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a b s t r a c t 

Raman spectroscopy has emerged as a powerful, non-contact, non-destructive technique for detection and 

characterization of in situ organic compounds. Excitation using deep UV wavelengths ( < 250 nm), in par- 

ticular, offers the benefits of spectra obtained in a largely fluorescence-free region while taking advantage 

of signal enhancing resonance Raman effects for key classes of organic compounds, such as the aromatics. 

In order to demonstrate the utility of this technique for planetary exploration and astrobiological appli- 

cations, we interrogated three sets of samples using a custom built Raman instrument equipped with a 

deep UV (248.6 nm) excitation source. The sample sets included: (1) the Mojave Mars Simulant, a well 

characterized basaltic sample used as an analog for Martian regolith, in which we detected ∼0.04 wt% 

of condensed carbon; (2) a suite of organic (aromatic hydrocarbons, carboxylic acids, and amino acids) 

and astrobiologically relevant inorganic (sulfates, carbonates, phosphates, nitrates and perchlorate) stan- 

dards, many of which have not had deep UV Raman spectra in the solid phase previously reported in 

the literature; and (3) Mojave Mars Simulant spiked with a representative selection of these standards, 

at a concentration of 1 wt%, in order to investigate natural ’real world’ matrix effects. We were able to 

resolve all of the standards tested at this concentration. Some compounds, such as the aromatic hydro- 

carbons, have especially strong signals due to resonance effects even when present in trace amounts. 

Phenanthrene, one of the aromatic hydrocarbons, was also examined at a concentration of 0.1 wt% and 

even at this level was found to have a strong signal-to-noise ratio. It should be noted that the instrument 

utilized in this study was designed to approximate the operation of a ’fieldable’ spectrometer in order to 

test astrobiological applications both here on Earth as well as for current and future planetary missions. 

It is the foundation of SHERLOC, an arm mounted instrument recently selected by NASA to fly on the 

next rover mission to Mars in 2020. 

© 2017 Elsevier Inc. All rights reserved. 
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. Introduction 

It was recently announced that the Curiosity Rover detected

rganic compounds in the drill fines collected at Cumberland in

ale Crater, the first definitive detection of organic carbon in sur-

ace materials on Mars ( Freissinet et al., 2014; Glavin et al., 2015 ).

et, despite this amazing success, understanding the source and

istribution of organic compounds on the Martian surface has

roven to be a technically challenging and frustrating endeavor. In

pite of constant meteoritic and interplanetary dust fall through-
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E-mail addresses: rbhartia@jpl.nasa.gov , rohit.bhartia@jpl.nasa.gov (R. Bhartia). 
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019-1035/© 2017 Elsevier Inc. All rights reserved. 
ut Martian history ( Flynn , 1996 ), evidence that photolytic byprod-

cts could survive ( Benner et al., 20 0 0; Stalport et al., 20 09 ), and

he possibility of abiotic organic matter forming via igneous and/or

ydrothermal processes ( Steele et al., 2012a ; 2012b ), to date none

f the landed missions to Mars have been able to directly de-

ect organic material on the surface. These investigations, includ-

ng Curiosity’s Sample Analysis at Mars (SAM) instrument, all re-

ied on pyrolysis to identify organic material by heating bulk sam-

les of Martian regolith in order to volatilize any organics present

or analysis in a gas chromatograph–mass spectrometer (GC–MS)

 Biemann and Lavoie, 1979; Boynton et al., 2001; Mahaffy et al.,

012 ). This technique is complicated by the presence of perchlo-

ate in Martian rocks and soils. Strong oxidizers on the Martian
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surface, like perchlorate, produce substantial amounts of oxygen

when heated, suggesting that pyrolysis in general is not well suited

for organic analysis, as the presence of oxygen promotes combus-

tion of organics during heating ( Navarro-Gonzales et al. , 2010; Ten

Kate, 2010; Leshin et al., 2013 ). When heated, perchlorates alter the

structure of the organic compounds so that the identities of the or-

ganics remain uncertain ( Freissinet et al., 2014; Ming et al., 2014 ).

Also, some key organic compounds are not volatile, such as the

carboxylic acids, and would not be directly detectable by GC–MS

experiments even without the presence of an oxidizer in the Mar-

tian regolith ( Benner et al., 20 0 0 ). Furthermore, destructive bulk

analysis techniques, such as pyrolysis, fail to retain the spatial con-

text of in situ samples, an important clue for the interpretation of

any organic compounds discovered. Our experience on Mars thus

far has demonstrated that alternate methods of exploration are a

necessity if future planetary missions intend to detect and study

the origin of native organic compounds. 

Ultraviolet (UV) and deep UV ( < 250 nm) Raman spectroscopy

has recently emerged as a potential alternative to destructive bulk

processing methods, such as pyrolysis GC–MS, as a powerful, non-

contact, non-destructive technique that offers spatially resolved,

high sensitivity detection and characterization of in situ organ-

ics and associated minerals ( Wu et al., 2001; Bozlee et al., 2005;

Frosch et al., 2007; Tarcea et al., 2007; Skulinova et al., 2014; Es-

helman et al., 2014 ). Raman spectroscopy is based on the inelas-

tic scattering of incident monochromatic laser light, with the scat-

tering being dependent on the polarizability of the vibrational en-

ergy of the molecular bonds within the target, thus enabling their

classification (C 

–C, C 

–H, C 

–O, SOx, COx, POx, OH, etc). Visible, in-

frared, and near-infrared Raman spectroscopy have been proposed

as tools for planetary exploration for well over a decade now for

the rapid identification of both minerals and potential biomark-

ers (e.g., Popp et al., 2001; Ellery and Wynn-Williams, 2003; Wang

et al., 2003; Jehlicka et al., 2009; Vítek et al. , 2009; Alajtal et al.,

2010 ). In fact, visible wavelength Raman spectrometers have been

included in the plans for both the European Space Agency’s Ex-

oMars Mission ( Rull et al., 2011 ) and SuperCam on NASA’s next

Mars rover in 2020 ( Clegg et al., 2014 ). In addition, targets can

also be excited using wavelengths in the deep UV spectral range,

which offers significant signal enhancement over visible and in-

frared wavelengths, especially for carbonaceous compounds ( Asher,

1984; Loppnow et al., 2004 ), making deep UV Raman spectroscopy

particularly well suited for any investigation where detection of or-

ganics is of primary interest. A deep UV Raman spectrometer is at

the heart of the Scanning Habitable Environments with Raman and

Luminescence for Organics and Chemicals (SHERLOC) investigation

that has been selected by NASA for inclusion on the arm turret of

the Mars 2020 rover to search for organic compounds on the Mar-

tian surface ( Beegle et al., 2014, 2015 ). 

Deep UV Raman spectroscopy has been a valuable tool for the

study of organic compounds for many years, from living bacterial

cells to abiotic, aromatic hydrocarbons to amorphous, diamond-

like carbon films (e.g., Asher and Johnson, 1984; Nelson et al.,

1992; Ferrari and Robertson, 2001 ). To date, the vast majority of

this work has been done with the organics suspended in either

a carrier gas, a liquid solution, or as dried samples subject to ro-

tation, with few interrogations performed on static solid samples

( Asher et al., 1986; Asher, 1988; Chadha et al., 1993; Wu et al.,

20 01; Tarcea et al., 20 07 ). The intent of these previous studies

was to understand the benefits of deep UV excitation in terms

of a fluorescence-free Raman region and the resonance and pre-

resonance effects of organic vibrations. As such they used large

deep UV laser sources with a fluence (radiant energy received

by a surface area) that required continual movement of the sam-

ple to avoid thermal decomposition or photolysis of the sample

( Asher, 1988; McCreery, 20 05; Smith and Dent, 20 05 ). While these
aboratory devices are not amenable to field work or in-situ inves-

igations, recent technological advances in optics, manufacturing,

nd laser design have made possible the construction of low en-

rgy input, compact, deep UV laser sources and, in turn, compact

eep UV Raman instruments ( Storrie-Lombardi et al., 2001; Bhartia

t al., 2012a ; 2012b; Beegle et al., 2014 ). These instruments can de-

ect organics with decreased fluence on the sample by capitalizing

n the resonance effects of organic compounds and the efficiency

f Rayleigh scattering at these wavelengths (1/ λ4 ), thus minimiz-

ng the risk of sample degradation. Loppnow et al. (2004) used

eep UV wavelengths (220 nm & 230 nm) to examine aromatic hy-

rocarbons, both in solution as well as in solid form, with min-

mal degradation. Kumamoto et al. (2011) also showed that even

ith a fluence of 400 J/cm 

2 , sample degradation with UV and

eep UV excitation (244 nm) is not detectable, and only achieved

pectral degradation of nucleotides and amino acids of dried

nd hydrated HeLa cells after reaching 40 0 0 J/cm 

2 . Most recently,

shelman et al. (2014) and Skulinova et al. (2014) used UV exci-

ation (266 nm & 355 nm, respectively) to detect and identify or-

anic compounds, both in their pure form and mixed within a sil-

ca sand matrix, with no apparent degradation using ∼10 0 0 J/cm 

2 ,

ven with a peak power of 49 KW/cm 

2 . 

The purpose of this paper is to demonstrate the utility of deep

V Raman spectroscopy to planetary investigations such as SHER-

OC, specifically with regards to the detection and characterization

f organic compounds, but also inorganic compounds and miner-

ls that are of astrobiological interest, either as sinks for key or-

anic elements (CHNOPS) or by their likely association with po-

ential biomarkers (i.e., hydrothermal precipitates, evaporite miner-

ls, etc). To assess the fidelity of this technique we examined three

ypes of samples: 1) a mineralogically and organically well char-

cterized basaltic dust used as an analog for Martian regolith; 2) a

uite of solid phase organic standards and astrobiologically relevant

norganic standards; and 3) the Martian analog after being spiked

ith a representative selection of these standards at the 1 wt% and

in one case) 0.1 wt% levels. This third type of sample was used to

btain a preliminary understanding of the technique’s sensitivity to

hese compounds in the face of potential matrix effects that may

e found in natural ’real world’ environments (i.e., mixed with re-

olith or sediments). Spectra were obtained for all of the above

amples, in either granular, powdered, or pelletized form, with a

ustom built Raman instrument utilizing an integrated deep UV

ource (248.6 nm) to excite the target. It is important to note that

his instrument was built with optical parameters designed to ap-

roximate the performance of a fieldable planetary instrument. The

esign used in this study, coupled with a compact spectrometer

nd deep UV native fluorescence, are highly amenable to organic

etection implementations relevant to astrobiology field work, as

ell as current and future planetary missions such as Mars 2020. 

. Materials 

.1. The Mojave Mars simulant 

The Martian analog used in this study was the Mojave Mars

imulant (MMS). This basaltic simulant was developed at JPL to

tand in for Martian regolith and has been shown to be simi-

ar in both chemical and mineralogical character to basalts found

n Mars ( Peters et al., 2008 ). More specifically, for this study, we

hose to use the MMS Dust, the fine-grained size fraction of MMS

ollected after the bulk rock has been pulverized. In brief, the

MS is an olivine basalt mined from the Tertiary Tropico Group

ear Boron, California in the western Mojave Desert ( Dibblee, 1958,

967 ). It is dominated by plagioclase feldspar ( ∼37 wt%), Ca-rich

yroxene ( ∼17 wt%), basaltic glass ( ∼41 wt%), minor amounts of

agnetite ( ≤5 wt%), and trace amounts ( < 2 wt%) of Fe-rich olivine,
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Table 1 

Organic and inorganic compounds examined in this study using deep UV Raman spectroscopy. 

Class Compound/Mineral/Species Formula Source 

Organic compounds Aromatic 

Hydrocarbons 

Biphenyl (C 6 H 5 ) 2 Aldrich #B34656, purity 99.5% ( Lot 11524CB ) 

Naphthalene C 10 H 8 Sigma-Aldrich #147141, purity 99% ( Lot 06004TH ) 

Anthracene ∗ C 14 H 10 Sigma-Aldrich # 141062, purity 99% ( Lot 06619JE ) 

Phenanthrene ∗ C 14 H 10 Sigma #P2528, purity > 96% ( Lot 052K1449 ) 

Pyrene C 16 H 10 Sigma Life Science #82648, purity ≥ 99% ( Lot BCBF4410B ) 

Perylene C 20 H 12 Aldrich #P11204, purity ≥ 99% ( Lot 04101PGV ) 

Carboxylic Acids Palmitic Acid ∗ CH 3 (CH 2 ) 14 COOH Supelco #R420160, purity 99.6% ( Lot LB40764 ) 

Phthalic Acid C 6 H 4 (COOH) 2 Sigma-Aldrich #402915, purity ≥ 99.5% ( Lot BCBK8052V ) 

Mellitic Acid C 6 (COOH) 6 Aldrich #M2705, purity 99% ( Lot 08205PO ) 

Amino Acids Glycine ∗ CH 2 (NH 2 )COOH Sigma-Aldrich #33226, purity 99.7–101% ( Lot 70650 ) 

Serine CH 2 CH(NH 2 )COOH(OH) Sigma Life Science # 84959, purity ≥ 99.5% ( Lot 1349921 V ) 

Histidine ∗ CH 2 CH(NH 2 )COOH(C 3 H 3 N 2 ) Sigma #53319, purity 99.5% ( Lot 13CBF7717V ) 

Tyrosine CH 2 CH(NH 2 )COOH(C 6 H 4 OH) Sigma Life Science #T8566, purity 99.0% ( Lot 109K0032 ) 

Tryptophan CH 2 CH(NH 2 )COOH(C 8 H 6 N) Sigma #T-0254, purity 98% ( Lot 102K0370 ) 

Inorganic Compounds Sulfate Minerals Gypsum 

∗ CaSO 4 ·2H 2 O Tawas City, Michigan (WARDS #46–3798 ) 

Mg-hydrated sulfates a MgSO 4 ·n H 2 O Sigma Aldrich #434183, purity ≥ 97% ( Lot unknown ) 

Fe-hydrated sulfates b FeSO 4 ·n H 2 O Malinckrodt #5056, purity ≥ 98% ( Lot 5056 T41581 ) 

Carbonate Minerals Calcite CaCO 3 Santa Eulalia, Chihuahua, Mexico (WARDS #49–5860 ) 

Magnesite ∗ MgCO 3 Brumado, Bahia, Brazil (WARDS #49–5923 ) 

Ankerite-Dolomite Ca(Fe, Mg)(CO 3 ) 2 Charlemont, Massachusetts (Excalibur Mineral Corp) 

Phosphate Minerals Fluorapatite ∗ Ca 5 (PO 4 ) 3 F Durango, Mexico (WARDS #49–5855 ) 

Chlorapatite c Ca 5 (PO 4 ) 3 Cl Odegarden Verk, Bamble, Norway (JPL collection) 

Nitrates NH 4 -nitrate NH 4 NO 3 Fisher #A676500, purity ≥ 98% ( Lot 984670 ) 

Na-nitrate NaNO 3 J.T. Baker #1–3770, purity ≥ 99.0% ( Lot 508663 ) 

K-nitrate ∗ KNO 3 Malinckrodt #7028, purity ≥ 99.0% ( Lot 7028 T22620 ) 

Perchlorates K-perchlorate ∗ KClO 4 Aldrich #24,183–0, purity ≥ 99% ( Lot DA11625BA ) 

∗ compounds used to spike MMS Dust samples at the ∼1 wt% level (note: phenanthrene also examined at the ∼0.1 wt% level) 
a kieserite (1H 2 O) with trace amounts of pentahydrite (5H 2 O) and hexahydrite (6H 2 O) 
b melanterite (7H 2 O) with subordinate rozenite (4H 2 O) and trace amounts of szomolnokite (1H 2 O) 
c contains < 10 wt% fluorapatite 
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lmenite and hematite. Electron microscopy also suggests the pres-

nce of very minute concentrations ( < 1 wt%) of sulfate, carbonate

nd phosphate. Zeolites have also been reported in the literature

 Wise and Kleck, 1988 ). The MMS Dust is characterized by angular

articles, almost conchoidal in fracture habit, generally less than

50 μm in grain size, with the bulk of the particles ( > 60 wt%) av-

raging less than 50 μm in size. For this study, additional X-ray

iffraction analyses were performed on the MMS Dust to augment

he information available in Peters et al. (2008) ; specifically, min-

ral phases and glass content (above, in wt%) were more rigorously

uantified. The total concentration of carbon-bearing compounds

n the MMS was determined by pyrolysis-EGA to be approximately

.34 wt%, with ∼0.04 wt% (400 ppm) originating from the total or-

anic carbon content and ∼0.30 wt% originating from carbonate. 

.2. Organic standards 

Organic standards chosen for this study include polyaro-

atic hydrocarbons (PAHs), carboxylic acids and amino acids (see

able 1 ). All of these organic compounds are expected to be

resent on the Martian surface due to meteoritic and interplan-

tary dust fall even in the absence of biotic synthesis ( Benner

t al., 20 0 0; Botta and Bada, 20 02 ), if not on the surface, where

arious photochemical processes may destroy them ( Stoker and

ullock, 1997 ), than possibly at depth. Many of these organic

ompounds have even been identified in Martian meteorites (e.g.,

lavin et al., 1999; Steele et al., 2012a ); most famously in Al-

an Hills 84001, where aromatic hydrocarbons, such as anthracene,

henanthrene, pyrene and perylene, were reported in association

ith putative microfossils ( McKay et al., 1996; Becker et al., 1999 ).

enner et al., (20 0 0) also suggested that oxidation processes on the

urface of Mars would convert any aromatic hydrocarbons present,

s well as any kerogen, into various derivatives of carboxylic acid,

ost notably mellitic acid (benzene-1,2,3,4,5,6-hexacarboxylic acid)
nd phthalic acid (benzene-1,2-dicarboxylic acid), with as much

s several kilograms having been potentially generated per square

eter of Martian surface over the past 3 billion years, making

hese key compounds of interest for future astrobiological investi-

ations on Mars. While the long term survivability of amino acids

n the Martian surface and near subsurface (to ∼ 1 m) is up for

ebate ( Pierazzo and Chyba, 1999; Kminek and Bada, 2006; ten

ate et al., 2006 ), they are biologically important organic com-

ounds that are vital to basic energy production and transfer cy-

les, as well as biosynthesis, and are considered essential ’building

locks’ for life ( Jenkins et al., 2005 ). All organic standards used in

his study are listed in Table 1 and were obtained from the noted

hemical supply companies. 

.3. Inorganic standards 

Inorganic standards chosen for this study include sulfate miner-

ls, carbonate minerals, phosphate minerals, nitrates and perchlo-

ates (see Table 1 ). Sulfate minerals, such as gypsum and polyhy-

rated magnesium sulfates, are believed to be ubiquitous on Mars

nd may represent ancient acidic lake evaporite deposits ( Swayze

t al., 2008 ; Wray et al., 2011 ; Ehlmann and Edwards, 2014 ).

ost recently, veins of a calcium sulfate (e.g., gypsum) have been

ound by Curiosity in sedimentary rocks at Gale Crater ( Vaniman

t al., 2013; Ehlmann and Edwards, 2014 ). Calcium, magnesium

nd iron carbonates, while not as wide-spread as sulfates, have

een found in the Isidis Basin, the Columbia Hills, and in im-

act craters across the southern highlands ( Ehlmann et al., 2008;

iles et al., 2013 ). Mg-carbonate also has been reported in Martian

ust ( Bandfield et al., 2003 ) and Ca-carbonate has been reported

n soils at the Phoenix landing site ( Boynton et al., 2009 ). Phos-

hate minerals have been identified both on the Martian surface

nd in Martian meteorites, with chlorapatite believed to be the

ominant phase for both ( Adcock et al., 2013 ). Nitrates have yet



204 W.J. Abbey et al. / Icarus 290 (2017) 201–214 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3

 

d  

T  

t  

p  

t  

p  

w  

t  

d  

w  

A  

T  

l  

w  

t

3

 

t  

p  

t  

r  

o  

(  

1  

s  

U  

t  

m  

u  

e

 

c  

c  

c  

a  

s  

c  

s  

fl  

e  

i  

d  

t  

s  

a  

c  

’  

S  

e  

2  

t  

e  

p

 

i  

(  

a  

s  

w  

b  

s  
to be definitively identified on Mars; however, recent SAM results

from Curiosity have suggested their presence ( Navarro-Gonzalez

et al. 2013; Stern et al., 2015 ). If true, this would add evidence to

the steady-state model of nitrogen in the atmosphere proposed by

Manning et al. (2008) , with significant implications for the hab-

itability of the planet. Perchlorates were first confirmed at the

Phoenix landing site ( Hecht et al., 2009 ), and are suspected to

have interfered with organic detection experiments on past rovers

and landers ( Navarro-Gonzales et al. , 2010; ten Kate, 2010; Leshin

et al., 2013 ). All inorganic standards used in this study are listed in

Table 1 . Salts such as nitrates and perchlorates were obtained from

the noted chemical supply companies, while most minerals, except

where indicated, are natural samples obtained from the listed min-

eral suppliers. All mineral phases were verified by X-ray diffraction,

and poly-mineralic samples are noted. 

2.4. Spiked samples (MMS + Standards) 

Samples of MMS Dust were each mixed with approximately 1

wt% or 0.1 wt% of an individual standard for further investigation.

Standards were chosen to represent each of the ’classes’ defined

in Table 1 . Particle sizes for both organic and inorganic standards

averaged less than 100 μm, on par with the particle size of the

MMS Dust (dust particles generally being < 150 μm). Spiked sam-

ples ( ∼500 mg each) were then pressed into 13 mm diameter pel-

lets, under 8 t of pressure, for approximately one minute, using

a Carver model 3752 manual hydraulic press with a SPEX Sam-

plePrep model 3613 die set. Pelletizing was done to reduce the

concentration of void spaces in the sample, providing a greater

and more uniform cross-sectional area for interrogation. It also

served to maintain the well-mixed nature of the samples dur-

ing analysis. This well-mixed nature was verified by comparing

phenanthrene-spiked pellets with un-spiked pellets under ultra-

violet illumination. Phenanthrene particles were observed to be

evenly distributed throughout the pellets. Finally, in order to make

sure that pellitizing had not altered the standards or the MMS Dust

in any significant way, pellets were made from pure standards and

un-spiked dust, and their Raman spectra compared to that of their

un-pelletized counterparts. No significant differences were noted.

In addition, un-spiked MMS Dust samples were examined by X-ray

diffraction both before and after pellitizing and, likewise, no signif-

icant differences were noted. 

3. Methods 

3.1. X-Ray diffraction (XRD) 

Powder X-ray diffraction patterns were obtained for both the

mineral standards and the MMS Dust using a Bruker AXS model D8

Discover X-ray diffractometer equipped with a graphite monochro-

mator and a General Area Detector Diffraction System. Radiation

applied was CuK α ( λ = 1.5404 Å) operated at 40 kV and 20 mA.

Phase identification was accomplished by comparing the 13–75 °
2 θ range with standard powder diffraction files from the Inter-

national Centre for Diffraction Data (20 0 0) using the DIFFRAC 

plus 

EVA 13 Evaluation Package from Bruker AXS (2007) . The rela-

tive abundance for each phase present in the mineral standards

was determined using the reference intensity ratio (RIR) method

( Chung, 1974 ), using RIR values available in the literature. No at-

tempt was made to quantify mixed hydrates of the same com-

pound (i.e., polyhydrated Mg- or Fe-sulfates) beyond a qualitative

assessment. For the MMS Dust, quantitative mineralogy, including

the abundance of X-ray amorphous glass, was determined by Ri-

etveld refinement ( Rietveld, 1969; Hill and Howard, 1987 ), using

Topas 4 Structure Analysis Software ( Bruker AXS, 2008 ) and the

fundamental parameters approach ( Cheary and Coelho, 1992 ). 
.2. Inorganic & organic carbon analysis 

Total organic carbon (TOC) for carbonate-free MMS Dust was

etermined using a Costech 4010 elemental analyzer coupled to a

hermo Fisher Delta V Plus stable isotope ratio mass spectrome-

er via a Conflo IV interface. To remove carbonate from the sam-

le, the dust was first acidified in excess 1 N HCl and then heated

o 50 °C for 24 h. The sample was then centrifuged and the su-

ernatant decanted. Deionized water was added and the sample

as vortexed and centrifuged again. This cycle was repeated three

imes after which the sample pH was neutral. The sample was then

ried at 50 °C for 24 h. Subsequently, the carbonate-free residue

as weighed into tin capsules and converted to CO 2 for analysis.

cetanelide was used as the standard for C mass determination.

he mean range of values between duplicate samples for TOC was

ess than 2% of the measured abundance. Carbonate contribution

as estimated by comparing mass of the dust both before and af-

er acidification. 

.3. Deep UV Raman spectroscopy 

Spectra for all samples were collected using MOBIUS, a cus-

om built, deep UV-resonance Raman instrument ( Fig. 1 ). The sam-

les were illuminated with a 248.6 nm NeCu laser (Photon Sys-

ems Inc.), injected into the optical path with an edge filter (Sem-

ock Inc), and focused with a deep UV chromatically corrected

bjective lens (ThorLabs LMU-5x-UVB) with a numerical aperture

NA) of 0.13. Deep UV Raman scattered light was collected at a

80 ° backscatter geometry and injected into a 550 mm focal length

pectrometer using a 0.08 NA objective lens (ThorLabs LMU-3x-

VB) through a 250 μm slit. Since the intent of the instrument was

o approximate the performance of a fieldable planetary instru-

ent, an 1800 lines/mm grating coupled to a e2v 42–10 CCD was

sed to generate a spectrum with a resolution of ∼50 cm 

−1 . The

2v detector was liquid nitrogen cooled to approximately −130 °C. 

The organic and inorganic standards in Table 1 purchased from

hemical supply companies were interrogated in their commer-

ially available granular or powdered forms; while the generally

oarser natural mineral standards were powdered by hand in an

gate mortar and pestle prior to examination. Spectra of these

amples were collected with an accumulation time of 30 sec (ex-

ept for histidine; see Fig. 3 ), a laser pulse rate of 40 Hz, over a

pot size diameter of ∼80 μm, with a total energy of 3 mJ or a

uence at the sample of 59 J/cm 

2 . Multiple spectra were taken for

ach sample so that pulses could be averaged during data process-

ng; the total number of spectra taken for an individual sample was

ependent on its signal strength (2 spectra for strong signals, up

o 5 spectra for weaker signals). While the pellets of MMS, both

piked and un-spiked, were well-mixed, the concentration within

 beam diameter may not have been representative of the actual

oncentration and thus the pellets were interrogated by taking a

moving average’ over a 0.3 cm 

2 area (20% of the full pellet area).

pecifically, the pellet was kept in continuous motion under the

xcitation beam while spectra were acquired at a pulse rate of

0 Hz for a total deposited energy of 9 mJ. It should be noted that

his was not done to mitigate sample degradation due to high flu-

nce on the sample, but rather to simulate a large array random

oint map in the absence of an automated sample stage. 

Validation of the wavenumber axis was obtained by calibrat-

ng the spectrometer to both the secondary laser line at 252.93 nm

6 83 cm 

−1 for 24 8.6 nm excitation) ( McNeil et al., 1978 ) and the

tmospheric nitrogen peak at 2330 cm 

−1 ( Burris et al., 1992 ). All

pectra are presented as smoothed spectra using a simple un-

eighted 10 point smoothing function. It should be noted that no

ackground subtractions were performed on any spectra in this

tudy in order to help demonstrate the inherently low background
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Fig. 1. Block diagram of the MOBIUS deep UV Raman instrument assembled at the Jet Propulsion Laboratory. Used for the collection of all spectra in this study. The deep 

UV source is a 248.6 nm NeCu laser, G1: 1200 g/mm grating, M1: mirror, LIF: laser injection filter, M2 & M3: broadband reflective mirrors, Obj. Lens: Thor Labs 5x deep UV 

objective lens, FM1: flip mirror for visible context imaging, IL1 Thorlabs 3x deep UV objective lens, IL2: imaging lens for context imager, Triax 550: 550 mm focal length 

spectrometer with G2 at 1800 g/mm and a LN2-cooled e2v 42–10 back-thinned back-illuminated UV CCD (UV quantum efficiency 50–60%), Context Imager: Edmund Optics 

5 K CMOS color imager. (Note: system also capable of collecting UV fluorescence data). 
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uorescence, discussed in more detail below, that is characteristic

f the deep UV spectral region. While Raman data were collected

or the spectral interval 250 to 3950 cm 

−1 , for the sake of compar-

son, spectra are only shown in the ∼750 to 1750 cm 

−1 range, the

o called "fingerprint region" ( Jenkins et al., 2005; Zhu et al., 2011 ),

s our long term interest is not only in being able to detect these

ompounds, but also in differentiating and characterizing them as

ell. Peak position sensitivity for this spectrometer has been de-

ermined to be approximately 4 cm 

−1 , or 1/10 the 50 cm 

−1 spec-

ral resolution of the system’s CCD detector ( Carter and Pember-

on, 1995 ). 

. Results & discussion 

.1. Analysis of the Mojave Mars simulant (Basaltic dust) 

In order to fully explore the use of deep UV Raman spec-

roscopy for in situ planetary investigations, we first examined the

ojave Mars Simulant (MMS), a basaltic dust that has been used

n the past as an analog for Martian regolith (e.g., Anderson et al.,

009; Beegle et al., 2010; Ladino and Abbatt, 2013 ). The MMS

pectra ( Fig. 2 ) reveal peaks consistent with the presence of sev-

ral carbon-bearing compounds. This carbon is native to the sam-

le (not added) and represents environmental contributions such

s atmospheric influx, local diesel exhaust, biotic input, etc. Peaks

nclude a broad carbon-carbon (C 

–C) vibrational mode centered

round 1060 cm 

−1 and the so-called "G-band" or graphitic car-

on peak which appears between 1608 and 1640 cm 

−1 ( Chu and

i, 2006 ), as well as a potential carbonate band rising above the

 

–C stretch at ∼1091 cm 

−1 ( Rividi et al., 2010 ). Atmospheric oxy-

en can also be seen in the MMS spectra at a peak position of

bout 1554 cm 

−1 ( Asher, 1988 ). The organic carbon bands assigned

n these spectra (C 

–C & G-band) demonstrate several interesting
eatures unique to UV Raman spectroscopy when it is applied to

ertain organic compounds. The first is the appearance of a broad

 

–C stretch centered at 1060–1100 cm 

−1 ( Gilkes et al., 1997; Ferrari

nd Robertson, 20 0 0 ) and the second is the shift of the G-band,

ypically present at about 1580 cm 

−1 under visible excitation, to

s high as 1690 cm 

−1 under deep UV excitation ( Merkulov et al.,

997; Ferrari and Robertson, 2001 ). Both of these features only

anifest under UV irradiation and can be attributed to the vibra-

ion of tetrahedrally coordinated, amorphous carbon ( Gilkes et al.,

997; Merkulov et al., 1997; Chu and Li, 2006 ). In addition, some

pectra show bands at ∼952 cm 

−1 , most likely due to the out-

f-plane deformational vibrations of carbon-hydrogen (CH) groups

 Socrates, 2001 ). Total concentration of carbon-bearing compounds

n the MMS Dust was determined to be approximately 0.34 wt%,

ith ∼0.30 wt% representing carbonate and ∼0.04 wt% (400 ppm)

etected in the TOC measurement. 

Such low concentrations of material can be resolved because

eep UV Raman scattering occurs in a spectral region with little

r no background fluorescence ( Asher and Johnson, 1984; Tarcea

t al., 2007 ). Native fluorescence stimulated by excitation wave-

engths of less than ∼270 nm, leads to a fluorescence free Raman

egion ( Asher, 1993; Bhartia et al., 2008 ). Fluorescence emissions

esulting from organics extend down to 275 nm while emissions

rom inorganics and minerals, typically occurs at longer wave-

engths > 360 nm ( Frosch et al., 2007; Bhartia et al., 2010 ). This

rovides for nearly complete separation of the Raman and fluores-

ence emission bands, allowing for lower background noise and,

hus, higher signal-to-noise ratios. Furthermore, the Raman cross-

ection of a given compound is proportional to the inverse fourth

ower of the excitation wavelength (1/ λ4 ; Rayleigh Law), result-

ng in an increase in Raman intensity when using the shorter UV

avelengths ( Albrecht and Hutley, 1971 ). To compare, Raman scat-

ering efficiency for the deep UV spectral region (at 248 nm) is
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Fig. 2. Deep UV Raman spectra (248.6 nm) of the Mojave Mars Simulant (MMS) Dust, in pellet form, showing bands associated with native organic compounds (C –C, G-band) 

and trace carbonate (CO 3 ), as well as atmospheric oxygen (O 2 ). Spectra were collected on four different pellets using a 300 sec ’moving average’ (see Methods) and a 20 Hz 

pulse rate. Individual spectra normalized to strongest peak and stacked for comparison. 
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approximately one order of magnitude greater than that for the

visible region (at 532 nm), and two orders of magnitude greater

than for the near infrared spectral region (at 785 nm). In addition,

vibrational modes may be enhanced if their transition energies

match that of the incident excitation laser, dramatically improv-

ing the scattering cross-section of the interrogated material, and

increasing signal strength by as much as seven orders of magni-

tude ( Asher, 1988; Nelson and Sperry, 1991 ). Many organic and in-

organic compounds of interest to planetary exploration have strong

absorption bands in the deep UV (e.g., PAHs, amino acids, nitrates,

etc) and commonly exhibit these resonance enhancement effects

when excited at UV wavelengths ( Frosch et al., 2007; Tarcea et al.,

2007; Bhartia et al., 2008 ). Combining these enhancement factors,

even while lowering incident energies to avoid sample damage, the

signal strength for deep UV Raman spectroscopy can be as much as

10 to 100 times greater than that achieved with more conventional

(i.e., visible and infrared) Raman spectroscopy. 

4.2. Analysis of organic and inorganic standards 

Raman spectral features can be as narrow as a few wavenum-

bers. As such, the spectral resolution used here enables both de-

tection and classification of the dominant features associated with

aromatics, carboxylic acids, amino acids and minerals. These fea-

tures represent structural information and it is our intention to

identify prominent spectral bands revealed under deep UV excita-

tion that may act as ’fingerprints’ for the classes of compounds ex-

amined in this study. These results are graphically summarized in

Fig. 3 . Of the aromatic compounds examined, most are dominated

by a benzene ring stretching mode that occurs between 1600 and

1685 cm 

−1 . This includes two of the carboxylic acids, as well as

aromatic amino acids. Many of the aromatic hydrocarbons also ex-

hibit a prominent carbon-carbon vibrational stretch between 1346
nd 1401 cm 

−1 and one has a strong band at 1296 cm 

−1 . While

nly one carboxylic acid not dominated by aromatics was exam-

ned, it displays a prominent peak between 1424 and 1445 cm 

−1 

ue to carbon-oxygen stretching, as well as a secondary band

t 1283 cm 

−1 from vibrational deformation of methylene. Amino

cids lacking benzene ring modes all exhibit a peak between 1311

nd 1321 cm 

−1 that can be assigned to the asymmetric rocking

f ammonia. Two of these amino acids also have strong bands

etween 1408 and 1422 cm 

−1 consistent with the stretching of

arbon-oxygen bonds in their carboxylate ions. For the inorganic

ompounds, prominent bands can be attributed to stretching of

he sulfate ion (984–1041 cm 

−1 ), carbonate ion (1089–1099 cm 

−1 ),

hosphate ion (962–965 cm 

−1 ), nitrate ion (1042–1072 cm 

−1 ), and

erchlorate ion (935 cm 

−1 ). It is important to note that the dis-

rete separation between organic and inorganic features is a po-

entially powerful discriminator that can be used to triage samples

n the field or during planetary missions. Individual spectra and

heir peak assignments are discussed in more detail below. 

.2.1. Organic standards 

Raman spectra for pure organic compounds examined in this

tudy are shown in Fig. 4 , and, to the best of our knowledge, this

s the first time deep UV Raman spectra of many of these com-

ounds, in the solid phase, have been reported in the literature,

nd the first time any have been reported at this excitation wave-

ength. Prominent bands and their assignments are summarized

n Fig. 3 and Table 2 . Most of the aromatic hydrocarbons have

eaks that can be assigned to benzene ring stretching modes at

round 1600 cm 

−1 ( Lin-Vien et al., 1991; Asher, 1984; Loppnow

t al., 2004 ). Biphenyl, naphthalene, anthracene, phenanthrene, and

yrene all show bands at ∼1604 cm 

−1 , ∼1632 cm 

−1 , ∼1632 cm 

−1 ,

1610 cm 

−1 , and ∼1628 cm 

−1 , respectively. Perylene also has a

ossible weak peak at ∼1593 cm 

−1 . These bands are due to the
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Fig. 3. Prominent deep UV spectral bands (248.6 nm) and their assignments for the aromatics, carboxylic acids, amino acids and inorganics examined in this study. Assign- 

ments for bands are indicated for benzene rings (C = C), carbon-oxygen bonds (C –O), methylene groups (CH 2 ), and ammonia (NH 3 ), as well as the sulfate (SO 4 ), carbonate 

(CO 3 ), phosphate (PO 4 ), nitrate (NO 3 ) and perchlorate (ClO 4 ) ions. Band assignments are summarized in Tables 2 & 3 . (s) symmetric stretch; (d) vibrational deformation; (as) 

asymmetric rocking. 

Table 2 

Prominent deep UV Raman bands and assignments for solid phase organic compounds. 

Class Species SNR a Bands (Cm 

-1 ) Assignment References 

Aromatic 

Hydrocarbons 

Biphenyl 95:1 1604 C = C stretching Lin-Vien et al. (1991) ; Asher (1984) ; Loppnow et al. (2004) 

Naphthalene 70:1 1384 C = C stretching Loppnow et al. (2004) 

1632 C = C stretching Lin-Vien et al. (1991) ; Asher (1984) ; Loppnow et al. (2004) 

Anthracene ∗ 30:1 1401 C = C stretching Loppnow et al. (2004) 

1632 C = C stretching Lin-Vien et al. (1991) ; Asher (1984) ; Loppnow et al. (2004) 

Phenanthrene ∗ 20:1 1346 C = C stretching Loppnow et al. (2004) 

1610 C = C stretching Lin-Vien et al. (1991) ; Asher (1984) ; Loppnow et al. (2004) 

Pyrene 110:1 1628 C = C stretching Lin-Vien et al. (1991) ; Asher (1984; Loppnow et al. (2004) 

Perylene 30:1 1296 C = C stretching Socrates (2001) 

1370 C = C stretching Loppnow et al. (2004) 

Carboxylic Acids Palmitic Acid ∗ 820:1 1283 CH 2 bending Socrates (2001) 

1424–1445 C –O stretching & O –H bending Socrates (2001) 

Phthalic Acid 15:1 1601 C = C stretching Osterrothova and Jehlicka (2010) 

Mellitic Acid 10:1 1608 C = C stretching Osterrothova and Jehlicka (2010) 

1685 COOH stretching (?) Jehlicka et al. (2006) 

Amino Acids Glycine ∗ 8580:1 1321 NH 3 rocking Zhu et al. (2011) 

1408 COO stretching Zhu et al. (2011) 

Serine 1690:1 1320 NH 3 rocking Zhu et al. (2011) 

1422 COO stretching Zhu et al. (2011) 

Histidine ∗ 34 ,320:1 1264 NCH, CCH Socrates (2001) ; Zhu et al. (2011) 

1311 NH 3 rocking Zhu et al. (2011) 

Tyrosine 45:1 1202 C = C stretching Rava and Spiro (1985) 

1617 C = C stretching Jenkins et al. (2005) ; Zhu et al. (2011) 

Tryptophan 25:1 1623 C = C stretching Jenkins et al. (2005) ; Zhu et al. (2011) 

SNR has been adjusted accordingly (x3) for the sake of comparison 
∗ compounds used to spike MMS Dust samples at the ∼1 wt% level (note: phenanthrene also examined at the ∼0.1 wt% level) 
a signal-to-noise ratios (SNRs) given for the most prominent peaks - note that histidine spectra were collected with only a 10 sec acquisition time (vs 30 sec for other 

spectra) due to its exceptionally high signal strength; histidine 
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n  
ymmetric stretching and contracting of the carbon-carbon bonds

C 

= C) in the benzene ring, sometimes referred to as "ring breath-

ng" modes. In addition, naphthalene, anthracene, phenanthrene,

nd perylene exhibit prominent C 

= C vibrational stretches at

1384 cm 

−1 , ∼1401 cm 

−1 , ∼1346 cm 

−1 , and ∼1370 cm 

−1 , respec-

ively ( Loppnow et al., 2004 ). Perylene also has a strong band at

1296 cm 

−1 that corresponds to the symmetric stretching of ben-
ene ( Socrates, 2001 ). Palmitic acid, a carboxylic acid, displays its

ost prominent peak between 1424 and 1445 cm 

−1 due to a com-

ination of carbon-oxygen (C 

–O) stretching and oxygen-hydrogen

O 

–H) deformation, as well as a secondary band at ∼1283 cm 

−1 

ue to the vibrational deformation of methylene (CH 2 ), a com-

on vibrational feature in long-chain aliphatic carboxylic acids,

ormally quite weak under visible excitation ( Socrates, 2001 ).
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Fig. 4. Deep UV Raman spectra (248.6 nm) of solid phase organic compounds, in granular or powdered form, as described in Table 1: (a) biphenyl, (b) naphthalene, (c) an- 

thracene, (d) phenanthrene, (e) pyrene, (f) perylene, (g) palmitic acid, (h) phthalic acid, (i) mellitic acid, (j) glycine, (k) serine, (l) histidine, (m) tyrosine, and (n) tryptophane. 

Assignments for prominent bands are indicated for benzene rings (C = C), carbon-oxygen bonds (C –O), oxygen-hydrogen bonds (O –H), methylene groups (CH 2 ), carboxyl 

groups (COOH), ammonia (NH 3 ), carboxylate ions (COO −), and imidazole group (NCH). Spectra were collected using a 30 sec acquisition time and a 40 Hz pulse rate (N = 5 

per sample, 4 for those marked ()). Note that histidine spectra were collected with only a 10 sec acquisition time due to its exceptionally high signal strength, as greater 

acquisition times tended to saturate the detector. Individual spectra normalized to strongest peak and stacked for comparison. Prominent bands and their assignments are 

summarized in Fig. 3 and Table 2 . 
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In contrast, phthalic and mellitic acid show prominent peaks at

∼1601 cm 

−1 and ∼1608 cm 

−1 , respectively, indicative of C 

= C or

benzene ring stretching ( Osterrothova and Jehlicka, 2010 ). Mel-

litic acid also has a potential band at ∼1685 cm 

−1 , on the shoul-

der of the C 

= C peak, that may correspond to the asymmetric

stretching of the carboxyl molecule (COOH) ( Jehlicka et al., 2006 ).

Glycine, serine, and histidine, amino acids, all have peaks that
an be assigned to the asymmetric rocking of ammonia (NH 3 ) at

1321 cm 

−1 , ∼1320 cm 

−1 , and ∼1311 cm 

−1 , respectively ( Zhu et al.,

011 ). Glycine and serine also have strong bands at ∼1408 cm 

−1 

nd ∼1422 cm 

−1 , respectively, consistent with symmetric stretch-

ng of the carboxylate ion (COO 

−), and histidine has a promi-

ent peak at ∼1264 cm 

−1 corresponding to its imidazole (NCH)

roup ( Zhu et al., 2011 ). The aromatic amino acids, tyrosine and
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Table 3 

Prominent deep UV Raman bands and assignments for solid phase inorganic compounds. 

Class Species SNR a Bands (cm 

-1 ) Assignment References 

Sulfate 

Minerals 

Gypsum 

∗ 1720:1 1009 SO 4 stretching Berenblut et al. (1971) ; Wang et al. (2006) ; Chio et al. (2007) 

Mg-hydrated sulfates 440:1 1041 SO 4 stretching Berenblut et al. (1971) ; Wang et al. (2006) ; Chio et al. (2007) 

Fe-hydrated sulfates 20:1 984 SO 4 stretching Berenblut et al. (1971) ; Wang et al. (2006) ; Chio et al. (2007) 

Carbonate 

Minerals 

Calcite 705:1 1089 CO 3 stretching Rividi et al. (2010) 

Magnesite ∗ 360:1 1094 CO 3 stretching Rividi et al. (2010) 

Ankerite–Dolomite 30:1 1099 CO 3 stretching Rividi et al. (2010) 

Phosphate 

Minerals 

Fluorapatite ∗ 30:1 965 PO 4 stretching Boyer and Fleury (1974) 

Chlorapatite 25:1 962 PO 4 stretching Boyer and Fleury (1974) 

Nitrates NH 4 -nitrate 450:1 1042 NO 3 stretching Rousseau et al. (1968) ; Misra et al. (2010) 

Na-nitrate 2645:1 1072 NO 3 stretching Rousseau et al. (1968) ; Misra et al. (2010) 

K-nitrate ∗ 860:1 1051 NO 3 stretching Rousseau et al. (1968) ; Misra et al. (2010) 

Perchlorates K-perchlorate ∗ 1125:1 935 ClO 4 stretching Gu et al. (2009) 

∗ compounds used to spike MMS Dust samples at the ∼1 wt% level 
a signal-to-noise ratios (SNRs) given for the most prominent peaks 
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ryptophan, like the aromatic hydrocarbons, have peaks consistent

ith the presence of C 

= C or ring stretching at ∼1617 cm 

−1 and

1623 cm 

−1 , respectively ( Jenkins et al., 2005; Zhu et al., 2011 ). Ty-

osine has an additional band at ∼1202 cm 

−1 that also corresponds

o the symmetric stretching of benzene ( Rava and Spiro, 1985 ). 

When examining the spectra in Fig. 4 , it becomes readily ap-

arent that many of the organic compounds analyzed in this study

xhibit very high signal-to-noise ratios (SNRs; see Table 2 ). Non-

romatic compounds, like histidine (SNR = 34320:1), glycine (SNR

 8580:1), serine (SNR = 1690:1), and palmitic acid (SNR = 820:1),

ll have signal strengths orders of magnitude greater than most

f the organics considered in this study. When compared to the

ower signal strengths for compounds with aromatic features, like

yrosine (SNR = 45:1), tryptophan (SNR = 25:1), phthalic acid (SNR

 15:1), and mellitic acid (SNR = 10:1), as well as the aromatic

ydrocarbons (SNRs = 20:1 to 110:1), the assumption could be

ade that non-aromatic structures have a higher Raman cross sec-

ion than aromatic features. However, aromatic structures are well

nown for having high molecular absorptivities in the UV spectral

egion, as well as commonly exhibiting resonance enhancement ef-

ects when excited at UV wavelengths ( Frosch et al., 2007; Tarcea

t al., 2007; Bhartia et al., 2008 ), so one would expect the aromatic

ompounds to exhibit stronger signals than the non-aromatic com-

ounds. This disparity is due to the fact that aromatic compounds

re highly absorptive at these wavelengths and absorb more of the

cattered Raman photons, which constitutes the Raman signal, lim-

ting the number of photons observed when samples are examined

n bulk ( Wu et al., 2006 ). This effect is most obvious when looking

t pure samples, where sensitivity appears low even though the

nteraction volume is completely filled with the compound being

nterrogated. Despite this effect, highly absorbing materials, such

s the aromatic hydrocarbons, are more amenable than other com-

ounds to trace detection, such as when materials are dispersed in

 background matrix or are present as a thin layer on or in a sub-

trate. This effect is demonstrated and will be discussed in more

etail below in Section 4.3 . 

.2.2. Inorganic standards 

Raman spectra for inorganic compounds examined in this study

re shown in Fig. 5 , and, to the best of our knowledge, this is

he first time model spectra for these compounds have been re-

orted in the literature at this excitation wavelength. Prominent

ands and their assignments are summarized in Fig. 3 and Table 3 .

ll of these minerals and compounds contain biologically impor-

ant elements (C, H, N, O, P, S) and, as such, their abundance

nd diversity in a sedimentary environment are key measures of

abitability. On Earth, life is driven by oxidation–reduction (re-

ox) reactions that form and transform organic matter, as well
s compounds that contain these key elements, such as sulfates,

arbonates, phosphates, and nitrates. Perchlorates on the other

and, due to their oxidative nature, are generally harmful to life,

ut this is also an important part of the habitability equation.

he presence of any of these compounds, especially in associa-

ion with organic matter, or when their presence implies some

egree of chemical and/or morphologic disequilibrium, is an im-

ortant component in the evaluation of biogenicity. Gypsum, as

ell as the Mg- and Fe-hydrated sulfates, exhibit primary peaks

t ∼1009 cm 

−1 , ∼1041 cm 

−1 , and ∼984 cm 

−1 , respectively, consis-

ent with the fundamental vibrational mode of the sulfate (SO 4 )

etrahedron ( Berenblut et al., 1971; Wang et al., 2006; Chio et al.,

007 ). Similarly, calcite, magnesite, and ankerite-dolomite, all have

rominent peaks at ∼1089 cm 

−1 , ∼1094 cm 

−1 , and ∼1099 cm 

−1 ,

espectively, due to the symmetric vibrational stretch in the car-

onate (CO 3 ) trigonal plane ( Rividi et al., 2010 ). Fluorapatite and

hlorapatite have peaks at ∼965 cm 

−1 and 962 cm 

−1 , respectively,

s a result of the symmetric vibrational stretch of the phos-

hate (PO 4 ) molecule ( Boyer and Fleury, 1974 ). NH 4 -, Na-, and K-

itrate all exhibit prominent peaks at ∼1042 cm 

−1 , ∼1072 cm 

−1 ,

nd ∼1051 cm 

−1 , respectively, due to the symmetric stretching

ode of the nitrate (NO 3 ) ion ( Rousseau et al., 1968 ; Misra et al. ,

010) . And K-perchlorate has a primary peak at ∼935 cm 

−1 at-

ributed to the symmetric stretching of the perchlorate (ClO 4 ) ion

 Gu et al., 2009 ). The lower bound on the spectral range in this

tudy is hindered by current deep UV filter technology and limits

etecting certain classes of minerals that exhibit spectral features

elow 750 cm 

−1 (e.g., some silicates); however, it is our intention

o demonstrate a range that highlights detection of organic com-

ounds as well as key inorganic compounds of astrobiological in-

erest. 

.3. Analysis of MMS + 1 wt% standards 

In order to evaluate how well these organic and inorganic

ompounds can be resolved under natural ’real world’ conditions

matrix effects, etc) we spiked samples of the MMS analog with

1 wt% each of standards representative of the major classes

f compounds presented in Table 1 . In addition to bands native

o the MMS, the spectra in Fig. 6 reveal peaks consistent with

he spiked compounds. Anthracene and phenanthrene both have

trong C 

= C ring breathing modes at 1401 cm 

−1 and 1349 cm 

−1 ,

espectively, while phenanthrene demonstrates an additional C 

= C

tretch at 1609 cm 

−1 . Palmitic acid is characterized by a com-

ination of C 

–O stretching and O 

–H deformation at 1445 cm 

−1 .

nd both glycine and histidine have bands at 1324 cm 

−1 and

327 cm 

−1 , respectively, that can be assigned to the rocking of

H , while glycine also displays COO 

− symmetric stretching at
3 
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Fig. 5. Deep UV Raman spectra (248.6 nm) of solid phase inorganic compounds, in granular or powdered form, as described in Table 1: (a) gypsum, (b) Mg-hydrated 

sulfate, (c) Fe-hydrated sulfate � , (d) calcite, (e) magnesite, (f) ankerite-dolomite, (g) fluorapatite, (h) chlorapatite, (i) NH 4 -nitrate, (j) Na-nitrate, (k) K-nitrate, (l) K-perchlorate. 

Assignments for prominent bands are indicated for sulfate (SO 4 ), carbonate (CO 3 ), phosphate (PO 4 ), nitrate (NO 3 ), and perchlorate (ClO 4 ) molecules. All spectra were collected 

using a 30 sec acquisition time and a 40 Hz pulse rate (N = 2 per sample, 5 for those marked ( � )). Individual spectra normalized to strongest peak and stacked for comparison. 

Prominent bands and their assignments are summarized in Fig. 3 and Table 3 . 

 

 

 

 

 

 

s  

K  

a  

a

 

m  

(  
1406 cm 

−1 and histidine displays a prominent peak at 1271 cm 

−1 

representing its imadazole group (NCH). Gypsum and magnesite

show primary peaks at 1006 cm 

−1 and 1095 cm 

−1 , representing

symmetric stretching of SO 4 and CO 3 , respectively, however, given

that both of these compounds are natively present in the MMS,

caution should be exercised before any conclusions can be made,

though in both cases, there does appear to be an increase in signal
trength above the native background levels. Finally, fluorapatite,

-nitrate, and K-perchlorate have bands at 966 cm 

−1 , 1054 cm 

−1 ,

nd 936 cm 

−1 , that can be assigned to vibration of the PO 4 , NO 3 ,

nd ClO 4 ions, respectively. 

When examining spectra in Fig. 6 , it is apparent that the aro-

atic compounds, anthracene (SNR = 180:1) and phenanthrene

SNR = 124:1), exhibit signal-to-noise ratios significantly higher
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Fig. 6. Deep UV Raman spectra (248.6 nm) of the Mojave Mars Simulant (MMS) Dust, in pellet form, spiked with a) 1.04 wt% anthracene, b) 1.01 wt% phenanthrene, c) 

0.99 wt% palmitic acid, d) 1.51 wt% glycine, e) 0.94 wt% histidine, f) 1.03 wt% gypsum, g) 1.16 wt% magnesite, h) 1.05 wt% fluorapatite, i) 1.10 wt% K-nitrate, and j) 1.11 

wt% K-perchlorate, showing bands native to the MMS (in gray), as well as those consistent with spiked material. Signal-to-noise ratios (SNRs) for peaks diagnostic of these 

contaminants are given in parentheses. Spectra were collected using a 300 sec ’moving average’ (see Methods) and a 20 Hz pulse rate. Individual spectra normalized to 

strongest peak and stacked for comparison. 

t  

m  

t  

c  

o  

a  

a  

b  

o  

t  
han the other compounds evaluated (SNRs = 2:1 to 32:1). This

ay seem counter-intuitive when contrasting these results to

hose of the bulk standards in Figs. 4 and 5 , where the aromatic

ompounds can be seen to have lower signal strength relative to

ther compounds (see Tables 2 and 3 ). However, as mentioned
bove in Section 4.2.1 , the higher molecular absorptivities of the

romatic hydrocarbons allow fewer molecules to be detected in

ulk samples when increased signal strength is the result of res-

nance effects. In situations where the concentration is higher,

hese compounds will be inhibited or dampened by self-absorption
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Fig. 7. Deep UV Raman spectra (248.6 nm) of 100 wt% phenanthrene, in pellet form, 

and Mojave Mars Simulant (MMS) Dust, also in pellet form, spiked with 1.01 wt% 

and 0.10 wt% phenanthrene. Signal-to-noise ratios (SNRs) for the most prominent 

peaks are given in parentheses. Spectra were collected using a 300 sec ’moving av- 

erage’ (see methods) and a 20 Hz pulse rate. All spectra normalized to the strongest 

peak of the 100 wt% sample and stacked for comparison. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t  

t  

o  

1  

h  

c  

a

 

f  

r  

l  

a  

c  

m  

i  

l  

t  

f  

p  

r  

m  

t  

s

A

 

C  

t  

s  

t  

N  

v  

g  

D  

a  

v

R

A  

 

 

A  

 

 

 

A  

A  

 

A  

A  

 

A  

B  

B  

 

 

 

 

 

( Wu et al., 2006 ). This leads to an interesting phenomenon where

interrogation of a pure sample may not yield a significantly better

response than interrogation of a sample containing only 1 wt% of a

given compound. To demonstrate this further, we examined three

samples of phenanthrene with concentrations ranging from 100

wt% for pure phenanthrene to ∼1 wt% and ∼0.1 wt% for phenan-

threne mixed with the MMS analog. As can be seen in Fig. 7 , there

is only a 14% decrease in signal strength when going from 100 wt%

to 1 wt% phenanthrene (SNRs = 144:1 & 124:1, respectively). In

addition, going from 1 wt% to 0.1 wt% phenanthrene only results

in a 30% drop in signal strength despite an order of magnitude

decrease in concentration (SNRs = 124:1 & 87:1, respectively). In

weakly or non-absorbing compounds a linear decrease as a func-

tion of decreasing concentration would be expected, but the data

for phenanthrene defines a natural log function with decreasing

concentration. This shows that for highly absorbing materials, such

as aromatic compounds, deep UV excitation offers an advantage for

detecting lower concentrations of particles, which is particularly

useful when examining natural or ’real world’ samples where trace

levels of in situ organic compounds may be dispersed throughout

a soil or regolith. 

5. Conclusions 

We demonstrate that Raman scattering from deep UV excitation

is capable of detecting a wide variety of organics and astrobiolog-

ically relevant minerals dispersed throughout a Mars relevant ma-

trix. Compared to excitation by visible, near IR, or IR based meth-

ods, where the mineral transparency is higher, deep UV excitation

has a smaller interaction depth; however, as demonstrated using

analog materials spiked with organics, the Raman scattering effect

is still detectable down to at least 1 wt% or even 0.1 wt% for cer-

tain materials. This is made possible for two reasons: 1) the Raman

effect is enhanced by lower wavelength excitation per the Rayleigh

Law, and, for organics with aromatic or conjugated bonds, reso-

nance enhancement effects; and 2) since background fluorescence

does not contaminate the Raman region with deep UV excitation,
he small diameter illumination beams used in traditional labora-

ory spectroscopy to mitigate fluorescence can be increased by an

rder of magnitude, increasing the interaction volume by 100 to

0 0 0x, and increasing the sampling density by > 10 0 0x, making it

ighly suitable to searching for organics on surfaces where the lo-

ation may not be readily apparent from color or surface texture

lone. 

In addition, these data form the basis of a signal-to-noise model

or SHERLOC and other future fieldable instrumentation incorpo-

ating deep UV Raman spectroscopy. An extension of this is a

aboratory tool that enables spatially resolved organic detection

nd analysis without loss of spatial context; a method that when

oupled to other mineral, elemental, and morphological imaging

odalities, can be used to assess the provenance of abiotic organ-

cs and understand microbial-mineral interaction. However, while

ocation and context can be assessed, the phenanthrene concen-

ration experiment highlights self-absorption is a confounding ef-

ect when deciphering concentration. To derive an accurate sam-

le concentration using deep UV Raman spectroscopy not only

equires a concentration response curve, but also knowledge of

olecular absorptions for the detected species, as well as their in-

eraction volume. These additional parameters are difficult to as-

ess on a natural surface, but will be the focus of future research. 
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