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Abstract

The alteration of martian deposits under extreme surface conditions remains a key challenge for their mineral-
organic interpretation and paleoenvironmental reconstruction. This study investigates the spectral detection and alter-
ation of mineral-organic signatures in Lake Salda hydromagnesite microbialites under martian sublimation and radi-
ation (UV) conditions. Samples were analyzed using visible near-infrared and Fourier transform infrared (FTIR)
spectroscopy, then sublimated via lyophilization and exposed to UV radiation in the Planetary Atmospheres and
Surfaces Simulation Chamber. Sublimation reduced the intensity of water and carbonate vibrations and enhanced
CH2 �3 and PO2

- �3 organic features; this demonstrated that interstitial water sublimation may reduce O–H spectral
noise, improve organic visibility, and reveal volatile sublimation patterns for future Mars rovers, such as Rosalind
Franklin. In a three-sol (74 h) simulation of martian UV radiation (200–400 nm) under 7 mbar of CO2, FTIR spec-
tral intensity was reduced, and organic CH2 �3 and PO2

- features were significantly degraded. These findings reveal
spectral alterations under martian surface conditions and highlight organic biosignature vulnerability at equatorial
latitudes, informing preservation protocols for future missions. Key Words: Mg carbonates—Hydromagnesite—
Jezero crater—Mars—Spectral biosignatures—Rosalind Franklin. Astrobiology 00, 000–000.

1. Introduction

T errestrial carbonate phases are often associated with the
preservation of biosignatures due to their microbially

induced precipitation mechanisms (Kawaguchi and Decho,
2002a, 2002b; Braissant et al., 2003; Dupraz et al., 2004;
Dupraz and Visscher, 2005; Visscher and Stolz, 2005;
Dupraz et al., 2009; Balci et al., 2020), their ability to encap-
sulate microbial matter during mineral growth (Dupraz et al.,
2009; Melim et al., 2016), and their relative geochemical sta-
bility over time, which allows organic features to persist even
after diagenesis (Cousins et al., 2020). Biosignatures can
form in several distinct ways within terrestrial carbonates.
Morphological features include domal, columnar, or lami-
nated macrostructures formed through microbially mediated
sediment trapping (Riding, 2000; Allwood et al., 2006).
Mineralogical signatures may involve the precipitation of
specific carbonate phases, such as dolomite or hydromagne-
site, influenced by microbial processes and distinct from abi-
otic forms (Vasconcelos et al., 1995; Bontognali et al., 2010),
and textural evidence can be identified when microbial
biofilms, such as EPS (extracellular polymeric substances),
influence crystal nucleation and growth (Dupraz et al., 2004;

Yin et al., 2020). Organo-geochemical features are varied but
include the formation of biomineral–organic complexes, spe-
cifically calcium bound to cell surfaces (Benning et al.,
2004), the preservation of lipid biomarkers (Pagès et al.,
2015; Balci et al., 2020), and isotopic signatures, such as cal-
cium isotope fractions (Bradbury et al., 2020) or stable carbon
and oxygen isotope ratios in microbially mediated carbonate
precipitates (Balci et al., 2020).

On Mars, the harsh conditions and poorly known past sur-
face processes make biosignature recognition difficult. The
early Viking missions (Margulis et al., 1979) documented a
hostile surface environment with high UV radiation and low
water availability and temperatures, which are exacerbated
by oxidizing surface conditions and a thin CO2-rich atmos-
phere (Grady, 2007; Direito et al., 2012). At Jezero crater,
UV radiation, particularly UVC (Gil-Lozano et al., 2020),
coupled with sublimating surface pressures (7.5 mbar)
(Savijärvi et al., 2023) and temperatures (190–270 K) (Zor-
zano et al., 2024), can be deleterious for potential biomole-
cules preserved within the crater deposits (Stalport et al.,
2009; Gil-Lozano et al., 2020). Cosmic and solar ionizing
radiation may also affect the potential viability of radioresist-
ant cells up to *2 m depth (Dartnell et al., 2007a, 2007b),
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which could be particularly damaging for biomolecules in the
top 5–10 cm of a geological outcrop that exceeds 300 million
years (Pavlov et al., 2012). Mars UV radiation exposure
experiments have shown that the longer the exposure time,
the more deleterious the damaging effects of the radiation
are; a 469-day simulation of the martian radiation environ-
ment that compared different radiation types showed that it
strongly changed the Raman spectral signal of seven known
biomolecules in a comparative study where only minor
changes occurred in the samples shielded from UV radiation
(Baqué et al., 2022). UV radiation is known to penetrate
>500 lm in a variety of Mars analog substrates, including
gypsum, kaolinite, basaltic martian simulant, and welded tuff
in the wavelength range of 220–400 nm (Carrier et al., 2019).
Given this, it may be possible to analyze samples 1–2 mm
deep that are unaffected by UV radiation penetration. While
the ExoMars Rosalind Franklin rover’s 2 m drill will be able
to access a significant depth (Vago et al., 2017), the Persever-
ance rover can only drill up to 76 mm (Moeller et al., 2021),
yet still potentially evade the worst of UV degradation. It is,
therefore, imperative to understand how UV radiation influ-
ences shallow subsurface samples, in order to obtain an accu-
rate interpretation of carbonate on the martian surface.

Evaporative models of Mg precipitate accumulation in
playas or lakes require large volumes of water to flow
through the system (Wood and Sanford, 1990), which indi-
cates that magnesite and hydromagnesite accumulations
result from long-term water availability (Scheller et al.,
2021). Nearshore terrace deposits can also accumulate more
rapidly through localized increases in alkalinity and pH, ini-
tiated from the biological consumption of CO2, which is
more favorable for Mg precipitation and increases accumula-
tion in the lake margins (Balci et al., 2020; Gunes et al.,
2022, 2023). Given that terrestrial hydromagnesite can occur
through both biotic and abiotic pathways, investigations at
Jezero crater must first exclude abiotic formation processes.
Nevertheless, terrestrial Mars analog sites with marginal
hydromagnesite accumulation provide valuable insights into
abiotic and potentially biogenic formation mechanisms.
These analogs are invaluable for constraining mineralogical
and environmental controls that influence the preservation of
biosignatures and their interpretation. Here, we expose mar-
tian carbonate analog samples to the environmental regime
of the martian surface—very low atmospheric pressure and
temperature, and intense UV radiation—to study the impact
it has on the detectability of mineral spectral features and
potential biosignatures. This research informs the analysis of
current martian surface samples as well as those that will be
retrieved from greater depths, which may subsequently be
exposed to martian surface conditions for extended periods.

1.1. Site description

An excellent analog for Mg carbonate precipitation in an
ancient Jezero crater can be found at Lake Salda, an alka-
line lake (pH > 9) located in Burdur, SW Turkey, which is
*45 km2 in surface area and up to 200 m deep (Braithwaite
and Zedef, 1996). The lake system today has limited water
inflow from precipitation, groundwater, and ephemeral streams,
with no water outlet except via evaporation, and is therefore an
endorheic basin (Davraz et al., 2019; Gunes et al., 2023). The
water chemistry is thought to remain seasonally constant with

high Mg content (51–408.5 mg/L) and decreasing abundances
of Na, Si, Ca, and K, respectively (Balci et al., 2020). The ultra-
mafic watershed contains harzburgite, metamorphosed to lizar-
dite in places, as the dominant rock that underlies the lake basin
(Gunes et al., 2023) and forms part of the Marmaris peridotite
ophiolite complex (Xu et al., 2020). Meteoric waters that flow
through the ultramafic watershed and alluvial fan deltas NW,
SW, and SE of the lake facilitate Mg enrichment and increase
the alkalinity of the lake water (Kazanci et al., 2004).

Precipitation of Mg here is promoted by living microbial
mats, which form abundant stromatolites and microbialites
of various morphologies within the littoral zone (Balci et al.,
2020). Microbialites in this context are defined as carbonate
structures influenced by benthic microorganisms, which are
documented to grow in the shallow (<1 m) and deep (*15 m)
waters of Lake Salda with morphological, mineralogical, and
microbial diversity (Gunes et al., 2023). Previous investiga-
tions of Lake Salda deposits have characterized the geological
context (Braithwaite and Zedef, 1996, 1994) and studied the
distribution of sedimentary lipid biomarkers (Kaiser et al.,
2016). More recent studies have used orbital and visible near-
infrared (VisNIR) spectroscopy to understand carbonate spec-
tral properties through the lens of the Perseverance rover
(Garczynski et al., 2019, 2020, 2021, 2023) and have improved
our understanding of microbial processes on microbialite for-
mation through isotopic, mineralogical, and microscopic analy-
ses (Balci et al., 2020), and Raman spectroscopy (Yılmaz and
Unsalan, 2022). This study represents the first attempt to ana-
lyze Lake Salda microbialites using Fourier transform infrared
(FTIR) and VisNIR spectroscopy to determine the potential for
organic biosignature detection, preservation, and degradation
before and after exposure to simulated martian surface
conditions.

2. Method

Samples in this project were collected during fieldwork
conducted in May 2023. The sample suite included micro-
bialites actively growing from beneath the shoreline (suba-
queous) and on the beachfront (subaerial), and preserved in
ancient terrace structures, interpreted as relics of past shore-
line depositional zones. Beach detrital sediment and hydro-
magnesite muds were also collected from various locations
around the lake. This project focuses on Mid- and Lower-
Terrace Microbialites (MTM and LTM) of the Eastern tiered
terrace system, Locality 5, and the Salda Göl€u North Micro-
bialite (SGNM) with high organic content, from the NW
flank of Lake Salda, Locality 2 (Fig. 1 and Table 1).

2.1. Instrumentation

Microscopy was undertaken with an AmScope ME580
microscope housed at the Mullard Space Science Laboratory
(MSSL), used to visualize textural differences between sam-
ples. Photos were taken with the AmScope MU1803 18 MP
Aptina Colour CMOS microscope camera, and the images
were captured using the default AmScope imaging software.
Microscopy was carried out on whole, unpowdered micro-
bialites to preserve the structural and textural characteristics.

Visible and near-infrared spectroscopy covering the range
of 350–2500 nm was applied to understand mineralogical
constituents of the microbialites and which biosignatures, if
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any, were detectable within these wavelengths. Analyses
were conducted on an ASD RxSpec 700z VisNIR reflec-
tance spectrometer, housed at the University of Westminster
(UOW). Analysis was carried out on representative powdered

subsamples that reflected the mineralogical and textural char-
acteristics of microbialites A–C (Fig. 2); subsamples were
placed into a glass sampling tray. Further analyses on the
whole, unpowdered microbialite were collected using a fiber

FIG. 1. (A) Map of Lake Salda with sampled locations and key localities 1–5. (B) Locality 2, NW flank of Lake Salda, sam-
ple site of the SGNM. (C) Locality 5, East Lake Terraces, the sample location of the Lower- and Mid-Terrace Microbialites.
The younging direction and three distinct terrace units are marked. SGNM, Salda Göl€u North Microbialite.
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optic illuminator, which enabled sampling of specific regions
of interest (ROI), in this case, areas with and without exten-
sive microbial coverage.

The primary mode of investigation was FTIR spectroscopy
covering the range of 4100–500 cm-1, applied here to con-
strain fundamental IR vibrations of the comprising mineralogy,
hydration changes in the hydrous magnesium carbonate phases
(hydromagnesite) between the initial samples and those sub-
jected to martian conditions, and organic band absorptions that
infer biosignature preservation and degradation potential in
hydromagnesite deposits. Analyses were conducted across two
instruments: a portable Agilent 4300 FTIR spectrometer with
diamond ATR attachment, 4 cm-1 resolution, housed at
MSSL, used for initial analyses; a bench-top Perking Elmer
Spectrum Two FTIR spectrometer with UATR2 attachment,
housed at the UOW, used for rapid analysis postlyophilization.
Analyses for these instruments were conducted on representa-
tive powdered subsamples, selected to reflect the textural and
mineralogical characteristics of microbialites A–C (Fig. 2).

Historically, lyophilization (freeze-drying) has been used
as a drying process in the food and pharmaceutical industries,
among wider medicinal applications (Kasper et al., 2013). In
this study, lyophilization simulated martian surface sublima-
tion to evaluate the impact on hydromagnesite microbialites
and their mineralogical and organic features. It enabled the
removal of interstitial water from the samples, which can

interfere with spectroscopic interpretations. Simulations were
performed using a Labconco Freezone 12L Lyophilizer
housed at UOW. Sample weights were taken before and after
lyophilization to establish water loss (%), and all samples
were placed in a freezer at -20�C for a minimum of 20 min
before testing to bring samples closer to the drying tempera-
ture. Samples were exposed to temperatures and pressures of
-60�C and 0.013 mbar for 1, 6, and 72 h.

Laboratory simulations of Mars-like conditions were per-
formed in the Planetary Atmospheres and Surfaces Simulation
Chamber (PASC) at the Centro de Astrobiologia (CAB) to
understand UVR damage under martian surface conditions. The
samples were pressed into 0.5 mm pellets and exposed to 74 h at
room temperature (293 K), 7 mbar of CO2, and UV irradiation
from 200 to 400 nm. The UV flux measured at the sample posi-
tion, obtained by integrating the spectral irradiance over the 200–
400 nm wavelength range, was 2.3 · 1014 photons cm2s-1. This
is comparable with three sols on the martian surface at equatorial
latitudes (Mount and Rottman, 1983; Muñoz Caro et al., 2006).

3. Results

3.1. Sample descriptions

The three hydromagnesite microbialites used in this study
represent a broad but distinct range of macroscopic and
microscopic textures (Fig. 2).

TABLE 1. STUDY SAMPLES WITH THE RESPECTIVE LOCALITIES AND COORDINATES

Locality Locality name Sample name Coordinate (latitude, longitude)

2 NW Flank of Lake Salda Salda Göl€u North Microbialite (SGNM) 37.54781, 29.64482
5 East Lake Terraces Mid-Terrace Microbialite (MTM) 37.54621, 29.71873
5 East Lake Terraces Lower-Terrace Microbialite (LTM) 37.54621, 29.71873

FIG. 2. Lake Salda microbialites referenced herein. (A) The Lower-Terrace Microbialite (LTM) and (B) the Mid-Terrace
Microbialite (MTM) from the Eastern terrace system; (C) the Salda Göl€u North Microbialite (SGNM), on the Northwestern
flank of Lake Salda. (D–F) show the respective samples under 5X magnification using a binocular scope. The images high-
light very fine crystal sizes, green cyanobacterial clusters, and botryoidal textures.
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The LTM and MTM are intact and well cemented, whereas
the freshly formed SGNM is friable and breaks into loose
grains when it is handled (Fig. 2). All samples exhibit evi-
dence of layered Mg carbonate precipitation in association
with cyanobacterial EPS (Balci et al., 2020). The LTM and
MTM have green cyanobacterial layers that overlie the white
hydromagnesite surfaces, which indicates later-stage surface
colonization. In contrast, the SGNM has discrete cyanobacte-
rial clusters interspersed among its grains, with higher phyllo-
silicate content that gives it a darker color.

Microscopically, the LTM shows small cyanobacterial
clusters and a cryptocrystalline to microcrystalline texture,
while the MTM exhibits a botryoidal, well-cemented texture,
not seen in the other microbialite samples. The SGNM con-
tains abundant dark lithic clasts and poorly cemented carbon-
ate grains, alongside dense green cyanobacterial clusters
(Fig. 2). These textural differences indicate variation in
cementation style, detrital input, and biological colonization
(Russell et al., 1999; Zedef et al., 2000).

3.2. VisNIR analyses of the Lake Salda microbialites

Figure 3 represents VisNIR analyses of the LTM, MTM,
and SGNM powdered subsamples, with their absorbtion fea-
tures detailed in Table 2. Many OH (Clark et al., 1990; Whit-
ing et al., 2004) and metal–OH (Al, Mg, Fe) absorptions
feature in the 400–2500 nm range (Viscarra Rossel et al.,
2009); this allows identification of contributory metal ions.
The LTM and MTM spectra show absorptions at 1400 and
1958 nm due to lattice-bound OH and the bending and asym-
metrical stretch combination band of interstitial H2O (�2 +
�3), respectively. Both bands are present in the SGNM, but
the �2 + �3 H2O band has combined with a smectite-related

Al/Mg–OH vibration at 1911 nm, which has caused it to shift
position to 1895 nm. The 959 and 1439 nm bands present in
all spectra are assigned to smectite Fe3+–O–H and Fe3+/Mg–
O–H overtones, respectively. A minor absorption in the
SGNM at 1152 nm is tentatively assigned to the 3�3 CH2

stretching mode (Stenberg et al., 2010).
Figure 4 shows VisNIR spectra of the LTM and MTM using

a fiber optic illuminator attached to the RX Spec 700z VisNIR
reflectance spectrometer. This enabled a ROI analysis to be
executed on the complete sample, where we targeted white
hydromagnesite carbonate and green cyanobacterial layers, well
represented in both lower- and mid-terrace deposits. In this
analysis, we show ROI spot 7a (white carbonate) + 1a (green
microbial) of the LTM, and spot 1a (white carbonate) + 3b
(green microbial) of the MTM as representatives of the respec-
tive layers. OH, Mg, and Fe3+ absorption bands are also
observed with this technique and are featured in all fiber
optic ROI and powdered VisNIR spectra. The most differ-
entiating absorptions occur between 400 and 700 nm in the
green microbial layers of both LTM and MTM, assigned to
chlorophyll a (443 nm), carotenoids (498 nm), phycocyanin
(629 nm), and chlorophyll b (687 nm).

3.3. FTIR analyses of the Lake Salda microbialites

Figure 5 shows FTIR spectra of the LTM, MTM, and
SGNM, demonstrating the key spectral fingerprint region asso-
ciated with carbonates, such as the C–O symmetric stretching
(�1 1467 cm-1), asymmetrical stretching (�3 1406 cm-1), and
bending modes (�2 750–800 cm

-1). Strong absorption features
at 1118 cm-1 in all hydromagnesite microbialites are assigned
to further C–O stretching of the carbonate mineralogy. The
LTM and SGNM feature the �2 1643 cm-1 bending vibration

FIG. 3. VisNIR spectra of the LTM, MTM, and SGNM offset for comparison. All plots show the 1439 nm band assigned
to Mg–O overtones, characteristic of hydromagnesite and Mg smectite. VisNIR, visible near-infrared.
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of H2O, although it is noted that amide B (N–H bending) and
amide I (C=O stretching) also occur at 1600–1700 cm-1 in
organic-rich samples (Helm et al., 1991). Further absorption
bands that form combined and convoluted peaks are assigned
to aliphatic CH2 �3 stretching (2923 cm-1), interstitial OH
stretching (3231, 3440 cm-1), and coordinated Mg–OH stretch-
ing (3550, 3620 cm-1). The MTM demonstrates similar coor-
dinated OH and CO stretching and bending modes, with no
organic features or interstitial H2O absorptions, and thus
presents a less intense profile. A complete list of absorbtion
features are detailed in Table 3.

3.4. Lyophilization

Lyophilization enables the removal of interstitial pore
water, thought to contribute to the broad, intense OH absorp-
tions (2800–3600 cm-1), which obscure underlying mineral-
ogical and organic features. The samples were exposed to
0.013 mbar and -60�C over increasing timeframes. Table 4
reports the weights of the microbialite subsamples before and
after lyophilization (referred to as the initial and sublimated
weight) to show the loss of water (%) by sublimation. The
sublimated weights for all three samples indicate a higher
water content in the SGNM than in the MTM and LTM; they
show a water loss of 22.5%, 0.5%, and 8.4%, respectively,
after 1 h of exposure. Water loss increased during the 6 h expo-
sure but decreased during 72 h, which suggests that samples
are close to full sublimation between 1 and 6 h of lyophiliza-
tion. We note that a decrease in water loss following a longer
exposure time is a likely result of sample heterogeneity.

Figure 6 shows four FTIR spectra of the LTM, with the
initial spectrum, taken before lyophilization, plotted against a
1, 6, and 72 h lyophilization cycle. A large intensity reduction
is seen across all spectra following exposure, particularly in
the broad OH region (2800–3600 cm-1), H2O �2 stretch at
1643 cm-1, and the C–O �1 (1467 cm

-1), �2 (750–800 cm
-1),

and �3 (1406 cm-1) stretching and bending modes. The vari-
ability between peak shape and intensity is minimal after 6
and 72 h exposures; however, both these spectra show
reduced C–O �1 (1467 cm-1) and �3 (1406 cm-1) intensity
compared with the 1 h exposure, which demonstrates that fur-
ther spectral alterations occur after 1 h of sublimation but are
negligible past 6 h.

Figure 7 shows spectra of the initial SGNM against a 1, 6,
and 72 h exposure. The initial spectrum shows very minor
organic absorption features, particularly the aliphatic CH2 �3

stretch (2923 cm-1), deoxyribose C–O �1 stretch (1044 cm
-1),

and the phosphate PO2
- �3 stretching modes (1220 cm-1);

however, these are partially obscured and difficult to discern.
In the 1, 6, and 72 h lyophilized samples, the relative intensity
is drastically reduced across the entire spectra (Fig. 7). Little
variation in peak height, shape, and intensity is observed
between the 1, 6, and 72 h exposures, which overlap. When
observing the 1 and 6 h lyophilized spectra alone, we see a
notable relative intensity increase in the C–O �1 stretch
(1044 cm-1) and PO2

- �3 stretching modes (1220 cm-1),
which become easier to discern following exposure. How-
ever, we see less organic preservation after 72 h, highlighted
by reduced CH2 �3 (2923 cm-1) and PO2

- �3 (1220 cm-1)
intensity (Fig. 8).

3.5. The Planetary Atmospheres and Surfaces
Simulation Chamber

The LTM and SGNMmicrobialites were exposed to a simu-
lated martian UV radiation environment via the PASC for 74 h
(*3 martian days) and analyzed using FTIR spectroscopy. The
microbialites were pressed into*0.5 mm pellets and irradiated
from a unidirectional source. These were powdered for ATR
analysis, where we observed spectral characteristics consistent
with UV penetration, concordant with the >500 lmUV attenua-
tion of minerals documented by Carrier et al. (2019). Figure 8
shows a reduction in absorption intensity across both spectra
after exposure, with significant reductions in O–H stretching
modes at 1650 cm-1 and between 2800 and 3600 cm-1. The
exposed LTM spectra demonstrate a strong absorption for CO2

not seen in any other spectra and unique to samples exposed via
the PASC. The exposed SGNM demonstrates the destruction of
the PO2

- �3 phosphate backbone and �1 C–O deoxyribose
organic absorptions, which were unique to this microbialite.

The exposed LTM spectrum shows a strong feature at
2358 cm-1 assigned to CO2, not seen in spectra under Earth
or sublimating conditions. Radiation exposure appears to
destroy PO2

- and C–O organics in the exposed SGNM spec-
trum. A reduction in intensity across the entire spectrum is
observed in both samples following exposure.

4. Discussion

4.1. Visible and near-infrared spectroscopy

Visible and near-infrared spectroscopy is utilized on the
martian surface by the Curiosity and Perseverance rovers

TABLE 2. VISNIR BAND ABSORPTIONS FOR THE LAKE SALDA MICROBIALITES

Peak position (cm-1) Band assignment Reference

443 Chlorophyll a Dartnell and Patel, 2014
498 Carotenoids Dartnell and Patel, 2014
629 Phycocyanin Dartnell and Patel, 2014
687 Chlorophyll b Dartnell and Patel, 2014
959 (Fe3+–O–H) overtones Clark et al., 1990
1152 3�3 (CH2) Stenberg et al., 2010
1400 �1 (O–H) H2O Clark et al., 1990
1439 (Fe3+/Mg–O–H) overtones Whiting et al., 2004; Viscarra Rossel et al., 2009
1895 �2 + �3 (O–H) H2O + (Al/Mg–O–H) combination Clark et al., 1990; Viscarra Rossel et al., 2009
1911 (Al/Mg–O–H) Clark et al., 1990; Viscarra Rossel et al., 2009
1958 �2 + �3 (O–H) H2O combination Clark et al., 1990; Whiting et al., 2004

VisNIR = visible near-infrared.
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(Mahaffy et al., 2012; Farley et al., 2020) to infer the miner-
alogy of targets from distance. VisNIR analyses of the Lake
Salda suite support the identification of metal ions, with dis-
tinct Al, Mg, and Fe3+ absorptions, which indicate the inclu-
sion of phyllosilicates during hydromagnesite precipitation,
incorporated within the microbialite matrix. These metal
ions indicate the dominance of smectite clays at Lake Salda,
likely composed of montmorillonite and nontronite (Clark
et al., 1990; Madejová et al., 2017), which is consistent with
recent observations (Garczynski et al., 2020). Aliphatic
organics are difficult to observe in the NIR; however, the

1150 nm feature observed in the SGNM is tentatively
assigned to the 3 �3 CH2 stretching mode, due to the associ-
ated �3 fundamental vibration (2923 cm-1) detected with
FTIR analysis (Fig. 3). Organics in low quantities are there-
fore difficult to detect with VisNIR alone; a combination of
spectral analyses is required to identify a greater number of
organics, including those that could support a biosignature
identification.

The fiber optic VisNIR illuminator was focused on
regions of green biomass where absorptions that pertain to
organics are differentiated from mineralogical absorptions,

FIG. 4. VisNIR spectra of the LTM and MTM as seen using a fiber optic illuminator. Key absorption features pertaining
to the phycobilisome light-harvesting complex (inlet shown) can be seen between 400 and 600 nm when the illuminator is
directed toward the green cyanobacterial layer.
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indicating which biosignatures are observable in the VisNIR
wavelengths. Such spot measurements on ROIs suspected to
contain biological material indeed showed intense organic
absorption peaks in the 400–700 nm visible region (Fig. 4).
The 443, 498, 629, and 687 nm absorptions are characteristic
of the cyanobacterial pigment’s chlorophyll a, carotenoids,
phycocyanin, and chlorophyll b, respectively. These pig-
ments conduct energy gathering and transfer within the cell.
Chlorophyll a, b, and carotenoids are found in the thylakoid
membrane, and phycocyanin comprises the phycobilisome
light-harvesting complex (Dartnell et al., 2011). While these
absorptions infer cellular constituents and form a pigment-
related “red edge,” a spectral biosignature in the search for

life, these observations require a high volume of organic
content. This is shown using a focused *5 mm sample area
achieved with the fiber optic illuminator at *1.5 cm from
the sample, which acts to reduce the spectral noise from
undesired mineral-rich regions. As such, it would be difficult
to observe biosignatures in the VisNIR range alone on the
martian surface without the addition of other spectroscopic
techniques like FTIR and Raman, or broader chemical, iso-
topic, textural, and mineralogical evidence gleaned from the
sample or assemblage.

The SuperCam instrument onboard Perseverance offers four
modes of spectroscopy: time-resolved Raman (TRR), time-
resolved luminescence, laser-induced breakdown spectroscopy

FIG. 5. FTIR spectra of the LTM, MTM, and SGNM, which are offset for comparison. Note the flatter overall profile of
the MTM, particularly at 1650 cm-1 and 3231 cm-1, 3440 cm-1 associated with OH absorptions. FTIR, Fourier transform
infrared.

TABLE 3. FTIR BAND ABSORPTIONS FOR THE LAKE SALDA MICROBIALITES

Peak position (cm-1) Band assignment Reference

3620 �1 (Mg–OH) Hare and Sorensen, 1992
3550 �1 (Mg–OH) Du et al., 1993
3420 �1 (O–H) weak H bond Boissiere et al., 2002; Bharmoria et al., 2012; Laurson et al., 2020
3250 �1 (O–H) strong H bond Boissiere et al., 2002; Bharmoria et al., 2012; Laurson et al., 2020
2923 �3 (CH2) Helm et al., 1991; Preston et al., 2020
2885 �1 (CH2) Helm et al., 1991; Preston et al., 2020
1643 �2 (O–H) Boissiere et al., 2002; Preston et al., 2020
1467 �1 (C–O) CO3 Stuart, 2004; Gunasekaran et al., 2006
1406 �3 (C–O) CO3 Stuart, 2004; Gunasekaran et al., 2006
1220 �3 (PO2

-) Brahms et al., 1974; Ahmad et al., 1996; Kelly et al., 2011
1118 �1 (C–O) CO3 Stuart, 2004; Gunasekaran et al., 2006
1040 �1 (C–O) deoxyribose Brahms et al., 1974; Ahmad et al., 1996; Kelly et al., 2011
750–800 �2 (C–O)CO3 Stuart, 2004; Gunasekaran et al., 2006

FTIR = Fourier transform infrared.
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(LIBS), and visible (379–464 and 535–855 nm) and infrared
(IRS 1.3–2.6 lm) spectroscopy (VISIR) (Clavé et al., 2023).
Of all these, LIBS has been utilized most frequently (as of
Sol 1100), with 203,000 shots compared with 148,000 for
Raman and 8358 for IRS, due to the fine grain size of Jezero
targets, where the Raman laser works best on larger and
purer crystals (Cousin et al., 2024). The most recent obser-
vations by the IRS instrument in the Marginal Carbonate
Unit describe three main signatures: a 1.9 lm hydration
band, a 2.2 lm Si–OH band, and carbonate absorptions at
2.3 and 2.5 lm in association with some clays, thought to be
Fe-phyllosilicates as indicated by a 2.39 lm band (Clavé
et al., 2024). These absorptions are comparable with the Vis-
NIR absorptions of the Lake Salda hydromagnesite micro-
bialites (Figs. 3 and 4), showing that these deposits
represent excellent mineralogical analogs for the Jezero
Marginal Carbonate Unit.

4.2. FTIR spectroscopy

4.2.1. Textural influences on spectral interpretations. FTIR
spectroscopy is advantageous when constraining fundamental
mineralogical absorptions. The FTIR spectra of the Lower-,
Mid-Terrace, and SGNM microbialites show variations in
peak shape and intensity, which suggest various formation
pathways or later alteration (Fig. 5). Interestingly, the MTM
shows little organic or fundamental OH vibrational modes,
likely due to the growth of a botryoidal hydromagnesite
cement further observed through microscopy (Fig. 2). Botryoid
morphologies have been reported close to organic matter in
chert (Papineau et al., 2017) and malachite (Papineau, 2020),
but also carbonates (Buongiorno et al., 2019; Papineau et al.,
2021). Despite their spatial association with organics, the bot-
ryoidal cement that encapsulates the MTM removes all hydra-
tion features and appears to reduce the detection potential of
organic biosignatures using FTIR spectroscopy. The destruc-
tion of features may not be attributed solely to the growth of
botryoids, but rather to the subaerial processes (chemical/
hydrological weathering and erosion) that form the hydromag-
nesite cements and botryoidal coatings observed in this study
and documented herein (Braithwaite and Zedef, 1996, 1994;
Russell et al., 1999). This observation demonstrates the sensi-
tivity of microbially mediated deposits to weathering processes
detrimental to structural and chemical traces of life, even
across geologically short timespans (*14,000 years).

4.2.2. Key FTIR organic signatures. The detection of
organics in hydromagnesite has implications for our ability
to detect potential biosignatures in martian hydromagnesites
at Jezero crater and at wider deposits from other locations on
Mars. However, as demonstrated herein, they can be difficult
to observe, even in terrestrial, geologically recent, and bio-
logically mediated samples. FTIR spectroscopy has histori-
cally been used to assign band absorptions to bacterial cell

FIG. 6. FTIR spectra of the LTM before lyophilization and after 1, 6, and 72 h cycles. Intensity is significantly reduced
following exposure across all regions.

TABLE 4. INITIAL AND SUBLIMATED WEIGHT (G)
FOR LYOPHILIZED SUBSAMPLES AND THE ASSOCIATED

WATER LOSS (%) FOLLOWING A 1, 6, AND 72 H EXPOSURE

LTM MTM SGNM

Time exposed: 1 h
Initial weight (g) 0.0945 0.0564 0.1875
Sublimated weight (g) 0.0865 0.0561 0.1454
Water loss (%) 8.466 0.532 22.453

Time exposed: 6 h
Initial weight (g) 0.1132 0.124 0.1801
Sublimated weight (g) 0.103 0.123 0.1289
Water loss (%) 9.011 0.806 28.429

Time exposed: 72 h
Initial weight (g) 0.1662 0.2613 0.2168
Sublimated weight (g) 0.1591 0.2602 0.1589
Water loss (%) 4.272 0.421 26.707
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components (Naumann et al., 1991; Preston et al., 2015,
2020, 2024). This includes aliphatic CH2 �3 stretching vibra-
tions (2923 cm-1), which can be derived from various
organic compounds such as fatty acids and lipids (Helm
et al., 1991; Preston et al., 2014) and are documented in a
variety of organic-bearing meteorites (Matrajt et al., 2004;
Kebukawa et al., 2011; Okazaki et al., 2023). Identification

of these organics in geologically relevant martian deposits
may suggest more complex and potentially biologically use-
ful organics were present. In Fig. 5, the 2923 cm-1 peak is
tentatively assigned to CH2 due to its relatively low intensity
and broad nature, the likely result of strong OH absorptions
in this spectral region, which can mask weak organic absorp-
tions. In the preexposed spectrum, a more intense absorption

FIG. 7. (A) FTIR spectra of the SGNM before lyophilization and after 1, 6, and 72 h exposure. Intensity is significantly
reduced following exposure across all regions. (B) FTIR spectra of the exposed SGNM only, which allow the identification
of preserved organic features. Peaks associated with aliphatic hydrocarbons, PO2

- backbone, and C–O deoxyribose are con-
sidered biosignatures and are easier to discern after 1 and 6 h lyophilization cycles.
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peak is needed to confidently assign this as a biological ali-
phatic hydrocarbon attributed to the colonizing microbial
mat.

Phosphate backbone (PO2
-) stretching vibrations can occur

around 1100–1230 cm-1, and deoxyribose C–O stretching at
1000–1150 cm-1 (Brahms et al., 1974; Ahmad et al., 1996;
Kelly et al., 2011); however, due to the degradation potential
of these biomolecules, we expect a weak absorption peak. The

intensity of the 1118 cm-1 feature, consistent across most
hydromagnesite-bearing samples, implies this feature is a fur-
ther C–O stretch related to the carbonate mineralogy. We do,
however, see very minor absorptions at 1044 and 1220 cm-1

within the SGNM, not seen in any other microbialite spectra
(Fig. 5). We assign these to deoxyribose C–O �1 stretching
and the phosphate PO2

- �3 stretching modes, respectively, due
to the known organic content of the SGNM and the weak

FIG. 8. FTIR spectra of the LTM (A) and SGNM (B) after exposure to simulated martian conditions for 74 h via the
PASC. Following exposure, both samples exhibit reduced spectral intensities with the inclusion of a minor CO2 absorption
in the SGNM, which is more dominant in the LTM. PASC, Planetary Atmospheres and Surfaces Simulation Chamber.
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nature of the features, as expected in biomolecules with high
degradation potential. Nevertheless, these absorptions are diffi-
cult to discern in unexposed hydromagnesite deposits due to
their relative intensity compared with more intense spectral
features in the surrounding region, such as CO3

2- stretching.

4.2.3. Intense FTIR OH absorptions. In FTIR spectros-
copy, OH stretching absorptions between 3200 and 3620 cm-1

can overlap and become convoluted (Figs. 5, 7, and 8); the
underlying absorptions can be broken into four separate OH
bands through curve-fitting models documented in Boissiere
et al. (2002), Bharmoria et al. (2012), Laurson et al. (2020),
and references therein. These intense absorptions are largely
attributed to the *3250 and *3420 cm-1 bands for strong
and weakly H-bonded molecules, respectively (Bharmoria
et al., 2012). Bands at*3550 and*3620 cm-1 are attributed
to the coupling of OH asymmetrical stretching modes (Du
et al., 1993) and OH stretching modes from coordinated water
molecules, respectively (Hare and Sorensen, 1992), likely
bound to the Mg ions present in hydromagnesite. Such intense
OH combinations can influence the interpretation of other
absorptions usually found within the 3200–3620 cm-1 region,
such as N–H and aliphatic hydrocarbons, which are key
absorptions in the search for biosignatures (Preston et al.,
2020), the latter partially visible in Figs. 5–7. The removal of
interfering OH is therefore integral for the accurate interpreta-
tion of organic features. In this study, the nondestructive
removal of water, achieved through lyophilization, enabled us
to reduce the absorption intensity pertaining to convoluted OH
to help resolve the underlying absorptions between 2800 and
3620 cm-1. This is likely to occur on the martian surface envi-
ronment once samples are brought to the surface.

4.3. Exposure to simulated martian conditions

Various aspects of the martian surface environment are
considered hostile for terrestrial life-forms and deleterious
for the organic compounds they leave behind. We focused
on two surface conditions that can interfere with spectral
interpretations on the surface and in returned samples: (1) a
rapidly sublimating environment, emulated through lyophili-
zation; and (2) intense UV radiation under a CO2-rich atmos-
phere, achieved using the PASC. We analyzed samples
under these conditions with FTIR spectroscopy, which is
sensitive to water, mineralogical, and organic fundamental
vibrations.

4.3.1. Sublimation. To infer the spectroscopic behavior of
the Jezero Marginal Carbonate Unit and wider surface deposits,
we exposed the Lake Salda deposits to sublimating martian sur-
face conditions through lyophilization. At Jezero crater, diurnal
temperatures cycle between 190 and 270 K (-83.15�C and
-3.15�C) (Zorzano et al., 2024), with a mean surface pressure
of 7.5 Mbar (Savijärvi et al., 2023), compared with 1013.25
Mbar on Earth. Lyophilization (freeze-drying) is a technique
commonly used in the food or pharmaceutical industry to stabi-
lize material for storage or distribution (Adams, 2007). It
involves drying through the low-temperature, low-pressure
removal of water by ice sublimation (Dziki, 2020), and it has
been shown to increase the long-term stability of biological
material, such as liposome drug delivery systems (Chen et al.,
2010) and mRNA vaccines (Muramatsu et al., 2022). In the

food industry, De Torres et al. (2010) noted that lyophilization
is less aggressive than oven-drying methods and enables better
preservation of volatile and polyphenolic compounds. Lyophili-
zation can also preserve the structural integrity of biological
materials, such as tissue cellular structure (Png et al., 2008).
Although protein structure may denature under lyophilization
(Moorthy et al., 2015), the addition of stabilizing additives can
overcome protein denaturation before and during freezing
(Moussa et al., 2018).

Lyophilization may even offer protection for DNA mole-
cules, as the stability of DNA is influenced by the residual
water content of the containing sample (Sharma and Kliba-
nov, 2007); therefore, the removal of sample water through
lyophilization results in fewer degradation reactions. The
later storage of freeze-dried samples at 4�C or below can
prevent the accumulation of DNA damage (Zhang et al.,
2017). These studies demonstrate the preservation potential
of a low-pressure, low-temperature environment created dur-
ing the lyophilization process.

By emulating martian surface conditions, we observed an
intensity reduction across the entire FTIR spectrum for all
samples, while preserving any organics incorporated in the
deposit during 1, 6, and 72 h exposures, revealing well-defined
organic features that relate to DNA and aliphatic hydrocarbons
(Fig. 7). This is achieved through the reduction of hydromag-
nesite (CO3) and OH band intensity following sublimation via
lyophilization, which results in a relative increase in organic
intensity due to the conservation of organic material under lyo-
philizing conditions. The process of removing residual water
using this nondestructive technique serves to increase our abil-
ity to detect spectral biosignatures. Despite this, we do not
detect CH2 or PO2

- biosignatures after the 72 h exposure,
which may indicate degradation at these exposure lengths;
however, we cannot rule out sample heterogeneity as a factor,
given that organics are unevenly distributed throughout the
sample. These findings imply that the sublimating martian sur-
face environment may actually help conserve organic signa-
tures preserved within certain geological materials; however,
further work is needed to understand if extended exposure to
sublimation can degrade biosignatures within carbonate rocks
over time. Nonetheless, organics within rocks close to the sur-
face may still be impacted by the effects of intense UV
radiation.

4.3.2. Radiation environment. UV is considered the
most destructive form of radiation for organic compounds
(Baqué et al., 2022). Although the penetration depth is con-
strained between 0 and 1 mm in various deposits (Carrier
et al., 2019), latitude, regolith composition and consolidation,
atmospheric dust load, seasonal variations, and orbital posi-
tion may all contribute to varying levels of UV penetration at
the surface (Patel et al., 2002, 2004; Rontó et al., 2003;
Gómez-Elvira et al., 2014). Furthermore, the UV destruction
of parent organic molecules through the breaking of func-
tional bonds can create radicals that further damage the
parent molecule (Ehrenfreund et al., 2001; Carrier et al.,
2019). Even molecules somewhat resistant to direct UV
damage are subject to UV-mediated chemical reactions,
which can reduce their concentrations (Benner et al.,
2000; Poch et al., 2013). Such reactions create highly oxi-
dizing environments that can reach a depth of 200 m
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(Bullock et al., 1994; Zent, 1998). As such, it is important
to understand the chemical and spectroscopical stability
of hydromagnesite and the organic biosignatures within,
which is poorly constrained under martian UV intensities;
without it, accurate mineralogical, astrobiological, and
broader environmental interpretations are difficult.

Figure 8 shows the LTM and SGNM before and after
exposure to a simulated martian atmosphere and radiation
environment via the PASC. Organic signatures that relate to
complex DNA molecules are highly susceptible to UV deg-
radation, demonstrated by the reduction in PO2

- backbone
and C–O deoxyribose absorptions in the SGNM following
exposure. This indicates that UV radiation achieves substantial
damage to organics over short time periods in hydromagnesite
deposits, and this has implications for the interpretation of
hydromagnesite deposits on the martian surface. Following
exposure, the spectral intensity of both the LTM and SGNM is
drastically reduced, similar to that seen under sublimating con-
ditions but to a lesser extent. This further indicates that remov-
ing interstitial pore water through a simulated martian
environment influences all mineralogical absorptions in hydro-
magnesites, due to the nature of weak and strong hydrogen
bonding (Bharmoria et al., 2012). Exposure to 7 mbar of CO2

at room temperature is sufficient to reduce O–H stretching
vibrations at 1650 and 3200 - 3620 cm-1 without the subzero
temperatures of the martian surface. An absorption at
2358 cm-1 assigned to CO2, unique to the PASC-exposed
spectra, may be incorporated from the induced CO2-rich
atmosphere. In the presence of CO2, hydromagnesite can
become a carbon sink, although CO2 sequestration is often ini-
tiated through mineral carbonation (Power et al., 2009; Turvey
et al., 2018; Zhang et al., 2020), forming stable Mg carbonates
that would not contribute to the spectral detection of CO2, as
seen in Fig. 8, which suggests an alternative origin. CO2 can
also result from the photolysis of organic matter by UV radia-
tion (Moran and Zepp, 1997; Brandt et al., 2009; McLeod
et al., 2021, and references therein). Photolysis can initiate
CO2 outgassing, which becomes trapped in the mineral intersti-
tial pore space and is detectable using FTIR spectroscopy.
Given the biotic nature of the Lake Salda deposits and the
spectral identification of organic molecules, CO2 trapping via
photolysis is plausible; however, we note that atmospheric
CO2 can occur as an artifact during spectroscopy and cannot be
ruled out from this study. A very minor CO2 absorption can be
seen in the SGNM-exposed spectrum, despite the higher vol-
ume of organic content; therefore, CO2 loss cannot be accu-
rately quantified using spectral intensity alone, as not all CO2

from organic matter photolysis becomes trapped in the sample
and visible through FTIR spectroscopy. Nevertheless, the influ-
ence of UV radiation on spectral features is evident and should
be noted for the accurate interpretation of martian hydromagne-
site deposits when using spectroscopic techniques.

4.4. Consequences for Mars rover and sample
return missions

4.4.1. Sampling from shallow depths (<10 cm). Given
the dehydration of various phases observed on the martian
surface, including perchlorates (Martín-Torres et al., 2015)
and sulfates (Schopf et al., 2012), it is likely that surficial
hydromagnesite deposits have undergone varying degrees of
sublimation of interstitial water. This may increase our

ability to detect organics using vibrational spectroscopy as
demonstrated herein, although the surface environment is
not conducive to biosignature preservation. Although sam-
ples collected up to a depth of 78 mm by the Perseverance
rover may evade damaging UV radiation (Carrier et al.,
2019), the top 5–10 cm of outcrops >300 Ma experience the
deleterious effects of intense ionizing radiation, which may
extend to 2 m at lesser intensities (Pavlov et al., 2012).

This has implications for the spectral interpretation of
minerals by SuperCam (1.3–2.6 lm) onboard the Persever-
ance rover, which analyzes surface deposits to help collect
samples from the shallow subsurface £78 mm. SuperCam
surface spectra may show fewer hydration features and
broad-spectrum low absorption intensities, both of which
may increase with sample depth. Complex organics will be
difficult to observe at these depths due to UV and cosmic
radiation intensities; however, simpler organics that result
from photolysis may be detectable, and hydromagnesite
spectra with CO2 overtones across 1.3–2.6 lm would be a
good indicator of this process, as their fundamental vibra-
tions are detected using FTIR spectroscopy (Fig. 8).

The behavior of hydromagnesite in this study is applicable
to interpretations of the Jezero Marginal Unit among other
martian carbonate deposits and further suggests that the
spectral interpretations of broader hydrated mineral phases,
such as phyllosilicates, may be impacted by the sublimation
of interstitial pore water. This should be considered for
upcoming missions such as Rosalind Franklin, which is pro-
posed to investigate the phyllosilicate-dominant Oxia Pla-
num. Interpretations for this mission would be benefited by
further work on the spectral behavior of phyllosilicate-rich
deposits that undergo sublimation at different timescales.

5. Conclusion

Hydromagnesite deposition at Lake Salda forms a useful
terrestrial analog for the Marginal Carbonate Unit at Jezero
crater. Lake Salda hydromagnesite is predominately depos-
ited through the reworking of hydromagnesite microbialites,
produced by cyanobacterial mats. While alternative origins
for the Jezero Marginal Unit have been proposed, the Lake
Salda system shows that biologically mediated deposition
cannot be ruled out. This study sought to understand the
nature of organic preservation in hydromagnesite via FTIR
and VisNIR spectroscopy and to assess mineralogical and
organic biosignature spectral alterations following exposure
to simulated martian conditions.

Initial FTIR characterization of the LTM and SGNM con-
forms to reference hydromagnesite spectra but with intense
absorptions associated with interstitial OH stretching (3231,
3440 cm-1) and coordinated Mg–OH stretching (3550,
3620 cm-1). Among these absorptions, the SGNM exhibits
minor CH2 �3 stretching (2923 cm-1), deoxyribose C–O �1
stretching (1044 cm-1), and phosphate PO2

- �3 stretching
modes (1220 cm-1); this demonstrates the potential of hydro-
magnesite to preserve organic biomass. The MTM is the only
microbialite not to feature OH and organic absorptions, a
likely result of botryoidal cement formation through subaerial
weathering, shown to reduce OH retention and organic signa-
ture preservation in the study samples. This suggests that car-
bonate alteration can affect spectral signatures and their
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interpretation, particularly in the context of paleoenvironmen-
tal reconstruction and the search for organic biosignatures.

Organic matter can be sensitive to changes in the moisture
content of host rocks. Under the sublimating conditions of
the martian surface, samples may experience rapid sublima-
tion when the weight of overlying rock is reduced during
exhumation, such as may occur for samples collected from
depth by the Rosalind Franklin rover. In this study, we simu-
lated rapid sublimation through lyophilization, following
which the spectral intensity of the exposed LTM, MTM, and
SGNM samples was drastically reduced after just 1 h, which
indicates the influence that interstitial water has on bond
vibrational intensities, attributed to the reduction of strong
and weak hydrogen bonding. Despite this, the organic con-
tent of the SGNM was conserved throughout the sublimation
process, enabling an increase in the relative intensity of
organic signatures, which became more apparent after expo-
sure. These results indicate that hydromagnesites, alongside
phyllosilicates and other water-binding sediments, may be
easier to interpret spectrally when sublimated if searching
for organic biosignatures, significant for future rover mis-
sions that are planned to sample from depths where the subli-
mation of volatiles during core exhumation is likely, such as
Rosalind Franklin. VisNIR spectroscopy reveals contribu-
tory metal ions in metal–OH bonds and reveals clay mineral
inclusions associated with vermiculite and montmorillonite.
Organics, however, are difficult to observe in the NIR, with
the SGNM 1150 nm feature tentatively assigned to the 3 �3
CH2 stretching mode. We do identify constituents of the
phycobilisome light-harvesting complex in the visible wave-
lengths (400–700 nm), although this detection requires a tar-
get with high organic content and a high signal-to-noise
instrument, demonstrated in this study using a fiber optic
illuminator <1.5 cm from the sample target area. This
implies that visible-wavelength organic detections may be
difficult on the martian surface if spectra are taken from dis-
tances >1 m, typical of rover instruments like SuperCam,
PanCam, or Enfys, considering targets are exposed to delete-
rious surface conditions for long time periods.

A reduction in spectral intensity is observed in the PASC-
exposed samples, attributed to the removal of sample water
under the 7 mbar simulation conditions. In the SGNM sam-
ple, features considered as organic biosignatures, the CH2 �3
stretching (2923 cm-1), deoxyribose C–O �1 stretching
(1044 cm-1), and phosphate PO2

- �3 stretching modes
(1220 cm-1), are greatly reduced by radiation exposure,
which induces the photolysis of organic content over 74 h.
The photolysis of complex organics in Lake Salda microbia-
lites may contribute to the spectral detection of CO2,
although the exact origin of this feature is unclear. The
radiation-induced spectral characteristics seen in this analog
study provide groundwork for improving the interpretations
of martian samples.

Given these results, we provide consequences for Mars
rover and sample return missions, detailed above, and follow
this with suggested protocols to aid spectral interpretation of
martian samples going forward.

5.1. Protocols to improve spectral interpretations

A significant finding in this study is the increased spectral
absorption intensity with increasing sample hydration. Subli-
mation of hydrated subsurface samples will occur rapidly at

the martian surface, and spectral interpretations will differ
depending on where the samples originated and for how
long they were exposed at the surface. Despite changes in
spectral intensity following sublimation, organic signatures
are preserved and become more detectable relative to the
reduced O–H and mineral absorption intensity, which
decreases as samples are sublimated. While we saw intensity
reductions in the PASC experiments, likely due to partial
sublimation, these samples had been exposed to UV radia-
tion, which resulted in degradation of organic signatures.
Given this, we provide suggestions on sampling protocols to
enable accurate spectral interpretations when on the martian
surface:

1. Samples with pores (carbonates) or micropores (phyllo-
silicates) can uptake and hold interstitial water. Those
beneath the subsurface (*0.2–2 m) may contain small
volumes of interstitial water that can overprint less
intense organic signatures. Sublimated samples would
produce clearer spectra for biosignature interpretations;
therefore, allowing sublimation within the Analytical
Laboratory Drawer (ALD) unit would improve the
interpretation of organics when using spectroscopic
techniques. This is likely to occur in <1 h at martian sur-
face pressures, given the behavior of the samples under
simulated conditions within this study.

2. Noting spectral absorption changes between borehole
readings (MaMiss) and ALD (MicroMega) measure-
ments can provide information on volatile composition
and loss. Spectral changes in the key O–H regions
documented herein should therefore be expected and
accounted for.

3. The UV environment is shown to be particularly damag-
ing to organics in relatively short timeframes (£74 h).
Samples exhumed to the surface should be shielded from
UV radiation instantly, or as soon as feasible. Moving
samples inside the rover’s ALD (Rosalind Franklin) or
sealing them inside sample tubes (Perseverance) should
provide UV protection and thermal stability and prevent
terrestrial atmospheric contamination when returned via
MSR (Moeller et al., 2021).

4. Any samples returned to Earth from future sample
return missions could be subsampled, with smaller
volumes exposed to sublimating conditions to reduce
the spectral noise associated with volatiles, especially
if the identification of organics is the primary focus.
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