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Abstract: 15 

Oxia Planum is a Noachian plain on Mars. It was chosen as the final landing site for in-situ 16 

studies by ExoMars 2022 rover. Main scientific objectives of the mission are to understand the 17 

mineralogy and aqueous evolution of ancient Mars with relevance to habitability. Oxia is 18 

covered by vast deposits of Fe,Mg-phyllosilicates, but the exact nature of these deposits is not 19 

yet fully understood. We performed a survey of potential terrestrial analogue rocks and here we 20 

show combined mineralogical characterization of these rocks with their NIR spectral analysis. 21 

Samples from two terrestrial sites were studied: 1) vermiculitized chlorite-schists from Otago, 22 

New Zealand, which underwent an alteration process without significant oxidation; and 2) 23 

basaltic tuffs from Granby, Massachusetts, USA, with Fe-rich clays filling amygdales of 24 

supposedly hydrothermal origin. Both analogues are incorporated into the newly built Planetary 25 

Terrestrial Analogue Library (PTAL) collection. 26 

Oxia bedrock clay-rich deposits are spectrally matched best by a well crystallized 27 

trioctahedral vermiculite-saponite mixture from the basaltic tuff, although the contribution of 28 

saponite must be minor. 29 

Otago vermiculite is a good analogue to Oxia vermiculite in terms of overall mineralogy 30 

and Fe content. However, spectral inconsistencies related to the Al content in the Otago clays 31 

indicate that illitization of vermiculite, which results from post-alteration oxidation, did not 32 

occur at Oxia. This implies limited water-rock interactions and reducing conditions during 33 

deposition of sediments now constituting the bedrock at Oxia. 34 

Whereas the spectral match does not conclusively imply the mineralogy, trioctahedral 35 

vermiculite should be considered as a likely mineral component of the bedrock unit at Oxia 36 
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Planum. Vermiculite has great potential to store organic matter and the post-deposition 37 

geological context of Oxia Planum derived from understanding of environmental conditions in 38 

analogue sites is promising for organic matter preservation. 39 

 40 

1. Introduction 41 

In 2022, the European Space Agency (ESA) in cooperation with the Russian State 42 

Corporation for Space Activities (Roscosmos) will launch the ExoMars mission to land rover 43 

Rosalind Franklin on Mars. Oxia Planum, a wide, low-lying plain located at the Martian 44 

dichotomy on the margins of the Chryse Planitia basin, between Mawrth and Ares Valles was 45 

selected as the final landing site for the rover. Geomorphological features of this plain and 46 

mineral exposures interpreted to be clay minerals (phyllosilicates) at the site indicate an old and 47 

complex history of aqueous alteration (Quantin-Nataf et al., 2020). The minerals present in the 48 

landing site region suggest an environment that supports (if not favours) accumulation and 49 

preservation of organic matter (Farmer and Des Marais, 1999). Therefore, in-situ studies of 50 

Oxia Planum are expected to answer scientific questions posed by the ExoMars 2022 mission 51 

pertaining to the history of water and the geochemical environment in the shallow Martian 52 

subsurface, and address the ancient and present habitability of the planet (Vago et al., 2017; 53 

Quantin-Nataf et al., 2020). 54 

Remote sensing observations were used to choose a landing ellipse (~19 x 120 km) 55 

comprising 70% of  middle- to late-Noachian (>3.9 Ga) in age, stratified bedrock deposits rich 56 

in hydrous Fe,Mg-clays (Carter et al., 2016, Turner and Bridges, 2017, Quantin-Nataf et al., 57 

2020, Mandon et al., 2021). The bedrock unit is one of the largest exposures of this type on 58 

Mars and is more than 50 m thick (Quantin-Nataf et al., 2020), although the exact amount of 59 

clays in this region is not fully recognized from the orbit. The origin of such voluminous Fe,Mg-60 

phyllosilicates deposits is not yet fully understood. Layering within the deposits reported by 61 

Mandon et al. (2021), and draping of the topography documented by Quantin-Nataf et al. (2020) 62 

suggest that the bedrock phyllosilicates formed either in a subaqueous environment (palustrine, 63 

lacustrine or marine), or either in subaerial conditions compatible with airborne volcaniclastics 64 

altered by pedogenesis, or via aeolian deposits. Furthermore, geomorphological features 65 

indicate that postdating deposition of the bedrock unit, a separate aqueous event occurred in 66 

this place, most likely connected to fluvial and deltaic activity (Turner and Bridges, 2017; 67 

Quantin-Nataf et al., 2020). Understanding of environmental conditions and processes involved 68 

in the formation of the bedrock unit could be enhanced by better characterizing the mineralogy 69 

of the deposits. The exact identification of Fe,Mg-phyllosilicates remains uncertain, however. 70 
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In order to better prepare for scientific return of the ExoMars 2022 rover mission, understanding 71 

the mineralogical nature of bedrock deposits related to aqueous events is desired as this may 72 

hold clues for both habitability potential and biosignature preservation. Before landing, studies 73 

of terrestrial analogue sites provide promising approach to evaluate potential formation 74 

scenarios of bedrock, which can be verified by the measurements of onboard instruments of the 75 

Rosalind Franklin rover.  76 

In this report, we present a survey of terrestrial rocks that are potential spectral 77 

analogues to Oxia Planum bedrock deposits. We characterize their mineralogy, reconstruct the 78 

aqueous conditions during their formation and by this, provide constraints for water-rock 79 

interactions at Oxia Planum to assess the biosignature preservation potential. Although the 80 

spectral analogy never implies exact parallelism in processes of deposit formation, 81 

identification of specific minerals can shed light on recorded alterations, making some 82 

processes likely or unlikely. The collected analogues have been added to the Planetary 83 

Terrestrial Analogue Library collection (www.ptal.eu), which is built with the overarching goal 84 

of providing the scientific community with terrestrial analogue rocks that support interpretation 85 

of in-situ Martian missions (Dypvik et al., in review PSS). 86 

2. NIR characterization of bedrock deposits at Oxia 87 

Oxia Planum bedrock deposits, when characterized in the near infrared by CRISM 88 

(Compact Reconnaissance Imaging Spectrometer for Mars) and OMEGA (Observatoire pour 89 

la Minéralogie, l’Eau, les Glaces et l’Activité) instruments, exhibit signals of a large and deep 90 

absorption near 1.00 µm, creating a positive slope from ~1.0 μm to ~1.8 μm, a small V-shaped 91 

absorption near 1.41–1.44 µm, a large and deep V-shaped absorption near 1.92 µm, a deep 92 

absorption near 2.31–2.32 µm, a weak absorption near 2.38-2.41 μm (which sometimes is 93 

manifested only as change of slope) and a large and deep absorption near 2.90-2.95 μm (Table 94 

1). The continuum of the spectrum is influenced mainly by the three absorptions near 1.00 µm, 95 

2.30 µm and 2.90 µm (Fig. 1). A weak absorption near 2.20 µm is possibly observed by 96 

OMEGA, but is not confidently identified with CRISM and a band is sometimes present near 97 

2.5 µm. The latter have been attributed to a possible additional mineral locally present at the 98 

site. 99 

Attribution of specific absorptions to electronic transition, stretching and bending-related 100 

vibrations enables interpretation of a NIR spectrum and can provide information on mineral 101 

composition and the nature of the phyllosilicate material (Table 1). Based on the above 102 

attribution of absorptions, spectral features of Oxia bedrock clay deposits suggest the presence 103 

http://www.ptal.eu/
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of Fe,Mg-rich phyllosilicates with significant amounts of Fe2+ in octahedral sites (i.e., the 104 

phyllosilicates are mostly trioctahedral). The position of the band near 1.00 µm and 1.41–1.42 105 

µm suggests an Fe2+-rich clay component; the position and shoulder slope of the band near 2.30 106 

μm, together with the 2.39 µm band suggest mainly a trioctahedral nature of clays (Fe2+ and 107 

Mg2+); and an occasional weak band near 2.20–2.23 µm (Al and Al + Fe3+) would indicate that 108 

a dioctahedral component may co-exist. Together with the plateau-shaped absorption near 2.30 109 

μm linked to a complex mixture of Fe,Mg-OH, it can be inferred that bedrock deposits at Oxia 110 

Planum consist of mixed-layer clay minerals rich in Fe and Mg, but the presence of Al is 111 

disputable. The spectral features are consistent with either smectite clays (Fe2+-rich saponite), 112 

or vermiculite (Carter et al., 2016). Mica or interstratified mica and vermiculite are also 113 

possible. Carter et al. (2016) considered vermiculite the better interpretation, despite library 114 

spectra of vermiculite currently available that do not provide a perfect match for the 115 

phyllosilicates tentatively identified at Oxia Planum (Fig. 1). Therefore, we set out to find the 116 

best terrestrial spectral analogue material, which provides the main characteristics of the Oxia 117 

Planum bedrock deposits, namely natural terrestrial Fe-rich, trioctahedral vermiculite. 118 

 119 

3. Survey of best terrestrial analogues with vermiculite-like minerals  120 

Lack of full consistency between the NIR library spectra of terrestrial vermiculite and NIR 121 

spectra of Oxia bedrock clay deposits may be the result of monomineralic terrestrial (or 122 

synthetic) standards used as a comparison. In such cases, overlapping vibrational absorption 123 

features of mixed mineral phases of natural rocks are missing. Therefore, it can be challenging 124 

to compare library and natural rock spectra. This cannot be assessed in a simple way. To 125 

overcome this issue, spectra of natural terrestrial rocks, potentially best matching the original 126 

exposures, should be used for comparison (e.g., Veneranda et al., 2019; Lantz et al., 2020; 127 

Dypvik et al., in review). Imperfect spectral matches can also result from the variable chemical 128 

and physical nature of natural vermiculite, which often occurs interstratified with chlorite, illite 129 

and smectite, the effects of which on spectral appearance is not fully understood (Campos et 130 

al., 2009). 131 

In order to assess the spectral analogy of Oxia Planum phyllosilicates to natural vermiculite-132 

bearing rocks, we have identified terrestrial deposits of Fe-rich, trioctahedral vermiculite, and 133 

in this paper we present their mineralogical description and NIR spectral characterization.  134 

Based on NIR spectra of Oxia Planum bedrock phyllosilicates, our search for the best 135 

terrestrial analogues focused on the following requirements: (1) vermiculite must be mainly 136 

trioctahedral, which implies minor Al in octahedral sites and minimal oxidation of octahedral 137 
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Fe; (2) vermiculite occurs as a mixed-layer clay, some minor substitution of Al may exist in its 138 

structure; and (3) vermiculite is Fe2+-rich as opposed to Fe3+-rich. 139 

 140 

3.1. Vermiculite structural types and formation pathways 141 

Vermiculite is a mica-type phyllosilicate with a 2:1, TOT structure. Vermiculite can occur 142 

in two main structural types (Fig. 2): (1) dioctahedral, aluminuous vermiculite with two Al3+ 143 

cations dominating in octahedral sites and tetrahedral Si4+ partially replaced by Al3+; and (2) 144 

trioctahedral, siliceous vermiculite in which three Fe2+ and Mg2+ occupy octahedral sites and 145 

tetrahedral positions are occupied almost exclusively by Si4+. Further complexities in the 146 

structure, however, may occur when octahedral iron is oxidized causing expulsion of octahedral 147 

cations to maintain charge balance and (partial) transformation of the structure from 148 

trioctahedral to dioctahedral (Fig. 2). 149 

Vermiculite is an alteration product and both its chemistry and structure are inherited from 150 

the primary minerals from which it is derived. Vermiculite forms via alteration of micas such 151 

as muscovite, phlogopite-biotite-annite and chlorite (Fig. 2). Vermiculitization progresses 152 

mainly via removal of interlayer potassium ions from micas (Gordeeva et al., 2002) or by 153 

dissolution of the gibbsite-like or brucite-like layers from chlorite, and their replacement by 154 

Mg2+ and water molecules in interlayer sites (Fig. 2, Wey and LeDred, 1972; Velde and 155 

Meunier, 2008). As such, vermiculitization of muscovite leads to the formation of dioctahedral, 156 

aluminous vermiculite, while vermiculitization of biotite and chlorite has the potential to form 157 

a trioctahedral, Fe,Mg-rich variety (Gordeeva et al., 2002). Alteration of biotite and chlorite in 158 

an oxidizing environment, however, may lead to formation of dioctahedral vermiculite via 159 

oxidation of octahedral Fe2+ to Fe3+ (Gilkes et al. 1972).  160 

In the case of chlorite weathering, vermiculitization occurs through a series of mixed-layer 161 

minerals (Makubmi and Herbillon, 1972; Velde and Meunier, 2008). Typically, in terrestrial 162 

conditions, vermiculitization of chlorites is associated with oxidation of Fe2+ cations in 163 

octahedral sites. The Mg2+ cations are widely leached out from the octahedral and brucite-like 164 

sheets leading to relative enrichment in Si and Al (Ross and Kodama, 1976; Proust et al., 1986). 165 

Oxidation of octahedral Fe2+ considerably changes the charge of the octahedral sheet and causes 166 

removal of Mg and/or Fe cations from site. This transforms the trioctahedral nature of the 167 

phyllosilicate to a dioctahedral one (Proust et al., 1986) and leads to the formation of a series 168 

of di- and tri- octahedral mixed layer minerals (Murakami et al., 1996).  169 

Due to oxidative conditions prevailing during terrestrial weathering, most naturally 170 

occurring vermiculites have, in fact, a quite low Fe2+/Fe3+ ratio and therefore are mainly 171 
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dioctahedral (Newman and Brown, 1987). As such these vermiculites cannot serve as a good 172 

analogue for Oxia Planum bedrock deposits. However, as shown in laboratory experiments 173 

(Murakami et al., 2004; Sugimori et al., 2009), anoxic conditions during biotite or chlorite 174 

alteration can favour formation of Fe2+-rich, trioctahedral vermiculite. Therefore, our search for 175 

possible vermiculite-bearing analogues for Oxia Planum bedrock deposits was designed to 176 

search for vermiculite that formed in environments that escaped extensive oxidation. 177 

 178 

3.2. Terrestrial vermiculite deposits 179 
 180 

In terrestrial conditions, vermiculite can be found in various geological environments that 181 

are relevant to supergene alteration of mica-bearing protolith rocks. Formation of vermiculite 182 

is generally attributed to low-temperature weathering processes (Basset, 1959; Fanning et al., 183 

1989) but higher-temperature, hydrothermal conditions cannot be fully excluded from leading 184 

to vermiculitization (e.g., Ruiz Cruz, 1999), although debated (Basset, 1959). 185 

The largest terrestrial vermiculite deposits are associated with altered Mg-rich phlogopite-186 

bearing igneous or metamorphic rocks. These include worldwide deposits such as: Libby in 187 

Montana, USA (Basset 1959; Vam Gosen and Bush, 2001), Loolekoop, Phalaborwa, South 188 

Africa (Schoeman, 1989), or Kovdor massif, Kola Peninsula in Russia (Krasnova et al., 2004). 189 

Vermiculites in these locations are trioctahedral but have low Fe/Mg ratios, and, as such, are 190 

not expected to be good mineralogical matches for Oxia Planum. 191 

As for our knowledge, and based on literature reviews of vermiculite deposits, Fe-rich 192 

vermiculite that formed under relatively anoxic conditions can be found in only two reported 193 

terrestrial localities. These are diagenetic clays in conglomerates formed in Otago schists, New 194 

Zealand (Craw et al., 1984; Craw et al. 1995; Kerr et al. 2017) and clay minerals filling 195 

amygdales in basaltic tuffs in the Granby Tuff, Connecticut, USA (April and Keller, 1992). The 196 

Otago clays formed after alteration of low-grade metamorphic chlorite (Craw et al., 1984) and 197 

clay in the Granby Tuff are of purportedly hydrothermal origin (April and Keller, 1992).  198 

The main goal of this report is to identify the best spectral analogues to the phyllosilicates 199 

at Oxia. Mineralogical analogies identified will be discussed, as far as possible, to further our 200 

understanding of the environmental conditions under which the bedrock unit at Oxia formed. 201 

Despite the fact that the origin of primary minerals (i.e. biotite and chlorite as vermiculite 202 

precursors) in the terrestrial analogue environments may not necessary imply the same origin 203 

at Oxia Planum, we highlight that both hydrothermal and low-grade metamorphic conditions 204 
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(as those recorded in Otago and Granby rocks) likely occurred on Noachian Mars and led to the 205 

formation of chlorite (e.g., Ehlmann et al., 2011, Semprich et al., 2019).  206 

 207 

3.2.1.  Otago schist geological context 208 

The Otago schists of southern New Zealand are greenschist-facies quartzo-feldspathic rocks 209 

(Bishop 1982; Mortensen et al., 2010) rich in Fe-rich chlorite, and phengitic muscovite, as well 210 

as low-grade metamorphic minerals such as pumpellyite actinolite, stilpnomelane and biotite 211 

(Brown, 1967; Malloch et al., 2017). Post-metamorphic uplift, mostly fault-controlled, has 212 

caused erosion under varying extensional and compressional tectonic regimes between 213 

Cretaceous and Holocene (Craw et al., 1995; Bishop and Turnbull, 1996, Els et al., 2002; 214 

Mortensen et al., 2010). Sediments containing schist clasts derived from fresh outcrops, locally 215 

deposited on unoxidized schist basement, have formed throughout this tectonic history (Craw 216 

1984; Craw et al. 1995). Rapid dynamics of individual uplift events accompanied by protracted 217 

erosion time permitted deposition and retention of non-oxidizing or mild oxidative conditions 218 

(Craw et al., 1984). Additionally, the sediments contain variable amounts of organic matter that 219 

includes dispersed carbonaceous plant debris and some interbedded coal seams, which 220 

maintained a low redox state in the sediments. Diagenetic pyrite or marcasite is common, and 221 

at least some of the sulfides are biogenic (Tostevin et al. 2017). 222 

Metamorphic chlorite remained unoxidized during erosion, transport and deposition in these 223 

deposits (Craw et al. 1995). However, diagenetic alteration of chlorite and associated muscovite 224 

has occurred as a result of interaction with groundwaters low in oxygen, causing transformation 225 

of the phyllosilicates to green Fe2+-bearing clay minerals in a compositional series from 226 

vermiculite to kaolinite (Craw, 1984; Craw et al., 1995). This alteration occurred mainly via 227 

direct replacement. These clay minerals are interlayered with each other, and with primary 228 

minerals and are 10-20 µm in size. The least altered minerals in this series are trioctahedral, 229 

where octahedral sites are dominated by Mg and Fe with at least two-thirds of the latter being 230 

Fe2+ (Craw 1984). Progressive alteration caused leaching of Fe and Mg and replacement by 231 

octahedral Al, leading to formation of dioctahedral clays.  Subsequent oxidation of the deposit 232 

after uplift and partial erosion has led to minor oxidation and transformation to dioctahedral 233 

clays. 234 

For this study, material from the Cretaceous Blue Spur Conglomerate (Craw et al., 1995; 235 

Kerr et al., 2017) was selected.  Groundwater alteration and cementation of the conglomerate 236 

has resulted in formation of diagenetic clays, including abundant green vermiculite (Craw et 237 

al., 1995; Kerr et al., 2017). Alteration was almost pervasive through even the largest clasts. 238 
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This alteration occurred partly via direct replacement of metamorphic phyllosilicates, and partly 239 

via clay re-precipitation as part of the cement. Phengitic muscovite has been illitized with some 240 

alteration proceeding to kaolinite. There has been minor oxidation of the deposit after uplift, 241 

with associated partial transformation of Fe2+ to Fe3+ (Craw et al., 1995; Kerr et al., 2017; 242 

Malloch et al. 2017). 243 

 244 

3.2.2. Granby Tuff geological context 245 

The Granby Basaltic Tuff formation is located in the Hartford rift basin of Connecticut and 246 

Massachusetts, USA, which is part of the Eastern North American Mesozoic Rift Valley 247 

system. The half-graben is filled with terrestrial sediments interspersed with basalt flows. The 248 

Granby Tuff itself consists of basalt flows, dikes and sills, well-bedded, grey-to-brown 249 

pyroclastic units and tuffaceous sandstones and agglomerates derived from volcanic debris 250 

(Robinson and Luttrell, 1985; Schlische, 1993). In places it contains zones of vesicular basalts 251 

that have amygdales filled with calcite and dark-brown clays (April and Keller, 1992).  252 

The clays filling the amygdales are of apparent hydrothermal origin, precipitated in gas 253 

vesicles from solutions generated by hydrothermal alteration of the basaltic tuff. The clays are 254 

well-crystallized, Fe-rich, and trioctahedral 2:1 minerals (April and Keller, 1992). The 255 

chemistry of the clay minerals would indicate that they comprise a monomineralic phase, likely 256 

saponite, similar as in other purportedly hydrothermal settings. However, the crystallographic 257 

data suggests that the clays are rather composed of an intimate mixture of saponite and a low-258 

charge clay mineral resembling vermiculite (April and Keller, 1992). The physical nature of the 259 

saponite-vermiculite in Granby Tuffs has not been determined so far. 260 

4. Samples and methods 261 

 262 

To verify spectral matches of these identified Fe-rich trioctahedral terrestrial vermiculites, 263 

we have collected samples from the Otago location and the Granby Tuff. Samples from Otago 264 

were collected from the Cretaceous Blue Spur Conglomerate formation, specifically from the 265 

location previously studied by Craw et al. (1995). The Blue Spur Conglomerate is a prominent 266 

member of the deposits accumulated along faults formed in the Otago region. Collected samples 267 

display a range from unoxidized diagenetic alteration to post-depositional oxidation of 268 

diagenetically altered rocks and include (1) lithic host rock clasts that represent greenschist 269 

facies fragments derived from the basement and scarps, (2) blue-green clay-dominated schists 270 
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with abundant vermiculite and (3) paler, oxidized rocks containing Al-phyllosilicates or Fe-271 

oxides, or both (Fig. 3). 272 

To analyze clays in the Granby Tuff basalts, we characterized the same samples that were 273 

previously studied by April and Keller (1992). Samples were collected from a Granby Basaltic 274 

Tuff exposure in the northern part of Hartford rift basin. The samples contain mm-sized vesicles 275 

infilled with clay minerals (Fig. 4) of purportedly hydrothermal origin. 276 

The samples were characterized by X-ray diffraction to understand their chemistry and 277 

structure and by NIR spectroscopy in order to provide further structural details and to assess 278 

the match to Oxia Planum bedrock clays. For the analysis, 2–3 g aliquots of each bulk sample 279 

were crushed and milled to coarse powders (grain size up to 500 µm) in an agate mill for 20 280 

minutes. A fraction of the coarse powder was then further milled with a micromill (McCrone 281 

Micronizer Mill) for 10 minutes to prepare the grain size suitable for XRD characterization 282 

(grain size below 65 µm). 283 

Bulk rock X-ray diffraction patterns were obtained using a D8 Advance diffractometer 284 

(Bruker) equipped with a Cu X-ray tube (wavelength 1.54 Å) and a LynxEye detector. The 285 

random powder mounts of the bulk samples were analyzed in a step scan mode from 2° to 65° 286 

2θ with a step increment in 2θ of 0.01° and a count time of 0.3 seconds per step. The mineral 287 

phases were identified with a DIFFRAC.EVA search-match module coupled with 288 

Crystallography open database and PDF-2.  289 

For more detailed characterization of phyllosilicates, the clay fraction (<2 μm) was 290 

separated from the bulk rocks following USGS procedures (Poppe et al., 2001) and analyzed 291 

by XRD. 0.5 g of each sample were crushed gently with a mortar and pestle, dissolved in 200 292 

ml of Na2CO3 for 24 hours to break up flocculated clay particles and agglomerates and the 293 

suspension was dispersed by sonification for 10 minutes. The clay fraction was separated from 294 

bulk minerals by gravimetric settling (based on flotation and Stoke’s law principles) in a beaker 295 

for 6 h. After that time, the supernatant was filtered and decanted. To prepare oriented mounts 296 

suitable for XRD analysis, the suspension was passed through a 0.45 μm filter and the clay 297 

fraction collected was placed on glass slides and allowed to dry.  298 

From prepared oriented mounts, clay minerals were identified by XRD in four analytical 299 

steps. First, air-dried samples were scanned with XRD and then solvated with ethylene glycol 300 

at 60°C for 24 hours. Such treatment allows for the identification of swelling clays by 301 

comparing the d-spacings of air-dried and glycolated samples. Swelling of clays and a shift to 302 

larger d-spacing related to swelling was identified by XRD. Next, samples were heated to 350°C 303 
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and to 550°C, respectively, to identify clays showing loses of interlayer water leading to a 304 

collapse of the structure and a decrease in d-spacing, and clays such as kaolinite that degrade at 305 

high temperature. XRD analysis was done in a step scan mode from 2° to 34° 2θ with a step 306 

increment in 2θ of 0.01° and a count time of 0.3 seconds per step. The specific clay minerals 307 

were identified based on the peak shifts revealed after each treatment. 308 

Near Infrared (NIR) spectra for each sample were collected using a reflectance spectrometer 309 

in the near-infrared (0.8–4.2 μm) mode. For this purpose, a Fourier Transform spectrometer 310 

(PerkinElmer Spectrum 100N FTNIR) was used. Analysis was performed under ambient 311 

temperature and pressure conditions. For the study of powdered samples, the spectral resolution 312 

was set to 4 cm-1. The collecting spot size of about 1 mm ensured a representative bulk 313 

characterization of all components of the powdered material. To calibrate the sample 314 

reflectance spectrum, reference spectra were acquired using an Infragold and a Spectralon 99% 315 

(Labsphere). An automated correcting mode on the instrument was used to better correct the 316 

OH signatures due to ambient air (slightly noisy data are spotted around 1.4, 1.9, and 2.7 μm). 317 

Noise present near 2.6 μm does not permit verification of absorption at 2.5 μm such as the one 318 

reported to exist locally at Oxia by Mandon et al. (2021).The spectra were processed using a 319 

procedure of continuum removal from 1.00 µm to 2.60 µm to compare our laboratory results 320 

with CRISM and OMEGA spectra, which are best interpreted by using this part of the signal. 321 

For the interpretation, we present the NIR spectral characteristic for each individual sample as 322 

well as a linear mixtures of various samples. The linear mixture was obtained by an addition of 323 

20 % of the signal of each sample independently of the wavelength, thus the mixture is qualified 324 

as linear. 325 

Both Otago and Granby samples have been added to the newly built analogue rock 326 

collection and database of Planetary Terrestrial Analogue Library (PTAL, www.ptal.eu) along 327 

with the analytical results performed on the samples and discussed in this paper. 328 

 329 

5. Results 330 

5.1. Otago schists 331 

5.1.1.  XRD characterization 332 

The five Otago schist samples reported here contain mostly primary detrital quartz and 333 

albite. Some of the samples (e.g., OT-3), contain additional primary metamorphic minerals such 334 

as pumpellyite and amphibole (Fig. 5). All five samples contain a variety of phyllosilicates and 335 

clay minerals, including micas (muscovite and illite), and expanding clays of the vermiculite, 336 

http://www.ptal.eu/
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smectite and chlorite groups. The most pronounced difference among the samples is the 337 

presence of amphibole and pumpellyite in sample OT-3, suggesting it is the least altered 338 

remnant of the metamorphosed schist. For the remaining samples, differences in the degree of 339 

alteration seem to be reflected only in the clay fraction content. 340 

The XRD patterns of oriented clay fraction separates are shown in Fig. 6. The Otago 341 

diffractograms differ in terms of the relative heights of peaks, but some general trends of 342 

swelling and collapse observed after treatments can be observed, as follows:  343 

 Peaks at 14Å in air-dried samples shift toward 17Å after glycolation and collapse to 344 

10Å after heating to 350°, indicating the presence of an expandable clay mineral. We 345 

interpret it as trioctahedral vermiculite, although it is possible that vermiculite is 346 

intergrown with smectite. 347 

 A fraction of the 14Å peak is retained after glycolation, but collapses to 12Å after 348 

heating to 350° and 550°. This is interpreted to show presence of dioctahedral 349 

vermiculite. 350 

 A wide shoulder at 10Å–14Å in air-dried samples shifts towards higher d-spacing values 351 

after glycolation and then collapses to 10Å with heat treatment. This feature suggests a 352 

mixture of expandable clays with a broad range of d-spacings, which is most likely 353 

interstratified illite-vermiculite. 354 

 A peak at 10Å remains broadly unchanged in all treatment stages. We interpret this as 355 

illitized muscovite or a similar mica component. 356 

 A peak at 7Å present in air-dried samples remains broadly unchanged after glycolation, 357 

but disappears after heating. This is characteristic of either chlorite or kaolinite, or both. 358 

In the case of Otago samples, the presence of chlorite is most likely. 359 

Based on the above interpretation, we infer that the least diagenetically altered sample (OT-360 

3) contains chlorite, interstratified illite-vermiculite and minor amounts of trioctahedral 361 

vermiculite and mica. The two mesoscopically green samples (OT-1 and OT-2, Fig. 3) contain 362 

significant amounts of illitized muscovite (sericite), trioctahedral vermiculite and interstratified 363 

illite-vermiculite. Chlorite is present, but is not significant. The mesoscopically whitish, pale 364 

samples OT-4 and OT-5 (Fig. 3) differ from the others in terms of vermiculite structure. They 365 

contain illitized muscovite, interstratified illite-vermiculite and dioctahedral vermiculite. 366 

Trioctahedral vermiculite is absent. A summary of the mineralogy of the samples is given in 367 

Table 2 and the XRD patterns are shown in Fig. 6. 368 

 369 
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5.1.2.  NIR spectra interpretation 370 

The NIR spectra of Otago samples are shown in Fig. 7 and absorption positions are listed 371 

in Table 3 (centers of absorption without continuum removed) and in Table 4 (centers of 372 

absorption with continuum removed from 1.00 µm to 2.60 µm). In NIR spectroscopy, all Otago 373 

samples show similar absorptions:  374 

 Near 0.96 µm, which can be attributed to electronic transition related to the presence of 375 

Fe2+ in phyllosilicate; 376 

 Near 1.42; 1.92; 2.78 or 2.83 µm, which can be attributed to presence of OH and H2O 377 

in the phyllosilicate component;  378 

 Near 2.20 µm attributed to Al-OH stretching and bending; 379 

 Near 2.30; 2.34; 2.45 µm, attributed to Fe,Mg-OH, Fe/Mg ratio and oxidation stage of 380 

octahedral Fe. The absorption near 2.45 µm is extremely weak and only visible in continuum 381 

removed spectra, therefore we do not interpret it further than for Fe/Mg ratio assessment, 382 

 An additional absorption can be distinguished near 2.25–2.26 µm, probably linked to 383 

AlFe-OH (King & Clark, 1989).  384 

Based on the features listed above, we interpret that all Otago samples contain substantial 385 

amount of Fe2+- and Mg2+-rich clay minerals with low amounts of Al3+, Al + Fe3+ and Fe3+ rich 386 

components in octahedral sites (see table 5 for details). A variety of absorptions distinguishable 387 

in the region between 2.00 µm and 2.60 µm can be interpreted towards understanding the 388 

diversity of clays present in the mixture. The Fe/Mg ratio is relatively high, although sample 389 

OT-3 is visibly more Mg-rich. When the continuum is removed, the absorption near 1.40 µm 390 

appears more complex; the absorption near 2.20 µm is shifted towards shorter wavelengths. 391 

Also, a distinct absorption is present near 2.30 µm and the absorptions near 2.40-2.50 µm and 392 

near 2.70-2.80 µm are shifted towards longer wavelengths. Most of these differences suggest 393 

additional components in this clay mixture, whereas the absorptions near 1.40-1.45 µm and 394 

2.70-2.80 µm can be linked to more absorbed H2O compared to other samples. 395 

To understand the di- versus trioctahedral nature of clays in the Otago samples, the 396 

absorptions attributed to the presence of Al are interpreted. The nature of clays in terms of their 397 

detailed Al3+, Al and Fe3+, and Fe2+ contents is provided in Table 5. Al-rich clays are present in 398 

samples OT-1 and OT-5, but are negligible in the other Otago samples. Instead, samples OT-2, 399 

OT-3 and OT-4 contain clays with Al+Fe3+ in their structure, while these are absent from OT-400 

1 and OT-5. Due to the complex nature of absorptions, full quantification of the spectra is 401 
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impossible. However, in Table 5 we list spectral features and interpret them towards 402 

understanding structural types and compositions of clay minerals in Otago samples. 403 

Since laboratory point spectra are not comparable to orbital data in terms of spatial 404 

coverage, a linear mixture of all Otago spectra (OT-M) was created.  This could mimic a 405 

mixture of the different types of samples seen at another scale. The obtained spectrum (OT-M) 406 

reveals absorptions suggestive that the dioctahedral component is less important than the 407 

trioctahedral (2.20 µm bands are less important than 2.30 µm bands) when compared to other 408 

Otago samples. But, both components are still clearly visible and this linear mixture does not 409 

change the general interpretations on Otago samples.  410 

 411 

The interpretation of the NIR spectra (Fig. 7, Table 3–5) corresponds reasonably well with 412 

XRD results (Fig. 6, Table 2) and the general nature of samples. Sample OT-3 contains 413 

metamorphic chlorite and is not extensively altered to secondary clay minerals, which agrees 414 

well with its spectral characteristic. The presence of Al and Al+Fe3+ in the clay structure shown 415 

by NIR agrees with the detection of mica-illite and interstratified illite-vermiculite in the 416 

samples. 417 

 418 

5.2. Granby tuffs 419 

5.2.1. XRD characterization 420 

Bulk samples of Granby tuff were characterized with XRD. The patterns reveal that all 421 

samples contain albite and augite as major rock-forming minerals. Ilmenite and minor amounts 422 

of zeolite are present as well (Fig. 8). The samples contain significant amounts of phyllosilicates 423 

and clay minerals represented by expanding clays of the vermiculite and smectite group, the 424 

chlorite group and possibly a mica-illite component. 425 

The XRD patterns of the oriented clay fraction separates (for two representative samples: 426 

GR-2 and GR-5) are presented in Fig. 9. The characteristic peak shifts are observed as listed 427 

below:  428 

 A peak at 14Å d-spacing in air-dried samples shifts toward 17Å with glycolation, and 429 

collapses to 10Å after heating to 350° and 550°, indicating an expanding clay mineral. 430 

We interpret this clay to be a trioctahedral vermiculite. The 001 peaks in diffractograms 431 

are associated with 00l reflections at 7Å and 8Å, indicating well the crystallized nature 432 

of the clay. The peak at 9.5Å appearing in sample GR-5 after heating to 550°C suggests 433 

the clay may be an interstratified mixture of two expandable clay minerals, which 434 
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collapse to different d-spacings. We infer that vermiculite is intergrown with saponite, 435 

a trioctahedral smectite. 436 

 A weak peak at 10Å (In GR-5 only) remains nearly unchanged in all treatment stages. 437 

We interpret this to represent a mica-type mineral, but a full characterization of its 438 

mineralogical properties is difficult. 439 

Based on the above interpretation, the clay fraction of the Granby basaltic tuff contains a 440 

well crystalline mixture of trioctahedral vermiculite and (likely) saponite. Notably, sample GR-441 

5 contains a larger amount of saponite than sample GR-2. A summary of the mineralogy of 442 

these samples is given in table 6 and XRD patterns of the clay fraction are shown in Fig. 9. 443 

 444 

5.2.2. NIR spectra interpretation 445 

Four samples of Granby tuff were characterized with NIR and the results are shown in Fig. 446 

10. The characteristic absorptions are listed in table 7 (centers of absorption without continuum 447 

removed) and table 8 (centers of absorption with continuum removed from 1.00 µm to 2.60 448 

µm). In NIR spectroscopy, all Granby samples show similar absorptions: 449 

 Near 1.41; 1.91; 2.76 µm, which are linked to OH and H2O in phyllosilicate component; 450 

 Near 2.20 µm, attributed to Al-OH stretching and bending; 451 

 Near 2.21; 2.31; 2.35; 2.40 µm which are characteristic for Fe,Mg-OH vibrations (King 452 

& Clark, 1989).  453 

 An extremely weak absorption near 2.40 µm, which is only clearly visible when the 454 

continuum is removed (Fig. 10b, Table 8). Therefore, it cannot be interpreted with large 455 

confidence towards the assessment of the Fe/Mg ratio. 456 

 An absorption at 2.43 μm is seen in sample GR-5 but not in GR-2. 457 

The samples show spectral differences mainly in the absorptions patterns between 2.25 and 458 

2.50 µm. The absorption near 2.30 µm is closer to 2.30 µm in GR-1 and GR-5, while for GR-2 459 

and GR-3 it is closer to 2.32 µm. GR-2 shows an absorption near 2.35 µm, hidden in the 460 

shoulder of the stronger absorption around 2.30 µm, which is stronger than for any other sample. 461 

These shifts of absorption peaks relate probably to different Fe/Mg ratios (King & Clark, 1989), 462 

and would mean that sample GR-2 is richest in Fe2+. Absorptions near 2.30 µm and 2.35 µm in 463 

continuum removed spectra, are combined in one bigger absorption and its position and strength 464 

should not be used in estimating the Fe/Mg ratio. 465 

If analysed with the continuum removed, GR-2 is the only sample to have a clear feature 466 

near 2.50 µm, while having a weaker and narrower absorption near 2.40 µm. The latter 467 
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absorption is also weak and thin in the GR-3 sample compared to GR-1 and GR-5 samples. 468 

Interestingly, this is inversely correlated to the strength of the absorption near 2.30 µm that is 469 

stronger in GR-2 and GR-3 compared to GR-1 and GR-5. To interpret the iron content and 470 

speciation, the absorption near 1.00 µm linked to Fe2+ is stronger in GR-2 and GR-3 compared 471 

to GR-1 and GR-5. This could imply a different Fe/Mg ratio for GR-1 and GR-5 than in GR-2 472 

and GR-3. GR-2 and GR-3 samples have probably more Fe2+ than GR-1 and GR-5. 473 

NIR spectra of all four Granby samples suggest the presence of a nearly pure trioctahedral 474 

clay mineral, rich in Fe2+ and Mg2+, and with low amounts of Al3+ (Table 9). The main 475 

distinction observed for the Granby samples relates to a slight difference in the Fe/Mg ratio.  476 

 477 

6. Discussion 478 

The samples collected from both the Otago and Granby locations contain Fe-rich 479 

trioctahedral clay minerals, which - with some certainty - we confirm to be vermiculite or a 480 

mixture of vermiculite and Fe-saponite. Our goal was to find natural terrestrial samples that 481 

provide a spectral match between these rocks and Oxia Planum bedrock deposit phyllosilicates 482 

to better understand the mineralogy of this site. The geological context of vermiculite formation 483 

in analogue sites allows us to address, to some extent what possible processes, such as aqueous 484 

alteration, involved in formation of the bedrock deposits at Oxia Planum. Below we discuss 485 

these as well as questions related to organic matter and the preservation potential of 486 

biosignatures. 487 

6.1. Otago and Granby vermiculite – Spectral comparison with Oxia bedrock deposits 488 

In NIR spectra, Otago vermiculite-bearing rocks reveal absorptions near 1.00 µm; 1.40 µm; 489 

1.90 µm (absorptions 1, 2, 3), which are all similar to absorptions present in spectra from Oxia 490 

Planum (Table 1 versus Table 2; Fig. 11). This means that the nature and overall Fe content of 491 

the phyllosilicates at Oxia are likely to be broadly similar to the clays from Otago sediments.  492 

The Otago samples reveal strong absorption near 2.20 µm, which is attributed to the 493 

presence of an Al-bearing clay component such as illite or interstratified vermiculite-illite. 494 

Absorption varies from one sample to another, increasing with more advanced illitization of 495 

vermiculite.  For Oxia Planum, this absorption is seen with OMEGA only, and not with CRISM, 496 

i.e., only at low spatial resolution. Spectral comparison of Otago clays to Oxia in this respect 497 

suggests that Al content and Al+Fe3+ substitution is minor or absent at Oxia, but any 2.20 µm 498 

band in Oxia spectra would be attributed to presence of illite that forms from vermiculite 499 

alteration.  500 
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Some spectral differences occur in the absorptions near 2.30 µm and near 2.40 µm. 501 

Especially the absorption near 2.30 µm that is at a longer wavelength (2.34 μm for Otago), 502 

meaning most likely that the Otago vermiculite ratios of Fe2+/(Fe3++Fe2+) and Fe2+/(Mg+Fe2+) 503 

are higher than those for Oxia’s minerals. It is known that for Otago vermiculite, the ratios are 504 

0.7 and 0.6, respectively (Craw, 1984). This is consistent with the absorption near 2.40 µm, that 505 

is at longer wavelengths in Otago samples. 506 

In the case of the Granby Tuff samples, the relative strength of the absorptions near 1.00, 507 

1.40, 1.90, 2.20 and 2.30 µm and their positions are similar to those of Oxia Planum (see Table 508 

1 versus Table 7; Fig. 11). In addition, spectral variations from sample to sample are very 509 

similar to those seen over the Oxia region, making the Granby samples a very good analogue 510 

to Oxia Planum bedrock deposits. However, all Granby samples reveal a weak absorption near 511 

2.35 µm (Table 7, also Fig. 10c) that is lacking in Oxia Planum spectra. Additionally, the 2.39 512 

µm absorption typical for Oxia Planum is very weak in Granby samples and only visible in the 513 

spectra with continuum removed. This suggests that the Granby clays have different Fe/Mg 514 

ratios than minerals of Oxia Planum, or a different (plausibly lower) oxidation state for Fe in 515 

the clay structure. An absorption near 2.35 µm present in Granby but not in Oxia spectra is 516 

diagnostic of the presence of Fe2+-saponite (Neuman et al, 2011). Indeed, Granby samples 517 

contain a vermiculite-saponite mixture (Fig. 9). Lack of spectral analogy of Granby samples to 518 

Oxia rock exposures in this aspect indicate Oxia Planum phyllosilicates to be rather a pure 519 

vermiculite than a saponite-bearing mixture (Fig. 11). This is consistent with large homogeneity 520 

of spectral signatures of Oxia bedrock phyllosilicates and suggests a relatively homogeneous 521 

composition of these deposits. 522 

Both Granby and Otago samples present a more complex combination of absorptions near 523 

2.20, 2.30 and 2.35 µm than at Oxia and present a weaker absorption near 2.39 µm. This can 524 

be interpreted as a more complex mixture of clays in the Granby and Otago samples leading to 525 

a set of absorptions linked to various vibrations of Al-OH, AlFe-OH, Fe-OH and Mg-OH 526 

compared to Oxia. The latter displays its main absorption near 2.32 µm (sometimes associated 527 

with a weak feature near 2.20 µm) and a weaker feature near 2.39 µm. Overall, Oxia Planum 528 

clays most likely contain a less complex clay mineral assemblage than those comprising the 529 

Granby and Otago examples (Fig. 11). However, comparing laboratory and remote sensing 530 

data, limitations must be considered. Such differences in complexity can be apparent, resulting 531 

from the different scale of observation, i.e. point data collected in the laboratory compared to 532 

remotely-sensed spectra acquired from meter-large areas. However, it is likely that no 533 

significant spectral artefacts are created, such as missing bands or the presence of extra bands, 534 
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despite differences in the scale of observation. The spectral resolutions of our laboratory 535 

samples and remote-sensing data are comparable, therefore the effect of scale of observation 536 

can be excluded. Specific matrix effect of sample is the only possibility that would affect the 537 

complexity of the spectra, but this remains a hypothesis to be tested in the future. 538 

 539 

6.2. Imperfect spectral matches - Implications for understanding the geological 540 

environment at Oxia Planum 541 

Our study shows that rocks containing Fe-rich trioctahedral vermiculite, with limited 542 

amounts of octahedral Al and Fe3+ (subject to the validity of any absorption near 2.20 μm) are 543 

likely the main component of bedrock phyllosilicates at Oxia Planum. If this is the case, 544 

understanding the pathways of vermiculite formation in the terrestrial sites, may shed new light 545 

on the aqueous evolution at Oxia Planum. The terrestrial sites that we analysed represent (1) 546 

vermiculitized chlorite-schists, which underwent alteration processes without significant 547 

oxidation (Otago) and (2) basaltic tuffs with Fe-rich clays filling amygdales of supposedly 548 

hydrothermal origin (Granby). As stated in the section 3.1, vermiculite forms by aqueous 549 

alteration of either chlorite or mica and in order to retain the trioctahedral nature of the mineral, 550 

anoxic conditions must be present during alteration (Fig. 2). Our results cannot be used to argue 551 

for the origin of the primary mineral, and for instance low-grade metamorphic origin of primary 552 

chlorite in Otago does not have to imply that such a process played a role in the setting of the 553 

layered clays at Oxia Planum. However, the results point to some critical conditions (such as 554 

lack of oxidation during alteration) that must have been valid during aqueous alteration and 555 

therefore can be used to understand aqueous processes at Oxia Planum.  556 

Based on geomorphological evidence, bedrock clay deposits at Oxia Planum could have 557 

formed either in a subaqueous environment (palustrine, lacustrine or marine), or in subaerial 558 

conditions compatible with airborne volcaniclastics altered by pedogenesis or aeolian deposits 559 

(Carter et al., 2016; Turner and Bridges, 2017; Quantin-Nataf et al., 2020, Mandon et al. 2021). 560 

Deep burial and metamorphic conditions do not seem likely (Quantin-Nataf et al. 2020). 561 

Additionally, the fact that the bedrock unit drapes the paleo-topography  at a regional scale 562 

(Quantin-Nataf et al., 2020), favours either a sedimentary origin of the deposits, or air-fall 563 

deposition (e.g. ash-fall). Below we discuss constraints arising from our results considering 564 

known geological context of the Oxia bedrock formation.  565 

The clay minerals present in the Granby Tuff provide a good spectral analogue to the clays 566 

of Oxia Planum in that they have similar 2:1 structure, are mainly trioctahedral and appear to 567 

contain little Al in tetrahedral positions.   The Granby phyllosilicates likely formed by 568 
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precipitation from hydrothermal-related processes, such as suggested on Mars byMeunier et al. 569 

(2012). .  Oxia bedrock clays differ from Granby Tuffs in their Fe/Mg ratio and Fe oxidation 570 

state. This may mean that Oxia clays had undergone post-formation oxidation or alteration in a 571 

water-rich environment. As shown for Martian smectites, the prevailing occurrences of Fe-rich 572 

clays over Mg-rich clays is due to various degrees of leaching of Mg and Fe from primary 573 

material and subsequent segregation of Fe and Mg (Michalski et al., 2015). Taking into account 574 

the ability of Fe to oxidize when transported in water-rich conditions, the primary oxidation 575 

state of Fe in vermiculite could be changed slightly by post-formation processes affecting clays 576 

(Murakami et al., 2004). 577 

Alternatively, if  phyllosilicates at Oxia Planum are derived from ash-fall deposits, their high 578 

Fe content may be a consequence of the primary enrichment of Fe in the martian mantle 579 

(Morgan and Anders, 1979; Taylor, 2013) resulting in greater amounts of Fe in Martian 580 

volcanic source magmas  compared to their terrestrial counterparts (e.g., Boynton et al., 2009; 581 

Papike et al., 2009; Treiman et al., 2014) as  582 

Spectral analogies and lack thereof for vermiculite in the altered Otago schists and bedrock 583 

deposits at Oxia Planum shed some light on the conditions during possibly sedimentary 584 

processes to form bedrock at Oxia. First, vermiculite is inconsistent with authigenic 585 

precipitation and sedimentation, as it is an alteration product of chlorite or mica (see Fig. 2). In 586 

such a context, the presence of vermiculite implies transport of the mineral from elsewhere. 587 

Second, the trioctahedral nature of vermiculite is consistent with anoxic conditions during 588 

aqueous alteration. Third, at the Otago geological site, only after exhumation of vermiculite, 589 

progressive oxidation and illitization took place leading to a change of Al + Fe3+ clay 590 

characteristics (Craw et al., 1995). Oxia Planum bedrock deposits lack any spectral feature that 591 

in Otago samples results from illitization. Therefore, lack of Al in Oxia clays implies that, if 592 

clays are of sedimentary origin, subsequent alteration must have occurred in non-oxidizing 593 

conditions, at a low water to rock ratio and the deposits were not oxidized nor altered after 594 

deposition, so that illitization did not progress. 595 

In summary, our results suggest that Oxia Planum bedrock clay deposits are  composed of 596 

an Fe-rich, trioctahedral vermiculite-like mineral. This type of material could have been formed 597 

by processes associated with hydrothermal alteration operating during the Noachian time and 598 

later been deposited at Oxia.  599 

If deposits at Oxia Planum were laid down by sedimentary processes, then the clays may 600 

have formed elsewhere and were later transported and deposited under anoxic, aqueous 601 
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conditions.  In both cases, deposits must have been slightly buried and protected from pedogenic 602 

alteration, which otherwise would cause oxidation and illitization.  603 

6.3. Implications for the preservation of organic matter and biosignatures 604 

The overarching goal of the ExoMars 2022 rover mission is to search for biosignatures of 605 

Martian ancient life forms and to perform analysis on organic matter plausibly preserved in the 606 

Martian subsurface (Vago et al., 2017). Clays are important minerals from the point of view of 607 

organic matter preservation. Storage of organic matter in these minerals is related to their cation 608 

exchange capacity (CEC), i.e. the quantity of readily exchangeable cations neutralizing negative 609 

charges. CEC is controlled by cation and anion substitutions in the tetrahedral or octahedral 610 

sheet, which create charge deficits that enable adsorption of organic molecules at particle edges. 611 

Trioctahedral vermiculite has a CEC in the range of 130–200 meq/100 g (Ghabru et al., 1989) 612 

and this is significantly higher than the capacity of smectites, which ranges between 70 and 130 613 

meq/100g (Weaver and Pollard, 1973). Therefore, has a high potential to adsorb and store 614 

organic matter. Thecapacity of clay minerals to store organic matter is highly related to their Fe 615 

content and oxidation state. As shown analytically and experimentally on natural soils, leaching 616 

of Fe from clay structure and formation of Fe-oxides significantly decreased organic matter 617 

retention capacity (Wiseman and Püttmann, 2006; Sodano et al., 2016). As such, trioctahedral, 618 

Fe-rich vermiculite thought to form vast deposits at Oxia Planum has a great potential to store 619 

organic matter. 620 

In order to preserve organic matter for long periods of geological time, however, adequate 621 

geological and geochemical conditions must operate. Geological context of vermiculite 622 

deposits at Oxia Planum (Quantin-Nataf et al., 2020), namely indications of material being 623 

transported from a large catchment area and depositedand buried in a large basin, makes 624 

preservation of organic material promising.  625 

Only two analogue sites were studied here. However, our results shed some light on 626 

geochemical and environmental conditions operating at Oxia Planum during and after 627 

deposition of bedrock phyllosilicates. If vermiculite formed in association with hydrothermal 628 

processes elsewhere and was later deposited at Oxia Planum as we postulate above, the 629 

preservation of organic matter  depends on the hydrothermal conditions (e.g., Summons et al., 630 

2011) and our data do not allow for extended discussion. Results suggest little to no oxidation 631 

of vermiculite after sediment deposition at Oxia. The absence of oxidizing conditions in 632 

sedimentary environments increases the chances for the preservation of organic matter.  633 

Our second analogue site studies suggest that vermiculite could have formed by alteration 634 

under reducing, anoxic conditions. In such a case, the concentration and preservation of any 635 
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organic matter would likely be enhanced. It is important to note that in the case of the Otago 636 

schist, the presence of organic matter within the deposits was indeed an important factor to 637 

inhibit oxidation of vermiculite (Tostevin et al., 2017). Additionally, lack of signatures of post-638 

depositional oxidation (and illitization) of vermiculite at Oxia increases chances of organic 639 

matter preservation in the deposits. 640 

 641 

7. Conclusions 642 

We have performed a survey of vermiculite-bearing terrestrial rocks to identify 643 

mineralogical and spectroscopic analogues for bedrock clay deposits present at the Oxia 644 

Planum, the ESA-Roscosmos ExoMars2022 landing site. Based on the analysis of NIR spectra 645 

of Oxia Planum bedrock phyllosilicate deposits and previous interpretations, we focused on 646 

locating specimens of Fe-rich trioctahedral vermiculite from occurrences identified in the 647 

literature. Two terrestrial sites that fulfil the spectral match requirement were identified. These 648 

sites are (1) vermiculitized chlorite-schists from Otago, New Zealand, which underwent an 649 

alteration process without significant oxidation and (2) basaltic tuffs from Granby, 650 

Massachusetts, USA, with Fe-rich clays filling amygdales of supposedly hydrothermal origin.  651 

The spectral comparisons of these analogue rocks and Oxia bedrock confirms that Fe-rich 652 

trioctahedral vermiculite is the most likely phyllosilicate that comprises Oxia’s deposits. In 653 

terms of clay structure and its di- versus trioctahedral nature, Oxia bedrock clay-rich deposits 654 

are matched best by vermiculite-saponite mixtures in basaltic rock amygdales occurring in the 655 

Granby Tuff, although contribution of saponite must be minor at Oxia Planum. Phyllosilicates 656 

at Oxia Planum are rich in Fe and contain more oxidized Fe3+ than the Granby clays. These 657 

differences may be explained by the higher iron content of Martian minerals overall, and by the 658 

post-depositional oxidation of Oxia Planum phyllosilicates in an aqueous environment. 659 

Otago vermiculite could be a good analogue to Oxia vermiculite in terms of overall 660 

mineralogy and Fe content, but several spectral inconsistencies reveal that alteration of chlorite, 661 

if this led to formation of bedrock deposits at the Oxia, occurred with limited oxidation. 662 

Illitization of vermiculite, which results from post-alteration oxidation in Otago, is not observed 663 

for Oxia clays. Additionally, preserving Fe2+ in the vermiculite structure implies limited water-664 

rock interactions in reducing conditions during deposition of bedrock minerals. 665 

The spectral match between vermiculite from terrestrial environments and bedrock deposits 666 

at Oxia Planum provides strong evidence sn for the mineralogy of Oxia bedrock. If the clays 667 

are in fact mainly vermiculite, then our results along with geomorphological observations 668 

suggest that the deposits at Oxia Planum may have been deposited as ash-fall deposits or in a 669 
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sedimentary setting by transport and aqueous alteration of primary minerals from elsewhere. 670 

Neither authigenic precipitation or in situ advanced pedogenic alteration of sediments are likely 671 

processes for the formation of vermiculite.  672 
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  1 
Fig 1. NIR spectrum of Oxia Planum and characteristic spectral features marked: a weak V-2 
shaped absorption near 1.40 µm a large and deep V-shaped absorption near 1.92 µm, a deep 3 
absorption near 2.31–2.32 µm, and a weak absorption near 2.38–2.41 µm. Finally, a large and 4 

deep absorption is present near 2.90–2.95 µm (for interpretation of specific absorptions, see 5 
table 1).   6 

 7 
Spectrum 1 is from ATU380B9, it is the median spectrum of an ROI and was drawn by hand 8 
on pixels highlighted by spectral criterion “Fe-Mg-vermiculite” of MarsSI (Quantin et al, 9 
2018) data to minimize the noise and maximize the signal (110 pixels: around x: 314; y: 89, 10 
non-projected). Spectrum 2 is from FRT810D, the spectral criterion from Bultel et al, 2019 11 

(BDa23) is applied on the cube and an automatic Region of Interest (ROI) for all pixel with an 12 
absorption >5% (18483 pixels) is determined.  Spectrum 3 is from FRT810D, an ROI drawn 13 
by hand on the pixels highlighted by the spectral criterion from Bultel et al, 2019 (BDa23) on 14 
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a restricted area on the centre of the CRISM image (352 pixels: around: x:302; y: 192, non-15 

projected). Spectrum 4 is from an ROI ORB5307_2 and the location of ROI (240 16 
pixels) around: x: 10 ; y: 989, non-projected. All data were downloaded and processed from 17 
MarsSI. The ratio column median from Bultel et al, 2015 applied on a portion of the image 18 

centred on Oxia clay deposits.  19 

 20 
Library spectra are from RELAB; vermiculite (Spectra 5, 7 and 6; respectively VE-EAC-001; 21 

VE-EAC-002; VE-EAC-003) and Fe-Saponite (Spectrum 8; JB-JLB-F92-C).  22 
 23 
 24 
 25 
 26 

 27 

  28 



3 
 

 29 
 30 
Fig. 2. Structure of vermiculite and primary phyllosilicates that can alter to vermiculite. TOT 31 

trioctahedral biotite has the largest potential to alter to trioctahedral vermiculite, whereas 32 
muscovite being dioctahedral, alters to dioctahedral vermiculite. In the case of chlorite, which 33 

is primary tricotahedral, weathering in anoxic conditions may lead to the formation of 34 
trioctahedral vermiculite. However, very commonly, oxidation accompanying alteration leads 35 

to transformation of the structure and formation of dioctahedral vermiculite. 36 
 37 

 38 
  39 
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 40 
Fig. 3. Samples collected from Blue Spur Conglomerate deposits, Otago. (a-b and c-d) 41 

Greenish schists that contain vermiculite-smectite (chl-verm – vermiculite) clay. The colour 42 
suggests ferrous iron content in clays. (e-f) Most primary material with unaltered chlorite-rich 43 
clasts preserved. Detrital material with angular clasts of basement rock is seen (ab – albite, qtz 44 
– quartz). (g-h and i-j) Pale, oxidized rocks containing Al-phyllosilicates and/or Fe-oxides. 45 
  46 
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 47 

Fig. 4. Samples collected from Granby basaltic tuff formation. The basalts contain vesicles 48 
and amygdales (arrows) that are filled with phyllosilicates characterized previously (April and 49 
Keller, 1992) as vermiculite-saponite. 50 

  51 
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 52 

53 
Fig 5. Bulk rock XRD patterns of samples collected from vermiculitized chlorite schists from 54 

Otago region. Peaks characteristic for main minerals present are marked: quartz (qtz), albite 55 
(ab), pumpellyite (pump), amphibole (amph). Clay minerals are present but cannot be 56 
identified from bulk patters: vermiculite-smectite and/or chlorite (verm-chl-sm) and mica 57 

and/or illite (mica-il). 58 
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 59 
Fig. 6. XRD patterns of oriented clay fraction samples from Otago vermiculitized chlorite 60 
schists. Peak at 14Å shifting to 17Å at glycolation and collapsing to 10Å after heating suggest 61 
presence of expandable clay – vermiculite. Peak at 10Å that stays unchanged after treatment 62 
is characteristic of illite or illitized mica. Peak at 7Å, destroyed after heating is typical of 63 
chlorite. Broad shoulder at 10-14Å, shifting to higher d-spacing values under glycolation 64 

indicated interstratified vermiculite-illite. 65 
  66 
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 67 
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Fig. 7. NIR characterization of Otago samples (a) from 1.00 to 3.50 µm and (b) from 1.00 to 2.60 µm with continuum removed. (a) Characteristic 68 

absorptions at 1.42, 1.92, 2.22, 2.26, 2.35 and 2.75 μm are marked and their interpretation presented in table 3. (b) Absorptions at 1.42, 1.47, 69 

1.91, 2.18, 2.23, 2.25, 2.34 and 2.45 μm are marked and interpreted in table 4. 70 
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 71 

 72 
Fig. 8. Bulk rock XRD patterns of samples collected from clay-bearing Granby (GR-2 and 73 
GR-5) basaltic tuffs. Peaks characteristic for main minerals present are marked: albite (ab), 74 
augite (aug), ilmenite (ilm), zeolites (zeol). Clay minerals cannot be identified with certainty 75 
from bulk pattern, but presence of vermiculite-chlorite-smectite (verm-chl-sm) and mica-illite 76 

(mica-il) can be supposed. 77 
  78 
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 79 
Fig. 9. XRD patterns of oriented clay fraction samples from Granby samples. Peak at 14Å 80 
shifting to 16Å at glycolation and collapsing to 10Å under heating suggest presence of 81 
expandable clay – vermiculite. The associated 00l reflections at 7Å and 8Å suggest well 82 

crystallized nature of clay. Collapse to 10Å and 9.5 Å after heating indicates intergrowths of 83 
two expandable clays: likely vermiculite and saponite. Peak at 10Å (in b only) that stays 84 

unchanged after treatment is characteristic of mica, but full nature of clay is not reconstructed 85 
here. 86 

 87 
  88 
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 90 

 91 
 92 
Fig. 10. NIR characterization of Granby samples (a) from 1.00 to 3.50 µm, (b) from 1.00 to 93 
2.60 µm with continuum removed and (c) from 2.15 to 2.50 with continuum removed. 94 

(a) Characteristic absorptions at 1.41, 1.91, 2.21, 2.31, 2.76 and 2.90 μm are marked and 95 
their interpretation presented in table 7. (b) Absorptions at 1.42, 1.46, 1.91, 2.22, 2.30, 96 

2.34 and 2.41 μm are marked and interpreted in table 8. (c) Absorptions at 2.20, 2.31, 97 
2.35, 2.39 and 2.43 μm are best seen in continuum removed 98 

 99 
  100 
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 101 

 102 
 103 

 104 

Fig. 11. Spectrum of Oxia Planum compared with spectrum of best identified analogue rock 105 

(GR-2, Granby 2) and spectrum of the other analogue (OT-M, Otago linear mixture). CRISM 106 
and OMEGA spectra are the same as shown in figure 1. For details of the spectrum G-2 refer 107 

to figure 10, for details of OT-M please refer to figure 7. 108 
 109 
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Table 1. Position of each absorption centres (µm) in CRISM spectra of Oxia Planum. 

Absorptions number Oxia Planum Interpretation 

1 1.00 
Crystal field transition for Fe2+  

(Hunt et al, 1977; Hunt & Salisbury, 1970) 

2 1.41-1.44 
O-H stretching and structural and absorbed H2O stretching  

(Clark et al, 1990) 

3 1.92 (vs) 
O-H stretching and structural and absorbed H2O stretching  

(Clark et al, 1990) 

4 

(revealed in OMEGA 

but not in CRISM) 

2.21-2.23 (w) 

 

Al-OH stretching and bending  

(Clark et al, 1990; Chemtob et al, 2015) 

5 2.31-2.32 (vs) 

Fe,Mg-OH stretching and bending, exact position depends on the 

Fe/Mg ratio and oxidation state of iron  

(King and Clark, 1989; Clark et al., 1990; Mustard et al., 1992; 

Chemtob et al., 2015, Michalski et al., 2015) 

6 2.38-2.41 (w ,*) 

Fe,Mg-OH stretching and bending, exact position depends on the 

Fe/Mg ratio and oxidation state of iron  

(King and Clark, 1989; Clark et al., 1990; Mustard et al., 1992; 

Chemtob et al., 2015, Michalski et al., 2015) 

7 

(identified by 

Mandon et al. 2021) 

 

2.50 (w) 
Tentatively attributed to carbonates mixed with phyllosilicates 

(Mandon et al., 2021) 

8 2.90-2.95 

Absorbed H2O stretching and, possibly, Fe,Mg-OH stretching and 

bending  

(Clark et al, 1990) 

w: weak, vs: very strong, *: strength variable across the area 

For more quantitative interpretation of absorption strength, please refer to Figure 1. 

 

 

 

 

 

Table 2. Summary of mineral composition of Otago samples, as revealed by bulk rock XRD analysis and clay fraction 

XRD treatment. 

                        Sample name 

Mineral 
OT-1 OT-2 OT-3 OT-4 OT-5 

quartz + + + + + 

plagioclase + + + + + 

hornblende   +   

pumpellyite   +   

vermiculite (trioctahedral) + + minor   

vermiculite (dioctahedral) or smectite minor minor  + + 

interstratified vermiculite-illite  + + + + +++ 

chlorite + + +++ minor + 

muscovite/biotite/illite + + minor +++ +++ 
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Table 3. Position of each absorption centres (µm) in NIR spectra of Otago samples with qualification of their strength in 

parenthesis.  

                Sample name 

Absorptions  

number 

OT-1 OT-2 OT-3 OT-4 OT-5 OT-Mix 

1 0.96 0.96 0.96 0.96 0.96 0.96 

2 1.42 1.42 1.41 1.42 1.42 1.42 

3 1.92 1.92 1.92 1.92 1.92 1.92 

4 
2.23 (s); 

2.26 (w) 

2.22 (vw); 

2.23 (w); 

2.26 (s) 

2.19 (w); 

2.26 (s) 

2.23 (w); 

2.26 (w) 

2.23 (s); 

2.26 (w) 

2.24 (w); 

2.26 (s) 

5 2.35 (vs) 2.35 (vs) 
2.31 (vw); 

2.34 (vs) 
2.35 (vs) 2.35 (vs) 2.35 (vs) 

6 vvw vvw vvw vvw vvw vvw  

7 2.77 (vs) 
2.76-2.78 

(dbl. vs) 
2.83 (vs) 2.78 (vs) 2.78 (vs) 2.78 (vs) 

dbl: double; vvw: very very weak/knickpoint only; vw: very weak; w: weak; s: strong; vs: very strong. 

For more quantitative interpretation of absorption strength, please refer to Figure 7a. 

 

 

Table 4. Position of each absorption centres (µm) in NIR spectra of Otago samples with qualification of their strength in 

parenthesis. The continuum has been removed between 1.00 µm and 2.60 µm.  

Sample  

name 

Absorptions  

number 

OT-1 OT-2 OT-3 OT-4 OT-5 OT-Mix 

2 
1.42 (vs); 

1.47 (vw); 

1.42 (vs); 

1.47 (vw); 

1.42 (vs); 

1.47 (w); 

1.51 (w) 

1.42 (vs); 

1.47 (vw); 

1.42 (vs); 

1.47 (vw); 

1.42 (vs); 

1.46 (vw) 

3 1.91 (vs) 1.91 (vs) 1.91 (vs) 1.91 (vs) 1.91 (vs) 1.91 (vs) 

4 
2.23 (s); 

2.25 (vw) 

2.20 (vw); 

2.22 (s); 

2.26 (s) 

2.18 (w); 

2.26 (vs) 

2.25 (s); 2.26 

(w) 

2.23 (s); 

2.26 (vw) 

2.23 (s); 

2.25 (s) 

5 2.34 (vs) 2.34 (vs) 
2.30 (vw); 

2.33 (vs) 
2.34 (vs) 2.34 (vs) 2.34 (vs) 

6 2.44 (s) 2.44 (s) 2.47 (w) 2.45 (s) 2.45 (s) 2.50 (w) 

vw: very weak, w: weak, s: strong, vs: very strong 

For more quantitative interpretation of absorption strength, please refer to Figure 7b. 
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Table 5. NIR spectra interpretation of Otago samples with an attempt to semi-quantify Fe, Mg or Al from absorptions 4, 

5 and 6.  

Sample 

name 
OT-1 OT-2 OT-3 OT-4 OT-5 OT-Mix 

4 
AlFe3+ (+); 

AlFe2+ (--) 

Al (--);  

AlFe3+(+); 

AlFe2+ (+) 

Al (-); AlFe2+ 

(++) 

AlFe3+ (+); 

AlFe2+ (-) 

AlFe3+ (+); 

AlFe2+ (--) 

AlFe3+ (+); 

AlFe2+ (+) 

5 Fe2+ (++) Fe2+ (++) 
Fe3+ (--); Fe2+ 

(++) 
Fe2+ (++) Fe2+ (++) Fe2+ (++) 

6 Fe2+/Mg (+) Fe2+/Mg (+) Fe2+/Mg (-) Fe2+/Mg (+) Fe2+/Mg (+) Fe2+/Mg (-) 

--, -, + and ++ indicate the relative strength of each cation’s vibration from very low influence to very strong influence. 

 

 

Table 6. Summary of mineral composition of Granby samples, as analysed by XRD. 

 

Sample  

name 

mineral 

 

GR-1 GR-2 

 

GR-3 GR-5 

albite + + + + 

augite + + + + 

ilmenite minor minor minor minor 

zeolite  +   

mica-illite +  minor + 

vermiculite (trioctahedral) + + + + 

saponite  minor  + 

 

 

 

Table 7. Position of each absorption centres (µm) in NIR spectra of Granby samples with 

qualification of their strength in parenthesis. 

Sample  

name 

Absor- 

-ptions num- 

-ber 

GR-1 GR-2 GR-3 GR-5 

1 0.96 0.96 0.96 0.96 

2 1.41 1.41 1.41 1.41 

3 1.91 1.91 1.91 1.91 

4 2.21 (w) 2.21 (w) 2.21 vw 2.21 (w) 

5 
2.31 (vs) 

2.35 (w) 

2.31 (vs) 

2.35 (w) 

2.32 vs 

2.35 vw 

2.31 (vs) 

2.35 (w) 

6 vvw vvw vvw vvw 

7 2.76 (vs) 2.76 (vs) 2.76 vs 2.76 (vs) 

dbl: double; vvw: very very weak/knickpoint only; vw: very weak; w: weak; s: strong; 

vs: very strong. 

For more quantitative interpretation of absorption strength, please refer to Figure 10a. 
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Table 8. Position of each absorption centres (µm) in NIR spectra of Granby samples 

with qualification of their strength in parenthesis. The continuum has been removed 

between 1.00 µm and 2.60 µm. 

Sample  

name 

Absor- 

-ptions num- 

-ber 

GR-1 GR-2 GR-3 GR-5 

2 
1.42 (vs); 

1.46 (vw); 

1.42 (vs); 

1.46 (vw); 

1.42 (vs); 

1.46 (vw); 

1.42 (vs); 

1.46 (vw); 

3 1.91 (vs) 1.91 (vs) 1.91 (vs) 1.91 (vs) 

4 2.22 s 2.22 s 2.22 s 2.22 s 

5 
2.30 (vs) 

2.34 vvw 

2.30 vs 

2.34 vvw 
2.31 vs  

2.30 vs 

2.34 vvw 

6 2.41 (s) 
2.40 vw 

2.51 s 
2.40 vw 2.41 w 

vw: very weak, w: weak, s: strong, vs: very strong 

For more quantitative interpretation of absorption strength, please refer to Figure 

10b. 

 

 

Table 9. NIR spectra interpretation of Granby samples with an attempt to semi-

quantify Fe, Mg or Al from absorptions 4, 5 and 6. 

Sample 

name 
GR-1 GR-2 GR-3 GR-5 

4 Al3+ Al3+ Al3+ Al3+ 

5 
Mg ++; 

Fe2+ 
Mg ++; Fe2+ Mg ++;  

Mg ++; 

Fe2+ 

6 Fe2+/Mg ++ Fe2+/Mg + Fe2+/Mg + Fe2+/Mg ++ 

--, -, + and ++ denote the relative strength of each cation’s vibration from very low 

influence to very strong influence 
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