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Abstract

There is evidence from the near-infrared observations of space missions of the
presence of carbonates on the surface of several ocean worlds. However, their
genesis remains unresolved. We investigate the hypothesis that these carbon-
ates may be in the form of clathrites assuming that clathrate hydrates are sta-
ble phases in the crust and ocean of these ocean worlds. In order to support
this, we studied a sample of a potential clathrite from the Hydrate Ridge cold
seep (Cascadia Subduction Zone), the carbonate rock fossil of clathrate
hydrates, as a terrestrial analogue. We characterised the mineralogy and tex-
ture of the sample by using a coupled confocal Raman microscope and scan-
ning electron microscopy instrument with the aim of identifying possible geo-
and biosignatures, which could be relevant for future missions of exploration
to ocean worlds and Mars. Our results show that aragonite is the dominant
mineral phase in the clathrite sample, but Mg-calcite and dolomite were also
identified. These three carbonates constitute a pattern related to clathrate
hydrate formation and dissociation processes. Dolomite was defined as a bio-
signature of gas hydrate microbiomes because it was integrated within Mg-
calcite grains precipitated after clathrate hydrate dissociation. Nevertheless, no
spectral changes were observed in Raman bands of carbonate minerals that
would indicate the influence of clathrate hydrates in their genesis. We also
observed that Raman band positions of the associated framboidal pyrites are a
characteristic signature of the associated framboid-like texture because its

potential as biosignature may only be attributed by biochemical analysis.
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1 | INTRODUCTION

Clathrites are carbon-bearing gas-derived authigenic car-
bonate rocks. The root of the word ‘clathr-ite’ refers to its
genesis, which means that clathrites are result of the for-
mation and dissociation of clathrate hydrates."* Clath-
rate hydrates are defined as water ice minerals that retain
gas molecules within their crystalline structure.® Thus,
the defining characteristic of clathrites is that their car-
bonate ions come from carbon species of the dissociated
clathrate hydrates.”

Identification of clathrites is currently constrained to
planet Earth. However, there are two main lines of evi-
dence that suggest that clathrites might also be present in
the ocean worlds of the outer solar system. First, geo-
physical models support the presence of clathrate
hydrates in the icy crust and ocean of Jupiter's moon
Europa,* Saturn's moon Enceladus’ and the dwarf planet
Ceres,® among others. These presence of these clathrate
hydrates would provide thermal insulation to the oceans
due to their low thermal conductivity” and therefore help
to explain some planetary geodynamic processes, such as
cryomagmatic ascent resulting from clathrate hydrates
dissociation that can culminate in the formation of par-
ticular surface features (i.e., from Europa's chaos ter-
rains® to the gas injection processes that trigger the
generation Enceladus’ vents>”). Second, evidence for the
presence of carbonates within these ocean worlds comes
also from the spectral signature of hydrated phases that
potentially include carbonates on Ceres' bright spots
(VNIR@Dawn),"° Saturn's E-ring ice grains
(CDA@Cassini),'" and on low albedo regions from the
Europa surface (NIMS@Galileo).'* These planetary sites
in which carbonates can be present would be linked to
endogenous processes and material exchange from the
underlying ocean or crustal liquid reservoirs to the sur-
face. For example, Ceres' bright spots are associated to
cryovolcanic and impact features,' Saturn's E-ring would
be fed by Enceladus’ surface vents,"”*> and low albedo
deposits of Europa have been described as materials
emplaced on the surface that are the result of cryomag-
matic processes.'*

Clathrites are identified on Earth in geological con-
texts associated to material transfer processes involving
aqueous environments. The formation of terrestrial cla-
thrites takes place in cold-seep environments on the sea-
floor because it is in such locations where the high-
pressure and low-temperature conditions for the forma-
tion and dissociation of clathrate hydrates occur.'” In this
case, the mobilised material that migrate upwards from
the subsurface reservoir toward the seabed, which is sus-
ceptible to be enclathrated, consists of a fluid enriched in
methane and other hydrocarbon compounds.'® Clathrate

hydrates are transitionally carbon sinks; therefore, upon
dissociation, the carbon element of released gas mole-
cules can be sequestrated again in the form of clathrites.”

Clathrites present a brecciated fabric resulting from
sediment collapse associated with the dissociation of
clathrate hydrates'® and could be considered cement-
supported, monomictic breccia. Clasts of sedimentary
rocks are cemented by botryoidal aragonite and high-
magnesium calcite'” that precipitated in relation to vary-
ing concentrations of magnesium and sulphate'®'® in
pore-water during processes of clathrate hydrate forma-
tion and dissociation. Aragonite syn-precipitate to clath-
rate hydrates as they form, mimicking their sponge-like
bubble crystal habit.'®'” This particular morphology
acquired by aragonite develops in the presence of clath-
rate hydrate-bearing cold seeps, which is the calcium car-
bonate polymorph favoured by the increasingly ionic
content of the remaining pore-water resulting of the
salting-out effect caused by the formation of clathrate
hydrates.'®'? Unlike aragonite, Mg-calcite precipitates
after clathrate hydrate dissociation, inheriting their heavy
oxygen isotopic composition given that the clathrate
hydrate lattice is preferentially built from heavy water
molecules.'”

Cold-seeps are habitable environments for the so-
called seep communities,?’ and thus, authigenic arago-
nite and Mg-calcite may be bio-mediated precipitates.
Anaerobic oxidation of methane from dissociated clath-
rate hydrates or directly from deep reservoirs, produced
by consortia of methanotrophic archaea and sulphate
reducing bacteria, would contribute to increase alkalinity
and to the precipitation of clathrites or authigenic car-
bonates™*'** (for more comparative information on the
different genetic types of carbonates in cold seeps, see
Carrizo et al.*'). Venting of carbon-gaseous compounds
thereby marks the beginning of the biogeochemical car-
bon cycle in these environments. Oddly enough for life,
clathrate hydrates would not represent final carbon sinks
in their strict sense, but would host microhabitats. This
happens when clathrate hydrates grow so rapid that gen-
erates massive deposits in which intercrystalline pore
spaces can encapsulate the rejected organic-saline solu-
tions, providing enclosed mediums that are rich in energy
sources for microorganisms. Snyder et al.>* reached this
conclusion after discovering a spherulitic aggregate of
microdolomite residue inside a massive clathrate hydrate
deposit in Joetsu Basin (offshore Niigata, the Japan Sea),
where these microdolomite residues were the bio-
products of organotrophic metabolic pathways.

Authigenic carbonates from cold seeps are considered
terrestrial analogues of some Martian carbonates based
on remote sensing observations.”” In recent years, the
potential for habitability of the ocean worlds of the solar
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system have made them a priority target for astrobiologi-
cal studies and their study has intensified. This, together
with the possible presence of carbonates in these ocean
worlds,'®'? put cold-seep environments and their associ-
ated authigenic carbonates in the spotlight also as terres-
trial analogues for processes and environments that
could be present in these ocean worlds. In this context,
clathrites are important not only as a geosignature to
identify fossil deposits of clathrate hydrates®® but also as
a biosignature-containing matrix*"** like textually dis-
tinctive carbonate minerals (aragonite, high Mg-calcite
and microdolomite) that can correlated with specific car-
bon and oxygen isotopic ratios, lipid biomarkers evidenc-
ing the coupling between anaerobic oxidation of methane
and bacterial sulphate reduction and microbial
DNA.2,17,21,24

Raman spectroscopy has already proven its efficacy
for the detection of geo- and biosignatures as those that
may be associated to clathrate hydrates,”” clathrate

TABLE 1

Petrographic and mineralogical characterisation
Clathrate hydrate breccia (angular clasts)

Clasts Accesory Calcareous cement

minerals

Quartz, SiO, Opaque
minerals
(oxides,

sulphides)

Aragonite, CaCO3

Chlorite-serpentine,
(Mg, Al)4(Si,A1)401¢(OH)s
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hydrate-associated carbonates® and other materials of
astrobiological interest.*>° Within exploration rovers,
Raman spectrometers are part of present and future rover
payloads to explore Mars, such as those included in
Mars2020 Perseverance (Sherloc and Supercam)* and
the ExoMars Rosalind Franklin (Raman Laser Spectrom-
eter, RLS),””** and are being considered as baseline
instruments for future missions to ocean worlds like
Titan.>® For this reason, the Raman characterisation of
clathrites in the laboratory and their associated geo- and
biosignatures is of critical importance as part as the sup-
port and preparation for these missions of astrobiological
interest.

2 | MATERIALS AND METHODS

This study complements the previous mineralogical char-
acterisation of the clathrite sample and the stable isotope

Overview of results of the mineral and organic geochemistry of the clathrite sample published in Carrizo et al.!

High-Mg calcite, (Mg 120,Ca0.871)CO5

Geochemical characterisation

TOC
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Lipid characterisation

Lipid compounds
(ng'g™
Crocetane
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sn-2-hydroxyarchaeol
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and lipid biomarker analyses® performed on the carbon-
ate fraction (Table 1) by correlative Scanning Electron
Microscope (SEM)-Raman microscope at the FELMI-ZFE
facility (Graz, Austria). We used SEM-EDS imaging to
find candidate points for Raman measurements in order
to evaluate potential geo- and biosignatures by identify-
ing changes in the spectroscopic parameters (Raman
band position, width, intensity ratio and area) and corre-
lating them with organic-like or geometric mineral
textures.

2.1 | Sample preparation

Clathrite sample (Figure 1A) was collected from the cold
seep site at Hydrate Ridge (Cascadia Margin, Oregon

coast, Figure 1B)."*** A 10 mm diameter piece of cla-
thrite sample was cut so that it could be placed onto the

48°N

46°N

44°N

(C)

4 { 42°N

1cm

(B) 128°W

microscope stage for SEM-Raman analysis (Figure 1C).
The clathrite sample showed a slightly unconsolidated
behaviour on the geological cutting machine; hence, it
was necessary to embed it into a resin matrix.

2.2 | Raman Imaging and Scanning
Electron Microscopy (RISE)

RISE is a WITec confocal Raman microscope that is fully
integrated into a Zeiss Sigma 300 VP SEM coupled with
an Oxford SSD X-Max 80 Energy-Dispersive X-Ray Spec-
troscope (EDXS). Both Raman and SEM are incorporated
within an unmodified vacuum chamber, and the sample
is transferred automatically from SEM position to Raman
position for correlative Raman-SEM analysis. For that
purpose, SEM has to work at a low vacuum mode to
avoid charging of nonconductive samples and to allow

126°W 124°W

Juan de Fuca
Plate

0 50 100 km
Pt

FIGURE 1 (A) Photograph of the clathrite rock sample. (B) The location of Hydrate Ridge in the Cascadia subduction margin.
(C) Selected fragment of the clathrite sample embedded for SEM-Raman analysis.
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Raman measurements. The instrument is detailed
described in ref. 35.

The working method followed for the characterisation
of the clathrite fragment consisted of five steps: (1) We
acquired a secondary electron image (SE) for topology sur-
face using C2D detector and a backscattered electron
image (BSE) for compositional contrast through HDAsB
detector. Both SEM images were taken at a working dis-
tance around 8.7 mm. (2) We used Aztec software to per-
form EDXS elemental mappings and to interpret the
results. The aims of this step were twofold: to identify
points and areas of interest for subsequent Raman analysis
and to ease the interpretation of Raman spectra. (3) After
a preliminary examination with the SEM, we transferred
the clathrite fragment from SEM to Raman position and
focused onto the sample. After that, an optical image was
taken using a 100x Raman objective lens (NA = 0.75) and
overlaid onto BSE imaging in order to obtain correlative
Raman spectra. Raman measurements and pre-processing
were carried out through the WITec Control FIVE soft-
ware. The Raman laser wavelength was 532 nm and the
laser power, the exposure time and the number of accu-
mulations were adjusted to avoid sample damage. (4) Cla-
thrite fragment was then returned to SEM position to
capture magnified SE images of the minerals of interest.
(5) The Raman spectra taken were analysed by OriginPro
2022b software. The Raman peak positions, shifts, and full
width at half maximum (FWHM) were determined using
the Gaussian-Lorentzian curve-fitting.

In addition, we used a confocal Raman micro-
spectrometer (Horiba LabRam HR Evolution spectrome-
ter, Jobin Yvon Technology) in Centro de Investigaciones
Energéticas, = Medioambientales y  Tecnoldgicas
(CIEMAT) in Madrid. We characterised textures other
than that of the minerals identified in the clathrite sam-
ple so as to determine by comparison whether the Raman
signals obtained in both cases are diagnostic of mineral
precipitation or biomediated conditions.

3 | RESULTS AND DISCUSSION

We focused the study on analysing calcium carbonate
minerals that would be directly linked to the clathrate
hydrate formation and dissociation processes, as well as
the other possible associated opaque minerals (sulphides,
oxides etc.) that could not yet be labelled by optical
microscope. X-ray diffractograms of the clathrite sample
revealed the presence of aragonite, Mg-calcite, quartz
and chlorite-serpentine.”* For the purpose of this study,
the characterisation of the silicious breccia clasts formed
by the process of dissociation of clathrate hydrates was
not addressed.

RAMAN
SPECTROSCOPY

Aragonite (CaCO;) constitutes the main mineral
phase of the clathrite sample (Figure Sla). It was identi-
fied by four intense Raman band positions®® related to
the translational and librational lattice mode between
calcium and CO5*" group at 154 and 207 cm ', respec-
tively, the v, double degenerate in-plane bending of
CO5>" group at 702 and 707 cm ™, and the v; symmetric
stretching mode of CO;*~ group at 1086cm
(Figure S1b). We also detected seven additional weak lat-
tice vibrational modes®” near 144, 182, 192, 215, 249, 261
and 287 cm . No variations of the Raman band parame-
ters are observed throughout the direction of maximum
crystal elongation. SEM images of those aragonite crys-
tals show that they present an acicular habit and an
arrangement in botryoidal aggregates (Figure S1c).

We detected some aragonites by the presence of a
band at 207 cm™! which, if not present, would match
with that Raman signature of the magnesium-rich calcite.
The shift of calcite Raman bands at higher wavenumbers
indicates the substitution of Ca*" ion by Mg ion*
(Figure S2). Thus, Mg-calcite bands detected at 154, 287,
712 and 1090 cm ! correspond in this order to the trans-
lational and librational lattice mode, the v, in-plane
bending of CO;>~ group and the v; symmetric stretching
mode of CO5>~ group. The non-detection of the weak lat-
tice vibration modes of aragonite and the doublet bands
for v, would suggest that aragonite was being replaced by
Mg-calcite.*

The analysis of the SEM elemental mapping image
show several carbonate grains with a zonation pattern
related to a marked increase of Mg content towards the
centre (Figure 2A). Raman spectroscopy analysis identi-
fied aragonite, Mg-calcite and dolomite as the minerals
involved in the enriched magnesium chemical gradient
(Figure 2B). Aragonite crystals form the outer mineral
zone, and they are surrounding a Mg-calcite grain
(Ca,Mg)COs;, which in turn encloses a dolomite CaMg
(CO3), grain. Dolomite was recognised by the external
lattice vibrational modes at 178 and 302 cm !, and
internal modes 726 and 1099 cm ' corresponding to the
14 in-plane bending of CO5>~ group and the v, symmetric
stretching mode of CO5>~ group, respectively.*’

The origin of the zoning pattern would be directly
associated with the process of clathrate hydrate forma-
tion and dissociation. According to the '®0 isotopic
results of clathrite published by Bohrmann et al.,'” the
precipitation of aragonite (+3.68%0) would be coetaneous
with clathrate hydrate deposit formation, whereas Mg-
calcite (+4.86%0) would postdate the dissociation of
clathrate hydrates, owing to clathrate hydrates produce a
hydrogen and oxygen isotope fractionation of pore-water
by selecting the heavy isotopes, D and '*0, for the forma-
tion of their structures.*’ If they dissociate, pore-water
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FIGURE 2 (A) EDX map shows an increasing gradient of Mg content towards the centre of the zoning pattern surrounded by

brecciated silicate clasts (Brec). The minerals involved are aragonite (Arg), Mg-calcite (Cal), and dolomite (Dol). (B) Each coloured Raman
spectrum refers to a point of the mineralogical zonation in the BSE image.

would become isotopically heavier and the Mg-calcite
precipitates enriched in '®0 because part of these heavy
80 atoms would be incorporated into its carbonate
ions.'”** Hence, the calcite grain observed would be cir-
cumscribed to the space that must have been occupied by
clathrate hydrates bordered by syn-precipitated aragonite
crystals. Nevertheless, the 0O enrichment is not plotted
in the Raman signals of Mg-calcite analysed in this study.
The intensity of v; (C'*®0;%7) band should have dimin-
ished by the appearance of new peaks near 1065 cm '
and lower wavenumbers corresponding to the carbonate

groups® containing '*0, C'°0,'*0*", C'°0'®0,>" and
C'0;". The explanation would rest on the fact that the
concentration of the heavy oxygen isotope in the carbon-
ate groups of the Mg-calcite would not be high enough to
be reflected in its Raman spectrum. Culminating in the
determination of the mineral sequence, dolomite precipi-
tation may have preceded clathrate hydrate dissociation
and, consequently, Mg-calcite precipitation because
dolomite-calcite boundaries are well defined.

The crystalline degree of carbonate minerals would
support the aforementioned precipitation sequence. The
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crystallinity index was calculated from the ratio of
the full width at half maximum (FWHM) of the v;
Raman symmetric stretching peak. Aragonite has the
highest crystalline structure due to its low FWHM values
ranging between 2.06 and 3.45. Similar FWHM values
have been obtained for aragonites sampled at other active
cold-seep sites, such as those on the Formosa Ridge in
the South China Sea where gas hydrate reservoirs have
also been identified and drilled.**** Dolomite follows
with 5.60-6.01, as the FWHM values for Mg-calcite are
roughly 10. Mg-calcite, the carbonate likely formed from
released methane, would precipitate with less crystalline
structure due to the environmental instability induced by
clathrate hydrates dissociation.

The spatial relationship between Mg-calcite and its
dolomite host would imply that the dolomite grain might
have formed into the pores of clathrate hydrates. The
presence of dolomite would constitute a fossil record of
clathrate hydrate microbiomes at Hydrate Ridge, based
on previous studies on microdolomite mineralization
within clathrate hydrate microbiomes in the Joetsu Basin
discovered by Snyder et al.** Therefore, dolomite would
become a potential mineral biosignature that could be
preserved within the clathrite structure.

Correlative SEM images and Raman spectra revealed
clusters of framboidal pyrite crystals, FeS,, distributed
around aragonite aggregates (Figure S3). Pyrite was iden-
tified by the two intense Raman peaks near 340 and
375cm™ Y, belong to S, liberation and in-phase S-S
stretching vibrations.** The weak Raman band of coupled
liberation/stretch modes near 430cm ' is not
observed.***’

Framboidal pyrites have been also documented as
potential biosignatures. Works such as MacLean et al.**

TABLE 2
E; mode
Study Texture (cm™)
Clathrite Framboidal 340
343
340
Mina de Cala Massive 346
346
345
Mina de Las Cruces 345
Wacey et al. (2021) Microfossils pods 343
Wau et al. (2015) Microspheres 342
(synthetic)
Morales-Gallardo et al. ~ Nanorods 340
(2016) (synthetic)

RAMAN _ o
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and Wacey et al.* reported different evidence for the
presence of organic material within the pyrite microcrys-
tals of a single framboid and highlighted the role of bac-
terial biofilm (e.g., sulphate-reducing bacteria) in the
nucleation of pyrite microcrystals. Besides, Carrizo
et al.*! found lipid biomarkers of sulphate-reducing bac-
teria in a clathrite sample of the same location than the
one that we have characterised in this work.

To ensure the signature of biological interaction in
the Raman spectra of the framboidal pyrites, three abiotic
massive pyrites from Mina de Las Cruces in Sevilla and
other one from Mina de Cala in Huelva were investigated
as examples of this other different origin. We found that
the Raman signals of framboidal pyrites are slightly
shifted to lower wavenumbers with regard to massive
pyrites (Table 2). On the other hand, Raman signature of
framboidal pyrites is concordant with that of pyrite-
mineralised microfossils pods.® However, analytical
studies of abiotically synthesised microspheres* and
nanorods”' pyrites under hydrothermal conditions in the
laboratory have the same Raman peak positions as fram-
boidal and biogenic pyrites (Table 2). Massive pyrite pre-
cipitates have a higher degree of crystallinity than the
framboidal pyrites in this study, particularly with regard
to the E, mode at 340-346 cm L. Therefore, according to
these results, we consider that Raman spectra of framboi-
dal pyrites could be a geosignature of their crystalliniza-
tion conditions and that a detailed biochemical analyses
would be necessary to assess the biological influence on
their origin.

Pyrites are not the only opaque minerals in the sam-
ple. Figure S4 shows a triangular shaped grain composed
of several nanoparticles. The Raman spectrum charac-
terises it as magnetite Fe*"Fe®",0,. Nevertheless, Raman

Relationship between textures and Raman band positions of the pyrites analysed in this study and published works.

A, mode Tg(3) mode

FWHM (cm %) FWHM (cm %) FWHM
9.85 374 11.60 - -
11.52 378 11.85 - -
8.63 376 10.04 - -
1.70 383 1.85 435 5.04
1.80 380 11.18 432 4.16
247 381 5.37 432 4.69
1.22 382 3.63 433 5.14
- 378 - 435 -

- 377 - 429 -

- 377 - 426 -
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bands assigned to symmetric and asymmetric bends of O
and Fe (at ~576 cm™ ') and symmetric stretch of O in
Fe-O bonds (at ~692 cm™')** are shifted to higher wave-
numbers and are broader regarding Raman spectrum ref-
erence of magnetite published in the RRUFF database.”
The cause of this displacement is unknown and could be
due to several reasons such as the incorporation of some
elements into the crystal structure or putative
biogenicity.

4 | CONCLUSIONS

Clathrites can be identified from Raman spectroscopy
combined with micro-imaging and geochemical analyti-
cal techniques because textures linked to isotopic and ele-
mental changes would record a genesis associated with
clathrate hydrate formation and dissociation.

Terrestrial clathrites are mainly composed of arago-
nite and Mg-calcite and may even contain dolomite
grains. From near IR observations, we may argue that
potential clathrites from ocean worlds might have not
only a calcium and magnesium carbonate composition
but also sodium or even ammonium carbonates such as
those detected on Ceres.'>>*

Variations on the degree of crystallinity among rock-
forming carbonate minerals might denote signs of past
processes of clathrate hydrate formation and dissociation.
Clathrate hydrate dissociation might cause disruptive
precipitation conditions in carbonate minerals, as would
be the case of Mg-calcite which shows a low-crystalline
structure. The bio-mediation of dolomite was inferred in
the Hydrate Ridge sample, qualifying it as a mineral bio-
signature through combining mineral characterisation
and studies of arrangement of the clathrite-forming min-
erals. On the other hand, the association with sulphides
and the Raman signature of framboidal pyrites is a geo-
signature of formation conditions leading to the precipi-
tation of framboid-like microtextured crystals. In this
case, biochemical analysis would be required to assess
their biogenicity. To sum up, we confirm that the combi-
nation of textural and mineralogical measurements is
necessary to determine the clathrite origin of carbonates
in other planets while they provide geosignatures of
clathrate hydrate formation and dissociation processes.
We suggest that clathrites are target minerals for astrobi-
ology helping on searching for biosignatures because of
their biomarkers preservation capacity and the potential
precipitation of biomediated phases such as dolomite.
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