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A B S T R A C T

We report deep-ultraviolet (DUV) Raman spectra as measured by a SHERLOC analog instrument (248.6 nm
excitation) for 92 samples representing 62 distinct minerals, including borates, carbonates, sulfates, phosphates,
halides, metal oxides & hydroxides, silicates & phyllosilicates. We found that DUV Raman is capable of detecting
the majority of these minerals, with major mineral peaks occurring at ~500, ~850, 950–1200, and ~3600 cm�1,
and that detection thresholds will be better for the SHERLOC flight instrument than the analog used in this study.
Minerals can be classified (e.g., sulfate vs carbonate, or pyroxene vs olivine) based on the number of major peaks
and their general positions. Identification of specific mineral phases is possible based on precise Raman peak
positions, provided the difference between spectrally similar minerals is at least 10 cm�1 to overcome the esti-
mated instrumental uncertainty of �5 cm�1 for all peak positions reported in this study. A number of silicate
minerals did not produce measurable Raman signal, and iron-rich minerals tend to be more difficult to detect due
to significant UV absorption. Many Mars-relevant minerals expected to occur in Jezero crater should be detectable
to SHERLOC even during short-exposure survey scans. This library will help inform the detection and identifi-
cation of mineral phases in Martian samples using the SHERLOC instrument onboard the Mars 2020 Perseverance
rover.
1. Introduction

On the 18th of February 2021, NASA's Perseverance rover landed in
Jezero crater, Mars, and has begun surface science operations. The stated
goals of the mission are to explore the astrobiologically relevant envi-
ronment of Jezero, decipher its geological processes and history, assess
biosignature preservation potential of the local geology, and collect and
cache samples for eventual return to Earth [Mustard et al., 2013; Farley
et al., 2020]. In order to achieve these goals, Perseverance is equipped
with seven scientific instruments, one of which is called Scanning
Habitable Environments with Raman and Luminescence of Organics and
Chemicals (SHERLOC). SHERLOC is a compact deep ultraviolet (DUV)
Raman and fluorescence spectrometer mounted on the turret at the end
of the rover's robotic arm, designed to detect and characterize both
organic material and mineralogy at sub-millimeter spatial resolutions on
boratory, 4800 Oak Grove Drive
ollis).
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natural and abraded samples [Bhartia et al., 2021]. By scanning a
248.6 nm pulsed laser across a target surface and collecting any photons
of Raman scattering and fluorescence emitted by near-surface material,
SHERLOC will map organic and mineral composition at the microscopic
scale to interrogate the geochemical history of rocks and regolith in
Jezero crater.

Jezero crater is a 45 km diameter Noachian epoch impact structure on
the northwest edge of Isidis Planitia. It was selected as the Perseverance
landing site because orbiter-acquired imagery and visible/near-infrared
spectral mapping suggest that it was the location of a paleolake and
river system at a time when Mars was warmer, wetter, and might have
been potentially habitable [Fassett and Head, 2005; Ehlmann et al.,
2008a; Murchie et al., 2009; Schon et al., 2012; Williford et al., 2018;
Stack et al., 2020]. The presence of a fluvial delta, lacustrine deposits,
carbonates, and smectite clays indicate a complex geological history of
Pasadena, CA, 91104 USA.
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extensive aqueous alteration and significant geological diversity [Ehl-
mann et al., 2008ab; Goudge et al., 2015; Horgan et al., 2020]. The crater
floor consists of two primary lithologies, a light-toned unit enriched in
smectite/carbonate/olivine and a dark-toned mafic unit [Ehlmann et al.,
2008a; Ehlmann et al., 2011; Horgan et al., 2020]. The sedimentary
deltaic deposits on the western edge of Jezero are comprised of clay- and
carbonate-bearing material transported from the fluvial watershed, and
as such may potentially preserve organic material and biosignatures from
the broader Nili Fossae region [Ehlmann et al., 2008a; Ehlmann et al.,
2009; Goudge et al., 2017; Hays et al., 2017]. A carbonate-bearing unit
on the western margin of the crater floor is of great interest as a possible
lacustrine shoreline deposit that could have preserved fossil textures and
a record of organic material available in the aqueous environment of the
paleolake [Flan nery et al., 2018; Horgan et al., 2020]. A detailed
investigation of the mineralogy and stratigraphy of the floor, delta, and
basin-marginal carbonates will be essential to properly constrain the
geological history of Jezero crater and the habitability of ancient Mars,
and provide essential context for samples that will be collected, cached,
and eventually returned to Earth.

SHERLOC uses Raman spectroscopy to detect organic compounds and
minerals based on the inelastic scattering generated by molecular
vibrational modes, which are highly specific to chemical structure. The
identification and classification of different materials can be achieved
through analysis of the pattern of Raman peak positions detected [Long,
1977]. DUV Raman spectroscopy exploits the signal enhancement of
high-energy excitation to significantly increase Raman scattering effi-
ciencies, enabling reliable detection of chemical compounds at low laser
power, avoiding damaging or consuming the sample [Asher, 1984;
Asher, 1993; Beegle et al., 2015]. DUV fluorescence is a separate phe-
nomenon, the direct absorption of 248.56 nm laser photons by molecules
in the sample followed by emission of longer-wavelength photons, which
tend to be spectrally broad and less specific to chemical structure.
However, fluorescence is much easier to detect at very low concentra-
tions due to its significantly higher quantum yield [Bhartia et al., 2012;
Eshelman et al., 2019]. By using DUV excitation, SHERLOC can measure
Raman scattering and fluorescence in different spectral ranges of a single
spectrum: 250–275 nm (~200–4000 cm�1) and 275–353 nm, respec-
tively. This enables easier detection and analysis compared to visible
excitation [Tarcea et al., 2008; Beegle et al., 2015; Razzell Hollis et al.,
2021b]. SHERLOC was designed primarily to detect organic material, but
is also capable of characterizing mineralogy based on the pattern and
positions of Raman peaks between 800 and 4000 cm�1 that are generated
by the internal vibrational modes of covalently bonded units within the
mineral lattice [Griffit h, 1967]. The ability of SHERLOC to detect and
distinguish minerals from one another, especially at the sub-millimeter
scale, will be invaluable to interpreting the geological history of targets
investigated by Perseverance in and around Jezero crater.

Given the diverse mineralogy we expect to find in Jezero crater, and
the importance of identifying mineral targets with high biosignature
preservation potential, we need to better constrain what types of min-
erals SHERLOC is capable of identifying. Because Raman peak positions
and shapes may depend on the excitation wavelength due to Raman
resonance effects, differences in penetration depth, and variations in
background fluorescence, it is crucial that we measure and understand
how mineral spectra appear at our operating wavelength of 248.56 nm,
rather than relying on pre-existing Raman databases acquired using
visible excitation (e.g. RRUFF). Furthermore, SHERLOC's mass and vol-
ume requirements lead to a unique optical design that means preliminary
mineral characterizations done on other DUV Raman instruments may
not be entirely representative in terms of detection thresholds or
observed peak intensities and widths [Bhartia et al., 2021]. Spectra in
this study were obtained using the SHERLOC Brassboard, a custom DUV
spectrometer designed to be as optically similar to SHERLOC as possible
while being able to operate under ambient temperature and pressure on
Earth. Using optically similar instrumentation means that measured
spectra are as close as is practical to what would be observed by
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SHERLOC on Mars, and can be used to better understand SHERLOC's
capability to detect and identify minerals.

To help accurately identify minerals from SHERLOC spectra, we have
collected a DUV spectral library of 62 natural and synthetic minerals
inferred to be relevant to the geology of Jezero crater and the sur-
rounding region [Ehlmann et al., 2008a,b; 2019; Goudge et al., 2015;
Brown et al., 2020; Horgan et al., 2020; Scheller and Ehlmann, 2020]. We
have included evaporitic and diagenetic minerals, such as carbonates,
sulfates, borates, and halides, as well as mafic and felsic silicates, such as
olivines, pyroxenes, quartz and phyllosilicate clays. Fig. 1 shows how the
major peak positions of these different groups tend to appear at certain
Raman shifts, the majority between 800 and 1800 cm�1 but with some
additional peaks appearing at ~450 and 3000–3700 cm�1, demon-
strating how classification and identification of minerals can work. This
library will enable theMar s 2020 science team to rapidly interpret some
mineralogical aspects of SHERLOC spectra obtained during surface op-
erations, and support tactical decision making regarding the caching of
samples for eventual return to Earth [McLennan, 2011; Beaty et al.,
2019].

2. Methods

Table 1 lists the 92 samples characterized in this study, representing
62 distinct minerals and rocks. Chemical formulas and sources for each
sample are given where possible. The list of individual samples includes
multiple suites that have been previously characterized in the literature
using DUV Raman or other techniques [Ehlmann, 2010; McCollom et al.,
2014; Thomas et al., 2018; Fox et al., 2021; Razzell Hollis et al., 2021a].
Each sample was named according to its form at the time of measurement
(single crystal, rock, powder, or pellet). We also include any unique
sample names or identifiers from previous studies in Table 1. Sample
compositions have been previously verified using X-Ray Diffraction
(XRD) or X-Ray Fluorescence (XRF).

2.1. Sample preparation

The majority of samples were natural minerals consisting of large
single crystals, pieces of rock, or powdered material. All natural samples
were previously identified using XRD (see referenced papers in Table 1).
Crystal and rock samples were placed on a clean Al wafer, angled where
necessary to ensure a flat surface was presented to the DUV spectrometer
for even characterization. For powdered samples, a small quantity of
powdered material was placed on a clean Al wafer and patted flat with a
spatula to provide a relatively flat surface for characterization. Unless
stated otherwise, pelleted samples were prepared by compressing
powdered material under 9 metric tons of pressure to form a ~12 mm
diameter solid pellet with a uniformly flat surface for characterization.
The following mineral samples were comprised of synthetic material (see
Table 1 for sources): nahcolite, iron(II) sulfate, magnesium sulfate, so-
dium sulfate, potassium bromide, magnesium chloride, calcium chloride,
and ammonium chloride. Pelleted samples originally prepared for other
studies are summarized in the following paragraphs.

Fourteen pelleted samples of various minerals (identified as “Mix#-
O00) were originally prepared by Thomas et al. [2018] as part of a suite of
calibration samples for the ChemCam laser-induced breakdown spec-
troscopy (LIBS) instrument onboard the Mars Science Laboratory rover.
The “O” designation signifies the pure mineral endmember of each
basalt-mineral mixture. Although the Mix7-O sample was originally
described as being magnesite, subsequent XRD analysis has shown that it
was actually dolomite. All Mix#-O samples consisted of 25 mm diameter
pellets with a typical grain size of<250 μm. Areas exhibiting visible signs
of LIBS damage were deliberately avoided when selecting surface areas
to scan with the Brassboard instrument.

Four sulfate samples (identified as Natro#) were pellets made of
synthetic mineral powders in the natroalunite-natrojarosite solid solution
series with varying Al/Fe content [McCollom et al., 2014]. The Natro6



Fig. 1. Summary of Raman peak positions for 92 mineral samples, grouped and colored according to mineral class, showing how minerals can be classified by the
pattern of Raman peak positions in the 800–1800 cm�1 region. Marker opacity indicates relative intensity of each peak. Bor: borate, Carb: carbonate, Phos: phosphate,
Sulf: sulfate, Hal: halide, MOx: Metal oxide, MOH: metal hydroxide, Silic: silicate, Phyll: phyllosilicate.
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sample had a relative Fe content of 0% (making it pure natroalunite), the
Natro9 sample had a relative Fe content of 100% (pure natrojarosite), the
Natro1 and Natro10 samples had intermediate compositions of 61% and
92% Fe respectively (and are referred to as natroalunite-natrojarosite).

Four olivine samples (named Pellets 1–4) were natural olivines,
separated by picking from rocks and then crushed to particulates, with
Forsterite (Fo) numbers of 88, 90, 82, and 1 respectively. They were
previously characterized with infrared spectroscopy and electron
microprobe [Buz and Ehlmann, 2017].

Six smectite samples (named Powder A, G, H, J, K, and N respectively)
were synthetic mineral powders with intermediate compositions in the
Fe(III)–Fe(II)–Al–Mg smectite solid solution series between the end-
members of beidellite, montmorillonite, nontronite and saponite [Fox
et al., 2021]. The A-J samples were exclusively Fe(III)-bearing smectites,
while the K and N samples were predominantly Fe(II)-bearing at the time
of preparation and initial DUV Raman measurements but may have
oxidized during storage prior to Brassboard measurements. See Fox et al.
[2021] for initial DUV Raman spectra plus detailed descriptions and
characterization of each smectite.

2.2. DUV spectroscopy

All samples were measured by the SHERLOC Brassboard instrument
at the NASA Jet Propulsion Laboratory. Like the flight instrument, the
Brassboard instrument generates spatially-resolved spectral maps using
laser-induced fluorescence and Raman signals, along with high-
resolution microscopic images (10.1 μm/pixel) captured along the
same narrow boresight. Both instruments use a pulsed NeCu 248.6-nm
laser as the excitation source, firing 40 μs pulses at 80 Hz, focused to a
nominal working distance of 48 mm using a custom f/7 objective lens.
The focused spot is elliptical in shape, with an outer diameter of ~110 μm
3

and an estimated illuminated area of ~7540 μm2, delivering a relatively
low energy dose of 30–45 mJ/cm2 per laser pulse [Bhartia et al., 2021].
Fluorescence and Raman scattering photons from organics and minerals
are collected using the same objective lens, and spectrally resolved with a
single diffractive grating spectrograph with a wavelength range of
247–353 nm (roughly �200 to 12000 cm�1). Rayleigh scattering and
laser reflections are suppressed by a Semrock edge filter with an optical
density >1 below 252 nm. Acquisition of a spectrum involves firing the
DUV laser between 5 and 800 times, with the output of each DUV laser
pulse recorded by a calibrated photodiode at the laser output. The
accumulated Raman and fluorescence signal on the CCD was then read
out vertically as a one-dimensional (1D) spectrum.

Spatial mapping is done using a motorized three-dimensional (3D)
sample stage to translate the sample, compared to the flight instrument
where the beam is rastered across the sample surface using a two-
dimensional (2D) scanning mirror. An external Canon digital single-
lens reflect (DSLR) camera with a 100 mm f2.8/L macro lens is aligned
to the Brassboard field of view to provide high spatial resolution color
images of each sample, analogous to the SHERLOC Wide-Angle Topo-
graphic Sensor for Operations and eNgineering (WATSON) subsystem
camera onboard Perseverance.

Table 2 summarizes how the Brassboard spectral parameters compare
to that of SHERLOC flight instrument. Instead of a 512 � 2048 pixel
spectrometer CCD cooled by a phase-change material, the Brassboard
uses a multi-stage thermoelectrically cooled (�54 �C) commercial Syn-
apse Symphony II (Horiba) 512 � 2048 pixel CCD detector. The spectral
pixel scale (the difference in spectral position for adjacent CCD channels,
in cm�1/pixel) was 10.73 cm�1 over the 400–4000 cm�1 range. Spectral
resolution in the Raman region was estimated at 54.3 cm�1, based on a
measured full-width half maximum (FWHM) of 68.5 cm�1 for the
1580 cm�1 peak of highly oriented pyrolytic graphite (HOPG).



Table 1
Summary of samples characterized in this study, with their chemical compositions and sources. Sample references are given as follows:1 Razzell Hollis et al. (2021a);2

Thomas et al. (2018);3 McCollom et al. (2014);4 Ehlmann (2010);5 Fox et al. (2021);6 Buz and Ehlmann (2017). * indicates a synthetic mineral. Referenced works
include additional source/synthesis information.

Mineral Composition Sample Source and Identifying Information

Borates

Colemanite Ca[B3O4(OH)3]⋅H2O Powder1 Corkscrew Mine, Death Valley, California (JPL Collection). Minor inyoite
(Ca[B3O3(OH)5] ∙4H2O)

Kernite Na2[B4O6(OH)2]⋅3H2O Crystal1 Borax Mine, Boron, California (JPL Collection). Minor tincalconite
(Na2[B4O5(OH)4] ∙3H2O)

Ulexite NaCa[B5O6(OH)6]⋅5H2O Crystal1 Death Valley region, California (JPL Collection)

Carbonates
Aragonite CaCO3 (orthorhombic) Crystal JPL Collection
Calcite CaCO3 (trigonal) Crystal1 Santa Eulalia, Chihuahua, Mexico (WARDS #49–5860)

Powder1 Santa Eulalia, Chihuahua, Mexico (WARDS #49–5860)
Pellet2 ChemCam calibration target Mix2-O

Chalk CaCO3 (coccolithic) Rock1 Dover, England (WARDS #46–1449)
Dolomite MgCa(CO3)2 Crystal1 Butte, Montana (WARDS #49–5871)

Powder1 Butte, Montana (WARDS #49–5871)
Pellet2 ChemCam calibration target Mix7-O

Magnesite MgCO3 Crystal1 Brumado, Bahia, Brazil (WARDS #49–5923)
Powder1 Brumado, Bahia, Brazil (WARDS #49–5923)

Nahcolite NaHCO3 Powder1,* Arm & Hammer Baking Soda
Pellet* Sigma-Aldrich (99.7%) (CAS #144-55-8)

Rhodochrosite MnCO3 Crystal1 Sweet Home Mine, Alma, Colorado (WARDS)
Powder1 Sweet Home Mine, Alma, Colorado (WARDS)

Siderite FeCO3 Crystal1 Ivigtut, Greenland (WARDS #49–5911). Trace hematite (Fe2O3)
Trona Na2CO3∙NaHCO3∙2H2O Powder1,* JPL Collection. Minor thermonatrite (Na2CO3∙H2O)

Phosphates
Fluorapatite Ca5(PO4)3F Crystal Durango, Mexico (WARDS #49–5855)
Sulfates
Anhydrite CaSO4 Powder1 Balmat, New York (WARDS #46–0538). Minor (<15%) gypsum

(CaSO4∙2H2O)
Barite BaSO4 Powder1,* Wako Pure Chemicals #022-00425
Epsomite MgSO4∙7H2O Powder1,* CVS Epsom Salts
Gypsum CaSO4∙2H2O Crystal1 Tawas City, Michigan (WARDS #46–3798)

Powder1 Tawas City, Michigan (WARDS #46–3798)
Pellet2 ChemCam calibration target Mix13-O

Kieserite MgSO4∙H2O Powder* JPL Collection
Melanterite FeSO4∙7H2O Powder1 JPL Collection. Minor rozenite (FeSO4∙4H2O) and trace szomolnokite

(FeSO4∙H2O)
Natroalunite (Na0.82H3Oþ

0.18)Al2.69(SO4)2(OH)5.07(H2O)0.93 Pellet 63,* Sample Natro6, Fe0
Natroalunite-
Natrojarosite

(Na0.91H3Oþ
0.09)(Al1.15Fe1.79)(SO4)2(OH)5.82(H2O)0.18 Pellet 13,* Sample Natro1, Fe61

(Na0.86H3Oþ
0.14)(Al0.22Fe2.51)(SO4)2(OH)5.19(H2O)0.81 Pellet 103,* Sample Natro10, Fe92

Natrojarosite (Na0.93H3Oþ
0.10)Fe2.96(SO4)2(OH)5.88(H2O)0.12 Pellet 93,* Sample Natro9, Fe100

NaFe3(SO4)2(OH)6 Powder1 JPL Collection
Thernardite Na2SO4 Powder1 JPL Collection
FeIII Sulfate Fe2(SO4)3 Pellet2,* ChemCam calibration target Mix10-O
FeII Sulfate FeSO4∙7H2O Pellet* Carolina Chemicals (99.7%) (CAS 7782-63-0)

Powder1 Tibet (Caltech Collection)
Mg Sulfate MgSO4 Pellet 12,* ChemCam calibration target Mix8-O

Pellet 2* Macron Chemicals (CAS #7487-88-9)
Na Sulfate Na2SO4 Pellet 12,* ChemCam calibration target Mix11-O

Pellet 2* Carolina Chemicals (99.5%) (CAS #7757-82-6)

Halides
Halite NaCl Crystal1 Window, Ontario, Canada (WARDS #46–3823)

Pellet2 Chemcam calibration target Mix14-O
K Bromide KBr Pellet* Carolina Chemicals (99.5%) (CAS #7758-02-3)
Mg Chloride MgCl2 Pellet* Sigma-Aldrich (98%)
Ca Chloride CaCl2 Pellet* JT Baker (99.3%) (CAS #10043-52-4)
Ammonium Chloride NH4Cl Pellet* Macron Chemicals (CAS #12125-02-9)

Oxides and
Hydroxides

Hematite Fe2O3 Powder* JPL Collection
Manganite MnO(OH) Rock JPL Collection
Brucite Mg(OH)2 Pellet2 ChemCam calibration target Mix17-O

Silicates (by type)
Silica phases
Quartz SiO2 Powder1 Minas Gerais, Brazil (WARDS #49–5886)

Pellet2 ChemCam calibration target Mix4-O
Opal SiO2∙nH2O Crystal WARDS

Pellet2 ChemCam calibration target Mix12-O

(continued on next page)
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Table 1 (continued )

Mineral Composition Sample Source and Identifying Information

Borates

Glasses
Basaltic Glass Pellet4 Sample BAS-Gl, Hawaii. Also contains trace feldspar and pyroxene.

Pyroxenes
Augite (Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6 Powder WARDS

Pellet Sample C20339 (Caltech Collection), contains minor fraction of other
mineral

Diopside MgCaSi2O6 Crystal WARDS
Pellet Sample C7229 (Caltech Collection)

Enstatite MgSiO3 Crystal WARDS
Powder WARDS
Pellet Sample C7758 (Caltech Collection)

Hedenbergite CaFeSi2O6 Crystal WARDS
Pellet Sample C16276 (Caltech Collection)

Plagioclases
Albite NaAlSi3O8 Crystal WARDS
Bytownite (Ca0.7-0.9,Na0.3-0.1)Al(Al,Si)Si2O8 Pellet Sample C16630 (Caltech Collection)
Labradorite (Ca,Na)(Al,Si)4O8 Powder unknown
Olivines
Fayalite Fe2SiO4 Crystal WARDS
Forsterite Mg2SiO4 Crystal WARDS
Olivine (Mg,Fe)2SiO4 Pellet 16 Sample OLV-SC, San Carlos, Fo88.

Pellet 26 Sample Polar Urals, Fo88.
Pellet 36 Sample Hualalai, Fo82
Pellet 46 Sample SP-568, Fo1

K-Feldspars
Microcline KAlSi3O8 (triclinic) Crystal WARDS
Orthoclase KAlSi3O8 (monoclinic) Crystal WARDS
Other Silicates
Epidote Ca2Fe2.25Al0.75(SiO4)3(OH) Pellet2 ChemCam calibration target Mix20-O
Topaz Al2SiO4(F,OH)2 Pellet2 ChemCam calibration target Mix21-O

Phyllosilicates
Clays
Chlorite (Mg,Fe2þ)5Al(Si3Al)O10(OH)8 Pellet Sample CCa-2 (Clay Mineral Society standard)
Illite (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10 [(OH)2,H2O] Pellet Sample IMF-2 (Clay Mineral Society standard)
Kaolinite Al2Si2O5(OH)4 Powder WARDS
Montmorillonite (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2⋅nH2O Powder WARDS
Smectite Ca0.37Na0.10[FeIII1.68Mg0.40][Si3.32Al0.51FeIII 0.17]O10(OH)2 Powder

A5,*
Ca0.24[FeIII0.69Mg1.12Al0.52][Si3.66Al0.34]O10(OH)2 Powder

G5,*
Ca0.39[FeIII0.68Mg1.75Al0.02][Si3.60Al0.40]O10(OH)2 Powder

H5,*
Ca0.37[FeIII0.27Mg2.31Al0.08][Si3.60Al0.40]O10(OH)2 Powder J5,*
Ca0.23[FeII2.23FeIII0.28Al0.26Mg0.12][Si3.51Al0.49]O10(OH)2 Powder

K5,*
Ca0.27Na0.08[FeII0.80FeIII0.09Al1.29Mg0.10][Si3.54Al0.46]
O10(OH)2

Powder
N5,*

Micas
Biotite K(Mg,Fe)3(AlSi3O10)(F,OH)2 Crystal WARDS
Muscovite KAl2(AlSi3O10)(F,OH)2 Crystal JPL Collection

Pellet2 ChemCam calibration target Mix18-O
Serpentines
Antigorite (Mg,Fe)3Si2O5(OH)4 Pellet Sample C11456 (Caltech Collection)
Serpentine (Mg,Fe)3Si2O5(OH)4 Pellet2 ChemCam calibration target Mix19-O
Serpentinite Rock with (Mg,Fe)3Si2O5(OH)4 Rock WARDS

Table 2
A summary of key instrument parameters for SHERLOC and Brassboard instruments. a) Pulse energy at the target was estimated for SHERLOC at start of mission, under
25 A of driving current, and for the Brassboard under 15 A. b) Spectral resolution was determined from the FWHM of a typical Raman peak, that of HOPG. c) Spectral
pixel scale (cm�1/pixel) was calculated for the Raman region, 400–4000 cm�1.

Instrument CCD Temp. Pulse Energya Spectral Range Spectral Resolutionb Spectral Pixel Scalec

(�C) (μJ) (nm) (nm) (cm�1) (nm) (cm�1)

SHERLOC �28 ~9.0 249.9–353.6 0.270 40.3 0.0648 10.49
Brassboard �54 2.84 � 0.37 246.8–354.7 0.363 54.3 0.0663 10.73

J. Razzell Hollis et al. Planetary and Space Science 209 (2021) 105356
Brassboard spectral calibration was based on fitting a quadratic
function to the secondary laser line at 252.93 nm and the reported peak
positions of three Raman standards: acetonitrile, powdered calcite, and
HOPG; which occur between 919 and 2942 cm�1 (254.37–268.17 nm).
5

The mean absolute error of the calibrated Raman peak positions with
respect to their literature values was 2.7 � 1.6 cm�1

(�0.018� 0.010 nm). The spectral calibration in the fluorescence region
(275–353 nm) was validated using the emission lines of an Hg arc lamp,
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which showed that the mean absolute error of the calibration increases
considerably with wavelength beyond the calibrated range, averaging
0.38 � 0.22 nm between 275 and 310 nm, and 1.24 � 0.27 nm between
310 and 355 nm (see Fig. S2).

The off-axis optical design of both instruments causes the projection
of the spectrum to curve across the CCD, referred to as a ‘spectral smile’
(see Fig. S3 and Uckert et al., 2021). In order to avoid disruptive levels of
dark noise in the Raman region that would result from integrating over
the full height of the CCD, both instruments must read out data for the
Raman and fluorescence regions separately using different vertical
binning ranges. The SHERLOC onboard flight software is capable of
reading each region independently from a single acquisition [Bhartia
et al., 2021]. The Brassboard instrument emulates this by reading the
Raman region and the fluorescence region of the CCD in two separate
scans, which are then trimmed and combined to produce a full spectrum
(as shown in Fig. S4).

To encompass the full range of exposure durations and energies that
may be used in SHERLOC activities, each mineral sample was scanned
multiple times with the Brassboard instrument at different laser settings,
between 5 and 800 pulses per point (approximately equivalent to a total
laser energy of 20–3000 μJ, or 0.26–30 J/cm2). Each mineral sample was
measured using an automated sequence of 6 scans at different laser set-
tings. Each scan recorded 25 individual spectra in a 5 � 5 grid with
150 μm spacing (750 � 750 μm), and was done in a different location to
minimize any photochemical damage caused by cumulative exposure to
the DUV laser. The sequence of laser settings used were 5/25/100/400/
800 laser pulses per point with the laser power supply (LPS) providing 20
A of current at 375 V, followed by a final scan of 800 pulses per point at
15 A and 375 V. The output energy of each laser pulse during each scan
was recorded by a photodiode at the laser output, calibrated to the en-
ergy received at the sample. The average pulse energy was 2.84 � 0.37
μJ/pulse at 15 A and 4.15 � 0.38 μJ/pulse at 20 A. To reduce the total
measurement time, the fluorescence region was only recorded once per
mineral sample, at 100 laser pulses and 20 A. Images were taken before
and after each scan, and no visible signs of laser-induced photo-damage
were observed for any sample.

2.3. DUV data processing

All spectra were processed using in-house Python scripts utilizing
Numpy [Van de Walt et al., 2011], SciPy [Jones et al., 2001], and LMFIT
[Newville et al., 2014] packages. Each scan was processed in the
following steps, which are visualized in Fig. S4: 1) individual spectra in
the scan were rescaled to account for intensity changes resulting from
variations in laser output, by multiplying each spectrum's intensity by a
normalization factor equal to the total laser energy recorded during
acquisition of that spectrum divided by the maximum laser energy
recorded in the scan. 2) Cosmic rays were automatically identified as
outliers in the distribution of intensity values in each CCD channel and
replaced by the average value of adjacent spectral points [Uckert et al.,
2019]. 3) Because this spectral library required measurement of nomi-
nally homogenous samples, outlier spectra were removed automatically,
defined as >10% of the spectrum being >2 standard deviations from the
average, followed by recalculation of the average and standard deviation
using remaining spectra. 4) For duplex scans that recorded both the
Raman and fluorescence regions of the CCD, the average Raman and
average fluorescence values were added together, after trimming to
remove dark noise from non-read regions. 5) Background intensity was
removed from the Raman region of the averaged spectrum by subtraction
of a polynomial baseline between 0 and 4000 cm�1. The baseline was
fitted to a set of points at Raman shifts that were free of Raman peaks,
specific to each mineral or its class, and the fit was optimized by linear
least squares regression. For some samples a second baseline fit and
subtraction was required to ensure a clean background removal. 6) The
baselined spectrumwas then normalized, dividing intensity values by the
maximum found between 400 and 4000 cm�1, ignoring the
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600–800 cm�1 region obscured by a NeCu laser emission line at
~695 cm�1.7) Raman peak positions and intensities were determined by
dividing the spectrum into sections and fitting each peak with a Gaussian
function, with multiple functions used for overlapping peaks.

3. Results and discussion

3.1. Brassboard vs SHERLOC

The Brassboard instrument is designed to be a terrestrial analog for
the SHERLOC flight instrument onboard Perseverance, utilizing a similar
optical path and components to ensure the output is as equivalent as
possible to SHERLOC measurements during the mission. Both in-
struments measure similar wavelength ranges from ~250 to ~355 nm,
equivalent to a Raman shift range of ~200–~12000 cm�1 [Bhartia et al.,
2021; Uckert et al., 2021]. The 250–252.3 nm (200–600 cm�1) region is
attenuated to<10% signal by the instrumental edge filter –meaning that
only exceptionally strong Raman peaks can be observed – while the
252.3–253.3 nm (600–750 cm�1) region is obscured by a secondary laser
emission line at 252.93 nm (~695 cm�1).

Unlike SHERLOC, the Brassboard instrument is designed to operate
under Earth ambient conditions, leading to some differences in instru-
mental parameters (summarized in Table 2). These parameters were
assessed by measuring the spectrum for a DUV Raman intensity standard
of HOPG, an effectively planar source of Raman scattering with a single
Raman peak at ~1580 cm�1, with the results shown in Table 3. The
ability of SHERLOC and the Brassboard to resolve and identify the po-
sitions of any Raman peaks is measured by two key parameters: spectral
pixel scale (the difference between adjacent points in a spectrum) and
spectral resolution (the minimum separation needed to resolve two
overlapping peaks). Spectral pixel scale represents how accurately the
position of individual peaks may be determined, and SHERLOC and the
Brassboard have similar pixel scales of ~10.5 cm�1 (~0.065 nm) per
pixel in the Raman region. Gaussian fitting can refine peak positions to
sub-pixel scales (�1 cm�1), when combined with the �3 cm�1 uncer-
tainty for the spectral calibration, suggests that all measured peak posi-
tions in this study have a minimum uncertainty of �4 cm�1. We assessed
the reliability of the calibration by comparing observed Raman peak
positions to literature values for 32 peaks across 10 samples of calcite,
gypsum, fluorapatite, quartz, and HOPG [Krishnamurti, 1958; Gunase-
karan et al., 2006; Brotton and Kaiser, 2013; Montagnac et al., 2013; De
La Pierre et al., 2014; Litasov and Podgornykh, 2017]. The average
discrepancy across the range ~470–~3500 cm�1 (251.52–272.27 nm)
was þ0.3 cm�1 with a standard deviation of �4.3 cm�1, consistent with
the estimated uncertainty of our calibration (see Table S1 and Fig. S5 for
more detail). We found that the calibration was most accurate at
~1200 cm�1 (256.22 nm), and least accurate at 470 cm�1 (251.52 nm)
due to extrapolation of the spectral calibration function in the
edge-filtered region <1000 cm�1. We conclude that the unique design of
SHERLOC (and the Brassboard) does not lead to significant systematic
errors that cannot be accounted for by calibration, but that all measured
Raman peak positions come with an estimated uncertainty of �5 cm�1

due to random error, which may impact our ability to distinguish min-
erals that exhibit similar spectra with only small variations in peak
position.

Spectral resolution indicates how far apart two overlapping peaks
must be if they are to be distinguishable from one another, and is related
to how broad a given peak appears on each instrument. Based on the
FWHM of HOPG as measured by each instrument (68.5 cm�1 on the
Brassboard, 50.9 cm�1 on SHERLOC), the Brassboard resolution was
calculated to be 54 cm�1 (0.363 nm) in the Raman region, versus
40 cm�1 (0.270 nm) for SHERLOC [Bhartia et al., 2021]. This suggests
that SHERLOC will be better able to resolve overlapping peaks at nar-
rower separations where the Brassboard may only detect a single, con-
voluted peak at an intermediate position, which may impact the
identification of certain minerals that are known to produce distinctive



Table 3
Raman peak properties and signal-to-noise ratios (SNRs) as measured by SHERLOC (under simulated Martian ambient conditions) and Brassboard instruments (under
Earth ambient conditions) for the 1580 cm�1 peak of HOPG, averaged over a 25 point scan. Peak intensity and full-width half maximum (FWHM) were derived by
Gaussian fitting after background subtraction. Noise was estimated by the standard deviation of intensity values in the peak-free region between 2000 and 2100 cm�1.

Instrument Pulses Pulse Energy
(μJ)

Total Energy
(μJ)

FWHM
(cm�1)

Intensity
(counts)

Noise
(counts)

Signal:Noise
Ratio

Pulse-Weighted
SNR

Energy-Weighted
SNR

SHERLOC 448 ~9 ~4000 33.0 3909 5.5 716 1.60 0.179
Brassboard 800 3.4 2700 42.4 897 4.3 208 0.26 0.077
S/B Ratio 2.6x 1.5x 0.78x 4.4x 1.3x 3.4x 6.2x 2.3x
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spectra containing doublets (such as olivine).
We also expect that SHERLOC, operating on Mars, will differ from the

Brassboard in terms of measured signal (Raman intensity yielded from a
sample under given conditions) and sensitivity (the ability of the in-
strument to distinguish that signal against background noise). SHERLOC
employs a more powerful laser than the Brassboard, generating roughly
9 μJ of incident laser energy per pulse at the start of mission compared to
a measured output of 3.4 μJ/pulse for the Brassboard [Bhartia et al.,
2021]. Based on the values summarized in Table 3, we estimate that
SHERLOC – at the start of the surface mission –will be roughly 6x more
sensitive than the Brassboard for the same number of laser pulses, under
typical operating conditions. Even after accounting for the difference in
energy output per pulse, SHERLOC is still about 2x more sensitive than
the Brassboard due to better optical throughput and component vari-
abilities. As such, with similar spectral acquisition parameters, the SNR of
spectra obtained on the Brassboard should be considered the lower limit
of SHERLOC's capabilities. Given the calculated difference in sensitivity,
the 25-point average spectra shown in this paper are approximately
equivalent to a single-point spectrum acquired on SHERLOC under
similar conditions. As a result, someminerals that do not show detectable
Raman scattering in this paper may still be detectable to SHERLOC
through spatial averaging of multiple points.

Fig. 2a shows how a typical mineral (single-crystal calcite) appears
when measured by SHERLOC and the Brassboard under their respective
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operating conditions. The SHERLOC spectrum was a single measurement
acquired with 50 laser pulses, while the Brassboard spectrum was the
average of 25 points acquired with 100 laser pulses per point. The spectra
are fairly typical of the minerals we have studied, with the strongest
signal coming from Raman peaks around 255–260 nm
(1000–1800 cm�1), though the SHERLOC test sample does show two
broad fluorescence features at 270–310 and 310–350 nm that was not
observed in the Brassboard test sample. Fig. 2a is an excellent demon-
stration of how Raman and fluorescence peaks typically appear in sepa-
rate spectral regions, ~254–275 nm (800–4000 cm�1) and
~275–355 nm respectively.

Fig. 2b shows that both spectra exhibited a single major Raman peak
at 1085 cm�1 (255.47 nm), plus two minor Raman peaks at 1432 and
1748 cm�1 (257.73 and 259.86 nm) that are relatively low intensity. All
three peaks are assigned to the internal vibrational modes (vi) of the
covalently-bonded carbonate oxyanion [Griffith, 1969], and fitted posi-
tions were within 2 cm�1 between SHERLOC and Brassboard measure-
ments. While lower frequency lattice modes are reported for many
minerals including calcite, they tend to appear at <300 cm�1 and thus
fall outside SHERLOC's spectral range [Griffith, 1969; Litasov and
Podgornykh, 2017; Bhartia et al., 2021].

The spectra in Fig. 2 are not identical because, unlike SHERLOC, the
Brassboard is designed to operate under Earth ambient conditions rather
than Mars ambient, leading to some necessary differences in key
Fig. 2. a) The deep-UV (DUV) spectrum of single-
crystal calcite (calcium carbonate), measured using
SHERLOC (under simulated Mars ambient conditions)
and the Brassboard (under Earth ambient conditions),
recorded using 50 and 100 laser pulses per point
respectively. b) The normalized Raman region
(251–275 nm) of the same spectra after baseline
subtraction. Insets: the calcite peaks at ~1085 cm�1

(A) and ~1750 cm�1 (B). Colored areas indicate �1
standard deviation of intensity. The vertical grey bar
indicates a known NeCu laser emission line at
253.93 nm.
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parameters (summarized in Table 2). The more powerful SHERLOC laser
produces significantly more Raman scattering with half as many laser
pulses (Fig. 2a), but relative intensities between peaks are the same on
both instruments (Fig. 2b), and peak shapes are similar (insets). The
Brassboard peaks do appear to be slightly wider, consistent with poorer
spectral resolution. The appearance of broad fluorescence features in the
SHERLOC data is believed to be the result of organic contamination of
that sample during testing, rather than innate fluorescence from the
calcite mineral itself.

During surface operations, SHERLOC activities will typically consist
of 1) Survey/Recon Scans that rapidly cover a large area using fewer laser
pulses per point, mainly detecting high-yield fluorescence signals, and 2)
Detail Scans that focus on a smaller area of interest with more laser pulses
per point to maximize signal from lower-yield Raman scattering. The
parameters of each SHERLOC scan can be tailored to the target to ensure
the best possible dynamic range for a given operating window, with
nominal values of 4–10 pulses per point for a survey scan (approximately
36–90 μJ of total incident laser energy) and 200–900 pulses per point for
a Detail Scan (1800–8100 μJ). To replicate these operating regimes with
the Brassboard instrument, each mineral sample was scanned multiple
times at different laser settings between 5 and 800 pulses per point, with
either 15 or 20 A of driving current, to cover a range of laser energies
from ~20 to ~4000 μJ.

Fig. 3 shows how the DUV Raman spectrum measured by the Brass-
board for single-crystal calcite varied with the total laser energy used,
after baseline subtraction and normalization. The calcite peaks at 1085,
1432, and 1754 cm�1 do not vary appreciably in position, shape, or their
relative intensity, until the dominant peak becomes saturated and flat-
tened at exposures greater than 400 pulses (>1800 μJ). Below 400 pul-
ses, the calcite spectrum varies only in terms of SNR, which is roughly
proportional to input energy, and all three peaks are easily detected and
identified with only 5 laser pulses (~22 μJ). Such a strong signal most
likely results from a large Raman scattering cross-section and because the
Fig. 3. The DUV Raman spectrum of single-crystal calcite under Earth ambient condi
energies comparable to different SHERLOC activities. Each spectrum is the average
subtraction. Colored areas indicate �1 standard deviation. The vertical grey bar ind
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calcite crystal is relatively transparent to UV, which maximizes the
sample volume being probed [Carrier et al., 2019; Razzell Hollis et al.,
2020]. This is very encouraging, as it suggests that calcite (and other
minerals with similar Raman cross-sections and UV transparencies) will
be easily detected by SHERLOC even during routine short-exposure
survey scans. Similar figures for all samples in this study may be found
in Figs. S11–S16.

We also observed some variation in spectral features that could not be
associated with the calcite sample. The intensity of the ~695 cm�1

(252.93 nm) laser emission line was much greater when the laser was
driven at 20 A compared to 15 A, and was saturated even at 5 pulses per
point. A small symmetric peak at ~3350 cm�1 was visible in all 20 A
spectra as well, and is attributed to specular reflection of a very minor
laser emission line at 271 nm. A broad asymmetric feature at
~1200 cm�1 was visible for 20 A spectra at 100þ pulses per point, and is
likely another laser reflection artifact. Neither the 3350 or 1200 cm�1

artifacts were visible in equivalent SHERLOC spectra of single-crystal
calcite (see Fig. 2b), due to more effective rejection of secondary laser
emission lines by SHERLOC's laser optics. As these artifacts do not appear
in Brassboard spectra acquired with only 15 A of current, which also
reduces the impact of the 252.93 nm laser line outside the 600–750 cm�1

region, we conclude that 15 A Brassboard spectra are closest to what
would be observed with SHERLOC. As such, Fig. 4 onwards depict only
the best possible sample spectra as measured at 15 A, using either 800
pulses per point or the highest value that did not result in signal satu-
ration (total energies falling between 1800 and 2500 μJ).
3.2. Differentiating mineral classes

Both DUV Raman and Fluorescence spectra were measured for all
mineral samples in this study. We found that the majority of samples
exhibited little to no DUV fluorescence, and that fluorescence was highly
variable, even between samples of the same mineral (see Figs. S6–S10).
tions, measured using different laser settings to explore a range of total exposure
of 25 points, normalized to the peak intensity at ~1085 cm�1 after baseline

icates the region obscured by the NeCu laser emission line at 253.93 nm.



Fig. 4. The Raman region (250–275 nm) of the DUV
spectrum for eight minerals of different classes,
measured under Earth ambient conditions. Spectra
were averaged over 25 points at 800 laser pulses per
point (~1800–2600 μJ) under Earth ambient condi-
tions. Spectra were normalized to the maximum in-
tensity in the 400–4000 cm�1 region after baseline
subtraction. The vertical grey bar indicates a region
obscured by laser emission; numbers indicate the
average position (in cm�1) of key peaks.
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We concluded that fluorescence was not a reliable identifier of mineral
composition, as we could not confirm that it was innate to the mineral
and not the result of trace quantities of rare earth elements and/or
organic material present within the mineral matrix [Eshelman et al.,
2019; Martin et al., 2020; Shkolyar et al., 2018 & 2021]. As such, we
have instead focused on Raman spectra for identifying minerals in this
paper.

Fig. 4 shows the DUV Raman spectra obtained for eight minerals that
exemplify different classes of mineral potentially relevant to the
geological history of Jezero crater. They include colemanite (calcium
triborate hydrate), calcite (calcium carbonate), gypsum (calcium sulfate
dihydrate), fluorapatite (calcium fluorophosphate), olivine (an orthosi-
licate), quartz (a tectosilicate), kaolinite (a phyllosilicate), and halite
(sodium chloride). With the exception of halite, all of these minerals
produced detectable Raman scattering, exhibiting a number of relatively
narrow peaks between 400 and 1800 cm�1 that are assigned to the in-
ternal vibrational modes of the covalently-bonded [BO3]/[BO4], [CO3],
[SO4], [PO4], or [SiO4] units of each mineral [Griffith, 1969]. The
presence of hydrated/hydrous minerals may also be detected by one or
more strong, very broad peaks between 3000 and 3600 cm�1 produced
by scattering from the internal vibrations of H2O, exemplified in Fig. 4 by
colemanite and gypsum, while sharp narrow peaks around
3600–3700 cm�1 tend to be stretching modes of OH (hydroxyl) groups,
as exemplified by kaolinite. As low-frequency lattice modes are outside
SHERLOC's wavelength range, minerals such as halite that lack covalent
bonds are not expected to produce detectable Raman scattering. The
spectra of low-signal or Raman-inactive samples (such as halite) are
instead dominated by background noise and the very weak, narrow
Raman peaks of terrestrial atmospheric N2 and O2 at ~2330 and
~1550 cm�1 respectively, which will not be observed in SHERLOC
spectra taken on Mars due to their significantly lower partial pressures in
the Martian atmosphere.

The specificity of vibrational modes to chemical structure means the
pattern of Raman peaks and their positions, tabulated for all samples in
Table 4, can be used to easily distinguish different classes of mineral as
long as their Raman scattering can be detected. The relatively simple
stoichiometry and symmetry of the carbonate, sulfate, and phosphate
units means they only have a few Raman-active vibrational modes,
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typically referred to as v1 (a symmetric stretching mode), v2 (out-of-plane
bending), v3 (anti-symmetric stretching), and v4 (in-plane bending)
[Griffith, 1969]. For the carbonate, sulfate, and phosphate minerals in
Fig. 4, the v1 vibration is the strongest peak in the spectrum and its
general position is the first indication of a mineral's classification,
occurring at ~1100 cm�1 in carbonates, ~1000 cm�1 in sulfates, and
~950 cm�1 in phosphates. Each class exhibited two or three minor
modes at other frequencies that can aid classification: carbonate minerals
typically have a v3 mode at ~1440 cm�1 and a combined v1 þ v4 mode at
~1750 cm�1, sulfate minerals have a v2 mode at ~500 cm�1 and a v3
mode at ~1130 cm�1, while phosphate minerals have a v3 mode at
~1050 cm�1.

Borate minerals tend to have many vibrational modes between 900
and 1800 cm�1 due to the more complex symmetry of the polymeric
borate ion, which is made up of covalently bonded boron units with
trigonal and tetrahedral coordination, referred to as [BO3] and [BO4].
Colemanite exhibited a strong symmetric stretching mode around
900–1100 cm�1, which risks confusion with the characteristic peak po-
sitions associated with carbonate, sulfate, and phosphate minerals, but
can still be easily distinguished by the number and pattern of minor
modes between 900 and 1800 cm�1, and the presence of a sharp, strong
B–OH hydroxyl stretching mode at ~3580 cm�1.

The silicate minerals tend to have relatively simple spectra with few
peaks, but show significant variation in the number and position of the
peaks due to the markedly different structures adopted by the silicate
lattice, exemplified in Fig. 4 by quartz, olivine, and kaolinite. The
dominant peak we observed for quartz (a tectosilicate) was a Si–O–Si
bending mode at ~475 cm�1, for olivine (an orthosilicate) it was a Si–O
stretching mode at ~845 cm�1, and for kaolinite (a phyllosilicate) it was
a pair of Si–OH hydroxyl stretching modes at ~3630 and ~3690 cm�1.

In addition to mineralogy, DUV Raman can also provide information
on the presence of organic material within the mineral matrix or on its
surface. Strong UV absorption by aromatic organic compounds can lead
to intense fluorescence, as well as fulfilling the conditions for resonant
Raman, which results in significantly higher Raman scattering yields
compared to Raman from non-resonant compounds [Abbey et al., 2017;
Bhartia et al., 2021]. The presence of organic contaminants in a natural
mineral sample is typically observable by the appearance of a broad



Table 4
DUV Raman peak positions (in cm�1) obtained by fitting the major peaks for each mineral sample, and their assignments to specific internal vibrational modes. All
reported positions have a combined uncertainty of �5 cm�1 from calibration and fitting, and n.d. indicates the peak was not detectable. Sample references are given as
follows:1 Razzell Hollis et al. (2021a);2 Thomas et al. (2018);3 McCollom et al. (2014);4 Ehlmann (2010);5 Fox et al. (2021);6 Buz and Ehlmann (2017). * indicates a
synthetic mineral. Key to assignments: vi ¼ internal vibration i; S. ¼ stretching mode; B. ¼ bending mode; G. ¼ graphitic carbon band; D. ¼ defective carbon band. n.d.
indicates the peak was not detected, blank spaces indicate the peak was not expected to be present.

Mineral Sample

Borates [BO3]/[BO4] (S.) B–OH (B.) B–OH (S.) H2O (S.) Organic (G.)
Colemanite Powder1 1079 n.d. 3606 3215
Kernite Crystal1 931 1333 3553 3324
Ulexite Crystal1 985 1372 3576 3416

Carbonates [CO3] ν1 (S.) [CO3] ν3 (S.) [CO3] ν1 þ v4 (S.þB.) Organic (G.)
Aragonite Crystal 1091 1465 1748
Calcite Crystal1 1085 1432 1745

Powder1 1085 1434 1749
Pellet2 1091 1439 1754

Chalk Rock1 1089 1433 1752 1610
Dolomite Crystal1 1099 1444 1761

Powder1 1097 1443 1760
Pellet2 1102 1441 1764 1615

Magnesite Crystal1 1099 1452 1768
Powder1 1094 1446 1762

Nahcolite Powder1,* 1044 1441 1678
Pellet 1051 1448 1683

Rhodochrosite Crystal1 1091 1423 1733
Powder1 1084 1416 1726

Siderite Crystal1 n.d. n.d. n.d.
Trona Powder1,* 1061 1427 1715

Phosphates [PO4] ν1 (S.) [PO4] ν3 (S.) Organic (G.)
Fluorapatite Crystal 960 1050

Sulfates [SO4] ν1 (S.) [SO4] ν2 (B.) [SO4] ν3 (S.) H2O (S.) Organic (G.)
Anhydrite Powder1 1014 494 1128 3408, 3496
Barite Powder1,* 984 458 1138
Epsomite Powder1,* 983, 1036 n.d. 1112 3410
Gypsum Crystal1 1009 494 1134 3411, 3500

Powder1 1004 494 1131 3408, 3497
Pellet2 1014 504 1138 3415, 3503

Kieserite Powder* 979, 1033 459 1115 3414
Melanterite Powder1 1014 n.d. 1191 3234
Natroalunite Pellet 63,* 1021 494 1163 3468
Natroalunite-Natrojarosite Pellet 13,* n.d. n.d. n.d.

Pellet 103,* n.d. n.d. n.d.
Natrojarosite Pellet 93,* n.d. n.d. n.d.

Powder1 n.d. n.d. n.d.
Thenardite Powder1 991 n.d. 1126
FeIII Sulfate Pellet2,* n.d. n.d. n.d.
FeII Sulfate Pellet* 987 n.d. 1123 3418

Powder1 986 n.d. 1123 3424
Mg Sulfate Pellet2,* 992 471 1157 3428

Pellet* 1020 484 1150 3440
Na Sulfate Pellet2,* 998 468 1135

Pellet* 998 468 1135

Halides H2O (B.) H2O (S.) [NH4] v1 (S.) [NH4] v2 (B.) Organic (G.)
Halite Crystal1

Pellet2 1615
K Bromide Pellet*
Mg Chloride Pellet* 1589 3363, 3500
Ca Chloride Pellet* 1638 3448
Ammonium Chloride Pellet* 3051 1716

Oxides and Hydroxides MOX (S.) MOX (B.) M–OH (S.) Organic (G.)
Hematite Powder* n.d. n.d.
Manganite Rock n.d. 465 1569
Brucite Pellet2 3653

Silicates (by type) [SiO4] ν1 (S.) [SiO4] ν4 (B.) Si–OH (S.) Organic (G.)
Silica phases
Quartz Powder1 1079, 1162, 1232 474

Pellet2 1090, 1168, n.d. 477 1600
Opal Crystal n.d. 435 1608

Pellet2 1078 485 1618
Glasses
Basaltic Glass Pellet4 n.d. n.d.
Pyroxenes
Augite Powder 1014 n.d.

Pellet 1000 n.d.

(continued on next page)
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Table 4 (continued )

Mineral Sample

Diopside Crystal 1017 n.d.
Pellet 1014 n.d.

Enstatite Crystal 1026 n.d.
Powder 1021 n.d.
Pellet 1014 n.d.

Hedenbergite Crystal n.d. n.d.
Pellet n.d. n.d.

Plagioclases
Albite Crystal n.d. n.d.
Bytownite Pellet 1014 n.d. 1598
Labradorite Powder 1003 n.d.
Olivines
Fayalite Crystal n.d. n.d.
Forsterite Crystal 844 n.d.
Olivine Pellet 16 846 n.d.

Pellet 26 847 n.d.
Pellet 36 847 n.d.
Pellet 46 n.d. n.d.

K-Feldspars
Microcline Crystal 1114 504
Orthoclase Crystal 1113 494
Other Silicates
Epidote Pellet2 n.d. n.d.
Topaz Pellet2 929 n.d. 3652 1611

Phyllosilicates [SiO4] ν1 (S.) Si–OH (S.) Organic (G.)
Clays
Chlorite Pellet n.d. 1578
Illite Pellet n.d. n.d.
Kaolinite Powder n.d. 3632, 3696 1609
Montmorillonite Powder n.d. n.d. 1592
Smectite Powder A5,* n.d. n.d.

Powder G5,* n.d. n.d.
Powder H5,* n.d. n.d.
Powder J5,* n.d. n.d.
Powder K5,* n.d. n.d.
Powder N5,* n.d. n.d.

Micas
Biotite Crystal n.d.
Muscovite Crystal n.d. 3627

Pellet2 n.d. 3636 1584
Serpentines
Antigorite Pellet n.d. 3679
Serpentine Pellet2 1054 3691 1605
Serpentinite Rock n.d. 3680 1600
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Raman peak around ~1600 cm�1, such as is seen for kaolinite and
possibly olivine in Fig. 4, and sometimes accompanied by a second,
weaker peak at ~1400 cm�1. These peaks are typically not specific to a
particular organic compound but are more like a weighted average of the
continuum of vibrational modes for all organic molecules present, similar
to the graphitic ‘G’ and defective ‘D’ bands reported for kerogenous
organic material on Earth and for refractory organic material detected in
Martian meteorites [Schopf et al., 2005; Steele et al., 2016; Shkolyar
et al., 2018]. We found similar evidence of organic contamination in
several samples (mainly the pelleted samples) but cannot determine if the
organics were present in the original rock or introduced later during
handling. We note that the pellets from Thomas et al. (2018) were
originally made for calibrating the ChemCam instrument, which was not
designed to detect organics, and as such contamination may not have
been a concern during preparation. Given the sensitivity of SHERLOC to
organics, especially aromatics, it's possible that organic concentrations in
these samples could be as low as <1 ppm and still be detectable [Abbey
et al., 2017], but further analysis of the organics in these samples is
beyond the scope of this paper and warrants a separate, more detailed
study.

3.3. Differentiating similar minerals

Borates. Three borate minerals were measured: colemanite (calcium
borate hydrate), kernite (sodium borate hydrate) and ulexite (sodium
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calcium borate hydrate). Fig. 5 shows that the borate samples exhibited
significant variance in the pattern of their DUV Raman peaks between
800 and 1800 cm�1, and around 3300 cm�1, as we have reported pre-
viously [Razzell Hollis et al., 2021a]. The large variation in spectra
corresponds to significant differences in vibrational modes resulting from
different internal structures of the polymeric borate unit, which forms
triborate [B3O4(OH)3]2� in colemanite, pentaborate [B5O6(OH)6]3� in
kernite, and tetraborate [B4O6(OH)2]2� in ulexite [Kloprogge and Frost,
1999; Frost et al., 2013]. The dominant peak in the 800–1800 cm�1 re-
gion occurred at 1079 cm�1, in colemanite, 931 cm�1 in kernite, and
985 cm�1 in ulexite, and was assigned to the symmetric stretching mode
of either trigonally coordinated [BO3] (around ~950 cm�1) or tetrahe-
drally coordinated [BO4] (around ~1080 cm�1). The bending mode of
B–OH appears as a broad, asymmetric peak around ~1350 cm�1, while
the stretching mode of the B–OH hydroxyl was a relatively narrow, very
strong peak at ~3580 cm�1. Peak assignments were made based on
previous DUV measurements and reported vibrational frequencies in the
literature [Kloprogge and Frost, 1999; Razzell Hollis et al., 2021a]. The
hydration of all three minerals was evident in the appearance of a strong,
broad peak around 3000–3600 cm�1.

Regarding SHERLOC's ability to detect and identify borate minerals
by their DUV Raman spectra, the most readily distinguished feature was
the B–OH hydroxyl stretching mode at ~3580 cm�1, which was 5–10x
stronger than the trigonal/tetrahedral stretching modes at
900–1100 cm�1 and could still be detected with only 5 laser pulses



Fig. 5. DUV Raman spectra for various borate mineral samples, measured under Earth ambient conditions. See Fig. 4 for a summary of acquisition parameters and
spectral processing.
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(~19 μJ). Furthermore, its position was highly characteristic of the
specific mineral in question, occurring at 3606 cm�1 in colemanite,
3553 cm�1 in kernite, and 3576 cm�1 in ulexite. With a total spread of
53 cm�1, it should be easy to identify different borate minerals from their
SHERLOC spectra, even in low SNR samples where the internal vibrations
at 800–1800 cm�1 cannot be detected.

Carbonates. Eight different carbonate minerals were measured:
aragonite (orthorhombic calcium carbonate), calcite (trigonal calcium
carbonate), chalk (biogenic calcium carbonate rock), dolomite (calcium
magnesium carbonate), magnesite (magnesium carbonate), rhodochro-
site (manganese carbonate) and siderite (iron carbonate), as well as two
bicarbonate-bearing minerals, nahcolite (sodium bicarbonate), and trona
(sodium sesquicarbonate hydrate). As shown in Fig. 6, the majority of
carbonate samples exhibited well-defined Raman spectra that were
dominated by the [CO3] v1 peak at 1080–1100 cm�1, along with the
minor v3 and v1 þ v4 peaks at ~1440 and ~1750 cm�1. Assignments
were made based on previous measurements and reported vibrational
Fig. 6. DUV Raman spectra for various carbonate mineral samples, measured under E
spectral processing.
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frequencies in the literature [Griffith, 1969; Razzell Hollis et al., 2021a],
however, there is not a consensus regarding assignment of the
~1750 cm�1 peak to the v1 þ v4 mode, which is sometimes assigned to
the overtone 2v2 [Bischoff et al., 1985].

The carbonate minerals tended to produce very strong Raman spectra
and the majority produced clearly detectable Raman spectra even with
only 5 laser pulses per point (~20 μJ). The exception was siderite, which
only exhibited peaks attributable to atmospheric O2 and N2, with no
carbonate peaks observable even at a long exposure of 3000 μJ. We
attribute this lack of signal to the presence of Fe in siderite, as Fe2þ/3þ

ions are known to have strong absorption coefficients in the UV, which
will limit the penetration of the DUV laser into the sample as well as
attenuating any outbound Raman scattering [Shkolyar et al., 2018;
Carrier et al., 2019].

Perhaps the most significant spectral variation between different
carbonate minerals was the average position of the dominant v1 mode,
which was found between 1084 and 1102 cm�1 for the purely [CO3]-
arth ambient conditions. See Fig. 4 for a summary of acquisition parameters and
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bearingminerals and at significantly lower frequencies for thoseminerals
containing the bicarbonate ion [HCO3], with nahcolite appearing at
1044–1051 cm�1, and trona appearing at 1061 cm�1. The significant
change in v1 position between nahcolite, trona, and the other carbonates
can be understood as the change in electronic structure and bond
strength between bicarbonate [HCO3] and carbonate [CO3] ions, which
leads to an appreciable change in vibrational frequencies for the
oxyanion.

The range of observed v1 positions (average position in brackets) for
each [CO3]-bearing mineral was as follows: aragonite: 1091 cm�1;
calcite: 1085–1091 cm�1 (1087 cm�1); chalk: 1089 cm�1, dolomite:
1097–1102 cm�1 (1099 cm�1); magnesite: 1094–1099 cm�1

(1096 cm�1); and rhodochrosite: 1084–1091 cm�1 (1087 cm�1). The
variation originates in the different electrostatic environment experi-
enced by the carbonate oxyanion in each mineral, a consequence of any
differences in either lattice structure or the radius and/or charge of the
metallic cation. These factors act to perturb the covalent bonds of the
oxyanion and alter their frequency of vibration, a phenomenon that has
also been reported for visible Raman and infrared absorption of car-
bonate minerals and is expected to apply to sulfate and phosphate min-
erals as well [Adler and Kerr, 1963; Kaabar et al., 2011; Chan et al.,
2017]. Previous DUV Raman studies on carbonates suggest that some of
the observed variation in peak position between samples of the same
mineral may reflect minor differences in elemental composition [Razzell
Hollis et al., 2021a].

With the exception of siderite, all the carbonate minerals had at least
twominor peaks at ~1440 and~1750 cm�1. The positions of these peaks
also varied from mineral to mineral, the v3 mode varying by ~49 cm�1

between 1416 and 1465 cm�1, and the v1 þ v4 mode varying by
~90 cm�1 between 1678 and 1768 cm�1. As we have reported previ-
ously, the position of the ~1750 cm�1 peak appears to be positively
correlated with the position of the v1 at ~1080 cm�1 (see Fig. S17),
which supports assignment to a combined v1 þ v4 mode [Razzell Hollis
et al., 2021a].

Additional peaks were observed for certain samples, including
nahcolite, trona and limestone chalk. Nahcolite and trona exhibited
additional peaks resulting from the altered symmetry of the [HCO3]
bicarbonate ion, appearing in nahcolite as a second strong peak at
1264–1270 cm�1 and an extra minor peak at 1620–1626 cm�1, while
trona had an additional minor peak at 1557 cm�1 [Razzell Hollis et al.,
2021a]. Trona was the only carbonate mineral to show any evidence of
hydration, appearing as a strong bimodal peak with a maximum at
3444 cm�1. The presence of organic material was also observed in two
samples by the appearance of an additional minor peak around
1610 cm�1 for the limestone chalk sample and around 1615 cm�1 in
the dolomite mix7-O pellet sample. In both cases the peak position and
shape was consistent with the G band of kerogenous organic material,
consistent with both samples being comprised of natural mineral that
may have entrapped organics that then degraded over time, becoming
kerogenous.

The position of the v1 peak appears to be the most characteristic
parameter for identifying different carbonate minerals, however in
certain cases the difference in peak position between two distinct min-
erals is smaller than the sample-to-sample variation for a particular
mineral (2–8 cm�1) or the estimated uncertainty of measured peak po-
sitions (�5 cm�1). The uncertainty also accounts for the discrepancy
between these observations and reported literature values for the same
minerals, e.g. 1087 cm�1 for calcite's v1 peak [De La Pierre et al., 2014].
Identification may be improved by considering the positions of the minor
peaks, for example: aragonite and calcite have both been observed with
v1 positions of ~1090 cm�1, but can be distinguished by the position of
the v3 mode at 1465 cm�1 in aragonite and 1432–1439 cm�1 in calcite.
Given the exceptional Raman signal we observe for carbonate minerals
(with the exception of siderite), which means the v3 and v1þ v4 modes
are easily detected even at short exposures, identification of specific
carbonate minerals should be possible on Mars.
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Sulfates. Fourteen sulfate-bearing samples were measured, including
the minerals anhydrite (calcium sulfate), barite (barium sulfate), epso-
mite (sodium sulfate heptahydrate), gypsum (calcium sulfate dihydrate),
kieserite (magnesium sulfate hydrate), melanterite (iron sulfate hepta-
hydrate), natroalunite (sodium aluminum sulfate hydroxide), natrojar-
osite (sodium iron sulfate hydroxide), and thenardite (sodium sulfate), as
well as two unnamed minerals in the Al–Fe solid solution series between
natroalunite and natrojarosite with relative Fe contents of 61% and 92%,
and four synthetic salts of magnesium sulfate, iron(II) sulfate (FeSO4),
iron(III) sulfate (Fe2(SO4)3), and sodium sulfate.

The sulfate minerals consistently produced DUV Raman spectra
dominated by the [SO4] v1 mode at ~1000 cm�1, with the [SO4] v2 and
v3 modes appearing as minor peaks at ~470 and ~1150 cm�1 (see
Fig. 7). Assignments were made based on previous measurements and
reported vibrational frequencies in the literature [Griffith, 1969; Brotton
and Kaiser, 2013; Mabrouk et al., 2013; Razzell Hollis et al., 2021a]. Of
the sulfate minerals we examined, four samples did not provide a
detectable DUV Raman spectrum at laser exposures up to ~3000 μJ: the
Fe-bearing mineral natrojarosite, the two natroalunite-natrojarosite
synthetic mixtures (which had relative Fe site occupancies of 61% and
92% by mole), and the iron(III) sulfate, Fe2(SO4)3. We consider the lack
of signal from these samples to be further confirmation that Fe-rich
minerals can reduce DUV Raman signal to undetectable levels. Howev-
er, Fe content cannot be the only factor that determines detectability as
the Raman peaks of [SO4] could still be detected for relatively Fe-rich
samples of melanterite (FeSO4∙7H2O) and iron(II) sulfate (FeSO4). As
the opto-electronic properties of Fe ions within the mineral will depend
on a combination of their ionic charge and coordination [Rossman and
Ehlmann, 2019], it is not unreasonable to see significant variations in
overall UV absorption (and therefore measured Raman signal) between
different minerals of similar Fe content.

Fig. 7 shows how the measured DUV Raman spectrum varied be-
tween different sulfate minerals, and between samples of the same
mineral. Like the carbonates, the most significant distinction between
individual sulfate minerals is the position of the v1 peak, which varied
by ~57 cm�1 between 979 and 1036 cm�1. The range of observed v1
positions (and the average, where applicable) for each of the sulfate
minerals was as follows: anhydrite: 1014 cm�1; barite: 984 cm�1;
epsomite: 983 cm�1; gypsum: 1004–1014 cm�1 (1009 cm�1); kieserite:
979 cm�1; melanterite: 1014 cm�1; natroalunite: 1021 cm�1; and
thenardite: 991 cm�1. For the synthetic sulfates the v1 peak was
observed at 987 cm�1 in iron(II) sulfate, 992–1020 cm�1 (1006 cm�1)
in magnesium sulfate, and 998 cm�1 in sodium sulfate. The v1 peak
was more difficult to assign for kieserite (MgSO4∙H2O) and epsomite
(MgSO4∙7H2O) as both exhibited two v1 peaks at ~980 and
~1035 cm�1, with the 980 cm�1 peak dominating in kieserite and the
1035 cm�1 peak dominating in epsomite. This is unexpected as visible
wavelength Raman studies of MgSO4 hydrates have previously re-
ported the v1 mode of pure epsomite to occur at ~985 cm�1, shifting
to ~1045 cm�1 for pure kieserite, which suggests that the hydration of
these samples may have changed in the time since they were identified
[Wang et al., 2006]. We note that the two different sample pellets of
synthetic MgSO4 exhibited singular peaks at two different positions,
992 cm�1 and 1020 cm�1 respectively, suggesting that these samples
exhibiting two distinct hydration states intermediate between kieserite
and epsomite [Wang et al., 2006].

The minor v2 and v3 modes at ~450 and ~1150 cm�1 also showed
variation in their positions between different sulfate minerals, between
46 and 79 cm�1 respectively. There appears to be some positive corre-
lation between the positions of the anti-symmetric v3 and symmetric v1
stretching modes, with a higher Raman shift for v3 tending to coincide
with a higher shift for v1 (see Fig. S18). However, identification of the v3
position can be muddled by the presence of additional strong or over-
lapping peaks in the 1000–1200 cm�1 region for some minerals,
including epsomite, kieserite, and melanterite, and requires careful
deconvolution to determine the correct peak positions.



Fig. 7. DUV Raman spectra for various sulfate mineral samples and a single phosphate mineral, fluorapatite, as measured under Earth ambient conditions. See Fig. 4
for a summary of acquisition parameters and spectral processing.
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Many of the sulfate minerals had one or more broad Raman peaks
around 3300 cm�1, indicative of hydration. Gypsum and anhydrite both
exhibited a doublet of relatively narrow peaks at 3411 and 3500 cm�1, a
limited number of well-defined vibrational frequencies being typical of
their low hydration state (e.g. dihydrate in gypsum). Although anhydrite is
formally defined as anhydrous calcium sulfate, the appearance and posi-
tioning of the hydrate doublet is consistent with previous measurements
that this particular sample contains ~15% gypsum [Razzell Hollis et al.,
2021a]. At the other extreme of hydration were the samples of epsomite,
iron(II) sulfate, kieserite, magnesium sulfate, and melanterite, which all
exhibitedextremelybroadbimodal peakswithmaxima falling across awide
range, 3230–3500 cm�1, typical of higher hydration states (e.g. epsomite)
that produce a broad rangeof vibrational frequencies for theH2O stretching
mode. Natroalunite exhibited a single narrow peak at 3468 cm�1, which
may be the stretching mode of the Al–OH hydroxyl rather than H2O.

Like the carbonates, it appears that the v1 peak is the best parameter
for identifying different sulfate minerals from their SHERLOC spectra,
based on its detectability and its variation in position between minerals.
Variability between samples of the same mineral was similar to that
observed for the carbonates, with a range of ~9 cm�1 observed across
three samples of gypsum. However, because the overall range of fre-
quencies observed is larger than that of the carbonate minerals, the
14
sulfate minerals are easier to distinguish from one another. Identification
may be aided by determining the position of the minor v3 mode at
~1150 cm�1 provided that it can be detected, but, as shown by the
natrojarosite samples, detectability may be hampered by strong UV ab-
sorption of Fe-rich minerals.

Phosphates. A single phosphate mineral was measured to provide a
comparison between phosphate and sulfate DUV Raman spectra. Fluo-
rapatite (calcium fluorophosphate) exhibited a spectrum dominated by
the [PO4] ion's v1 mode at 961 cm�1 and a single minor v3 mode at
1050 cm�1 (Fig. 7). Peak assignments were determined by comparison to
previous DUV measurements [Abbey et al., 2017] and reported assign-
ments in the literature under visible excitation [Griffith, 1969;Litasov
and Pogdornykh, 2017]. The flourapatite spectrum appears very similar
to those of the sulfate minerals, indicative of the similar structures and
symmetries of the [PO4] and [SO4] ions, but is shifted to lower fre-
quencies as a result of a longer average bond length. Indeed, the v1 po-
sition of fluorapatite was shifted by at least 20 cm�1 compared to even
the lowest sulfate mineral we investigated, which suggests that SHERLOC
will be able to easily differentiate between sulfate and phosphate min-
erals based on peak positions.

Halides. In addition to the mineral halite (NaCl), we also measured
four other halide-bearing salts: calcium chloride (CaCl2), magnesium



J. Razzell Hollis et al. Planetary and Space Science 209 (2021) 105356
chloride (MgCl2), potassium bromide (KBr), and ammonium chloride
(NH4Cl). Like halite, the majority of these samples lack covalent bonds
and thus the only innate Raman scattering they should generate are from
lattice modes, which occur at very low Raman shifts that fall outside the
range we can reliably observe with SHERLOC. However, many samples
show evidence of detectable Raman scattering from other components,
such as H2O or organic material (see Fig. 8). The exception was ammo-
nium chloride, as the internal vibrational modes of the ammonium [NH4]
cation produce a strong Raman peak at 3051 cm�1 and a minor peak at
1716 cm�1, which are respectively assigned to the v1 (symmetric
stretching) mode and v2 (out-of-plane bending) mode of [NH4]
[Krishnan, 1947]. Fitting also resolved the position of an overlapping
peak at ~3120 cm�1, consistent with the v3 (anti-symmetric stretching)
mode described by Krishnan [1947], as well as a minor peak at
2841 cm�1 that was unassigned.

Organic contamination was potentially observed in the synthetic
halite “mix14-O00 sample, appearing as a relatively weak broad peak at
1615 cm�1. The peak was very weak, barely double the intensity of the
atmospheric N2 peak at 2333 cm�1, suggesting a fairly low concentration
considering the sensitivity of DUV Resonant Raman spectroscopy to such
material [ Asher et al., 1986; Abbey et al., 2017; Razzell Hollis et al.,
2020;Razzell Hollis et al., 2021b].

Of the halide samples we examined, two showed evidence of hydra-
tion: calcium chloride exhibited a relatively narrow, strong Raman peak
at 3448 cm�1, while magnesium chloride exhibited a doublet of rela-
tively narrow peaks at 3363 and 3500 cm�1. Both features are consistent
with the stretching mode of H2O existing as hydrate in a crystalline lat-
tice, with the relative narrowness and unimodal shape of the peaks
indicating a low hydration state with a well-defined vibrational fre-
quency. These are hygroscopic phases, and hydration was likely intro-
duced by absorption of ambient H2O during pellet preparation or sample
storage. The shapes and positions of such peaks are known to be specific
to the hydrated salt, and may be a means by which SHERLOC can detect
hydrated halide salts despite the lack of detectable Raman scattering
from the salt itself.

Metal Oxides and Hydroxides. Three metal oxide/hydroxide min-
erals were measured: hematite (iron(III) oxide, Fe2O3), manganite
Fig. 8. DUV Raman spectra for various halide, metal oxide and metal hydroxide mine
of acquisition parameters and spectral processing.
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(manganese oxide hydroxide, MnO(OH)) and brucite (magnesium hy-
droxide, Mg(OH)2). Hematite has been previously reported to exhibit two
major Raman peaks under 532 nm excitation that fall within SHERLOC's
detectable spectral range: a narrow peak at 400 cm�1 and a broad reso-
nant peak at ~1320 cm�1 [Wang et al., 2004]. However, we could not
resolve any Raman peaks from powdered hematite under DUV excitation,
only the peaks of atmospheric O2 and N2. This is consistent with our
observations that Fe-rich minerals tend to be strong UV absorbers,
reducing the penetration of incident laser light as well as attenuating any
Raman-scattered light [Shkolyar et al., 2018; Carrier et al., 2019; Razzell
Hollis et al., 2020]. By contrast, the manganite rock sample exhibited a
single detectable peak at 465 cm�1, but this peak does not correlate to
any known peak of manganite and is likely an indication of a minor
quartz component in the rock. Manganite also exhibited a very weak
peak at ~1564 cm�1, probably from organic contamination. Brucite
produced a single well-defined peak at 3653 cm�1 that we assigned to the
Mg–OH hydroxyl stretching mode, but no detectable peaks at lower
frequencies.

Silicates. Sixteen different silicate minerals were measured,
including members of the K-feldspar, olivine, plagioclase, pyroxene, and
silica groups, plus basaltic glass. The full list of minerals was as follows:
albite, augite, bytownite, diopside, enstatite, epidote, fayalite, forsterite,
hedenbergite, labradorite, microcline, olivine, opal, orthoclase, quartz,
and topaz. Their spectra are shown in Fig. 9. Ten phyllosilicates were also
measured, but these will be described in the following subsection. The
silicate minerals generally show far weaker Raman scattering than the
carbonate, sulfate, or borate minerals described earlier, as demonstrated
by the relative intensity of the atmospheric N2 peak at ~2330 cm�1 and,
to a lesser extent, the O2 peak at ~1560 cm�1, for most spectra shown in
Fig. 9. Weaker Raman scattering is a direct result of the silicate Si–O
bonds being less polarizable than the more electron-rich bonds of car-
bonate, phosphate and sulfate [Griffith, 1969].

Despite lower signal yields, we were still able to detect very distinc-
tive Raman peaks for key silicate minerals of significance to Martian
geology, including quartz and olivine. Quartz was the most detectable
silicate we studied, dominated by a strong narrow peak at 474–477 cm�1

that was easily detected despite being in the region that is significantly
ral samples, measured under Earth ambient conditions. See Fig. 4 for a summary



Fig. 9. DUV Raman spectra for various silicate mineral samples and basaltic glass, measured under Earth ambient conditions. See Fig. 4 for a summary of acquisition
parameters and spectral processing.

J. Razzell Hollis et al. Planetary and Space Science 209 (2021) 105356
attenuated by the instrument's edge filter (300–600 cm�1). We estimate
that the measured intensity of the 475 cm�1 peak was only ~10% of its
true signal, based on the filter's transmittance at the corresponding
wavelength (251.55 nm), and note that this peak exhibited the largest
discrepancy (þ9 cm�1) with respect to its reported position in literature
due to the reduced accuracy of our spectral calibration in the edge-
filtered region. Quartz samples also exhibited some comparatively
weak, but still detectable, peaks in the unfiltered region: a single peak at
805 cm�1 and a triplet of minor modes at 1084, 1166, and 1232 cm�1,
with the 1166 cm�1 peak being the strongest in the triplet and the
1232 cm�1 peak the weakest. Olivine and most other silicates were
detectable via Raman peaks in the unfiltered region, typically at ~850 or
~1100 cm�1. Of the silicate samples we investigated, the only major
outlier was albite, which produced such strong fluorescence in the
250–300 nm range such that no Raman peaks could be resolved due to
signal saturation even at the lowest laser exposure (see Fig. S19); as such,
it is not included in Fig. 9 for the sake of clarity. This intense fluorescence
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is most likely due to the presence of rare earth elements in the albite
sample, but requires further investigation.

The assignment of specific peaks to individual vibrational modes of
the covalent lattice is complicated by the dramatic variation in structure
adopted by different silicate minerals, but in general, silicate peaks at
400–500 cm�1 can be considered bending modes of the [SiO4] tetrahe-
dron, akin to v2 and v4 in sulfate/phosphate, while peaks in the
800–1300 cm�1 region are stretching modes comparable to v1 and v3
[Krishnamurti, 1958; Griffith, 1969; Czaja et al., 2009]. Silicates from the
same group tend to exhibit similar spectra, summarized below, with the
Fe-rich endmembers of each group tending to be the hardest to detect due
to UV absorption by octahedral Fe complexes.

The K-feldspar group minerals (microcline and orthoclase)
appeared identical with spectra exhibiting two strong peaks at
494–504 and 1113–1114 cm�1. Their similarity is a result of these
minerals being triclinic and monoclinic polymorphs with the same
formula, KAlSi3O8.
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The plagioclase group minerals (bytownite and labradorite) did not
exhibit any significant Raman peaks in the 400–4000 cm�1 range, the
only feature was a very broad, poorly defined peak around 1000 cm�1

that may be an artifact of background subtraction rather than a real
scattering feature. It is unclear why the plagioclase minerals were un-
detectable, considering they have no appreciable Fe content, but
plagioclase minerals have been reported to exhibit Raman spectra similar
to K-feldspars under visible excitation [Freeman et al., 2008].

The pyroxene group minerals (augite, diopside, enstatite, and
hedenbergite) were typified by a single relatively broad but well-defined
peak with a maximum at 1000–1026 cm�1, which was hardest to resolve
in the Fe-endmember hedenbergite. This peak coincides with the re-
ported positions of a pyroxene doublet at ~1010 and ~1030 cm�1 under
visible excitation [Wang et al., 2001]. Although we are able to identify
individual peak positions to within ~5 cm�1, the nature of the doublet as
two overlapping peaks with a peak-to-peak separation considerably
smaller than the Brassboard's spectral resolution (54 cm�1) means that
the doublet becomes convoluted, appearing in our measurements as a
single broad peak centered at an intermediate position.

The olivine groupminerals (theMg and Fe endmembers forsterite and
fayalite, plus four intermediate olivines between Fo1 and Fo90 [Buz and
Ehlmann, 2017]) tended to exhibit a single well defined peak at
844–847 cm�1, which was undetectable in the Fe-endmember fayalite or
the Fo1 olivine (pellet 4). Similar to the pyroxene series, the ~846 cm�1

olivine peak is likely a convolution of the doublet reported at ~820 and
~850 cm�1 for olivines under visible excitation [Chopelas, 1991; Kue-
bler et al., 2006]. Although Kuebler et al. [2006] described a systematic
relationship between the olivine doublet's intensity ratio and Mg/Fe
composition, because our measurements cannot resolve the individual
peaks of the doublet we were unable to measure the intensity ratio or
compare it to composition. However, SHERLOC's spectral resolution is
markedly better than the Brassboard's (40 cm�1 vs 54 cm�1), and thus the
doublet may be resolvable in SHERLOC spectra, allowing for analysis of
olivine composition based on its intensity ratio.

The remaining silicate samples studied included basaltic glass,
epidote, opal, and topaz. The basaltic glass and epidote samples did not
exhibit any distinctive Raman peaks that could be detected by the
Brassboard instrument, while topaz had a strong peak at ~929 cm�1 plus
a relatively minor Si–OH peak at 3652 cm�1. Of the two opal samples
studied, only the ChemCam calibration pellet (mix12-O) exhibited
Raman peaks that could be reliably attributed to vibrations of the silicate
lattice (two relatively weak modes at ~485 and ~1078 cm�1, similar to
quartz), but both samples showed signs of some organic contamination as
shown by a broad Raman peak at ~1610 cm�1. Similar peaks at
~1610 cm�1 were also apparent at varying intensities for the calibration
target pellets for quartz and topaz (mix4-O and mix21-O respectively)
and the bytownite pellet (C16630), suggesting minor amounts of organic
contamination were present in these pellets as well.

The spectra in Fig. 9 indicate that SHERLOC will be capable of
detecting Raman scattering from some silicate minerals, although signal
yields were generally much lower when compared to the carbonates,
sulfates and phosphates. As such silicates might not be detectable during
short-exposure SHERLOC activities like survey scans. We again observed
that minerals enriched with Fe, such as hedenbergite and fayalite, are
harder to detect, although we note the plagioclase silicates also could not
be detected despite having little to no Fe present. The identification of
specific silicate minerals based on the pattern and positions of detected
peaks may be limited to differentiation at a group level, e.g. olivines
versus pyroxenes, but further work to optimize observation conditions
may be needed and SHERLOC's superior spectral resolution may allow for
greater differentiation. Of the silicate groups that produced detectable
Raman spectra, the olivines and quartz were the easiest to distinguish as
their dominant peaks (~845 and ~476 cm�1 respectively) fall well
outside the 900–1600 cm�1 region where other minerals exhibit strong
peaks. As such they should still be identifiable even in complex, mixed
samples that display multiple overlapping mineral signatures.
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Phyllosilicates. Ten distinct phyllosilicate minerals were measured,
including two serpentine group minerals (antigorite and serpentine); two
mica group minerals (biotite and muscovite), five clay minerals (chlorite,
illite, kaolinite, montmorillonite, smectite), plus serpentinite rock. Like
the other silicates, phyllosilicates can exhibit a wide range of structures
consisting of combinations of tetrahedral and octahedral silicate layers
arranged into 2-dimensional sheets. The smectite samples we investi-
gated were synthetic minerals of varying Al/Mg/FeII/FeIII composition;
samples A, G, H, and J were all exclusively FeIII-bearing clays while
samples K and N were predominantly FeII-bearing clays [Fox et al.,
2021], but we note that their oxidation state may have been changed
after approximately 1 year of storage under ambient conditions.

Fig. 10 shows that the majority of the phyllosilicates we studied
exhibited few discernible Raman peaks between 400 and 4000 cm�1 and
are primarily dominated by background noise and the ubiquitous peaks
of atmospheric O2 and N2. The most common spectral signature of the
phyllosilicate samples was an octahedral Si–OH hydroxyl stretching
mode, which appeared as a relatively narrow peak between 3600 and
3700 cm�1. The exact position of this peak is known to vary based on
both overall structure and occupation of the octahedral site by different
metallic cations [Wang et al., 2015]. Indeed, the OH position differed by
12 cm�1 between serpentine and antigorite but only 1 cm�1 between
serpentinite rock and antigorite. The difference in position suggests the
serpentine sample may be lizardite-rich serpentine, while the serpen-
tinite rock may be primarily antigorite [Petriglieri et al., 2015; Tarling
et al., 2018]. In most phyllosilicates the OH peak is actually a doublet
with a relatively small separation (<50 cm�1) below the resolution of the
Brassboard, but in kaolinite the separation is sufficiently large
(60–80 cm�1) that the doublet can be resolved as two peaks at 3632 and
3696 cm�1.

Other spectral features can be seen in Fig. 10: a peak was observed at
556 and 530 cm�1 for the biotite andmuscovite crystal samples but could
not be assigned to any reported modes for either mineral. As such, we
cannot be certain that this peak is a real Raman peak from either biotite
or muscovite and should not be used for identification. Organic material
was also present in at least six samples, with a broad organic G band
observed at 1580–1620 cm�1 for chlorite, kaolinite, montmorillonite,
muscovite, serpentine, and serpentinite, appearing spectroscopically
similar to kerogenous/refractory organic material. The preponderance of
organic material is not unexpected, as these minerals are known to
absorb organic material onto ultrafine particle surfaces and within
structural interlayers, furthering the long-standing observation that
phyllosilicate minerals have biosignature preservation potential and are
considered high value targets for theMars 2020mission [Ehlmann et al.,
2008a; Fornaro et al., 2018; Beaty et al., 2019].

Part of the difficulty in detecting phyllosilicates is that the major
peaks of the silicate structure itself have been reported to occur around
200–300 cm�1 and 600–800 cm�1 under visible excitation [Wang et al.,
2015], two regions that are either outside of SHERLOC's spectral range or
are obscured by the 252.93 nm laser emission line. However, this does
not mean it is impossible to detect other Raman peaks of phyllosilicates
under DUV excitation; an earlier study using a liquid-N2 cooled DUV
spectrometer reported that the synthetic smectite samples produced two
detectable peaks at ~1050 and ~3600 cm�1, the latter being an octa-
hedral Si–OH hydroxyl mode [Fox et al., 2021]. Given that the SNR yield
of a 25 point average on the Brassboard is roughly equivalent to a single
point spectrum acquisition on SHERLOC, it may be possible to resolve
phyllosilicate phases in SHERLOC maps through spatial averaging of
multiple point spectra, provided that they are not intimately mixed with
a strong Raman scatterer (such as gypsum) or a strong UV absorber (such
as an Fe-rich mineral).

4. Conclusions

To assist SHERLOC data analysis during the Mars 2020 mission and
enable the identification of mineralogy using DUV Raman spectra, we



Fig. 10. DUV Raman spectra for various phyllosilicate mineral samples, averaged over 25 points at 800 laser pulses per point. See Fig. 4 for a summary of acquisition
parameters and spectral processing.
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have assembled a spectral library of mineral standards as measured by
the Brassboard, an optical analog of the SHERLOC instrument. The
Brassboard (and SHERLOC) is capable of detecting the internal vibra-
tional modes of several key minerals that appear in particular spectral
regions: major bending modes at 400–600 cm�1, major stretching modes
at 800–1200 cm�1, and hydrate/hydroxide modes at 3000–3700 cm�1,
with all peak positions measured with an estimated uncertainty of
�5 cm�1. SHERLOC's more powerful laser and better optical throughput
is expected to yield roughly 6x as much Raman scattering per laser pulse
for any given sample. Consequently, there may be some minerals that
exhibited no distinguishable Raman peaks in this study but may still be
detectable to SHERLOC; the DUV Raman spectra we have described here
should be considered a highly conservative estimation of how effectively
SHERLOC can be used to detect and identify different minerals.

We have shown that SHERLOC is capable of detecting many minerals
that are relevant to the geological history of Jezero crater, including
borates, carbonates, sulfates, phosphates, halides, silicates and phyllosi-
licates. We found that carbonate, sulfate, and phosphate minerals tend to
produce sufficient Raman scattering to be detectable at exposure energies
as low as 20 μJ, comparable to a standard SHERLOC survey activity,
which will maximize the scientific return from SHERLOC data and enable
mapping of mineralogical composition over larger areas. Silicate and
phyllosilicate minerals tend to yield less Raman scattering signal but the
majority are still detectable at longer exposures of ~3000 μJ, comparable
to laser output during a standard SHERLOC Detail Scan. We also noted
that Fe-rich minerals tend to be harder to detect than Fe-poor minerals
due to significant UV absorption, and therefore it appears that local Fe
content may be a key factor in determining limits of detection on a
sample by sample basis. This highlights the importance of interpreting
SHERLOC data alongside information on elemental composition ac-
quired from the Planetary Instrument for X-Ray Lithochemistry (PIXL)
and other Mars 2020 instruments.
18
SHERLOC is also capable of distinguishing different classes of min-
erals based on the rough position of the dominant (strongest) Raman
peak and observation of any minor peaks (see Fig. 4). The specificity of
Raman peaks to molecular vibrations means that minerals of the same
class (e.g. carbonates) exhibit similar spectra, the observed peak posi-
tions may be used to distinguish similar minerals (e.g. calcite vs dolo-
mite) provided that their dominant peak positions differ by at least
~10 cm�1. Based on the spectra we have described, it should be possible
to identify a number of important minerals using SHERLOC. By
comparing data collected from SHERLOC to the spectra in this library,
members of the Mars 2020 science team and the wider scientific com-
munity will be better equipped to analyze and interpret the mineralogy of
rocks investigated by the Perseverance rover during its mission and pro-
vide crucial context for collected/returned samples.
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