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Quantitative analysis of binary and ternary
organo-mineral solid dispersions by Raman
spectroscopy for robotic planetary exploration
missions on Mars¥

©2and C. Malherbe (© *P<

L. Demaret,®® |. B. Hutchinson,® G. Eppe

The Mars 2020 and ExoMars 2022, rover-based missions are specifically dedicated to the search for evi-
dence of life and will both utilise Raman spectrometers on the surface of Mars. Raman spectroscopy is
indeed a valuable analytical technique for planetary exploration that enables in situ characterisation of
rocks and soils collected directly from the surface or retrieved as cores and subsequently crushed when
extracted from the subsurface with a drill. On Mars, the miniaturised spectrometers will interrogate
ancient geological deposits, in order to try and identify hydrated or aqueously altered minerals and
organic matter to assess the habitability of Mars. While the identification of relevant hydrous minerals and
organic components is the primary analytical objective of the missions, quantifying their abundances
would be of particular significance for interpreting past geological conditions (e.g. formation or alteration
processes) and for ascertaining the putative presence of biosignatures. Therefore, we have developed
quantitative models that enable the quantification of both mineral proportions from crushed mixtures of
geological components and spiked mixtures containing organic analytes dispersed in mineral matrices.
Based on data normalisation with appropriate standards (internal and external), we demonstrate that
robust quantitative models can be (1) applied for solid dispersions of various complexities relevant to pla-
netary exploration; and (2) applied to different Raman set-ups, including an instrument representative of
the ExoMars Raman Laser Spectrometer. With important Raman-active minerals (calcite, gypsum, baryte,
quartz), we demonstrate that using a correction factor F5/41, based on the ratio of apparent Raman scat-
tering coefficients, the relative proportion of minerals in binary mixtures can be accurately determined.
Regarding the organics, evaluated in clay-rich sediments (Fe-smectite) and crushed rocks of coarse-
grained fraction (>100um), we establish calibration curves in the concentration range 2—-20 wt% for non-
resonant compounds (L-cysteine, phthalic acid, adenine) and even lower (<1 wt%) for pre-resonant
anthracene. Despite large levels of heterogeneity, the Raman analyses of these solid dispersions verify
that quantitative Raman analyses can be performed in the context of robotic exploration studies.

enable fast and non-destructive Raman analyses to be per-
formed on samples allowing the discrimination of various con-

Raman spectroscopy is a well-established analytical technique
that provides information about the molecular composition of
samples, both qualitatively and quantitatively, based on the
inelastic scattering of light by matter (Raman effect). Despite
the low sensitivity of the technique, laser excitation sources
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stituents, both organic and inorganic. In addition, minia-
turised Raman spectrometers can be utilised remotely, outside
of the laboratory facilities, enabling in situ measurements for
various applications, including: geosciences, archaeometry
and forensic analyses;" in vivo clinical applications;> on-line
process/quality control;® stand-off Raman analyses of hazar-
dous substances (e.g. explosives or biological agents),® and
finally, for exploring environments not accessible to humans
(e.g. deep sea or extra-terrestrial bodies).”® Space exploration
applications rely mostly on remote, high-technology robotic
instruments, and Raman spectrometers have been included in
the payloads of the exploration rovers for both the Mars 2020
and ExoMars 2022 missions.”®

This journal is © The Royal Society of Chemistry 2021
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The robotic exploration of Mars has long been guided by
the search for water. More recently, the scientific priority
became the search for possible habitable environments.’
Besides the presence of liquid water (in the past or present),
habitable environments are also characterised by the presence
of relevant minerals representing potential sources of energy
or nutrients to support the activity of micro-organisms, and
capable of preserving organic biomarkers from extinct life.
Therefore, a comprehensive identification of the minerals in a
specific location on Mars, and the detection of any putative
organic signature, which are both feasible by Raman spec-
troscopy, will help in understanding the past geological pro-
cesses of the planet and the conditions necessary for habit-
ability. As a consequence, three Raman spectrometers are soon
to be deployed on Mars. The Raman Laser Spectrometer (RLS),
included in the analytical laboratory drawer of the Rosalind
Franklin rover for the ESA/Roscosmos mission ExoMars2022,
will analyse crushed core samples with a 532 nm (continuous
excitation) laser, focused onto the flattened surface of the pow-
dered geological samples with a spot size diameter of
~50 um.” The RLS instrument will interrogate the samples uti-
lising two possible operating modes: a pre-configured multi-
measurement sequence (with a line or a grid pattern on the
sample surface), or a single-measurement on a specific
location of interest identified in a co-operative mode with the
MicrOmega instrument (a visible-near infrared hyperspectral
imager).'® The NASA Perseverance rover, already operating on
the surface of Mars, includes two instrument suites with
Raman modalities: SuperCam and SHERLOC. The SuperCam
instrument comprises a Raman spectrometer capable of
remote sample analyses from distances up to ~7 m, with a
pulsed 532 nm laser excitation source."’ The SHERLOC instru-
ment, mounted on the robotic arm of the rover, is an imager
instrument for the close-up analysis of rock specimens, com-
bining fluorescence and resonance Raman analyses using a
UV excitation laser at 248.6 nm.'> Raman mapping is per-
formed using pulsed laser spots (~100 pm beam diameter),
with a spatial resolution of 30 pm, over a 7 mm?® area on the
samples.”®> A substantial part of the preparatory analytical
work for Raman planetary exploration missions has focused
on qualitative analyses, such as the creation of spectral data-
bases for relevant minerals and biomolecules'*™® or the
characterisation of (bio)geological samples from extreme hab-
itable niches on Earth, presenting some analogies with
expected scenarios for extant microbial life on Mars (Mars ana-
logue samples)."*>*

While quantitative Raman studies are considered the next
logical step in terms of remote analytical research,"®** devel-
opments in quantitative Raman analyses remain limited in the
context of planetary exploration, either on Earth or on another
planet. Nonetheless, quantitative analyses can provide specific
information on the concentrations of organic molecules and/
or minerals, which can reveal additional information regard-
ing the biogenicity of a tested sample, when the co-occurrence
of specific markers is determined.® The significance of some
compounds as biosignatures is indeed ascertained from the
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accurate quantities determined, not solely from their identifi-
cation. Simultaneous quantitative Raman analyses for min-
erals and organics are feasible, but both quantifications are
often examined separately. On the one hand, for quantitative
Raman analyses of minerals, two approaches are considered.
The first approach consists of evaluating the occurrence of a
specific mineral spectral signature within a set of Raman
spectra obtained randomly on the samples of rock or soil,
which is similar to a standard petrographic approach.>® This
type of analysis is best suited to instruments with a small laser
footprint and enables the heterogeneity of complex geological
specimens to be determined. For instance, the quantification
of mineral proportions was successfully achieved using the
point count method on Atacama soil samples evaluated with a
flight-like instrument designed for planetary exploration.”®
The second approach consists of evaluating the signal inten-
sity for quantifications based on calibration curves developed
from homogeneous, powdered mineral mixtures, with fine
grains.”” This approach is best suited for analyses of transpar-
ent fine-grain mineral mixtures (e.g. mixtures of gypsum,
calcite, aragonite or quartz) with large laser footprints on the
sample surface.”®?° Actually, this approach is compatible with
the RLS automatic operating mode and has been applied to
demonstrate that semi-quantitative analyses can be obtained
from planetary exploration mission instruments with binary
calibration mixtures, such as gypsum-calcite, nitrate-oxalate
salts or pyroxene-olivine systems.***' However, only a limited
number of studies have focused on the quantitative Raman
analyses of organics in minerals, especially for planetary
mission scenarios. Those studies were mainly dedicated to the
determination of the lower concentration levels enabling a
qualitative detection of organic molecules of interest for plane-
tary or astrobiological research, such as pigments (e.g. caroten-
oids), amino acids, carboxylic acids, nucleobases and polyaro-
matic hydrocarbons (PAH).>*”*” These studies have identified a
series of organics that can possibly be observed on Mars, if life
ever developed on its surface. However, in a previous quantitat-
ive study on solid dispersions of r-cysteine in gypsum, we
underlined that the analytical procedure, including the sub-
sampling of the sample by the laser during a Raman analyses,
is critical for quantitative evaluations.*® In particular, the
signal observed (either absolute or relative) in one spectrum is
not necessarily representative of the entire sample compo-
sition, which is especially the case for powder mixtures and
highly dependent on the sample structure (e.g. grain size, com-
paction of the dispersions, heterogeneity of the mixture).

In this study, we present a general quantitative approach
that enables the simultaneous determination of (a) the relative
weight proportion of minerals in rock-powder mixtures and (b)
the amounts of organic analytes dispersed into these mixtures,
utilising Raman spectroscopy under the operating constraints
associated with remote exploration missions. In particular, for
the quantification of binary mineral mixtures, we introduce a
correction factor (Fj,/,1) allowing the consideration of binary
mixtures prepared with minerals characterised by significantly
different apparent Raman scattering efficiencies with a simple
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linear quantitative model. This correction factor not only
enables the quantification of binary mineral mixtures, it also
provides an effective normalisation of the Raman signal
assigned to the organic analytes when they are dispersed in
binary mineral mixtures. Calibration models obtained for
different classes of organic compounds of interest for
Mars exploration dispersed in complex geological
substrates are reported, enabling the discussion of critical
parameters for quantitative Raman analyses on solid disper-
sions (e.g. grain size, sample heterogeneity and signal varia-
bility), using two different instruments, including a minia-
turised spectrometer with operating parameters similar to the
RLS instrument. Finally, we comment on the sensitivity of
Raman measurements for non-resonant and (pre-)resonant
organic components in the frame of Mars exploration
missions.

2. Materials and methods

2.1. Materials

The materials used for this study are listed in Table 1.
Analytical grade r-cysteine, adenine, anthracene and phthalic
acid were purchased from chemical companies. These organic
molecules correspond to various classes of chemical sub-
stances identified in meteorites and interplanetary dust par-
ticles, which could therefore also be observed on Mars.*
Synthetic standards of gypsum, baryte, calcite and quartz were
purchased from chemical companies. Natural samples of
gypsum, calcite (all crystallised samples) and an Fe-rich smec-
tite (nontronite, powder) were provided by collaborators. These
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minerals were selected for the present study as they have been
identified as being relevant to the exploration of Mars.***!

The desired grain size fractions for the inorganic matrices
were obtained using test sieves (Retsch - 200 x 50 mm) with
mesh sizes of 100 or 50 um. The synthetic inorganic reactants
and the clay material were directly collected as powders with
grain size <50 pm. The bulk crystals of gypsum and calcite, on
the other hand, were crushed with a pestle in an agate mortar,
and the three fractions were separated on the test sieves
according to their grain sizes (<50 pm, between 50 and 100 pm
and >100 pm in diameter). The average grain-size of inorganic
matrices, either synthetic or environmental, were verified by
measurement with scanning electron microscopy (SEM) (ESI,
Table Af). The organic constituents were employed without
additional preparation or grain size separation and a wide dis-
tribution of crystalline organic morphologies and grain sizes
can be observed by SEM (ESI, Table At). Every item of crushing
and sieving equipment was cleaned with deionised water,
methanol and acetone (analytical grade solvents) before use.

Various powder mixtures were prepared by homogeneously
mixing the powdered constituents together. Three different
types of mixtures were prepared: mixtures of two minerals in
varying proportions (binary mixtures), mixtures of a single
mineral dispersion spiked with an organic analyte (binary mix-
tures) and mixtures of binary mineral dispersions spiked with
an organic analyte (ternary mixtures). All the dispersions were
prepared by accurately weighing masses of inorganic and
organic powders using an analytical balance (Mettler Toledo -
mass reading error + 0.0001 g) and reporting the sample con-
centrations in relative weight proportions (weight percentage,
wt%). The weighed amounts of powder were successively

Table 1 List of components employed for the preparation of solid dispersions investigated by Raman spectroscopy

Class Formula Origin
Organic components Amino acids
L-Cysteine C3H,NO,S Merck 2838 ( for biochemistry), purity 99%
Nucleobases
Adenine CsH;5N; Sigma-Aldrich A8626, purity >99%

Polyaromatic hydrocarbons

Anthracene Ci4Hio

Carboxylic acids

Phthalic acid CgHgO4
Inorganic components Sulphates

Gypsum CaS0,4-2H,0

Gypsum CaS0,:2H,0

Baryte BaSO,

Carbonates

Calcite CaCO;

Calcite CaCO;

Silica

Quartz SiO,

Clay minerals
Nontronite

7308 | Analyst, 2021, 146, 7306-7319

Nag ;Fe,((Si,A1)4010)(OH),-nH,0

Sigma-Aldrich 141062, purity 99%

Sigma-Aldrich 80010, purity >99.5%

Honeywell C3771, purity >99%
Environmental specimen (Carresse, FR)
BDH Chemicals Ltd. 27304

Sigma-Aldrich 398101, purity >99.95%
Environmental specimen (Leffe, BE)

Merck 7530 (pro analysis)

Environmental specimen (Westerwald, DE)

This journal is © The Royal Society of Chemistry 2021
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added in polypropylene falcon tubes and mixed using a multi-
functional tube rotator (grant PTR-35). A mixing programme
combining different modes (reciprocal rotation and vibration
motions) was applied for a minimum of 15 minutes prior to
measurements in order to ensure the homogeneity of the mix-
tures. A few mg of each dispersion were then placed in circular
wells (10 mm in diameter) engraved in aluminium blocks and
the surface of the powders was flattened with a spatula.
Various aliquots of the same dispersion were evaluated by
repeating this last step using fresh quantities of material from
the stock dispersion.

2.2.  Raman spectroscopy

Raman measurements were performed in macroscopic mode
using a benchtop LabRAM 300 spectrometer (Horiba Jobin
Yvon) coupled to a Superhead Raman probe (Horiba) with
optical fibres. The Superhead system, previously described in
Grignard et al.,*> was employed with a 532 nm laser source
(Coherent DPSS) focused on the sample at a focal distance of
12 cm, with a laser footprint on the sample surface larger than
100 pm in diameter and a laser power of ~4 mW. Spectra were
recorded with a spectral resolution of 3 cm™" and typically
averaged from 4 scans with a recording time of 4 seconds.

Measurements were also performed with a DeltaNu
Advantage 532 portable spectrometer interfaced with the
532 nm Coherent DPSS laser, enabling Raman analyses with
operating parameters similar to those of flight-representative
spectrometers, in particular the RLS instrument.'””** These
parameters are summarised in Table 2. The space mission
instruments implement automatic Raman measurement pro-
cedures, which involve the collection of several Raman spectra
along line or grid patterns at the surface of the samples. For
instance, the RLS instrument will interrogate the samples with
between 20 and 39 measurements, depending on the resources
allocated to the Raman instrument during mission
operations.*!

The collection of Raman data from the various dispersions
was accomplished using a grid pattern at the flattened surface
of powders (without using an autofocus). A set of 36 spectra (i
= 36) were recorded per sample. The spectra were baseline-cor-
rected using bespoke software, fitting the spectral baseline
with a Savitzky-Golay polynomial fit (4™ to 7 degree) in the
spectral region of interest. Raman band intensities were esti-
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mated using the maximum height of each spectral peak. Each
sample was evaluated using three independent aliquots (n =
3). With the Superhead configuration, the grid pattern covered
2.5 mm?® of the sample surface, and the spectra were recorded
from sample locations with a lateral separation distance of
500 um. With the miniaturised spectrometer, the grid pattern
covered an area of 1.25 mm® of the sample surface, and the
spectra were recorded from sample locations with a lateral sep-
aration distance of 250 pm. The difference in lateral separation
between consecutive locations, where spectra were collected
with each instrument prevent oversampling (partial collection
of the signal from identical area of the samples in two con-
secutive spectra). Assuming independent spectra are collected
on the homogeneous dispersions, quantitative models can be
established owing to the proportionality between the Raman
intensity attributed to a compound, and the number of mole-
cules of that compound probed by the instrument.

2.3. Scanning electron microscopy

Micrographs of the reference powders were obtained using
Scanning Electron Microscopy (SEM). The inorganic and
organic particles were gold-metallised and characterised with
an ESEM-FEG XL 30 microscope (FEI) operating at 15 kV.
Images were obtained using magnifications in the range 250
to 2500%, depending on the size of the crystals under
investigation.

2.4. Raman data normalisation

The normalisation of data is essential for the development of
Raman quantitative models in the frame of planetary explora-
tion in order to account for variations between instruments
(e.g. laser stability, optical alignment) and/or environmental
variations (e.g. temperature).”® Normalisation can be per-
formed with an internal standard (i.e. a reference compound
present in each sample in constant or controlled quantity,
such as the solvent) or with an external standard (i.e. a refer-
ence material, such as a calibrating polymeric material) if no
internal standard is available. The normalisation of signals
used for the quantification of analytes is based on eqn (1) by
dividing, for each pre-processed spectrum, the absolute inten-
sity of the analyte signal I,,, with the absolute intensity of the
appropriate standard Is4 (internal or external), arbitrarily set
to 100. Normalised intensities with values Ixorma >100 (associ-

Table 2 Comparison of Raman analysis parameters between the tested miniaturised spectrometer and the Raman Laser Spectrometer (RLS) of the

ExoMars 2022 mission

Analysis parameters

Miniaturised spectrometer

Raman laser spectrometer>’

Laser wavelength (nm) 532 - CW
Laser power on sample (mW) 6-12
Laser spot size (um) ~50
Spectral range (cm ™) 200-3400
Spectral resolution (cm™") ~10

Automated operating mode

Spectral acquisition parameters 3x4s(4x4s)

“More acquisitions required for analyses on clay samples.

This journal is © The Royal Society of Chemistry 2021

Grid scanning (i = 36 points)

532 - CW

20-30

~50

200-3800

6-8

Grid/line scanning (i = 20-39 points)
Adjustable according to intensity responses
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ated with hotspots) or obtained from saturated spectra were
discarded from the datasets.

Inorma = 272 100 (1)
Ista

In the frame of this study, three cases are developed con-
cerning the normalisation of the analyte signal for
quantification.

Case 1: If the main constituent of a binary mixture (mineral
matrix, assimilated to the solvent) is not Raman active or is
not observed, the normalisation of the analyte signal is deter-
mined from an external standard of poly(methyl methacrylate)
(PMMA).

Case 2: If the main constituent of a binary mixture (mineral
matrix assimilated to the solvent) is Raman active and charac-
terised by a strong Raman signal, the normalisation of the
analyte signal is performed using the response of the mineral
matrix as an internal standard. The normalisation was per-
formed on each independent spectrum recorded (i).

Case 3: If the mixture is composed of three components
(ternary mixtures), with two main constituents ¢, and ¢,
(binary mineral matrix, assimilated to the solvent) that are
both Raman active and characterised by distinct strong Raman
bands, the normalisation of the analyte signal is then deter-
mined by the response of both minerals constituting the
matrix. In this case, a correcting factor, F,,,,1, must be applied
as shown in eqn (2).

I
Fopoyp1

Ista = Ipn + (2)

The correction factor introduced in eqn (2) accounts for the
variation of the apparent scattering efficiency of the mineral
phase ¢,, relative to the mineral phase ¢,. The Fj,,; factor is
defined in eqn (3) as the ratio of apparent Raman scattering coeffi-
cients (r) evaluated from the two minerals constituting the solid dis-
persion. The apparent Raman scattering coefficient for a mineral
phase (e.g. 71 is calculated from eqn (4) and corresponds to a pro-
portionality factor between the concentration of that mineral phase
(C41) and its Raman intensity (I;). That experimental coefficient
depends on the applied methodology and describes the apparent
Raman scattering capacity of a mineral phase as measured by the
instrument. The use of the ratios, hence the F,,, factor, enables a
constant value for a given binary system to be determined, which is
then independent of the instrument used.

Tp2
F = = 3
vl = (3)

Iyt =711 Cp (4)

3. Results and discussion
3.1. Qualitative description of Raman spectra

The main characteristic Raman bands for each of the mineral
phases considered in this study are readily distinguished, even

7310 | Analyst, 2021, 146, 7306-7319
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in mixtures (i.e. calcite-baryte, calcite-gypsum or gypsum-
quartz mixtures; Fig. S1f). A strong Raman band is observed
for calcite at 1085 cm™" (CO3>~ symmetric stretching mode),*®
for baryte at 988 cm™" (SO, symmetric stretching mode),*®
for gypsum at 1008 cm™" (SO4>~ symmetric stretching mode)*’
and for quartz at 464 cm™' (O-Si-O symmetric bending
mode).*® Additional Raman bands can be observed in the
wavenumber offset range 1000-3400 cm™' when organic ana-
Iytes are added to the mineral dispersions. Representative
Raman spectra obtained for the binary and ternary mixtures
(organic compound into one- or two-mineral matrices) with
the miniaturised spectrometer are presented in Fig. 1. Typical
spectral profiles for dispersions of r-cysteine in gypsum,
calcite and a mixture of both minerals are presented in panel
A (both the raw and baseline corrected spectra are shown). The
main characteristic band for r-cysteine at 2544 cm™' (S-H
stretching mode)*® can be followed in each of these matrices.
Similarly, typical spectra obtained for gypsum dispersions con-
taining adenine, phthalic acid or anthracene are presented in
panel B. The strong and distinct Raman bands selected for
quantitative development include the Raman band at
772 em™" for the phthalic acid (out-of-plane ring bending),*
the Raman band at 1401 cm™' for anthracene (ring defor-
mation and C-C stretching)®® and the Raman band at
723 em™"' for adenine (C-C and C-N stretching, in-phase
breathing).”> For the samples composed of Fe-rich clay
material spiked with r-cysteine, it was often the case that no
specific Raman bands were observed from the mineral matrix
(Fig. S21). Consequently, the diagnostic bands of cysteine,
which could be observed, were used and the value of the band
at 2544 ecm™ ' employed for quantitative development using an
external standard for signal normalisation.

3.2. Calibration curves for binary organo-mineral mixtures

Calibration curves were obtained for binary powder mixtures
by evaluating the normalised Raman intensity of organic com-
pounds (i.e. L-cysteine, adenine, phthalic acid or anthracene)
as a function of their concentration when dispersed in
different mineral matrices (i.e. gypsum, calcite or clay), and are
presented in Fig. 2. For all binary mixtures, linear regression
models (at 95% confidence intervals) were developed with a
coefficient of determination, R* >0.95. The error bars express
the variation of the average intensities estimated from 3 repli-
cates (each obtained from 36 spectra), which are reported in
Table B (ESIt). In most cases, the relative standard deviation
(RSD) associated to the averaged normalised intensities of the
organic analytes was estimated to be below 25%. These RSD
values account for procedural variations (e.g. sample surface
flattening and focus optimisation between replicates) and
essentially the signal variation due to the intrinsic heterogen-
eity of each powdered replicate analysed by the Raman instru-
ments, especially when laser footprints on the sample surfaces
are smaller than the size of the grains in the samples.
Furthermore, the intrinsic heterogeneity is exacerbated when
the mineral matrix is characterised by a strong absorption
coefficient (e.g. dark Fe-rich clay), by reducing the effective

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Raman spectra of the investigated dispersions using the miniaturised spectrometer: raw profiles presenting the instrumental baseline (upper
window) and the baseline corrected spectra (lower window). (A) Dispersion of L-cysteine in gypsum (a) L-cysteine in calcite (b) L-cysteine in gypsum
and calcite (c); (B) dispersion of phthalic acid in gypsum (a) anthracene in gypsum (b) adenine in gypsum (c). The main Raman band of each mineral
phase and organic constituent is highlighted by its corresponding abbreviation: Ade — adenine; Ant — anthracene; C — calcite; Cys — cysteine; G —

gypsum; Pht — phthalic acid.

volume of materials probed by the spectrometer (i.e. the depth
of field).

Calibration curves for r-cysteine in gypsum, calcite or clay
are presented in Fig. 2A, B and C, respectively. When the
L-cysteine is dispersed in either gypsum or calcite (2 white
matrices, with the grain size fraction >100 um), similar linear
regression models are obtained, in the range of concentrations
2-10 wt%, in both matrices. In gypsum and calcite, the signal
of 1-cysteine was normalised, using the signals of the mineral
matrix as an internal standard (eqn (1) - Case 2). When the
L-cysteine was dispersed in dark clay, the normalisation of the
L-cysteine was performed using an external PMMA standard
(eqn (1) - Case 1) A linear calibration model was also obtained
but in the 10-20 wt% range of concentrations. The lower sensi-
tivity of the quantitative model developed for dark clay is due
to the higher absorption of the excitation laser light, and the
scattered Raman light, by the Fe-rich clay in comparison to
gypsum or calcite. The calibration curves presented in Fig. 2D
and E demonstrate that linear calibration curves can also be
derived for the quantitation of other organic analytes in
gypsum. Linear regressions in the concentration range
2-12 wt% were achieved for mixtures of either adenine or
phthalic acid in a gypsum matrix. For these analytes, compris-
ing strong polarisable molecular functions (e.g. the presence
of polarisable heteroatom in r-cysteine, the presence of a
monoaromatic cycle in phthalic acid or the heterocyclic struc-
ture of adenine), the linear dynamic ranges (LDR) are all
within 2-12 wt% (or higher for the dark Fe-rich matrix).

This journal is © The Royal Society of Chemistry 2021

Finally, the calibration curve obtained for anthracene in
gypsum is presented in Fig. 2F. The quantitation of the signal
of anthracene was shown to be possible in gypsum down to
0.35 wt%. Indeed, the Raman signal of anthracene, a polyaro-
matic hydrocarbon (PAH), is enhanced by pre-resonance
effects, which enables quantification of anthracene at lower
concentrations, in this case below 1 wt%. However, the gain in
sensitivity is not as high as expected for true resonant analytes
(typically 10° to 10° enhancement™). Actually, the (pre-)reso-
nance and/or self-absorption of PAH has previously been
reported to cause deviations in the linear dependence between
the Raman responses and PAH concentrations.®”

3.3. Limitations of the classical quantification models for
binary mineral mixtures

For binary mixtures obtained by mixing two mineral phases
together in relative proportions, calibrations have been pre-
viously reported in the literature based on normalised intensi-
ties following eqn (5),>*?%*" While this normalisation pro-
cedure appears efficient for binary mixtures where both min-
erals are characterised with similar Raman scattering coeffi-
cients, the model should be adapted when the Raman scatter-
ing coefficients of the minerals are not identical. Indeed,
Fig. 3A shows that, when minerals have similar apparent
Raman scattering coefficients (e.g. calcite and baryte), the nor-
malised intensity of one phase (¢,) with respect to the sum of
intensities for both phases (¢, and ¢,) follows a linear
relationship with the weighted fraction. As a result, a linear

Analyst, 2021,146, 7306-7319 | 7311
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Fig. 2 Calibration curves established from binary dispersions using the Raman miniaturised instrument. The plots of normalised intensities for

plemented by their linear regressions and associated 95% confidence intervals.

trend (R*> = 0.99) can be obtained for the normalised intensi-
ties of ¢, (calcite) tested at various proportions. The same

linear function is obtained for the mineral phase ¢, (baryte),
and the trend appears complementary. Conversely, Fig. 3B

7312 | Analyst, 2021, 146, 7306-7319

various amounts of analytes dispersed in powdered geological matrices include: (A) L-cysteine in gypsum; (B) L-cysteine in calcite; (C) L-cysteine in
clay; (D) adenine in gypsum; (E) phthalic acid in gypsum; (F) anthracene in gypsum. The /(, - 3) values are plotted with their standard deviations, sup-

shows that, when two minerals exhibit significantly different
Raman scattering coefficients, the normalised intensities do
not follow a linear relationship with the relative weighted pro-
portions of the mineral phases in the mixtures. Actually,

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Calibration curves for binary mixtures of minerals in varying weighed proportions obtained with the Superhead set-up. Intensity ratios are
calculated using eqn (5) for varying relative proportions (20 : 80, 40: 60, 50:50, 60 :40, 80 :20 wt%) of calcite and baryte (A); gypsum and quartz
(B). The normalised intensities for each mineral phase have been connected by a solid line to emphasise their (non)linear alignment.

quartz is a poorer Raman scatterer than gypsum, which leads
to intensity ratios that differ significantly from the weight pro-
portions, when the intensities are normalised to 1.

1 I
- 7’2[ I (5)
l w1+ Ip2

i

INorma (1)

The difference between the apparent Raman scattering
efficiencies of two minerals and its implication on the calcu-
lated relative intensities is apparent in the values reported in
Table C (ESIf), particularly for mixtures at 50:50 wt% (i.e.
equal masses of ¢; and ¢,). For instance, equal amounts of
calcite and baryte lead to almost identical Raman responses
with intensity ratios calculated at 50.9 + 0.5 and 49.1 + 0.5
(expressed in %). Conversely, for gypsum and quartz, despite
equivalent concentrations, the Raman signal collected for
gypsum is higher than the Raman signal for quartz, with rela-
tive intensities of 76.9 + 0.6 and 23.1 + 0.6 respectively. This
discrepancy in Raman response between the two minerals
explains the lack of linearity observed between the relative
intensities and the weight fraction, as presented in Fig. 3B. In
the context of planetary exploration, where various associ-
ations of minerals can be encountered in mixtures, minerals
presenting similar apparent scattering efficiencies only rep-
resent a limited number of situations. For the other cases,
non-linear regression models are commonly applied.”®*!
However, we propose a data normalisation enabling to apply
linear models for any binary mixtures, regardless of the rela-
tive intrinsic Raman activity of the minerals in presence.

3.4. Correction factors for binary mineral mixtures

Clearly, the classical model (i.e. using eqn (5)) is not appropri-
ate for obtaining simple linear calibration curves for every

This journal is © The Royal Society of Chemistry 2021

binary mineral mixture, especially when the apparent Raman
scattering coefficients of the minerals are not similar. We
propose here to take the apparent scattering coefficient of
both minerals into account by introducing the correction
factor Fy,,41, as defined in eqn (3). The correction factor Fj,/,
was calculated for three types of binary mineral mixtures (i.e.
calcite-baryte, calcite-gypsum and gypsum-quartz, prepared
from purchased synthetic compounds), where the minerals
were present in different weighted proportions (i.e. ¢/, =
20:80, 40:60, 50:50, 60:40 and 80:20). The Fyp41 values
obtained with the Superhead set-up are presented in Fig. 4.
Distinct Fy,/4; values were obtained for each type of binary
mineral mixture, and the more the value of Fy,,,; departed
from 1, the higher the difference in the apparent Raman scat-
tering coefficients. Furthermore, the F,,,; value appears to
remain constant for each type of binary mixture, regardless of
the relative proportions of each mineral component:
Fealcite/saryte = 1.06 £ 0.05, Foaicite/Gypsum = 1.35 + 0.01 and
Faypsum/Quartz = 340 + 0.06.

The values of Fecalcite/Gypsum determined from binary mix-
tures of calcite and gypsum, in various proportions, and pre-
pared with minerals of different origins and granulometries,
are reported in Table 3. The values indicate that Fcaicite/Gypsum
is moderately dependent on the origin of the minerals (i.e. syn-
thetic or natural rocks). Multiple causes (crystallisation,
density, impurities, etc.) could account for the variations
observed between these inorganic materials of different origin.
However, the values of Fcaicite/gypsum Teéported in Table 3 do not
seem to be affected by the mineral grain size (crushed natural
rocks of fractions <50 um and >100 pm). Only the standard
deviation of the mean Fcgcite/gypsum Values increases with the
average grain size. Finally, the addition of 4 to 10 wt% of

Analyst, 2021,146, 7306-7319 | 7313
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Fig. 4 Plot of the correction factors Fz/41 for mixtures of gypsum-
quartz, calcite-gypsum and calcite-baryte calculated over an extended
range of proportions (20 : 80, 40:60, 50:50, 60:40, 80:20 wt%). The
mean value obtained from the five tested proportions is represented by
a dash line.

Table 3 Fcacite/Gypsum fOF various types of gypsum-calcite dispersions
evaluated with the Superhead set-up. The average values F s and associ-
ated standard deviation (SD) are presented from the various 5 calcite-
gypsum proportions tested (20 : 80, 40: 60, 50 : 50, 60: 40, 80 :20 wt%)

Spectrometer — Superhead set-up

Fis) = SD Type of gypsum - calcite dispersions
1.35 + 0.01 Synthetic inorganic reactants (<50 pm)
1.22 + 0.03 Natural crystals (<50 pm)
1.21 + 0.05 Natural crystals (>100 pm)
1.15 + 0.04 Natural crystals (>100 um) spiked with cysteine at
10 wt%
1.17 + 0.04 Natural crystals (>100 um) spiked with cysteine at 8 wt%
1.10 + 0.10 Natural crystals (>100 pm) spiked with cysteine at 6 wt%
1.12 + 0.08 Natural crystals (>100 um) spiked with cysteine at 4 wt%

L-cysteine in the mineral mixtures does not affect the value
obtained for the Fcacite/gypsum, DUt again, the standard devi-
ation of the mean is higher when an organic analyte is added,
which is probably due to the increase of the variation of the
local molecular composition interrogated for each spectrum.
By definition, the factor Fj,,, is described as a ratio of
apparent Raman scattering coefficients (eqn (3)), which should
be constant for a given binary mineral mixture and indepen-
dent of the type of instrument employed. This was verified for
the calcite-gypsum system using the mineral fraction with the
average grain size >100 pm (a plausible scenario for the binary
mixtures expected during remote planetary exploration) using
the two Raman instruments: a benchtop spectrometer coupled
to the Superhead and a miniaturised instrument. Fig. 5 shows
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and the miniaturised spectrometer. Mean values Fi) and associated
standard deviation (SD) from 5 various gypsum-calcite proportions
(20:80, 40:60, 50:50, 60: 40, 80: 20 wt%) are plotted for each bar.

that the Fcaicite/gypsum values obtained for both instruments
are not statistically different (p-value >0.05), even when the
calcite-gypsum mixtures are spiked with r-cysteine (4 different
concentrations). The standard deviations obtained for the
average Fcacite/gypsum Values appear, however, to be higher
with the portable instrument than those observed with the
Superhead, even when the analytical protocols were identical.
Differences in laser footprint size and the collection optics are
expected to be the cause of this difference.

3.5. Quantification of binary mineral mixtures using the
correction factor

Given the Fy,,4; constant values determined from our calibra-
tions of multi-mineral mixtures, we are now able to correct the
signal of one of the mineral species with respect to the other,
for any given relative proportion, as if a single phase was
involved. The relative proportions of both mineral phases in a
binary mixture, C¢; and C¢, (i.e. concentrations in weight per-
centage), can be determined from the combined equations
given in eqn (6). The correction factor also makes it possible to
account for the fact that the relative normalised intensities
diverge from linearity in Fig. 3B, by inserting the correction
factor into eqn (5) (ESIt). The corrected data are presented in
Fig. 6 and demonstrate that the corrected intensity ratios follow
a linear function with the weight fraction, characterised with a
unitary slope (R* >0.999), for all binary mixtures considered.

Cy1 + Cpp = 100

(6)

I¢1
Cor = Cpa " Fpa/pn
2

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Calibration curves for binary mixtures of minerals (¢, & ¢>) in
varying weighed proportions established with the Superhead set-up. For
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calcite; quartz-gypsum) a correlation between the weight fraction of
minerals and the intensity ratios is obtained using the F;z/41 correction.
Linear trends are emphasised using the connected dots.

3.6. Calibration curves for ternary mixtures of an organic
analyte in a binary mineral matrix

The calibration curves established with the miniaturised
spectrometer for r-cysteine dispersed in a binary gypsum-
calcite matrix (prepared from mineral grain-size fraction
>100 pm and in various proportions) are presented in Fig. 7.
The intensity of cysteine was normalised using the response of

View Article Online

Paper

both calcite and gypsum (eqn (1) — Case 3). For each concen-
tration level of cysteine (i.e. binary mineral mixtures spiked at
10, 8, 6 or 4 wt%), the normalised intensities using the appro-
priate correction factor (Fcarcite/aypsum) Were plotted in the
Fig. 7A (for 5 calcite/gypsum matrix compositions at 20 : 80,
40:60, 50: 50, 60:40 and 80:20 wt%). This figure shows that
the correction coefficient, which was introduced in eqn (2) to
express the Raman signal of both minerals as if only one was
present in the matrix, allows an effective normalisation of the
analyte signal, independently of the relative proportions of
these minerals in the matrix. The averaged normalised cysteine
intensities and the associated standard deviations are pre-
sented in Fig. 7B, along with the derived linear regression fit
(R* = 0.995). The results demonstrate that the quantification of
organic analytes can be performed in multi-mineral mixtures,
irrespective of the proportions at which these mineral phases
are present.

3.7. Implications for planetary exploration

We successfully developed simple quantitative (univariate)
models to determine the molecular composition of organo-
mineral, binary and ternary mixtures by Raman spectroscopy,
under the constraints of robotic planetary exploration instru-
mentation and operation, in particular in preparation for the
ExoMars 2022 mission. Indeed, our quantitative models were
developed from complex crushed rock powders (grain size
>100 pm, which are relevant to the ExoMars delivery system of
crushed samples’) by using two different instruments with
similar operating parameters to those used for the minia-
turised ExoMars RLS instrument (Table 2) and presenting
similar responses (see Fig. 5). This suggests that our quantitat-
ive models can be transferred to data sets obtained during pla-
netary missions with dedicated instrumentation. Quantitative
analyses, which will be performed in situ at the surface of

-
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Fig. 7 Calibration curves established from ternary dispersions using the Raman miniaturised instrument. (A) Normalised intensities of L-cysteine at
10, 8, 6 or 4 wt% in mixtures of calcite and gypsum in varying proportions (20:80, 40:60, 50:50, 60:40, 20: 80 wt%); (B) Average normalised
L-cysteine intensities and standard deviations from the data of the five tested proportions with their linear regression and associated 95% confidence

intervals.
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Mars, will help with the interpretation of the geological
context (i.e. the formation and alteration of the matrix). The
applicability of our quantitative models with miniaturised
instruments, and under the constraints of automatic pro-
cedures, can also find utility for analytical investigations on
Earth, for instance for environmental, pharmaceutical or
material sciences.

To enable quantification with different instruments and to
reduce the influence of instrument-based fluctuations over
time, the data were normalised using the appropriate stan-
dards, either external or internal. When at least one com-
ponent of the matrix is not active in Raman spectroscopy (e.g
halides, which are not active in Raman spectroscopy, or clay
minerals, which are active in Raman spectroscopy but no
signal is actually detected due to a high fluorescence back-
ground and a poor crystallinity), quantitative measurements of
a dispersed analyte can be performed resorting to an external
standard of intensity, such as a polymer like the polyethylene
terephthalate (PET) calibration target included in the analyti-
cal laboratory drawer of the ExoMars rover.”* When all com-
ponents of a complex multi-mineral matrix are active in
Raman spectroscopy, the mineral matrix can play the role of
internal standards. We introduce a correction factor, Fys/s1,
that allows both the quantification of binary mineral mixtures
and the normalisation of the analyte signal in ternary organo-
mineral mixtures, even if one component is characterised by a
higher (or lower) scattering efficiency than the other com-
ponent of the matrix. Both types of normalisation are compati-
ble with the operation of a Raman spectrometer on Mars,
however the normalisation that utilises an internal standard
should be preferred over normalisation that utilises an exter-
nal standard, especially for quantitative development on
powder samples for which the light absorption and diffusion
can differ importantly from those observed for the external
standard. Nonetheless, the normalisation using identical exter-
nal polymer targets can be useful for adjusting the instrument
response of a remote system on Mars (which experiences sig-
nificant shock loads during launch and landing) or provided
prototype instruments operated on Earth for comparison
purposes.

Finally, the introduction of the correction factor, Fy/s1,
enables the quantification of both mineral constituents in all
proportions for binary mixtures, and the quantification of
non-resonant organics, typically in the concentration range
1-10 wt%, when dispersed in complex binary mineral matrices
(ternary mixtures). These levels of organics concentration are
relevant to the recognition of important organic matter depos-
its in complex geological matrices analogous to materials on
Mars. However, in the context of planetary exploration and the
search for preserved organics, possibly attesting from extinct
life on Mars, lower concentrations of organics are expected,
down to the pg g~ level. Actually, higher sensitivity for organic
components could be achieved using a UV excitation laser
instead of a green laser at 532 nm, owing to the fact that the
Raman cross section increases with the frequency of the exci-
tation source.’” Besides, the sensitivity can also be increased

7316 | Analyst, 2021, 146, 7306-7319
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by utilising the resonance effect of specific molecules, often
containing chromophores, under specific excitation wave-
lengths. For instance, with a 532 nm excitation source, a sig-
nificant enhancement of signals can be promoted for caroten-
oids and carbonaceous matter,’” enabling a detection down to
the pg g~* levels.”*>°

4. Conclusions

We have developed a combined quantitative approach using
Raman spectroscopy to determine the organo-mineral mole-
cular composition of solid dispersions relevant to robotic pla-
netary exploration missions dedicated to the search for bio-
signatures. We present simple quantitative models using
Raman active minerals and non-resonant organics. The
models were transposed from a Raman benchtop set-up to a
miniaturised instrument representative of the ExoMars RLS,
and using both fine clay substrates and crushed rocks with an
average grain size larger than the instrument laser footprint.
The micro-heterogeneity of the solid dispersions, due to the
presence of micro-grains in the samples, was considered by
recording multiple spectra at different locations at the surface
of the samples. Important analytical developments regarding
the proposed models concerned the utilisation of a correction
factor (Fj41), describing the apparent Raman scattering
efficiencies of mineral mixtures, for quantitative evaluations.
Most notably, accurate relative proportions of minerals were
determined from a variety of associated compounds (binary
mixtures) using effective linear relationships obtained from
the data normalisation based on Fj,,4. Quantitative determi-
nations of organic analyte in complex geological matrices were
also achieved following appropriate data normalisations
(internal and external standards), including corrections of the
matrix effects on the analyte responses using Fy,/41 for mix-
tures of minerals with different apparent Raman scattering
efficiencies. The analytical developments presented in this
study provide a strong foundation for Raman quantitative
applications for solid dispersions with calibrations based on a
large diversity of samples (combined minerals or organo-min-
erals). Owing to the versatility of the models using adaptable
normalisation procedures, further quantitative investigations
can be dedicated to planetary exploration missions in the
future, for instance including resonant Raman analytes or
extending the normalisation to quaternary mixtures (one
organic dispersed in three minerals).
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