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ABSTRACT

Saturn’s moon Enceladus is a priority target for both NASA Flagship and ESA L4 class missions, as it possesses the
three essential ingredients for life: liquid water, a source of energy, and all essential (CHNOPS) elements. As Enceladus’s
ice crust is geologically active, future missions must understand its habitability through the lens of cryogeochemistry; yet
the phase behaviour of Enceladus-type solutions is poorly constrained. Here, we investigate the freezing behaviour of an
Enceladus-type Na-Cl-COj; solution using combined synchrotron X-ray computed microtomography and diffraction. We
report the first observation of fluid inclusions in cryogenic natron (NapCOs - 10H20), a mineral predicted to be present on and
within Enceladus. We show that natron precipitation traps and preserves pockets of parent fluid, providing a window into the
geochemistry of Enceladus’s interior and establishing natron as a mineral of high astrobiological importance. Consequently, we
argue that future missions must have the capability to identify surface natron and that direct sampling should prioritize these
deposits for their potential to trap and preserve signatures of life.

Keywords: Enceladus, Fluid inclusions, Natron, Astrobiology, Correlative X-ray tomography and diffraction, In-situ freezing.

Introduction

Enceladus, a moon of Saturn, displays geophysical and geochemical evidence of recent and ongoing geological activity'-2. The
most dramatic evidence of activity is the presence of distinct jets, feeding a large plume that emanates from the South Polar
Terrain (SPT)!3=. These plumes contain ice®, volatile gases’, inorganic salts® and evidence of all six CHNOPS elements” '°.
Multiple hypothetical plume mechanisms connect the source of these plumes with a subsurface liquid water ocean® !!-12,
Consequently, Enceladus is a prime location for the search for life beyond Earth and is the designated target for both a NASA
Flagship-class and an ESA-L4 mission.

We are unlikely to get a direct sample from Enceladus’s ocean as the closest estimates place it at least several kilometers
deep!!-13. However, transport processes in the crust can move ocean-derived material across the solid-liquid phase boundary,
bringing it to the surface'*. Samples can therefore be taken from the surface or the plumes to reveal geochemical information
about the ocean below.

When an aqueous solution cools and solidifies, the solubility limits of the dissolved components are exceeded, and they
precipitate out as solids. As Enceladus’s surface temperatures range from 75 K potentially up to 223 K near the plume source'”,
most ocean signatures will be solid or hosted in solid matrices. The solid phases in a frozen sample, if not exogenously
deposited, would be related to the dissolved components in the original parent fluid. Information about the ocean chemistry can
therefore be extracted from surface and plume solid-phase geochemistry. Microscale analysis of the precipitating minerals,
their texture, and their petrology can unravel the complexities by acting as a record of subsurface temperature and pressure
conditions. The analysis of the surface mineralogy and petrology can then be used to reconstruct interior conditions and,
therefore, habitability.

Due to Enceladus’s astrobiological importance, a primary science objective is to look for signatures of life on the surface
The low pressure and radiation environment on the surface of Enceladus are likely damaging but not limiting to the detection of
the signatures of life!”!8. Therefore, to understand how biological signatures could reach and be preserved on the surface,
there must be inorganic systems or processes that can act to preserve or protect potential biological material.
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Mineral hosted fluid inclusions are commonly observed within evaporitic salts'®2°, and several salts systems have been

found with viable microbes trapped within fluid inclusions?'~%3. To the best of our knowledge, there have been no recorded
observations of fluid inclusions within a cryogenic salt. If present in salts on an icy moon surface, these inclusions would
be relatively protected from the deleterious effects of the space environment compared to being hosted in ice. Endogenous
cryogenic minerals, forming from aqueous precipitation within Enceladus, could potentially trap biological material, and
therefore, would represent a high-priority target inorganic geochemical signature for remote observation.

Sodium chloride and sodium carbonate are the main constituents of Enceladus’s geochemistry®2*. Throughout the solar
system, icy body-associated carbonate salts have also been identified on Bennu?®, Ryugu?®, Ceres?’, and Ariel*®. As carbonate
salts have low solubility at low temperatures®, they are some of the first cryogenic minerals to form during freezing and
therefore have the potential to trap primitive fluid geochemistries. Given the importance of carbonate chemistry on Enceladus,
we explore the freezing behaviour of an Enceladus-type, Na-Cl-CO3 solution in real time using combined synchrotron X-ray
computed micro-tomography (4 CT) and diffraction (XRD). We show, for the first time, the widespread presence of primary
fluid inclusions in cryogenic Na;COs - 10H,O (natron). We discuss the potential implications for rheological processes on
Enceladus and other carbonate bearing icy bodies. We propose that direct sampling missions should target these salts due to
their potential to trap primary ocean fluids or biosignatures if they are present.

Results

Cryogenic phase evolution and texture

Time resolved tomography and diffraction were collected on K11-DIAD (Diamond Light Source, UK) during the freezing
(268 K t0 205 K at 6 K/min) of an Na-Cl-CO3 solution (1 m NaCl, 0.5 m Na;CO3). K11 operates with two independently
configurable X-ray beams that allow the collection of spatially correlated imaging and diffraction data (Figure 1A). This
study revealed the solidification of an Na-Cl-COj3 solution using time-resolved diffraction (Figure 1B and D) and tomography
(Figure 1C), and identified the solid phases present using the diffraction data.

Three solid phases were identified and segmented from the imaging data of the final frozen sample: hexagonal ice (Figure 1E
Left); the eutectic phase, comprised of ice, natron, and hydrohalite (Figure 1E Middle); and individual natron crystals (Figure 1E
Right).

Hexagonal ice was the dominant solid phase, making up 75% of the imaged volume. The basal plane represents a slow-
growth face of ice, and dendritic growth proceeds preferentially along the <100> and <112> directions®*3!. This was evident
in our diffraction data as an under-representation of basal reflections (Figure 1B) and the spotty, single-crystal reflections in
our raw diffraction data (Figure 1D). Our imaging data revealed that the ice grew dendritically down the axis of the capillary
with the direction of cooling (Figure 1C). As a result, the dimensions and aspect of the crystals in the plane of the beam
coupled with the small beam size produce strong single crystal reflections. We therefore limited our diffraction analysis to
phase identification with Pawley refinement®? which is intensity independent. The final quenched sample is assumed to be
representative of all phases present.

The eutectic phase, a mixture of ice and hydrohalite, and natron, made up 4% of the imaged volume. This represents the
solidified brine network, of eutectic composition, present in the ice mass. Of the eutectic volume, 3.8% was disconnected from
the main eutectic mass, corresponding to 0.07% of the total imaged volume. Individual structure within this phase was not
resolvable with imaging. The appearance of rings from a previously spotty pattern at 245 K in the raw diffraction was caused by
the formation of multiple small crystallites (Figure 1C and D). The scattering signal from hydrohalite appeared at this eutectic
temperature and its powder-like scattering (clear rings), suggests it precipitated as a fine-grained mass.

The final major solid phase was subhedral crystals of sodium carbonate in the form of natron (Figure 1A Right). This phase
made up 21% of the imaged volume. Similarly to the ice crystals, the small beam and crystal dimensions produced spotty single
crystal reflections. DIAD’s geometry only interacts with a reduced spherical arc of the Ewald sphere and the sample does not
spin during collection, preventing the reconstruction of a complete intensity profile. The presence of natron is evident in some
diffraction scans at 205 K (Figure 2A and B). This was due to the population of randomly oriented, smaller crystals (Figure 2C)
present at the bottom of the imaged volume producing a more powder-like signal.

In our imaged volume there were two separate habits of natron that form over time. Firstly, large subhedral grains
precipitated and grew before ice formation. After the onset of ice formation, the subhedral carbonate crystals remained trapped
within the mass of ice and their elongated profile prevented further movement. These natron crystals appear to be randomly
oriented (Figure 2D). Once the ice encapsulated large grains, smaller secondary offshoots of natron formed from larger crystals
and were templated by the ice structure (Figure 2E).

The petrology of the natron can be used to reconstruct its evolution. The presence of large subhedral crystals suggests that
they grew unconfined and once contained by ice, the growth is inhibited, which can be seen in the salt phase volume in Figure
IF . The initial growth of the ice leads to a temporary interruption to the growth of the natron. These events are recorded in the
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Figure 1. Identification of major phases and structure during real time freezing of an Na-CIl-COj3 solution. (A) Rendering of
the experimental setup with dual beams (i) cryostream (ii) cooling the capillary sample (iii) and collection of imaging (iv) and
diffraction (v) data. (B) Summed diffraction pattern from a 10 x 10 grid scan in final scan at 205 K showing locations of
refined reflections of ice, hydrohalite, and natron using the Pawley method. (C) Reconstructed XY slice vs temperature
showing the growth of each phase and development of the final microstructure. (D) Corresponding 2D diffraction patterns for
central point in C showing texture evolution. (E) Rendered volumes of ice, the eutectic phase, and natron in final scan at 205 K
(F) Plot of evolution of volume of each phase with temperature calculated from segmented volumes

natron petrology. In a more complex aqueous system, as we may expect of Enceladus’s ocean, the microscale context of a
mineral’s crystallisation can be used to construct a more comprehensive view of the evolution of a cryogenic system.

Rheological implications for the ice crust

The presence of non-ice material will affect the strength and deformation behaviour of the ice crust. In the ductile regime,
grain boundary sliding and creep have been shown to be inhibited by the presence of fine-grained material>>—3>. This leads
to the mechanical strengthening of ice and the increase in yield strength. In the brittle regime however, the presence of gas
pockets or brine networks can promote crack propagation!:3°. The orientation of ice crystals is also known to produce strong
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Figure 2. Results of spatially resolved diffraction probing an Na-CI-CO3 ice mixture at 205 K. (A) Location of individual
diffraction patterns in the reconstructed volume; the scale bar is 100 um. (B) Resulting color-coded diffraction patterns
showing the location of natron reflections (green lines). (C) Size distribution of separated salt grains in the final quenched
sample (205 K). (D) Polar plot showing the orientation in relation to the z-axis and volume (colour) of the salt crystal c-axis for
crystals with a volume above 1 x 10~* mm?. (E) Evolution of a secondary natron precipitation event (Yellow) additional to the
primary crystal (Blue), displayed as an XY slice in the reconstructed volume.

anisotropy in the mechanical behaviour of ice masses, leading to strengthening along the axis of oriented crystals and weakening
in the perpendicular direction®'. The morphology and orientation of natron crystals we observe will impact ice rheology
and mechanical behaviour on Enceladus, and compositional heterogeneities will lead to mechanical heterogeneities. Due
to the temperatures on Enceladus multiple solid phases may precipitate and therefore may have a meaningful impact on the
mechanical behaviour of the crust.

On Ceres, a much larger icy body than Enceladus, hydrated Sodium carbonate is observed in impact craters®’. The
morphology of the craters, and lack of degradation given their ages suggest that the surface of Ceres is much stronger than pure
ice and contains a large amount of non-ice material’®3°. Our work, coupled with the observation that natron is found in impact
craters on Ceres, suggests that an ice mix of interstitial hydrated sodium carbonate could have different viscosities compared to

pure ice which could explain observations of slow surface relaxations*.

Primary fluid entrapment in cryogenic natron

In this Na-CI-CO3 system, we found the widespread presence of fluid inclusions within the sub-hedral natron crystals
(Figure 3A). This is, to the best of our knowledge, the first time that fluid inclusions have been observed non-destructively in
cryogenic salts. uCT imaging combined with XRD gives us a non-destructive way to identify the microstructure of the natron
1n-situ.
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The inclusions identified were a mix of primary, intra-granular, and pseudo-inclusions (cavities)(Figure 3C). As the inclusion
size were at the limits of our imaging resolution, we did not observe their freezing but would expect that they would be frozen
at the same eutectic temperature as the parent fluid. As all inclusions formed during formation and growth of the host grain,
they can be classified as primary inclusions (Figure 3B). No re-crystallisation of natron was observed. Larger salt grains were
more likely to contain inclusions and would contain larger inclusions (Figure 3C). Of the separated salt grains (n=3779), 3%
contained fluid inclusions. However, within grains larger than 1 x 10~ mm? 58% contained inclusions and 100% contained
inclusions in grains above 1 x 1073 mm? (n=29). It is important to note that the particle size distribution (Figure 2C) and
consequently our size sampling dominates this observed relationship as there were fewer large crystals in our imaged volume.
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Figure 3. Analysis of precipitated natron and its inclusions. (A) Rendering of segmented salt particles. Particles with a volume
above 1 x 10~ mm* are displayed in white, with their associated inclusions shown in red. Salts not included in the analysis are
shown as brown. (B) Example of a primary fluid inclusion enclosure, from reconstructed XY slices. A natron crystal (blue) and
an associated inclusion (yellow) are labeled (C) Schematic representation of the types of inclusions we observed in the natron
crystals. (D) The size of the host grain versus the size of its associated inclusion. The size of each point represents the long axis
length of the natron crystal. The volume of equivalent spheres are displayed as dashed lines for reference.
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Discussion

Plume transport and surface deposition

Enceladus provides access to interior geochemical information through the eruption of sustained cryovolcanic plumes around its
southern pole!"3. The exact mechanism with which material reaches the surface is not known but it is clear that the geochemistry
of the plume requires that some portion of the material originates from dispersion of a liquid source’**1-42. A water-filled
fissure within the ice crust, exposed by tidal forces*>>**, leads to rapid depressurization and acceleration of the gas phase,
leading to drag transport of particles out into space. Boiling and exsolution of the liquid source creates dispersed droplets that
are cooled and freeze as they are transported®’. The plumes of Enceladus have already been proposed as high-priority for life
detection experiments**~*®. Our work suggests that plume deposits should be explored for signs of natron due to its potential to
trap ocean fluids (Figure 4).

In figure 2D, the largest long-axis of the natron crystals we observe is 485 yum and the smallest is 34.3 um, although our
analysis of crystals was limited to particles larger than 0.0001 mm?. The effect of confinement prevents the further growth of
natron suggesting that the diameter of a dispersed droplet would place an upper limit on the size of the precipitating natron
crystals. The cooling rate of a dispersed droplet would further control the size of the natron crystal, with larger droplets cooling
more slowly, leading to larger natron crystals. Our final imaged volume was 0.91 mm? which is equivalent to a sphere of
approximately 600 pum in diameter while the longest crystal axis we observed was 485 um. As the long axis of this largest
crystal was oriented at 38 degrees, it is more appropriate to set the long axis of our volume (1.2 mm) as the confining length.
Therefore, we may expect that large crystals would require droplet diameters closer to that of the long axis of our imaged
volume. It should be noted that the majority of detected plume particles by Cassini were micrometer to nanometer sized**>".
However, Cassini’s closest fly-by (25 km) would not have been able to capture larger particles due to the gravity size sorting
that prevents larger particle reaching Cassini’s lowest fly-by altitude. Remote observation suggests larger surface grain sizes
can be found closer to the plume sources’!, and gas-particle acceleration models suggest that particles of up to 2 mm could be
ejected close to the plume vents>>. Near-vent plume deposits, potentially supplied by larger plume particles, should therefore
be investigated for natron (Figure 4 A).

Preservation of biosignatures in natron

To our knowledge, there have been no studies examining the preservation and viability of microbes within cryogenic salts.
Inclusion formation is widely reported in evaporitic salt deposits!®-??. As these salts precipitate from solution, defects and
imperfections, or excessive under-cooling, can lead to irregular growth of the solid interface'®. The timing of enclosure is
largely kinetic, so these inclusions preserve a range of chemistries that track the evolution of the system.

Fluid inclusions are a rich source of geochemical information, as they trap fluid at the time of formation. Fluid inclusions in
halite, a common evaporite mineral on Earth, have been used to reconstruct past ocean water physiochemistry>3. Inclusion
analysis is complex and requires multi-modal instrumentation. Any study of fluid inclusions requires petrological and
paragenetic analysis to determine the timing of inclusion formation®*. It is unlikely that the necessary instrumentation for
inclusion analysis will reach Enceladus. However, direct sampling and analysis of salt rich materials must appreciate the
potential for these inclusions to impact sensitive chemical measurements. More importantly, many salt-hosted fluid inclusions
have been found with organic biological signatures®>>° and even trapped microorganisms>'~2*37-% If microbial life is present
in the ocean of Enceladus, then the precipitation of natron has the potential to trap life or signatures of life in fluid inclusions.

Once present at- or near the surface of Enceladus, natron may enhance the preservation of geochemical and biological
signatures, if present. The higher density of natron (1.46 g cm™%) compared to ice at ~73 K (0.9336 g cm~3)! would inhibit
the damage caused by energetic particles on the surface®®. Salt minerals have lower vapor pressure than ice®!, and therefore
can be considered more structurally stable under vacuum at low temperatures. Bu et al.*” have shown that at Ceres-relevant
equatorial temperatures (>200 K) natron will dehydrate within 6 days, but under Ceres polar conditions (<120 K), it will be
stable for ~300 years. Temperatures near to the plume vents are thought to be 140 K but this is highly dependent on assumed
surface characteristics®”, which will affect the stability of natron. However, if natron is identified near to the plume, it is likely
recently deposited and therefore worthy of investigation.

Geochemical plausibility on Enceladus

Our observation of natron as the dominant carbonate phase in a Na-Cl-COs ice is supported by the expected phase behaviour of
the system at these temperatures®>. Na, CI and CO3 species have been measured in the plume®. There has been no detection of
carbonate or chloride salts on the surface of Enceladus, however, Cassini VIMS (Visible and Infrared Mapping Spectrometer) did
not have sufficient signal-to-noise to constrain salt abundance on the surface*’. The C1:COj3 ratio of our sample is comparable to
plume measurements® and our concentration is approximately 5 times higher to increase our ability to detect the crystallisation
behaviour of natron. We expect concentration to impact ice microstructure and expect that inclusions would still be possible in
lower concentrations, but that there would be fewer due to the lower total volume of salt that would precipitate. Large salt
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Figure 4. The vents of Enceladus could bring larger, natron-rich particles to the surface and deposit them in the areas
surrounding the base of the plume. IR signatures of natron could be detected by remote observation (A). Entrapment of a
biosignature in natron could potentially occur during freezing of a dispersed droplet (B). Signatures of natron should be
identified via remote observation to identify sites of astrobiological interest (C)

crystals (up to 700 pum) of ikaite (CaCOj3 - 6 H,0) have been found in sea ice with milimolal ocean salinity®* and hydrohalite
crystals of up to 100 m have been found in 35 ppt NaCl ice®. We therefore expect that the size of crystals we observe are not
unique to high salinity solutions but their abundance would be reduced if the Enceladus ocean salinity is in a milimolal range®*.
Higher concentration solutions may be generated where brine drainage is inhibited and cryo-concentration is effective. This
could occur close to the surface during diapirism®® ¢’  intrusive events** or perhaps cryovolcanism®®. Due to natron’s relatively
low solubility, it precipitates early in the cryogenic sequence giving it a high potential to become trapped within ice compared
to chloride salts that would remain soluble until the eutectic and could therefore drain with the brine phase under gravity. In
these systems, larger natron crystals could potentially form and tectonic activity could lead to their exposure®® 7%, This provides
an alternative mechanism for bringing natron to the surface that is also applicable to ocean worlds where plumes have not been
identified.

Conclusion

We have identified natron as an important solid component of the Na—CI-CO3; —H,O system at low temperatures. The freezing
of an Enceladus-type Na—Cl-COs solution generates natron crystals that contain primary fluid inclusions. As inclusions have
the potential to trap biological signatures present in subsurface fluids, we suggest that natron is a mineral of astrobiological
importance in the solar system. Future missions to Enceladus and other carbonate bearing icy bodies should have the capability
to characterise surface mineralogy. This capability should then be used to identify sites that contain natron as a priority due to
its potential to trap liquid and potentially signatures of life if they are present. Future work should explore the potential for
other low-solubility cryogenic salts to form inclusions; the impact of deformation as would happen during subsurface transport;
and the impact of exposure to vacuum at the surface.
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Methods

Dual Imaging and Diffraction

Dual imaging (uCT) and diffraction (XRD) measurements were collected on the K11-DIAD beamline at Diamond Light
Source, UK. DIAD’s unique capabilities come from its two independently configurable X-ray beams allowing for image-guided,
spatially-registered diffraction and imaging measurements.

An Na-CI-H;O solution was synthesised gravimetrically using 1.0 M/kg NaCl and 0.5 M/kg Na,CO3 in 40 g of deionised
(18 MQ) water. The solution was then loaded into a 1 mm Kapton capillary. The temperature, controlled with a cryostream
(Oxford Cryosystems 800 series), was first set to 200 K and then warmed to 270 K to allow for partial melting of the ice in the
field of view; this annealing method allowed us to avoid issues with kinetics from nucleation inhibition. The solution was then
step-cooled to 200 K at 6 K/minute with tomography and diffraction measurements taken every 0.5 K up to 250 K and then
every 5 K down to 200 K.

Full tomographs containing 1005 projections were collected across 180° with a monochromatic (20 keV) X-ray beam, and a
0.1 s exposure using a PCO-Edge 5.5 detector. The imaged field of view was 1.2 x 1.4 mm with the total reconstructed sample
volume being 1.65 mm?>. The detector was binned twice to increase collection speed (102 s per scan), giving a pixel resolution
of 2.16 um per voxel. Ten dark and flat-field projections were collected at the start and end to normalize the images before
reconstruction. Imaging datasets were reconstructed using Filtered Back Projection (ASTRA-Toolbox) through SAVU”!.

Diffraction measurements were taken using a beam energy of 20 keV and a micro-focused spot size of 25x25 um. 2D
diffraction patterns were collected for 15 seconds using a Pilatus 2M area detector. DIAD’s diffraction beam is collimated
using a flat and bending mirror pair and the wavelength is selected using a double crystal monochromator. The beam is then
directed and focused onto the sample position using a Kirkpatrick-Baez mirror system. This moving beam set up allows
the diffraction measurements to be spatially registered with the imaging field of view and uniquely allows for image-guided
diffraction. DIAD’s geometry requires that only an arc of the Debye-Scherrer rings can be collected (Figure 1D).

Data Processing

Diffraction data were automatically azimuthally integrated and corrected for DIAD’s moving beam geometry’2. Pawley
refinements for phase identification were carried out in TOPAS 7 Academic. Patterns were refined using parameters from
published patterns’3~">.

Imaging datasets were pre-processed to improve the results of segmentation. Datasets were binned 2 times and both a
bilateral filter and non-local means denoising filter were applied. Datasets were then segmented using a combination of a
U-Net_plus_plus with pre-trained resnet50 encoders, using Volume Segmantics’®, and manual segmentation in Avizo. A single
model was trained on 5 labelled volumes of 256 px> across the series of tomographies taken. BCEDiceLoss criteria were used
with a DiceCoefficient as the metric. Size, shape, orientation and volume fractions were calculated using Avizo morphometric
implementations. Surfaces were generated and simplified in Avizo and then rendered in Blender 3.0.

Data availability

A full reconstructed tomography and processed diffraction 10x10 grid scan, used in this study, can be found in the Zenodo
repository: 10.5281/zenodo.17944439. All other data is available from the corresponding author on request.
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