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Abstract

This work details the laboratory analysis of aeswit 10 samples collected from an inverted
fluvial channel near Hanksville, Utah, USA as atpdthe CanMars Mars Sample Return
Analogue Deployment (MSRAD). The samples were aeglualong the rover traverse for
detailed off-site analysis to evaluate the TOC asttobiological significance of the samples
selected based on site observations, and to adoinessf the science goals of the CanMars
mission: to evaluate the ability of different artads techniques being employed by the
Mars2020 mission to detect and characterize argeptéiosignatures. Analytical techniques
analogous to those on the ExoMars, MSL and the Mi®rs were also applied to the samples.
The total organic carbon content of the samplesa82 % for all but 4 samples, and organic
biosignatures were detected in multiple sample¥#yVis-NIR reflectance spectroscopy and
Raman spectroscopy (532 nm, time-resolved, and Wkigh was the most effective of the
techniques. The total carbon content of the samgple<.3 wt% for all but one calcite rich
sample, and organic C was not detectable by FT#Rot€ne and chlorophyll were detected in
two samples which also contained gypsum and mimpgrases of astrobiological importance for
paleoenvironment/habitability and biomarker preagon (clays, gypsum, calcite) were detected
and characterized by multiple techniques, of wipiaksive reflectance was most effective. The
sample selected in the field (S2) as having thedsgpotential for TOC did not have the highest
TOC values, however, when considering the sampheraiogy in conjunction with the
detection of organic carbon, it is the most astiagjically relevant. These results highlight
importance of applying multiple techniques for séergharacterization and provide insights into
their strengths and limitations.

Highlights
» Detection and characterization of organic carbahl@iomolecules by multiple rover-
equivalent instruments
» Detection and characterization of astrobiologicadligvant mineral phases
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» Application of lab-based techniques analoguesstyumentation from multiple rover

missions

Keywords
Mars Analogue; Fluvial Channel; Rover InstrumemiatiSpectroscopy; Mineralogy;

Astrobiology

1. Introduction

One of the main scientific drivers of the explavatof Mars is the search for signs of life, past
and present, on or near the surface. To enable efieetive utilization and operation of future
Mars rovers, an international team of researclseisntists, and engineers undertook a field
campaign at a Mars analogue site near Hanksvitlgh W SA in October 2016. The site is
dominated by inverted fluvial channels and the rarssvas termed the CanMars Mars Sample
Return Analogue Deployment (MSRAD). The operatiasgects of this program are described
in companion papers in this special issue and Wwased on the Phoenix and MER (Mars
Exploration Rover) missions using the Mars ExploraScience Rover (MESR) and a suite of
handheld and integrated instruments to mimic thes®220 rover payload (Caudill et al.,
2019a,b; Osinski et al., 2019; Pilles et al., 20I®%o of the main objectives of this deployment
was to assess the astrobiological significancéefield site in terms of organic carbon and
evidence of water, as well as the ability of diier analytical techniques to be employed by the
Mars2020 rover to characterize targets of inteaietite deployment site, more specifically how
well such instruments can characterize geologmalpdes and detect and characterize any
biosignatures (Caudill et al., 2019; Osinski et2019).

This study describes the characterization of &safittlO samples (termed the Hanksville 10)
which were acquired along the rover traverse (Fedyrfor detailed off-site analysis. The
rational for site selection, rover traverse, angersampling are described in detail in this issue
(Pilles et al., 2019; Caudill et al., 2019a,b), lkeeer, a major focus of this mission was to select
samples with high organic carbon contents as adider proxy for the presence of preserved

biomarkers or extant life. This also addressessgtbiology objectives of NASA’s Mars2020
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Rover and ESA’s ExoMars Rover (Mars 2020 SDT, 2@%3ley and Willeford, 2017; Vago et
al., 2017). In this context, organic carbon refersarbon which is bound to H and C in an

organic compound.

In this study, the Hanksville 10 sample suite umeat analysis by laboratory based
geochemical, mineralogical and spectral technigoesparable to those on past, present, and
future rovers including the Mars2020 mission (TableThe overarching goal of these analyses
was to assess the organic content of the sampétesk by the rover-based operations team and
provide insights into ability of these analyticadtinods for detecting and characterizing the

presence of organic carbon, and for characterigotgntially habitable environments.

1.1 Ste Description

The field site is located ~8km to the northwesHahksville, Utah in a desert climate on the
Colorado Plateau. The site consists of inverteddlulsediments which represent an
anastomosing paleochannel existing as invertedresatlue to subsequent erosion of the
surrounding sediments (Figure 1; Miall and Turnetelfson, 1989; Williams et al, 2009). The
stratigraphy is dominated by near flat lying saodstand shales and exhumed from the Jurassic
age Brushy Basin Member of the Morrison Formati®ohiveikert et al., 1984; Hintze and
Kowallis, 2009). The landscape is eroded resultirttpe formation of mesas and scarp-bounded
surfaces where the clay rich layers are prefergngaoded with respect to the sandstones
(Clarke and Pain, 2004; Clarke and Stoker, 201¢. Jeology and characteristics of the
immediate site area are described in detail intBedtal., 2019 (this issue). The region sampled
corresponds to the SCYLD region of the rover tragea region containing the topographical
feature referred to as Ragnarok (Osinski et alL920a large eroded mound of nearly flat lying

units of variable colored sediments (Figure 1).

1.2 Mars Relevance

The characterization of regions in which water #alon Mars has been a historical driver for
exploration. More recently these locations have bkEen of great interest due to the potential
opportunity for biosignature preservation, detett@and characterization (e.g., Clarke and

Stoker, 2011). Fluvial and inverted fluvial charsate widely present on Mars from the
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Noachian through Early Hesperian (e.g., Pain ¢2807; Newsom et al., 2010; Balme et al.,
2015) and have been proposed to be present incGdtr (Orgel et al., 2013), and several of the
proposed Mars 2020 and ExoMars landing sites (Baihad., 2015). Given their geologic

history of water, fluvial channels are excellemgts for the detection of a diverse range of
geological and bio indicator materials and have hlen considered as landing sites for past
missions including MSL (Marzo et al., 2009; Ricel@ell, 2010; Clarke and Stoker, 2011). The
history of water in these regions is integral fasphabitability, and also may play a role in the
preservation of biomolecules in evaporite mine(gigsum, calcite, halite) or as endolithic
communities (e.g., Summons et al., 2011; Strombesad., 2014; Baque et al., 2016).

In addition to the inverted fluvial channel compnhef the Hanksville site, the region locally
consists of clastic and chemical precipitates iticlg mudstones, conglomerates, clays,
carbonates, and iron oxides (Battler et al., 2606tz and Kowallis, 2009), all of which have
been detected on the Martian surface (e.g., Ehlreaah, 2008; Williams et al., 2013). This in
conjunction with the arid and vegetation poor natifrthe region makes the Hanksville site an
appropriate site to assess the application of roesiparable techniques for characterizing

habitability, and biomolecule preservation and d&be in an inverted river channel

environment.
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Figure 1. Sample context. A. Satellite image of the fieldsapgerlain with the entire rover
traverse. Inset zoomed in satellite image of timepded area. B. Photo of the sampling area with

the sample locations labelled (S1-10).

Table 1. Analytical techniques applied to the Hanksvilleskdnple suite and their lab based and

rover equivalents.

Rover Instrument
Technique Lab Mars2020 | ExoMars MSL MER
I nstrument
LIBS J200 LIBS - ChemCam -
B&WTek i-
Raman Raman-532 RLS - -
Time Standoff Time
Resolved Resolved SuperCam - - -
Raman Raman
UV-Vis-NIR | ASD PanCam Mastcam PanCam
Spectroscopy| FieldSpecPro MA_MISS
FTIR MicroOmeg -
Spectroscopy Bruker FTIR a ISEM - Mini-TES
XRF (lithium .
XRF tetraborate PIXL - CheMin, APXS
. . APXS
digestion)
Fe2+/Fe3+ Wet Chemistry - - - MOssbauer
UV Raman SHERLOC - - -
Bruker D8 .
XRD Advance, Terra i i CheMin i
2. Methods

2.1 Sampling and Sample Descriptions

Ten samples (S1-10) were collected from along dkerrtraverse (Figure 1) using field photos
as a guide to select regions as close as possiltie rover sample locations (Caudill et al.,
2019a,b) (Table 2; Figure 2). The guiding princgpier the rover samples sites are outlined in
Caudill et al. (2019a) and Pilles et al. (2019)wilte primary objective being to test the

accuracy of selecting samples with high organib@arcontent and the potential for biosignature



162 preservation using a rover-based operations teaudiC et al., 2019a). The team used their
163 geological interpretations of the region as welltraser” data to select sample locations.

164 Samples consist primarily of unconsolidated swafionaterial which was scooped into a sample
165 bag except for sample S4 which was hammered ahdstone boulder (Figure 2).

166
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Figure 2. Photos of the sample locations for samples S10- Bie samples were taken next to
the rover traverse and are variable in color a$ agetexture, ranging from friable (e.g., S2) to a
cemented sandstone boulder (S4).

Table 2. Sample descriptions and the locations alongdlierrtraverse and/or rover sample they
correspond to.

lSSmpIe Description
S1* Mud-cracked, friable, coarse-grained reddishalr clay
S2 Unconsolidated, medium-grained green clay
S3 Unconsolidated, fine-grained white clay
S4 Sandstone boulder
S5 Fine-grained white clay
S6* Mud-cracked, friable, red clay
S7* Unconsolidated, coarse-grained red clay
S8* Mud cracked, friable, greyish-green clay
S9 Unconsolidated, fine-grained red clay
S10 Mud-cracked, friable, yellowish clay
*Dried at 70°C
2.2 Sample Preparation

Samples were pulverized and homogenized and suledivnto aliquots to ensure representative
data. Aliquots were dry sieved to a grain size bfwm (10 grams) with wet samples first dried
at 70C overnight. The <1 mm aliquots were further crasimealumina mortar and pestles and
dry-sieved to grain sizes of <150 um and <45 prmummary of the sample aliquot and grain
size used for each analysis can be found in thplesopentary data and was technique dependent

to allow for rover comparable datasets.

2.3 Light Element Analysis
Light element analysis (total C, N, and S) was utadken at the University of Waterloo
Environmental Isotope Lab by Continuous Flow Stabtdope Ratio Mass Spectrometery

(CFIRMS). Data for total organic carbon, nitrogangd sulfur was collected from powdered



191 samples to provide ground truth data. Nitrogen@arion abundances were determined through
192 combustion conversion (Elemental Microanalysis EB8@paration Column NC/NCS 3m

193 Stainless Steel) tojNand CQ gases through a Costech Instruments Elementaly2eratoupled
194  to a Delt8" XL Continuous Flow Stable Isotope Ratio Mass Speceter (Thermo Finnegan).
195 The %N and %C are bulk measurements based on samagbkt against the following know

196 standard reference materials (EURO SOIL-5, NIST42NIST-2711). Sulfur measurements

197 were determined through combustion conversion (Efgal Microanalysis E3002 Separation
198 Column Sulphur 0.8m PTFE) to $@as through a Costech Instruments Elemental Aralyz

199 (CHNS-O ECS 4010) coupled to an Isochrom (GVI /fidimass) Continuous Flow Stable

200 Isotope Ratio Mass Spectrometer. The %S elememecb(lotal % column) is a bulk

201 measurement based on the sample weight againsinkcentified elemental standard materials
202 (B2036 — suphanilamide) with values provided thtotlge Commission on Isotopic Abundances
203 and Atomic Weights (CIAAW)Every 4" to 6" sample was repeated with no less than 20%

204  Std/Ref material. The detection limits were 0.00®8%N, 0.008% for C and 0.4% for S, and

205 error in the measurements wa +0.01 for N, £0.0Zfpand +0.2 for S.

206

207 The samples were acid-washed to remove inorganiooand re-analyzed for TOC using the
208 method described above. The acid wash involveddaéion of ~2-5% HCI to the sample

209 followed by heating to <60°C for 90 minutes. ThEsepeated until the pH level of the remains
210 acidic. The sample is then left to settle, andwheer is decanted (aspirated) off. The sample was
211 rinsed with nan-pure water, allowed to settle, ttrenwater was removed. This was repeated 3-5
212 times and with the final rinse the sample was daeernight in a freeze-drier. The error on the
213 TOC measurements was +0.03 %.

214

215 2.4 X-Ray Diffraction (XRD)

216 2.4.1 Lab based Powder XRD

217 XRD data was acquired in continuous scan mode &am80° 2 on a Bruker D8 Advance with
218 a DaVinci automated powder diffractometer of 4B sample aliquots. It uses a Bragg-

219 Brentano goniometer with a theta-theta setup wagpgd with a 2.5° incident Soller slit, 1.0
220 mm divergence slit, a 2.0 mm scatter slit, a 0.6 moeiving slit, a curved secondary graphite

221 monochromator. Diffracted X-rays were collectedalscintillation counter collecting at an



222 increment of 0.02° and integration time of 1 secpedstep. The line focus Co X-ray tube was
223 operated at 40 kV and 40 mA, using a take-off anfjg®. Diffraction patterns were interpreted
224 using Bruker Diffracsuite EVA software and the mmi@tional Center for Diffraction Data

225 Powder Diffraction File (ICDD-PDF-2) database.

226

227 2.4.2 Portable XRD

228 X-ray diffraction data of samples crushed to <is®was collected using a portable InXitu

229 Terra 299 X-ray instrument. This instrument ha®241x 256 pixel — 2D Peltier-cooled CCD
230 (charge coupled device) detector providing contirsuscans from 5 to 559 2ollecting at an

231 increment of 0.05° for XRD. The Cu source X-raydwas operated at 30kV offering 10 W of
232 power.

233

234 2.5 Reflectance Spectroscopy

235 2.5.1 Ultraviolet-visible-near infrared reflectance spectra (UV-VIS-NIR, 350-2500 nm)

236 Long wave ultraviolet, visible and near IR (350-@5tn) reflectance spectra of the <1mm and
237 <15Qum sample aliquots was measured with an AnalytipalcBal Devices (ASD) FieldSpec
238 Pro HR (high resolution) spectrometer. This insteatrhas a spectral resolution between 2 and 7
239 nm (internally resampled by the instrument to 1n&pectra were collected at a viewing

240 geometry of = 30° ance = 0° with incident light being provided by an indse 150 W quartz-
241 tungsten-halogen collimated light source. Sampéetsa were measured relative to a

242  Spectralofi 100% diffuse reflectance standamid corrected for minor (less than ~2%)

243 irregularities in its absolute reflectance. 200c$g@eof the dark current, standard, and sample
244  were acquired and averaged, to provide sufficigmad-to-noise for subsequent interpretation.
245 Some spectra show occasional small reflectancetsfég 1000 and 1830 nm because the fiber
246 optics that feed the three detectors in the ASDatoview the exact same spots on the sample.
247 These offsets are corrected by scaling the sh6a-{®00 nm) and long wavelength (1830-2500
248 nm) detectors to the end points of the centraladetewhich is temperature controlled.

249

250 2.5.2 Diffuse Mid- Infrared reflectance spectra (2.5-5.24m)

251 Diffuse reflectance spectra were collected withrakBr Vertex 70 Fourier Transform Infrared

252 (FTIR) spectrometer using a 20-watt infrared Gldigit source, mercury cadmium
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telluride (MCT) cryo-cooled detector and KBr broadd beamsplitter over the wavelength
range of 2.0—20.0m. Reflectance spectra were acquired relativeltabsphere InfragoftiL00%
reflectance standard measured=at30° ande = 0° using a SpecAc Monolayer grazing angle
specular reflectance accessory. A total of 150@tspevere collected at a scanner velocity of 40
kHz and were averaged to improve SNR (signal teenaatio). All measurements were made

using an identical viewing geometry, integrationdi and number of averaged spectra.

2.6 Bulk Rock Geochemistry

Bulk rock geochemistry was determined by laboradmay fluorescence (XRF) as a proxy for
the PIXL instruments XRF capabilities. XRF analysiere undertaken at the X-Ray laboratory
at Franklin and Marshall College where rock pow@ #4000 grams) was mixed with lithium
tetraborate (3.6000 grams), and placed in a 95%mpha, 5% gold crucible and heated with a
Meeker furnace until molten. The molten materiabwansferred to a platinum casting dish and
guenched. This produces a glass disk that wasfasdRF analysis of major and selected
minor elements. Elemental abundances were converteguivalent oxides using the normal
oxidation state of the various elements. Trace elegs\(Sr, Zr, V, Cr, Ni, and Co) are reported as
parts per million. Working curves for each elemenate determined using rock geochemical
standards (Abbey, 1983). The curve was made up-&03data points with various elemental
interferences considered. Results were calculatdgpeesented as percent oxide, and standard
deviations are all less than +0.15 wt% with an agerof +0.3 wt%. Details of the methods can
be found in Mertzman (2000).

Ferrous iron was determined by titration using aliied Reichen and Fahey (1962) method.
Ferric iron (F&") wass determined as the difference between tethlyF’XRF and ferrous iron.
Loss on ignition was determined by heating an eakgtiot of the samples at 98D in air for

one hour and measuring resultant weight loss.

2.7 Laser Induced Breakdown Spectroscopy (LIBS)
LIBS measurements were collected using J200 Laskerced Breakdown Spectroscopy

instrument from Applied Spectra Inc. using a 213MdA YAG laser operated at a 10Hz
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repetition rate and 5 ns pulse duration at McGillwgrsity. This LIBS instrument has a Czerny
Turner spectrometer with a 1200 diffraction gratikat, but unprocessed surfaces of nine
samples of consolidated material (2-3mm) were aealyTo mimic the broadband capability of
the ChemCam instrument, measurements were takbreatwavelength ranges: the UV range
between 225 and 350 nm, the violet & blue rangevden 365 and 480 nm, and the visible range
between 555 and 657 nm at a spectral resoluti@nlofhm/pixel. The laser output energy was
1.275 mJ/pulse. Analyses were conducted in air aigilate delay of 0.4 s and a gate width of

3 u s. Bulk analyses were conducted by rastering thfaseiof the samples. Each raster consists
of 800 shots covering a grid of approximately 0.&% mm. The spectra were normalized to
their total intensities and averaged to correcfliatuations in laser energy and sample
inhomogeneity The normalized and averaged LIBStsp@eere plotted against relative
intensities using the Aurora software and peak®wdentified using the NIST LIBS database
(https://physics.nist.gov/PhysRefData/ASD/LIB S/iiosm.html).

2.8 Raman Spectroscopy

2.8.1 iRaman 532nm

Raman spectra were collected from multiple spotbaih whole rock and powdered (g48)
samples using a B&WTek i-Raman-532-S instrumeiénRaman shift range of 175-4000tm
This was done with a spectral resolution of ~4'@h614 nm with a 532nm excitation energy
provide by a ~50mW solid state diode laser. Rantaittared light was detected by a Glatfer
T, a high spectral resolution (0.08 nm) thermoeleallly cooled (14°C) CCD detector. The
automatic integration time function (which increaggegration time incrementally, until the
response is close to saturation) was used, yiellingptimal SNR. Measurements for each
sample were made by first acquiring a dark curspettrum, followed by measurement of the
sample. Both measurements were made using anddewvigwing geometry, integration time,
and number of averaged spectra. Raman-shift cabbravas monitored through regular
measurements of a polystyrene standard. The RRU@&tabase was used for peak

identification (Downs et al., 2015).

2.8.2 Time-Resolved Raman
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Powdered samples were analyzed with a time-resagdloff Raman spectrometer with 532
nm pulsed excitation (Nd:YAG, 20Hz rep rate, 30ralBp) at the Hawai'i Institute of
Geophysics and Planetology Raman Systems Laborg@barma et al., 2002; 2007). Integration
times range from 1-20 pulses on the ICCD (inteedifiharge coupled device) detector
(intensified and gated, 1408x1044 pixels, 7x7unepi$yntronics) and 1-600 spectra were co-
added to improve resolution. Samples were run aitintensifier gain of 95%, gate time of 40ns
and a laser power of 10 mJ per pulse. The expetahparameters for each sample are detailed

in the Supplementary Materials.

2.8.3 Ultra-Violet (UV) Raman

For UV-Raman the samples were pressed into pdll&smm diameter, 3 mm thick) with a
pressure of 10 tons (Presser, Pike Technologidsgivwere then glued to standard microscope
slides to ensure their stability. The 266 nm Rasectrometer at York is designed to fulfill the
future requirements of flight instrument concepstéel on a breadboard system. The laser
excitation is provided by an ALPHALAS diode-pumpsalid state Nd:YAG laser with a 0.6 ns
pulse width and 1:4J of energy per pulse. The 1064 nm fundamental lsagéh is frequency
quadrupled to obtain the desired 266 nm radiatidh & laser pulsed of 5 kHz. The radiation
from the laser to sample travels through an opsyatem composed by four mirrors, one UV
coated beam expander and finally focused with drexis parabolic mirror onto the sample
adding a path of ~2 m. The light scattered fromgaeple is focused trough a 10 cm telescope
into 8 meters UV-fiber coupled to an Andor Mechdfgctrometer allowing to observe from
240 to 900 nm. A 266 nm edge filter is installedtla fiber entrance to avoid the camera

saturation and cut the main laser wavelength.

The Raman signal is detected by an intensified ¢&mlor iStar) coupled to the spectrometer
and cooled to -20°C. To compensate the delay osyhiem, an external photodiode is installed
at the first mirror triggering the spectrometer-eamsystem with the laser. The light entering the
detector is directed onto an 18 mm photocathodegrgéing photoelectrons which are amplified
in an intensifier tube. A phosphor converts thensified electron cloud into visible photons
detectable by the 1024x1024 pixel CCD withd8 pixels approximately. The ICCD provides

nanosecond scale gating by controlling the volag®ss the intensifier, allowing for reduction
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of both ambient light and reduction of fluorescenehich typically has a longer lifetime than

Raman scattering.

A NIST (National Institute of Standards and Teclogy) calibrated deuterium lamp is used for
spectral intensity calibration of the spectrometikswing to remove the effect of the edge filter
and saw tooth effect of the echelle spectrometstesy. The wavelength calibration is done by
HgAr fiber coupled lamp from 240 nm to 890 nm fellag the standard procedure of the
manufacturer. The samples BC4$ (X; from 1 to 11) were measured at a distance of 20 cm
from the telescope following the LiRs Bread-boaomditions. The samples were installed in a
mobile stage system to carry a total of 8 poird Ime separated 1 mm per samples. Variation on
the acquisition in exposition time and accumulaidom 1 minute to 1 hour have been done
depending on the sample and SNR achieving thesip®tl possible. The standard measurement
for almost all the samples was around from 15 ton@ however in some case the measurement

were done up to 1 hour.

The spectra was manually REC corrected, and pastgbaund processed with a polynomial

fitting and a smoothing process of 5% FFT filteriigpe saw tooth effect was minimized by one
spline correction on the baseline using 50 to 6htpo The Raman peak positions were
determined by Gaussian profiling using spectral o@ntial software packages and peak
identification was done by consultingthe RRUFF Hate spectra collection as well as the
relevant literature; Fe-oxides (Jubb and Allen,@CRull et al., 2007), Ti-oxides (Lukavi¢ et

al., 2012; Sekiya et al., 2001), Si-oxides (Karwkives al., 2013; Zotov et al., 1999), carbonates
(Buzgar and Apopei, 2009; Koura et al., 1996),ste8 (Buzgar et al., 2009; Chio et al., 2005),
silicates (Freeman et al., 2008), zeolites (Cheal.eR007; Frost et al., 2014) and clays (Frost et
al., 2001; Haley et al., 1982; Martens et al., 3068yanics (Daly. 2015; Huang et al., 2010).

3. Results

3.1 Ground Truth TOC and Light Elements
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The TOC of the Hanksvilles samples is near theddiein limits for the laboratory analysis
(0.008%) and several samples (S5,9) fall belowd#tection limits (BDL). TOC values range
from BDL to 0.07% in sample S4 which was from tbasolidated sandstone boulder, with the
bulk of the samples in the 0.01 — 0.02% range @ &pl The average total percent C, N and S
values are 0.240 + 0.532 %, 0.103 £ 0.288 % an880+40.598 % respectively (Table 3), and
there is no significant correlatiorf €0.1) between sample total N, C and S. The higheS

and S values are found in samples S2 for total.Z3(@), sample-S2 for total N (0.97%), and
S10 for total S (1.73%). These values are an afleragnitude higher than for the other

samples.

3.2 Mineralogy

3.2.1 X-Ray Diffraction

The mineralogy of the Hanksville samples is donmeddiy quartz and a clay phase (hontronite
and/or montmorillonite). Minor/trace phases detédtelude calcite, gypsum, albite, and
anatase. An example of a typical diffraction pattershown in Figure 3. In general, the data
between the portable Cu-source instrument (Tesrapmparable to the laboratory-based Co-
source (Bruker) instrument. However, for sample$ 328 and 10 the diffraction patterns
collected in the lab have low counts and signasaaatio (Figure 3). This appears to be related
to high clay content with can cause preferred ¢aiggon effects due to the platy nature of clay
mineral. Despite the low counts the major phasdsw@inor phases in the sample are still

detectable and are summarized in Table 3.
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Figure 3. Comparison of field portable (Terra — Cu source) Eboratory (Bruker — Co source)

X-ray diffraction data for sample 7

3.2.2 Reflectance Spectroscopy

The UV-Vis-NIR (350 — 2500 nm) reflectance spectrall samples is dominated by OH and
H,O overtones and combinations (~1400, ~1900 nm)alr@t overtones (~2100-2300 nm) and
Fe* and F&" crystal field transitions (850, 1250 nm and steep below 800 nm) (Figure 4).
This reflects the presence of phyllosilicate phgpbengite and montmorillonite) in the samples.
These absorption bands occur in every sample aitiavle depths, however, there are several
other features which are unique to specific samgheisare due to more minor, yet
astrobiologically important mineral phases and ladtars. The most prominent of which is the
presence of a characteristic chlorophyll absorpbiand at ~670 nm in samples S3 and S4 (e.qg.,
Figure 4). These two samples also show weak feahetow the 670 nm chlorophyll band which
are likely due to carotenoids. All the samples sleewdence for more than one type of OH
overtone and combination from structural wateihi& 1400 nm and 1900 nm regions in the form
of a doublet or triplet. All the sample but S10 éavdoublet, and S10 has a triplet which is

characteristic of the presence of gypsum. The AldDH Metal-OH absorption features as well
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as Fe transitions (Figure 4,5) are characterigtecghyllosilicate phase, likely nontronite and/or
montmorillonite. A carbonate overtone at ~2350 sralso observed in samples S3, 4, 5, 10,11.
While the absolute reflectance of the finer oftilve grain size sample aliquots (<150 um) is
higher than for the 1 mm aliquot, there is no cleaimgthe position or strength of absorption
features (Figure 5). The UV-Vis-NIR portion of thgectrum was stitched to the FTIR date to
cover the range of the CRISM spectrometers (u2@®%m). The IR region of the spectra
(~2500-5200 nm) is dominated by water absorptisogitions features at ~ 2700 nm and ~3000
nm. There are also characteristic absorption bahdarbonates at ~3500 and 4000 nm and of
sulphate at 4500 nm. The band depths of the 3780-Afn carbonate feature has been
guantified and compared to the calcite contenhefdamples (as calculated from C content)

indicating that calcite becomes detectable at aunatons of ~0.5-1% (Figure 6)
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Figure 4. Ultraviolet—visible-near infrared (UV-vis-NIR, 35R500nm) reflectance spectra of
sample S4 is dominated by features characteristivoontmorillonite and has the strongest
chlorophyll absorption feature (~670 nm). A refer@ispectrum of chlorophyll from Rhind et al.
(2014) is overlain. The absorption features aresisbent between grain sizes despite the higher

absolute reflectance of the <1ffh grain size.
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Figure5. Stitched ultraviolet—visible-near infrared (UV—K8R, 350-2500nm) and Infrared
(IR, 2500-5200 nm) reflectance spectra of samplar&B3S7. The spectrum is dominated by a
large water absorption at ~ 2500 nm. The samplew sfariability in the depth of the absorption
features from C@(~2300, 3500, 3900 nm), OH overtones (~1300 nrs@-BH combinations
(~1900 nm), metal-OH overtones (~2200 nm) arfd &ed F€* transitions (~850, 1250, < 800
nm). Both spectra are dominated by features chexratit of montmorillonite, and sample S3

has a chlorophyll absorption feature at ~ 670 nm.
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Figure6. Plot of “calcite equivalent” % vs. band depth loé 3780-4000 nm C{Jeature for
samples with >0% band depths indicates that cdteit®mes detectable above ~0.5-1.0 weight

% as the samples with 0% band depth have “calqgitévalent” of up to 0.4 weight %.

3.3 Geochemistry

3.3.1 X-Ray Fluorescence

The XRF bulk rock geochemistry of the 10 samplesiimmarized in Table 3. The most
abundant major oxide is Si@ith an average of 73.30 + 10.70 wt% and valudsgis as 94.89
wt% (S4). The samples also contain 11.07 £ 0.18 Al9@;. The remainder of the major oxides
are present at a few weight percent level at nidst.SiQ content of the samples correlates
negatively with TiQ, Al,Os, FeOs, MgO, SQ with * > 0.75. When plotted on an ACN-K
ternary diagram for weathering of clastic rocksgbi# and Young, 1984), the samples cluster
towards the weathering trend of a felsic to intediage igneous protolith to smectite (Figure 7).
This is also reflected in abundance of the Al-sahectite (montmorillonite) detected in the

spectral and XRD data.
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Table 3. Bulk rock geochemistry results for major and tralments including % C, N, and S,

and XRD mineralogy results (Qtz — Quartz, Mnt — Moarillonite, Non — Nontronite, Cal —

Calcite, Gyp — Gypsum, Alb — Albite)

ID S1 S2 S3 A S5 6 S7 3 9 S10
SIiC, 73.6€ 65.¢ 93.2¢ 94.8¢ 91.5¢ 69.5] 72.4% 775z 83.9¢ 68.6i
TiO, 0.45 05 0.08 0.07 0.14 0.51 0.4 0.38 0.29 057
Al,O; 1414 19.06 3.66 242 435 17.67 14.98 12.87 8.1 15.06

FeOsT* 382 258 037 027 042 2.93 3.61 2 1.87 3.62
MnO  0.032 0.04 0.03 0.02 0.04 0.04 0.04 0.03 0.04.030
MgO 271 446 04 029 0.67 3.58 3.01 2.42 126 226

CaO 093 034 025 048 0.61 0.67 1.49 1.07 0.54 02 4.
Na&O 2.23 54 063 04 0281 2.7 2.16 2.41 1.36 1.55
K0 1.792 1.32 1 082 1.13 1.91 2.48 0.96 208 344
P,Os 0.058 0.17 005 0.19 0.1 0.12 0.12 0.07 0.1 0.2
SO 0.17 0213 006 001 01 0.07 0.07 0.11 0.09 0.22
TotaP 99.992 99.9 99.88 99.95 99.96 99.71 99.81 99.85 99.67 100
LOI® 8.7t 15.61 1.8t 137 2.24 6.5¢ 6.6€ 11.€ 207 7.7¢
Fed' 0.18 0.18 0.06 0.05 0.13 0.14 0.15 0.1 0.12 0.18
FeOs' 3.62 239 03 021 0.28 2.77 3.44 1.89 1.74 342
Rb* 80 46 23 16 32 62 57 30 77 168
Sr* 238 90 164 161 284 122 782 355 387 325
Zr* 262 418 137 164 175 405 262 288 250 252
V* 60 57 26 21 39 54 52 71 44 86
Cr* 50 50 37 45 43 63 42 42 55 107
Co* <1 38 <1l <1 <1l <1 <1 <1 <1 <1
%C 0.6 0.8 0.06¢ 0.2 0.1c 0.0¢ 0.0¢ 0.C6 0.2 0.3
%TOC 0.01 0.02 0.02 0.07 bdl 0.01 0.02 0.01 bdl 10.0
%N 0.02 097 0.01 0.03 0.01 0.02 0.02 0.01 0.01 44.0
%S 0.101 094 bdl 0.07 bdl 0.07 0.33 0.20 0.07 1.73

Qtz, Qtz, Qtz, Qtz,
Major Mnt Mnt Qtz Otz Qtz  Mnt, Mnt, Mnt, '(\Q/Itz, Qtz,
nt Mnt
Non Non Non
Cal,
Minor Gyp OQtz Mnt Non Gyp Alb, Gyp Alb
Gyp

"All Fe reported as K6s;

“Total reported on an LOI basis

3LOI: loss on ignition (% weight loss in air at ¥8Dfor 1 hour)
*Ferrous and ferric iron determined by wet chemistry
*Reported in ppm (all others in weight percent)
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Figure7. A-CN-K diagram showing the weathering trend anchposition of the 10 samples
(Nesbitt and Young, 1984).

3.3.2 Laser-Induced Breakdown Spectroscopy (LIBS)

The LIBS dataset provides information on the presend relative abundance of major and
trace elements across three wavelength rangesvidMt, visble). The elements identified in the
UV range are Fe, Si, Mg, Al, Ca and Ti; in the béunel in the violet range are Si, Mg, Al, Ca,
and Zr; and in the visible range are Si, Mg, Cal Ha (Figure 8). There is variability between
samples in terms of the peak height for differéatents indicating changes in the abundance.
The most striking are the Ca peaks in the UV spac{Figure 8A). However, this is not the case
in all three wavelength ranges and does not nedlgssarrespond to high Ca concentrations as
guantification and relative concentrations requinssrument calibration using standards (Figure
8C).
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3.4. Raman Spectroscopy

3.4.1 532 nm Raman

Raman spectra were collected from both powderedvde rock samples and are
characterized by a large fluorescence feature atigiee of iron centered at either ~1800 or
~2000-2200 cr. Representative spectra are presented in Figutedks of single data point
width are the result of “hot pixels” in the detacémd as artifacts of the analysis are not be
discussed further.

Multiple (2-6) spectra were collected for each sknfpoth surface and powdered), and the
Raman bands observed in each sample vary in positid strength. In some cases, such as S1
there are no discernable Raman bands, likely dtigetbigh fluorescence signal which is a
limitation with using a 532 nm source. Samples &3 84 are unique in that their spectra also
have a prominent fluorescence feature at ~3408which is characteristic of chlorophyll.
Spectra from all samples except S1 have a 467Raman band associated with quartz. Calcite
(1083 cnl) and gypsum (1007 cf) bands are observed in multiple samples as waa#ts
(Table 4). There are also several bands locat#éteii000-1600 cih range which are
characteristic of organic carbon, the strongestttth is seen in sample S2 at 1069cfhe
organic carbon peaks in samples S3 and S4 at h3amd 1511 crl are likely the result o8-
carotene (Edwards et al., 2005; Rhind et al., 201dble 4 summarizes the Raman bands

observed in each sample and the complete datasetuged in the supplementary text.

Table 4. Summary of the Raman bands (Brobserved in each sample and the minerals
assigned to them.

ID Surface Powder

BC4-S1 - -
Quartz (467), Calcite (1083),

BC4-S2 i Organic Carbon (1069)
Quartz (467), Gypsum (100}8}, Quartz (467), Gypsum (1007),
BC4-S3  Carotene (1156, 1511) Chlorophyll B-Carotene (1156, 1511)

(~3400) Chlorophyll (~3400)
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BC4-S4

BC4-S5
BC4-S6
BC4-S7
BC4-S8

BC4-S9
BC4-S10

Quartz (467), Gypsum (1007),
Organic Carbon (1156, 1511),
Chlorophyll (~3400)

Quartz (467), (653?)
Quartz (467)

Quartz (467)

Quartz (467), Organic Carbon and
B-Carotene (1069, 1156, 1390
1511) Chlorophyll (~3400)
Quartz (467)
Quartz (467)
Quartz (467)
Quartz (467)
Quartz (467), Anatase?
(397,518,640)
Gypsum (1007)
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Figure 9. Raman (532 nm excitation) spectra of sampleaf3,7 are dominated by a
fluorescence hump, a likely result of iron. DatanfrRhind et al. (2014) is plotted to show the

characteristic Raman features associated with®atatene, chlorophyll and gypsum.

3.4.2 Time Resolved Raman Spectroscopy



541
542
543
544
545
546
547

548
549

550
551
552
553
554
555
556
557
558

The Raman spectra of the 10 samples is dominatstrdnyg short-lived luminescence (<40 ns)
indicating the presence of organic carbon, withgamS2 and S4 exhibiting the strongest
luminescence (Figure 10). Weak Raman lines-qtiartz (464 cr) are superimposed on the
luminescence background in samples S3 and S5 sanitteospheric ©(1554 cnt) and N
(2331 cnt) lines are observed in the spectra of all the $esnp
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Figure 10. Time resolved Raman spectra of the 10 samplesceméndted by short lived

luminescence and atmosphericd@d N

3.4.3 UV Raman

The features observed in the UV Raman spectrauanengirized in Table 5. The signal to noise
ratio for several of the samples (S1, S2, S9) veas [0 allow for peak identification. The
spectra of all the samples are dominated by pdakscteristic of organic compounds (Table 5,

Figure 11). In most cases, the peak at ~2356 isrmost prominent (e.g., Figure 11B). Minor
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mineral phases detected include quartz, and featigs®ociated with sulphates, phosphate and

oxide minerals (Figure 11). The complete dataseicisided in the Supplementary Materials.

Table 5. Summary of the Raman bands (Enobserved in each sample and the compounds and

minerals assigned to them.

SampleID  Raman Signal (cm™)

BC4-S1 Poor SNR

BC4-S2 Poor SNR

BC4-S3 Organic Carbon, Quartz (460-465), Sulfates, Phdsp(887)
BC4-S4 Organic Carbon

BC4-S5 Organic Carbon, Sulfate

BC4-S6 Organic Carbon, Sulfate

BC4-S7 Organic Carbon, Oxide? (668)

BC4-S8 Organic Carbon, Sulfate, Oxides (Cr or Fe) (56@-6@8)
BC4-S9 Poor SNR

BC4-S10 Organic Carbon

*Qrganic peaks at ~1500, 2350, 2600-2700, C-C vibration (1315, 1550), C=0 stretching of
complex esters (~1730), NH-CH or NH3- (~2320-30)
* Qulfate peaks at ~980 and 1100 cm-1
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Figure 11. UV-Raman spectra of samples -S3 and S7. There altgola bands indicative of
organic carbon at 1550 ¢hC-C), ~1730 crif (C=0), ~2320-30 (NH-CH or NJ, and 2600-
2700 cnf.

4.0 Discussion

4.1 Mineralogical Context

Mars has a diverse surface mineralogy, with weirdd0O0 mineral species detected to date (e.g.,
Ehimann and Edwards, 2014). The detection of hgdragvaporite, and hydrothermal minerals
as well as trace metal enrichments has importaplications for astrobiology in terms of
habitability, biosignature preservation, and agpbtéal biosignatures (Anderson et al., 2017;
Brolly et al., 2017; Camara et al., 2016; Doma@gaddman et al., 2017; Desquire et al., 2017,
Gasda et al., 2017; Kosek et al., Rull et al., 20Tfis includes minerals such as gypsum and
calcite as well as their constituents and othenelgs common in evaporite deposits including

Ca, Na, K, Sr. The other suite of astrobiologicadlievant elements discussed are the “essential”
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micro and macro nutrients”; including S, N, P, @a, Ni, Mn (McKay, 2014). While the
samples are dominated by quartz, which is not @nt@mponent of the Martian crust (Ehlmann
and Edwards, 2014), the geomorphology and histbwater in the region has resulted in the
presence of several astrobiologically relevant mailsewhich were detected using multiple

techniques, including calcite, gypsum, and monthoorite.

In terms of number and diversity of mineral phasdetected with a single instrument, X-ray
diffraction (MSL CheMin) is shown to be the mosfeetive single method and provides the
opportunity for quantitative mineralogy. Howeveére tsame results can be inferred by the
combined use of the reflectance and Raman speletasets which in several cases identified
minerals which were not identified in the XRD datech as trace carbonates down to <1 wt%
(Figure 6). While quantification is more complexthvihese datasets, the characterization of
mineral species and chemistry is possible fromtspledata. The XRD patterns of the Hanksville
samples are dominated by quartz and a clay phaséronite and/or montmorillonite), which is
difficult to identify in XRD, but is readily deteetl in the VNIR-SWIR datasets, and in most
cases is likely montmorillonite. In addition to cheterizing the phyllosilicate phases in the
samples, reflectance spectroscopy can also pravidenation on sample chemistry based on
the relative position of the metal-OH, Al-OH andrirabsorption features. Clay minerals are
critically important for organic preservation inwdial environments (Hays et al., 2017). Raman
spectroscopy detected quartz and in some casesudfates and calcite but did not provide

meaningful information on the clay content of tlenples

Reflectance spectroscopy also effectively iderditarbonate and sulfate phases, both of which
are important for paleoconditions/habitability (pwate deposits) and whose formation can be
biologically mediated, producing spectral differeage.g., Ronholm et al, 2013, 2014; Berg et
al., 2014; Korbalev et al., 2017). Evaporitic plsasech as gypsum and calcite are also of
astrobiological relevance in the context of hahitgtand preservation of organic biomarkers
(e.g, Baque et al., 2016; Stromberg et al., 20C4)bonate was detected in the UV-Vis-NIR and
FTIR spectra of samples S1,3,4,5,9,10, and gypsasdetected in the UV-Vis-NIR spectra of

samples S10 (S3,4,9 in 532nm Raman). The presénicese phases is easier to distinguish in
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both reflectance spectra and Raman spectra thitwe MRD data when the occur in minor or

trace amounts in the samples (<1%).

In terms of detection of major and minor to tratsreents (e.g., Zr, Ti) the Hanksville samples
show that LIBS and XRF are roughly comparable, h@wrethis is a qualitative measure. An
important feature of LIBS is that is very effectiaedetecting light elements such as C, Li, S,
Mg, Na and Ca (e.g., Harmon, Russo and Hark, 2828 and Harmon, 2014) as well as
heavier elements such as Sr and Rb in geologicriaigtealthough this is not reflected in our
dataset due to the experimental setup. This istitapbas XRF has limited capability with the
light elements and cannot detect C. It should bésaoted that lab base XRF is not necessarily
the best proxy for the PIXL instrument as it isudkimeasurement whereas PIXL, like LIBS, is a
point measurement on an in situ sample. Howeverpitides a useful baseline for which
elements may be detectable by the PIXL instrumehich will also have the benefit of spatially
resolved geochemical data. The UV-Vis-NIR datapatside evidence for B&§Fe’* redox
couples what are important in an astrobiologicaltert. However, iron that is observed in the
surface sensitive spectral data (Raman fluoresdeatere, UV-Vis-NIR crystal field

transitions) does not necessarily reflect the total content or mineralogy of the samples
identified by and XRF or XRD. It is in many casks tesult of surface weathering, which is
easily observed in the color of the samples. Thimportant when working with iron stained
samples and something that may be used to whemdeoing) sample selection and which
techniques to use for sample characterizatiorhdrcase of the Hanksville samples, it was clear
from the sample surface if this would be an is§ioe.example, sample S7 which is reddish has
enhanced Fe features in the UV-VIS region of thecspm (Figure 5) and high fluorescence in
the Raman data (Figure 9). This highlights the irfaowe of selecting the correct technique for
characterization, and can be mitigated with thdiegion of LIBS analysis which is capable of

penetrating this iron stained layer for geochemilegdth profiling.

4.3 Organic Biosignature Detection
One of the primary objectives of the MSRAD samplstigitegy was the collection of samples
with high organic carbon content, and the ovemil TOC of the rover track samples is low

(<0.02%) by terrestrial standards. However, th@/mes a unique opportunity to assess the
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capability of techniques employed by flight instremation such as Raman spectroscopy, and
reflectance spectroscopy for detecting organic més. This is increasingly important as
upcoming missions are focused on the search fargoaispresent like (e.g., Mars2020, EcoMars)
where the primary objective is the direct detectbbiosignatures, with organic molecules
being an important target (Grotzinger, 2014; Don&yaldman and Wright, 2016; Rull et al.,
2017). This objective has driven the developmera nimber of new flight instruments with
analytical capabilities for the detection of orgamiolecules by LIBS and Raman (e.qg,
SuperCam, SHERLOC, RSL) (Jessberger et al., 20a8indva et al., 2014; Eshelman et al,
2015; Dequiare et al., 2016; Laing et al., 201@uj Bt al., 2017). While our LIBS experimental
setup was not optimized for C detection, the deiedimits for C in samples with <0.5%
organic carbon have not been well established (Pegt al., 2017), so it is unlikely that LIBS

data could have provided definitive C detectiomiost or any of the rover track samples.

Organic carbon was detected in multiple samplelsdbly Raman and reflectance spectroscopy
(proxies for Mars2020 SuperCam, Exomars RLS andddas instrumentation) and the results
are summarized in Table 6. The most prominent andlasive organic biosignature observed is
the presence of chlorophyll and carotene deteatdloel UV-VIS-NIR and Raman spectra in
samples S3 and S4 (Figure 4,5,9). The detectiorchachcterization of organic compounds in
the UV-VIS-NIR and IR range of the spectra has begiglely applied in the context of
astrobiology (e.g., Preston et al., 2011; Izawa.eP014; Preston et al., 2015). However, apart
from the carotene and chlorophyll absorption feegurelow ~800 nm, there are no other
indications of organic compounds observed in tiflec@nce spectra of any of the samples.
While this most likely evidence of present endatitiife, the detection of such molecules may
have implications for Mars as they have been shovwe somewhat stable under Martian
surface conditions (e.g., Baque et al., 2016; Shemmet al., 2014). However, this stability and
preservation potential is dependent on their etidolhabitat, and so detection requires a fresh
surface exposed by abrasion (e.g., RAT (rock abnasiol)) or sample crushing (Baque et al.,
2016; Stromberg et al., 2014). Sample S4 is a pésandstone and S3 is unconsolidated white
clay material, and while the chlorophyll and canatevere detected in both surface and crushed
samples, it is likely that the surface sampled av&esh surface which was exposed during

sample collection and transport.
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The Raman measurements (532 nm, TR, UV) colleatetti® Hanksville samples all detected
organic carbon with variable success in multipimglas. While the Hanksville samples all have
TOC values of <0.07% with most below 0.03%, Ramaetoscopy has emerged as a powerful
technique for the characterization and detectiolowfconcentration organic compounds
(Mars2020 SuperCam and SHERLOC, ExoMars RLS) (Blgilinove et al, 2014, Cloutis et al.,
2016, Eshelman and Edwards, 2014; Eshelman @(4l5; Laing et al., 2016; Abbey et al.,
2017). The detection of ~0.04 wt % condensed cahasrbeen reported in simulate Martian
regolith samples by UV-Raman (Abbey et al., 204Aj] Raman spectroscopy is capable of
distinguishing between PAH compounds (Cloutis gt24116). The 532 nm Raman spectrum are
dominated by fluorescence feature (likely iron) #ikd the reflectance data were most
successful at detecting chlorophyll and carotenesimples S3 and S4. However, this dataset
only detected carbon compounds in one other saf8gle the highest ranked sample taken by
the rover based on potential for organic contertta@a This sample was ranked highly due to its
greenish color and fine-grained nature which wasotiyesized to be the result of high clay
content and potential iron redox gradients (Cawdifil., 2019a). High clay content is reflected in
the XRD and the reflectance spectral results, hacgample also had the highest@land

nitrogen contents, and elevated S values.

Sample S2 has the highest organic luminescend¢eitinhe resolved Raman spectra, followed
by the chlorophyll and carotene containing samf{fsand S4). Short lived fluorescence in
itself has been proposed as a possible biosignéEsteelman et al., 2015). All of the samples
except S1 exhibit some degree of short-lived lusgeace (Figure 10), the magnitude of which
roughly reflects the reported TOC values (TableT8)s is significant given that the TOC of
several samples was <0.01% but they still show nshort-lived luminescence. UV-Raman
also detected organic carbon in all samples wher&SNR allowed for peak identification. Al
the samples suffer from low SNR which makes comgapecific identification difficult.
Despite this, the results highlight the exceptibynlaw detection limits of UV-Raman for
organic compounds and begins to explore the brezdttiormation that can be extracted from
UV-Raman datasets. This approximates the data tihenMars2020 SHERLOC instrument

which has the potential to identify reduced carbompounds but may not provide sufficient
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structural information to distinguish between adical signal and extraterrestrial organic input
(Hays et al., 2017).

4.3 Paleohydrological Context

The ten samples in this study showed substanti@nvee in their overall low carbon content
(<0.07% TOC). Work on terrestrial contemporary fahsystems has shown that locations or
periods where fluvial channels intersect geologiarimlaries or are introduced to larger stream
networks (representing the potential of a particalarient or resource delivery to an area in
which is it biologically limiting) are typically m@ biogeochemically active, driven by
hydrology (McClain et al., 2003; Krause et al., 2DIrhus the variance in organic or carbon
content, or other biosignature detection (suchhémaphyll detection through spectroscopy)
may be attributable to either variations in flowaigh time or space at the site (Williams et al.,
2009). All of these samples with the exception #fn&rein situ unconsolidated surficial

material some of which can be directly correlatedowver traverse samples. Future knowledge of
Martian geologies and paleoflows may be linkedriown limiting resources or nutrients for
biological production which may have resulted iodignature production and preservation.
Future terrestrial field campaigns may continutesi this hypothesis by sampling for detectable
biosignatures along transects of geologic unitctviwere linked through apparent
paleohydrologic networks to determine the appliigtof this approach for designing sampling

campaigns for future Martian missions.

Table 6. Summary of the biosignatures and astrobiologiaa&lgvant minerals and elements
detected andetectable by each technique.

Technique Organic Material | Organic Biosignatures | Mineralsor Elements
Na, Ca, ¥n, H, B, C,

LIBS - - K, S, Rb)

Raman S2, S3, S4 S3, S4 Gypsum, Calcitg

Time Resolved

Raman All samples - -

UV-Vis-NIR Gypsum, Carbonates

Spectroscopy S3, S4 S3, S4 Clays

FTIR - - Sulfates, Carbonates
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Spectroscopy Clays

XRF - - K, Na, P, S, Sr, Mn
UV Raman* S3,4,5,6,7,8,10 - Sulfates, OH-
XRD - - Gypsum, Calcite, Clays
Mass S1,2,3,4,6,7,8,10,

Spectrometry (TOC) - C,N,S, TOC

*poor SNR for samples S1,S2,S9

6. Conclusions

The search for extant life on Mars hinges in thiéitgitho detect biosignatures using rover
mounted instruments. But equally important is idgimg regions where organic biosignatures
may have formed and been preserved using regicald paleohydrological models as well as
mineralogical and geochemical datasets. While tgarac carbon content of the Hanskville 10
samples was overall low in a terrestrial conteatnplex organic carbon molecules were
detected using multiple rover equivalent instruraeamtd these values are not low in the context
of Mars (Ming et al., 2014; Freissinet et al., 2DTHhe mineralogy of the Hanksville samples is
dominated by quartz, but astrobiologically releViaydrated and evaporite minerals were
detected by multiple techniques which can be useplitde site selection for further analysis.
The geochemistry of the samples also points towtelpresence of undetected trace mineral
phases detectable by LIBS and XRF (e.g, Ti andvhith may be relevant for redox and

paleoenvironmental context.

In addressing the CanMars MSRAD goal of selectarg@es with organic carbon and
biosignatures, organic carbon was detected ingh& ranked samples (S2- Neils, and S7-
Astrid) using Raman (UV, 532 nm and time resolvad] reflectance spectroscopy (UV-Vis-
NIR). Sample S2 proved to be the most promisingetiaior further analysis (e.g., GC-MS) and
potential sample return given the elevated N amdl&es and high clay contents. However, to
reach any such conclusions on sample relevanc@&esdbe evaluation of at least one of the
Raman datasets (UV-in this case) as well as speleta. Relying only on TOC presence or

abundance is insufficient as in this case, thedsgfOC values were extracted from the sample
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has the least astrobiological significance in teonsiineralogy and geochemistry (S4) as it a
sandstone boulder dominated by quartz (94.89%)Siis highlights the importance of using
multiple techniques to characterize sample con@sganic biomarkers (chlorophyll and
carotene) were detected in samples S3 and S4 legteefce and Raman (532 nm) spectroscopy.
The organic carbon content of the samples is bétevdetection limits of FTIR spectroscopy
and LIBS but can be readily detected with Ramawtspscopy. The UV-Raman (Mars2020
SHERLOC) data provided the greatest insights inéogotential structure of the organic carbon.

The importance of using multiple datasets for cti@rizing sample mineralogy and providing
context for any detected organic compounds is lggted in these results. UV and time-
resolved Raman are shown to be the most effectsteuiment for detection of organic
molecules, however, both provided little mineratadicontext, and compound identification was
not possible. By comparing mineralogical, specaali geochemical datasets it is clear that the
sample with the highest TOC values and strongegstrac carbon signature may not be the most
relevant. While XRD provided the greatest breadtimimeral detection (major and trace), the
same mineralogy can be determined from the Ramamediectance spectral results with
elemental data (LIBS, XRF) guiding trace minerd¢iences. Reflectance spectroscopy provides
the greatest compound specific information (choytlpin this sample suite, but in the context
of Mars, its strengths lie in mineralogical detentand characterization which is reflected in the

ubiquity of spectrometers on planetary mission pags.
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