 'ty rover and from orbit (Milliken
et al., 2010; Murchie et al., 2009; Mustard et al., 2008; Pu et et al., 2008, 2014). This also
indicates the potential for organics to be hosted with’n *he smectite layers during past habitable

periods on Mars.

Studies indicate that the formation ot .2ntronites can occur over a wide range of
temperatures and time. However, nont*2nios can exhibit structural differences as the time and
temperature of synthesis vary: Bak~: ar.? Strawn (2014) found that nontronites synthesized over
28 days up to temperatures of 15.0°C are less crystalline when compared to natural nontronite
samples collected from the Colu.mbia River, which were likely formed under lower temperatures

and over longer periods ("3ak.r and Strawn, 2014).

The RELAB Beav' r Bay analog site samples c1ph08 and c¢1p09 <75 um grain size
spectra were collected from an iron-rich gabbroic bedrock with fayalitic olivine and iron-rich
pyroxene producing poorly crystalline hydrous silicate hisingerite by deuteric and late-stage
hydrothermal alteration (Burns, 1986; Whelan and Goldich, 1961). Hisingerite and nontronite
formation conditions are similar with both being able to form under low temperatures due to
weathering of basaltic bedrock and as hydrothermal alteration minerals. Both could be identified
in the region of Fe-rich basalts with weathering products such as serpentine and talc that have

formed within the same process.



Nontronite detection is best accomplished using the presence of a sharp ~2280-2290 nm
band and a weak or absent 2320 nm band. As mentioned, nontronites are the only phyllosilicates
we examined with these spectral characteristics (Table 6), which usually provides a diagnostic
determination for Mars surface detections. Relatively pure hisingerite can be spectrally identified
based on the presence of its broader band centered at a longer wavelength (2290-2300 nm),
however, if present in a mixture or as assemblages, identification may be more problematic
(Milliken and Bish, 2014). The CheMin instrument on the Curiosity Rover has the ability to
differentiate these minerals based on the peaks present in the XRD patterns (Milliken and Bish,
2014). Milliken and Bish, (2014) highlighted the difficulties of detwi mining hisingerite from
nontronite spectra using only VIS-NIR spectra as the band cente.s ar : relatively close, with a
small spectral difference due to the amorphous nature of hisii aer1.e producing a broader Fe-OH
absorption. However, our study has demonstrated that nr.:*ro  ite versus hisingerite
discrimination is possible. The discrimination is based or *ie characteristic 2280-2290 nm
feature along with the H.O/OH hydration centers ‘. the likely additional Fe-OH absorption
near 2400 nm. Other minerals lack a strong ?”8u 2290 nm absorption band, with the closest

match being gibbsite. However, as discusse.' «bove, there are multiple other spectral differences

Heating to between 180 and 302°C, ‘which may be due to impact-induced heating, did not
affect most of the nontronite’s charz-te. <cic absorption features. Our results indicate the stability
and robustness of the characteriscic _nectral features of nontronite present at ~1900 nm and 2280-
2290 nm after exposure to Mars ~urface-like conditions and after heating to >180°C. Our results
indicate that the current s .rhicial occurrences of nontronite, and possibly other Fe-smectites, on
Mars have not undergone impact-induced heating past the point of nontronite spectral

decomposition (>180°C).

Our heating experiments were conducted in an enclosed vacuum oven under 20-100
millibar purged with CO: to simulate early Mars surface conditions. Our experiments are
consistent with comparable previous thermal studies of nontronite. Our results also fill a gap of

temperatures below ~350 °C and the threshold of nontronite spectral dehydroxylation
8. Conclusion

The results from this study can be used to interpret the presence of nontronite using

spectroscopic orbital observational data from OMEGA and CRISM, in addition to in-situ rover



detections on the martian surface. Observations of nontronite have implications for past
environmental conditions due to their restricted formation conditions and their ability to trap and
synthesize organics. The effects of grain size variations, heating up to 300°C (which may be
caused by impact heating events) and exposure to Mars simulated environment demonstrated the
spectral robustness and uniqueness of the ~2280-2290 nm absorption feature. Our results both
demonstrate and confirm that the Fe-OH feature associated with nontronite is unique and

spectrally stable under Mars-like surface conditions, moderate heating, and millibar pressures.
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Table 1. Sources of the samples included in this study and from previous relevant studies.

Nontronite: Allentown, Lehigh County, PA, USA. Sourced from Minerals Unlimited.

NON101

Nontronite: Hohen Hagen, Germany. Clay Minerals Society Source Clays Repository #NG-1.

NON102

Nontronite: Uley Mine, South Australia, Australia. Clay Minerals Society Source Clays

NON103 Repository #NAu-2.

Nontronite: Uley Mine, South Australia, Australia. Clay Minerals Society Source Clays

NON104 Repository #NAu-1.

Nontronite: Collected from type locality (road cut) of Clay Mi rer's Society Source Clays

NON105 Repository sample SWa-1.

Hisingerite: New Pit, Boron, Kern County, California, U\K. Grced from Minerals Unlimited.

HIS001

Hisingerite: Beaver Bay, MN, USA. glassy natural te. res il hisingerite, collected from an iron-

c1lph08 rich gabbroic bedrock with fayali’ic ulivine and iron-rich pyroxene. Spectrum taken
from the NASA RELAB public d~tabu.e.

Hisingerite: Beaver Bay, MN, USA. gle.‘sy_'lat_ural terrestrial hisingerite, collected from an iron-

c1lph09 rich gabbroic bedrock with ta alitic olivine and iron-rich pyroxene. Spectrum taken
from the NASA RELAB p.hlic database.

Bauxite Guyana (Mineral< 'JrT‘r_rited). Sourced from Alcan International.

(gibbsite):

OOHO001

From previous studies

Boslough et al. Ri* cvsic= A, USA

(1980) and

Weldon et al.

(1982)

Cloutis et al. NON101

(2007)

Gavin and Ca,Al-nontronite fom Cheney, WA, USA (Ward’s #49E5108)
Cheuvrier (2010) (Cao.15Nao.01Ko.01)(Fe**1:3Al0.63Mgo.10) (Siz.57Al0.45) O10(OH)@nH,0
Morris et al. PHYO07: Pennsylvania, USA, and API33A: Garfield, WA, USA.

(2010)




Che and Glotch Clay Minerals Society Source Clay Repository: SWy-2; NAu-1; NAu-2
(2012)

Gavin et al. Ca,Al-nontronite fom Cheney, WA, USA (Ward’s #49E5108)
(2013) (Cao.15Nao.01Ko.01) (Fe**1:3Al0.63Mgo0.10)(Siz.57Al0.45) O10(OH),@nH,0

Friedlander et al. | Clay Minerals Society Source Clay Repository: NAu-1
(2015)

Michalski et al. Unknown: “well-characterized sample”
(2017)




Table 2. Compositions of the five nontronite samples (NON101-105), hisingerite (HIS001), and gibbsite
(OOHO001) were included in this study. Compositions were determined by a combination of X-ray
fluorescence and wet chemistry — see text for details.

Wt. % NON101 NON102 NONI103 NON104 NON1O5 OOH001 HIS001
SiO, | 61.40 55.47 56.08 51.98 54.04 1.83 46.36
Al,O3 | 9.49 9.92 4.89 9.14 8.09 58.56 5.71
TiO, | 0.38 0.21 0.56 0.23 0.46 1.99 0.48
Fe,03% | 22.08 29.13 34.15 35.20 33.13 N/A 30.53
FeO! | 0.79 0.48 0.65 0.17 0.14 N/A 0.00
(Fe,0O3)° | (22.96) (29.66) (34.87) (35.39) (33.29) (0.54) (30.53)
MgO | 1.07 1.16 0.98 1.10 1.60 0.02 9.77
CaO | 0.10 0.20 1.79 2.18 2.48 0.05 2.00
Na,O | 0.15 0.02 0.52 0.17 N 0.34 3.17
K>0O | 3.67 2.32 0.06 0.11 0.2 3.67 0.26
MnO | 0.03 0.03 0.01 0.01 .13 0.003 0.39
P,Os | 0.51 0.46 0.09 0.02 J.03 0.51 0.08
SO;5 | N/A N/A 0.06 N/A W/A N/A N/A
TOTAL? | 99.76 99.45 99.91 161 33 100.05 99.76 98.75
LOJe | 8.56 14.46 9.79 292 23.11 8.56 14.63
ppm
Sr | 40 12 11° 59 32 40 320
Zr | 445 117 7u <2 26 0.12 340
V170 24 PN 124 196 0.011 75
Cr | 15 <2 b3 <2 <2 N/A 640
Ni | N/A N/A 13 N/A N/A 0.0013 400
Co | N/A N’A <1 N/A N/A N/A 50
Rb | N/A 2. N/A <2 <2 N/A <2
Ba | N/A 341 N/A 43 49 N/A N/A
Source | Mertzman Mertzman Mertzman Mertzman Mertzman Mertzman Mertzman
Analysis | XRF/WC XRF/WC XRF/WC XRF/WC XRF/WC XRF/WC XRF/WC

2 Fe,05 determined as the difference between total Fe (from X-ray fluorescence analysis) and FeO as
determined by wet chemistry (see text for details).

® FeO determined by wet chemistry (see text for details).

¢all Fe reported as Fe,0s.

9 total expressed on a volatile (LOI)-free basis and with all Fe reported as Fe,0s.

€ LOI: loss on ignition = % weight loss after heating sample in air for 60-90 minutes.

f_SCMR: Source Clay Minerals Repository database.



Abbreviations: Mertzman: analysis done at Franklin and Marshall College — see text for details. XRF: X-
ray fluorescence. WC: wet chemistry.

N/A table entries indicate analysis for this element was not performed.



Table 3. Phases identified in the samples included in this study by X-ray diffractometry

Sample ID  Phases identified
NON2101 | Nontronite, minor quartz
NON102 | Nontronite, trace quartz
NON103 | Nontronite, amorphous component, trace talc
NON104 | Nontronite, amorphous component, trace goethite
NON105 | Nontronite, amorphous component
HISO01 | Hisingerite, amorphous component

OOHO001

Gibbsite



Table 4. Selected absorption band centers from continuum-removed spectra for nontronite, hisingerite,

and gibbsite, and mimima (no continuum removal).

Absorption band center position (nm)

Mineral and sample ID

1400 nm region

1900 nm region

2200 nm region

2300 nm region

Nontronite: NON101 1415, 1440 1910 2290 2400
Nontronite: NON102 1415, 1432 1904 2285 2397
Nontronite: NON103 1415, 1432 1903 2286 2399
Nontronite: NON104 1415, 1430 1905 2283 2395
Nontronite: NON105 1419, 1435 1909 2288 2399
Hisingerite: HISO01 1415 1910 2300 N/A
Hisingerite: c1ph08 1420 1920 2290 N/A
Hisingerite: c1ph09 1430 1920 2290 N/A
Gibbsite: OOH001 1405,1425,1450 | N/A 2270 2310, 2365

*Band centers were identified with the continuum-removal meth \d ot tlined.

*Spectral band anchors include 1360 and 1520 nm, 1840 anc¢ 205 nm, 2235 and 2350 nm, 2350 and
2420 nm. Gibbsite anchors in addition to above at 2300 ana 34/, 2340 and 2380 nm.

Absorption band minima positiuin_(no continuum removal) (nm)

Mineral and 1400 nm region 1207 nry 2200 nm 2300 nm region
sample ID resion region
Nontronite: 1415, 1440 11910 | 2285 2410
NON101 '

Nontronite: 1415, 1432 1904 | 2289 2407
NON102 [ N

Nontronite: 1415, 1434 1903 | 2286 2399
NON103 VN

Nontronite: 1415, 1433 1905 | 2284 2420
NON104 N

Nontronite: 1420, *13_ 1910 | 2289 2420
NON105 a \

Hisingerite: 141. 1915 | 2315 N/A
HIS001

Hisingerite: 1420 1920 | 2290 N/A
c1ph08

Hisingerite: 1420 1920 | 2300 N/A
c1lph09

Gibbsite: OOH001 | 1405,1425,1450 N/A 2270 2315, 2360

N/A: no absorption band present.

Table 5. Depths of absorption bands (in percent), and wavelength position of ~750 nm local reflectance
maximum in nontronite spectra from this and previous studies

Source

Sample

650
nm

~780
nm

900
nm

1400
nm

1900
nm

2280
nm

2400
nm




region | refl. region | region | region | region | region
band® | max.® | band® | band? |band® | band® | band®
Cloutis et al. . 760
(2007): Ambient 2 o 4 6 3 2
Low-pressure End of 5 Tor 2 770 3 3 3 2
CO; nm
End of milliTorr | <1 nb 2 2 3 2
Untreated na na na *0u 100 100 | nd
{
400°C na na na | 8 30 4 | nd
Gavin and 475°C na na na | 6 18 4 | nd
Chevrier 630°C na na na : 5 140 27 0
(2010): 725°C na na rd 0 0 1 0
heating" 800°C na na | na 0 0 2 0
900°C na 1a na 0 0 0 0
975°C na na na 0 0 0 0
1130°C na _I_na na 0 0 0 0
PHYO7: ,
Air, 25°C 2N 800 >0 >0 >0 >0 >0
nm
o in
25°C, 417 >0 780 >0 >0 >0 >0 >0
hours N, nm
Morris et al.
(2010):
heating' °
>0°C, 168 >0 780 >0 >0 >0 >0 >0
hours, N nm
105°C, 46
hours, N, >0 np >0 >0 >0 >0 >0




105°C, 451

hours, N, P >0 >0 >0 >0
105°C, 1004
hours, N; P >0 >0 >0 >0
210°C, 89
hours, N, P >0 0]>0 >0
API-33A:
{
Air, 25°C >0 780 >0 ' >J >0 >0 >0
nm |
|
25°C, 263 50 780 A 50 50 50 50
hours, N, nm |
° 7
105°C, 142 50 80 50 50 50 50 50
hours, N, m
105°C, 369 l
hours, Na | -0 np >0 >0 >0 >0 >0
105°C, 1206
hours, N np >0 >0 >0 >0
210°C, 120
hours, N np >0 >0 >0 >0
Che and NAu-1:
Glotch
(2012): Unheated | na na na 16 27 17 6
heating 100°C na na na 24 49 30 10




200°C na na na 21 18 28 9
300°C na na na 14 16 20 6
400°C na na na 3 12 6 3
500°C na na na 0 10 4 2
600°C na na na 0 6 2 1
700°C na na na 0 1 1 0
800°C na na na 0 0 0 0
900°C na na na 0 1 0 0
NAu-2:
Unheated | na na na T4 18 44 17
100°C na na na 5o 18 43 18
200°C na na na 2t 15 46 18
300°C na na na ‘ 29 7 42 15
400°C na na na | 2 11 7 10
500°C na na na ) 0 13 2 6
600°C na na na \ 0 15 0 9
700°C na na r.a 0 1 0 0
800°C na na na 0 0 0 0
900°C na na na 0 0 0 0
Gavin et al. Unshocked na na na >0 >0 >0 >0
(2013):
shock" 3.27 km/s n. na na >0 >0 >0 >0
Pre-impact 760 23 38 59 30 12
nm
10.2 GPa 790 18 26 47 21 10
nm
19.7 GPa Z?’r? 8 16 36 11 3
Friedlander et 280
al. (2015): 25.2 GPa 15 14 37 6 1
shock ng:)
30.6 GPa / 22 14 35 6 1
nm
34.6 GPa 790 10 7 21 1 0
nm
39.1 GPa 780 14 7 25 1 0
nm
Michalski et Unshocked na na na >0 >0 26 | >0
al. (2017):
10 GPa na na na >0 >0 20 | >0
shock
20 GPa na na na >0 >0 12 0




25 GPa na na na >0 >0 2 0
30 GPa na na na >0 >0 6 0
35 GPa na na na >0 >0 0 0
40 GPa na na na >0 >0 1 0
NON105:
<45 um 6 770 23 10 17 12 3
nm
45-90 pm 13 780 21 38 64 24 11
nm
90-106 18 | 780 24 &y 70 27 15
um nm
This study:
rain size -
8 106-212 22 780 35 56 80 34 21
um nm ‘
|
- |
212-430 20 780 3v ! 62 78 34 22
um nm
- on
430-1000 19 Vo 40 66 76 29 19
um am
Through
sapphire
window:
Ambient T° 2 780 5 4 6 3 2
nm
110°C np 2
180° C np 2
This study: 300° L np
heating
In air (no
window):
_ Ambient 6| 78 23 11 24 12 15
T nm
110°C 3(np 15 6 14 12 5
180° C 0| np 10 4 14 10 4
300° C 0| np 9 3 7 2 2
_ 770
This study: NON101 6 am 23 10 17 12 3
different
NON102 3(np 3 5 16 10 4




nontronites 780

(all <45 pm) NON103 18 nm 4 7 12 15 5
NON104 5 780 13 24 46 20 8

nm
NON105 8 Z?no 14 28 51 19 7

Notes:

Band depths calculated as 1-Rb/Rc, where Rb is reflectance at the continuum-removed band center, Rc
is reflectance of the continuum at the same wavelength as Rb. Values taken to the nearest percent.

Abbreviations: na = wavelength range not covered; nb = no band; nd = relevant data not available; np =
no peak present.

2 Continuum located at ~550 to ~750 nm

® peak wavelength at point of maximum reflectance in the 780 nn reg.»n, if distinct peak is present, to
closest 10 nm.

¢ Continuum located at ~750 to ~1200 nm

4 Continuum located at ~1300 to ~1450 nm
¢ Continuum located at ~1850 to ~2100 nm
f Continuum located at ~2250 and 2360 nm
& Continuum located at ~2350 to ~2450 nm

h Published spectra used. Spectra were c¢{f et ior clarity, so absolute band depths not known. Band
depth values are relative to the ini,~ated sample, for which normalized band depth values of one
(100%) were assigned.

"Published spectra used. Spect-a w.."e offset for clarity, so absolute band depths not known.



Table 6. C-TAPE and RELAB database spectral search of minerals with ~2280 and 2320 nm absorption

band.
Sample Sam | XRD phases Fe203 | FeO | Fe203T 2280 2320 Notes
type ple identified (wt.%) | (wt. nm nm
ID %)
(all Fe band band
reported as | depth depth
Fe203) (%) (%)
Allophane | ALLO | Allophane + 0.15 0 0.15 0 0
01 amorphous
Beidellite | BEI1 | Beidellite, + 5.24 0.18 5.44 0 0 Smectite
01 others
BEI1 | Beidellite + amorphous 2.05 0 0 Smectite
02 a—
Berthierin | BER1 | Berthierine 13.46 “hou de | 2 Fe-serpentine
e 01 | -
BER1 | Berthierine + 30.59 20.41 | 53.27 | cnoulde | 1 Fe-serpentine;
02 amorphous r band at 2340
N nm
Celadonit | CEL1 | Celadonite 18.19 | 3.57 22.16 0 8 Fe mica; band
e 01 o~ at 2300 nm
CEL1 | Celadonite; 9 1.25 7d.79 0 3 Fe mica; band
02 feldspar N at 2300 nm
Chamosit | CHM | Chamosite?, 9.62 4.:1 14.41 0 0 Fe-chlorite
e 101 | feldspar
CHM | Chamosite 2592 | 29.09 | 58.25 shoulde | 4 Fe-chlorite
102 N r
CHM | Chamosite, albite, | 2 8~ 1.91 4.94 1 (at 2 Fe-chlorite
103 quartz 2250
J nm)
Clinochlor | CLI1 | Clinochlore ‘ ~.23 5.96 | 10.85 2 10
e 01
(chlorite) X
CLI1 | Unknov n 11.49 | 4.84 | 16.87 3 8
02
CLI1 | Clinochicre 5.37 24.45 | 32.54 3 (at 10 (at
03 2270 2340
nm) nm)
Cronstedti | CRO | Cronstedtite 63.51 | 15.96 | 81.25 0 1 Fe-serpentine
te 101
CRO | Cronstedtite 52.79 | 26.79 | 82.56 0 3 Fe-serpentine
102
Glauconit | GLA | Siderite, goethite | 35.06 | 15.19 | 51.94 0 1 Fe-mica
e 101
GLA | Siderite quartz; + | 36.99 | 10.16 | 47.15 0 2 (at Fe-mica
102 others 2300
nm)
GLA | Glauconite, 16.06 | 1.51 17.74 shoulde | 4 Fe-mica
103 quartz r
maybe




GLA | Glauconite, mica 22.65 | 2.06 |24.94 shoulde | 8 Fe-mica
104 r
PIG3 | Glauconite + 0 3 Fe-mica
15 amorphous
component
PIG3 | Gypsum + other 0 0 Fe-mica
17 minor phases
PIG3 | Glauconite 0 3 Fe-mica
25
Greenalit | GRE | Greenalite 25.05 | 36.43 | 65.34 0 1(at Fe-serpentine
e 001 2350
nm)
GRE Hematite, 29 10.62 | 40.8 0 1 Fe-serpentine
002 chlorite,
muscovite -
Gyrolite GYR | Unknown ~hou de | 3
002
Halloysite | HAL | Halloysite + 0.44 0 0.44 r 1 Serpentine
001 | amorphous group
Hectorite | HEC | Hectorite, calcite, 0 11 (at Poorly
101 beidellite 2310 crystalline
o~ nm)
HEC | N/A shoulde | 7
102 A r
Hisingerit | HISO | Hisingerite + 30.53 O 30.53 shoulde | 2 Poorly
e 01 amorphous r crystalline Fe
clay
Iddinsite IDDO | Forsterite, 3.47 5.61 9.7 0 1 Fe clay
01 enstatite,
amphibole
lite ILL1 | Illite T_Z.bl 2,11 | 4.98 0 3 Smectite
01 ]
ILL1 | Hllite ' 4.44 1.31 | 5.9 0 4 Smectite
02 N
ILS1 | Illite 1.49 0.1 1.6 0 0 Smectite
03
ILS1 | lllite 2.19 0.48 | 2.72 0 0 Smectite
04
ILL1 | N/A 5.15 143 | 6.74 0 4 (at Smectite
05 2340
nm)
Kaolinite KAO | Kaolinite 0.36 0.32 | 0.72 0 3 Kaolinite-
101 serpentine
group
KAO | Kaolinite 0.08 0.41 | 0.54 0 2 Kaolinite-
102 serpentine
group
KAO | Kaolinite 0.26 0.02 | 0.28 0 0 Kaolinite-
103 serpentine
group




KAO | Kaolinite 0.62 0.48 | 1.15 0 0 Kaolinite-
104 serpentine
group
Laponite LAPO | N/A 1 15 (at Synthetic
01 2310 hectorite clay
nm)
Lepidolite | LEP1 | Mica 1943 | 861 | 29 0 2 Fe mica
01
Minnesot | MIN | Minnesotaite, 11.78 27.35 | 42.18 0 1 Fe talc
aite 001 quartz, siderite
MIN | Greenalite + 5.12 30.37 | 37.78 0 1 Fe talc
002 | others
MIN | Quartz, hematite, | 26.7 9.75 | 37.54 1/at 1 (at Fe talc
003 | chlorite 2210 2370
vl nm)
Montmori | MO Montmorillonite 5.65 0.26 | 5.94 1 0 Smectite
llonite N10
1
MO Montmorillonite 0.21 405 |4.71 0 0 Smectite
N10
2 p_
MO Montmorillonite 5.19 0 T 1y 0 0 Smectite
N10 | +amorphous
3 —
Neotocite | NEO | Quartz, 0.28 0 1 0.28 0 5 (at Amorphous
101 | amorphous 2360 clay
component nm)
NEO | N/A 0 7 (at Amorphous
102 2360 clay
nm)
Nontronit | NON | Nontronite, -‘_22.38 0.79 22.96 9 0 Fe smectite
e 101 | quartz |
NON | Nontronite, tr.-e ''29.13 0.48 29.66 7 0 Fe smectite
102 quartz |
NON | Nontrorite, 34.15 0.65 34.87 5 0 Fe smectite
103 | amro. ~he < race
talc
NON | Nontru.ite, 35.2 0.17 35.39 12 0 Fe smectite
104 | amorphous,
goethite
NON | Nontronite, 33.13 0.14 33.29 8 0 Fe smectite
105 | amorphous
Palygorski | PLY1 | quartz; calcite 1.16 0 1.16 0 0 Palygorskite
te 01 group
phyllosilicate
PLY1 | N/A 0 0 Palygorskite
02 group
phyllosilicate
Saponite SAP1 | Saponite, feldspar | 7.29 039 | 7.72 0 0 Smectite
01
SAP1 | Saponite 0.42 0.54 | 0.96 shoulde | 18 Smectite
02 amphibole r




SAP1 | Saponite 14.25 | 3.94 | 18.63 5 Smectite
03
SAP1 | N/A 1.55 1.06 shoulde | 20 Smectite
04 r
SAP1 | Saponite + others | 1.86 0.08 | 1.95 shoulde | 8 Smectite
05 r

Sepiolite SEP1 | Sepiolite, calcite 1.41 0 0 6 Sepiolite group
01
SEP1 | N/A shoulde | 9 Sepiolite group
02 r
SEP1 | Sepiolite + other phases 0 4 Sepiolite group
03

Serpentin | SRP1 | Serpentine 2.05 1.36 | 3.56 shoulde | 8 Serpentine

e 01 r group
SRP1 | Serpentine, 2.39 0.29 2.71 snctlac | 5 Serpentine
02 quartz L group
SRP1 | Serpentine 10.11 | 1.34 | 11.6 ~houlde | 6 Serpentine
04 group
SRP1 | Serpentine 0.71 134 |22 2 20 Serpentine
05 group
SRP1 | Serpentine, 7.28 1.6 9.06 shoulde | 4 Serpentine
06 magnetite £ r group
SRP1 | Serpentine, 5.66 3.73 .7 shoulde | 3 Serpentine
07 augite N\ r group
SRP1 | Serpentine, 9.18 3 12.51 shoulde | 4 Serpentine
08 augite r group
SRP1 | Serpentine 4.z 3. 8.34 shoulde | 8 Serpentine
09 ~ r group
SRP1 | Serpentine €5. 1237 |9.14 shoulde | 7 Serpentine
10 r group
SRP1 | Serpentine -’_4.86 272 | 7.9 shoulde | 6 Serpentine
11 [ | r group
SRP1 | Serpentine [ 5.27 2.87 | 8.46 shoulde | 6 Serpentine
12 N r group
SRP1 | Serpen' ne 10.1 0.25 | 10.38 shoulde | 7 Serpentine
13 r group
SRP1 | Serpenti e 6.76 1.08 | 7.96 shoulde | 8 Serpentine
14 r group
SRP1 | Serpentine, 6.7 2.63 | 9.62 shoulde | 5 Serpentine
15 magnesite r group
SRP1 | Serpentine, 3.71 5.51 | 9.83 shoulde | 5 Serpentine
16 forsterite r group
SRP1 | Serpentine 6.8 2.51 | 9.59 shoulde | 5 Serpentine
17 r group
SRP1 | Serpentine 3.23 0.58 | 3.87 shoulde | 11 Serpentine
18 r group
SRP1 | Serpentine 3.04 1.78 5.02 1 8 Serpentine
19 group
SRP1 | Serpentine 5.64 3.19 9.19 1 10 Serpentine
20 group




SRP1 | Serpentine, 7.32 2.29 9.86 shoulde | 2 Serpentine
21 chromite r group
SRP1 | Serpentine, + 7.3 2.26 | 9.81 shoulde | 5 Serpentine
22 others r group
SRP1 | Serpentine,chrom | 7.09 2.85 | 10.26 shoulde | 4 Serpentine
23 ite r group
Talc TALO | Talc 0.55 0.43 | 10.3 23 30 Talc group
01
TALO | Talc 5 15 Talc group
02
Tochilinite | TOC | Serpentine 7.21 1 9
101
Vermiculit | VER | Unknown 18.8 0.79 19.68 0 5 Smectite
e 101
VER | Unknown 9.14 0.99 10.24 s 5 Smectite
102 |
VER | Biotite/phlogopit | 4.52 5.02 | 10.1 3 7 Smectite
103 e
Amphibol | AMP | N/A 7.67 0 7.67 shoulde | 8
e 106 r
Hydroxide | OOH | Gibbsite 0.54 14 (at 2 Gibbsite-rich
s 001 2270 bauxite
4 nm)
OOH | Gibbsite 755 11(at |1 Gibbsite-rich
002 2270 bauxite
nm)
OOH | Goethite 96.7 | 0.43 0 0
003 N
OOH | Gibbsite 0.08 14 (at 1
004 2270
_‘ nm)
OOH | Boehmite, ‘ 16 1 (at 3
005 | goethite 2270
N nm)
OOH | Mangar ite 0.03 0 0
006
OOH | Diaspore 0.13 shoulde | 3
007 r
OOH | Diaspore 0.27 0 0
008
OOH | Diaspore 1.15 0 0
009
OOH | Diaspore+boehmite, 18.71 1 0
010 hematite
OOH | Diaspore 0.12 0 0
011
OOH | Diaspore 0.62 0 0
012
OOH | Diaspore 0.49 0 0
013




OOH | Brucite 2 (at 15 Brucite
022 2270
nm)
OOH | N/A 0.22 1 (at 10 Brucite
032 2270
nm)
OOH | N/A 0.3 3 15 Brucite
034
OOH | Goethite 0 0 Goethite
035
Fe Ferrihydrite 0 0 RELAB archive -
oxyhydrox 1 spectrum
ides
Goethite 0 0 RELAB archive -
- 1 spectrum
Maghemite 1 0 RELAB archive -
4 spectra
Lepidocrocite r 0 RELAB archive -
4 spectra
Schwertmannite 0 0 RELAB archive -
3 spectra
Ferrihydrite 0 0 RELAB archive -
f 2 spectra
Akaganeite <I 0 2 RELAB archive -
1 spectrum
Ferroxyhyte 0 0 RELAB archive -
1 spectrum
Notes:

Shoulder: inflection point present in spectr i, . ~nad depth is <1%

2280 nm band: band depth measured re! tive *J a straight line continuum between ~2250 and ~2300 nm
2320 band: band depth measured rela. ve to a straight line continuum between ~2270 and 2360 nm
N/A: not analyzed.




Table 7. Summary of previous relevant studies and this study.

Source Experimental conditions Spectral results/findings | Notes
Bosloughet | e Shock experiments; 18-30 GPa e Color change from e Some bound water
al. (1980) and | ¢ <63 pum nontronite powder, green to brown lost due to shock-
Weldonetal. | pressed into cylinder e Absorbance increases induced heating
(1982) e 400-2500 nm absorption spectra | « Reduction in 1400 e Decrease in lattice
e Shock experiments conducted in and 1900 nm constant along c-axis
ambient air. hydration and 2320 e Change in
e Samples heated to 150°C in dry nm FeOH band coordination of Fe3*
N prior to spectral measurements depths
e Samples also analyzed by XRD,
Mossbauer spectroscopy and
optical microscopy. N
Weldon et al. | e Nontronite heated in air and e Samples heatxd n e Partial
(1982) reducing environment to 350° and reducing e~ ‘it inent dehydroxylation and
550°C for 30 minute intervals became o rker faster change in octahedral
e Shocked between 180 and 300 than th:v became site coordination
kbar redc’e
e San e became
_recder a.d darker
Cloutisetal. | e <45 pm nontronite powder » O5)nmFeOHband |e
(2007) (NON101) persists at Mars
e 350-2500 nm wavelength rar.ges pressures; disappears
e 5 Torr (660 Pa) CO; for 14 ./, at milliTorr pressures
followed by additional 7 “ays wiu | ® 750 nm peak shifts to
UV irradiation, followed hy 25 slightly longer
days at ~10 milliTorr (2w + 2} wavelength, becomes
e Sample analyzed b ‘R, XRF, shoulder at milliTorr
and wet chemistry pressures
¢ Reduction in 1400
and 1900 nm
hydration band depths
e ~2280 and 2400 nm
FeOH bands
unaffected
e Spectrum below
~1400 nm becomes
flatter at milliTorr
pressure
Gavinand e <63 um nontronite powder e Reduction in 1400 e Interlayer water lost
Chevrier e 1000-2500 nm and 1.4-28.6 um and 1900 nm above ~400°C
(2010) wavelength ranges hydration band e Layered structure
e 395°-1130°C heating for 4-24 depths, disappear at lost by ~475°C.
hours under air or continuous CO,. | different temperatures | e Intermediate
e Sample analyzed by XRD and for different anhydrous phase
samples; generally forms between 400
above 500°C. and 700°C
e 2280 nm FeOH band | e Nanocrystalline
disappears by 395° C. | high-temperature




e 2400 nm FeOH band
disappears by 400-
600°C

phases formed
between 700° and
1000° C.

Air versus CO,
results similar above
1100 nm

Morrisetal. | e <38 um and <150 um nontronite | e spectra become darker | o Interlayer water lost
(2010) powders (2 different samples) and redder with above ~210°C;
¢ 350-2500 nm wavelength range increasing smectite structure
e Stepwise heating to 50°, 105°, temperature, retained
and 210°C for variable lengths of | ¢ Fe** bands below  No Fe?* produced
time ~1000 nm broaden,
e Ambient pressure, purged with bands disappee
dry N2. between 105 and
e Samples also analyzed by XRD 210°C.
and Mossbauer spectroscopy * 650 nm ber? &2 750
nm maxii \um Jecome
indistii.~t at L05°C
e Los,on 1490 and
190v ", hydration
ba ds a. 210°C
e 2230 and 2400 nm
 <OH bands persist to
f 210°C
Che and e <2 Um nontronite powders (- o Loss of 1400 nm band | ¢ Shapes, minima and
Glotch (2012) | samples), pressed into pe'lets by 400° C. maxima in DSC
e 1200-2500 nmand 7.1-100 ;'m e 1400 nm hydration traces vary for
wavelength ranges band disappears different nontronite
e Stepwise heating: 2+ "ou., each between 300 and samples.
to 100, 200, 300, Au 50u, 600, 400°C e DSC endotherm at
700, 800, and 90u . e 1900 nm hydration 109 or 134°C
e Ambient terrestr,~l atmospheric band lost between 600 | ¢ No new spectral
pressure, pr'eaed t, remove CO; and 700°C bands produced with
and water /apc - for spectral e 2280 and 2400 nm increasing
measure:. . FeOH bands largely temperature
e Samples ~.s0 analyzed by unchanged to 300°C,
differential scanning calorimetry weaken and disappear
by 700°C.
Gavin et al. ¢ Shock experiments; 2.07-3.27 e 1400 and 1900 nm e Sample underwent
(2013) km/s projectile velocities; hydration bands partial structural

corresponding to 80-137° C
average temperatures, 220-524° C
peak temperatures, 0.9-1.6 GPa
average pressures, and 5.4-17.5
GPa peak pressures

e <63 um nontronite powder

e 1000-2500 nm and 1.4-28.6 um
wavelength ranges

e Shock experiments conducted in

increase slightly in
depth

¢ New band seen at
2100 nm

e 2280 and 2400 nm
FeOH bands
unchanged.

¢ No color change
observed.

deformation or
amorphization
Mid-infrared
spectral changes
greater than vis-NIR
spectral changes




ambient air.
e Samples heated to 150°C in dry
N2 prior to spectral measurements
e Samples also analyzed by XRD,
Raman spectroscopy, and
cathodoluminescence.

Friedlander
et al. (2015)

e Shock experiments; 0.9-1.3 km/s
projectile velocities; corresponding
t0 10.2-39.1 GPa peak pressures

e <2 1m nontronite powder,
pressed into pellets

e 350-2500 nm and 2.5-50 um
wavelength range

e Samples also analyzed by Raman,
TEM, XRD, and Mossbauer
spectroscopy

e 650 nm band largely
disappears by 10.2
GPa; spectra become
redder up to 34.6 GPa

e 750 nm local
maximum present to
maximum shoc <
pressure

e Below ~100C nm,
Fe**-associutau
absorptio." bar ds
becomv hroader and
mer e Jhove 19.7
GPa

e 14,0 anu 1900 nm
"1y ration bands
present to maximum
pressure (39.1 GPa),
but weaken

e 2165 and 2210 nm
AIOH bands
disappears at 25.2
GPa and re-emerges
as a single band at
34.6 GPa

e 2280 nm FeOH band
shifts to shorter
wavelengths; 2400
nm FeOH band shifts
to longer wavelengths
and both disappears
by 34.6 GPa

e Samples can become
structurally
deformed and
partially
dehydroxylated.

e Fe** site becomes
distorted and partial
OH group loss

¢ Highest shock
pressure results in
largely amorphous
material

Michalski et
al. (2017)

e Shock experiments; in air; ~10-40
GPa peak pressures

e <2 um nontronite powder,
pressed into pellets (70 MPa
pressure)

¢ 350-2500 nm wavelength range

e Samples also analyzed by TEM,
XRD, and Mossbauer
spectroscopy

e 1400 and 1900 nm
hydration bands
present to maximum
pressure (40 GPa), but
generally weaken

e 2165 and 2210 nm
AIOH bands
disappear between 10
and 20 GPa and re-
emerge as a single
band at higher shock
pressures




e 2290 nm FeOH band

lost between 10 and
20 GPa; 2400 nm
FeOH band lost by
~10 GPa

This study e <45 pum nontronite powder <1000 nm Fe** bands
(NON101) persist; largely
¢ 350-2500 nm wavelength range unchanged
e 5 Torr (660 Pa) CO; for 7 days Reduction in 1400
e Sample analyzed by XRD, XRF, and 1900 nm
and wet chemistry hydration band depths
~2280 and 2400 nm
FeOH bands
unaffected N
This study e <45 pum nontronite powders Grain size in reas»
(NON101-NON105) reduces 0V'c.”h
e Multiple grain sizes of NON105 reflectanc ~:
¢ 350-2500 nm wavelength range No mea.tirable
diff :rei.~es in Fe**-
assou~ted absorption
ha.ids beiow 1000 nm
~C variation in
pusition of 2280 and
/- 2400 nm FeOH bands
This study e <45 um nontronite powders 650 nm Fe**-

(NON101)

e 350-2500 nm wavelength ra.qe
e 1 week each at 110°, 13r.°(., and
300°C in ~40 Torr (“ol Fu) CO2
e Sample analyzed by XRD, XRF

and wet chemistry

associated band and
local maximum near
750 nm disappear by
110°C

Spectrum below
~1400 nm becomes
flatter

Spectra above 1400
nm generally become
redder

Reduction in 1400
and 1900 nm
hydration band depths
~2280 and 2400 nm
FeOH bands persist
but become shallower
Hematite-like spectral
features start to
appear between 180
and 300°C; i.e.,
steeper slope below
700 nm and
absorption band near
830 nm




Highlights:

e A suite of nontronite samples was characterized compositionally, structurally, and by
reflectance spectroscopy

¢ Nontronite reflectance spectra are characterized by several diagnostic Fe-OH absorption
bands, particularly in the 2280 and ~2400 nm regions

e The 2280 nm absorption feature and the absence of a strong ~2320 nm absorption band are
unique to nontronites

e Heating up to 300°C in a Mars-like atmosphere demonstrates the spectral robustness of
the ~2280-2290 nm absorption feature



