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Hydrated asteroids are likely to be main source of water for the terrestrial
planets. The controls on the extent of asteroid hydration, however, are
poorly understood. Here we report the discovery of multiple fracture and
vein setsinasample from the C-type asteroid 162173 Ryugu that acted as
pathways for the migration of distal fluids during its aqueous alteration.
Early veins in Ryugu are decorated with framboidal magnetite, while later
veins caused metasomatism of wall rocks. Both veins and fractures have
cuspate geometries and complex intersecting geometries consistent with
freeze-thaw fractures formed during experiments. We show that freeze-
thaw s effective in fracturing C-type asteroids to up to 300 kmin diameter
and is thus crucial in the outwards migration of fluids inice-bearing
asteroids. Freeze-thaw is likely, therefore, to determine the distribution of
mineral-hosted water in asteroids throughout the Cosmos.

The story of waterin the Solar System is the story of habitable worlds.
Ice condensed from nebulagas wasincorporated into primitive aster-
oids during their accretion beyond the snow line' and melted during
internal heating of these bodies in the early Solar System?”. The melt
water produced during this period caused hydration of primitive aster-
oids, transforming their primordial mineralogy into phyllosilicates,
magnetite, sulfides and carbonates® and changing the diversity of
organic molecules they contained®. It was these materials that were
delivered to the early terrestrial planets to generate oceans and to
seed organic materials that may have played arole in the origins of life’.
Samples of carbonaceous asteroid 162173 Ryugu, returned by
Japan Aerospace Exploration Agency’s Hayabusa2 mission®™’, have
mineralogies, compositions and textures closely related to Cl chon-
dritesand, thus, have experienced substantial aqueous alterationin the
early Solar System'®. We report the discovery of unusual fractures and
veins withinsample A0O180 from Ryugu that have not previously been
observed within primitive meteorites. Comparison with experimental
resultsindicates that these features formed by freeze-thaw of water ice
inthe Ryugu progenitor asteroid and that freeze-thawis animportant
processin the migration and aqueous alteration of these objects.

Results

Nano computed tomography (nano-XCT) and scanning electron
microscopy (SEM) of two serially polished mounts were used to char-
acterize the three-dimensional (3D) morphologies and mineralogies
of features within sample AO180. Fractures and veins comprise a small
volume of the sample (0.24 vol% and 0.15 vol%, respectively) and are
found within fine-grained, phyllosilicate-dominated matrix contain-
ing 1.42 vol% magnetite, 0.79 vol% sulfide, 1.4 vol% dolomite and no
anhydrous silicate. Magnetite, sulfide and dolomite abundances are
lower than other Ryugu samples’.

Fractures in AO180 appear as curvilinear cracks up to 3 pm wide
and have cuspate to sinusoidal geometries with characteristic wave-
lengths of 5-500 pm and tortuosity of 1.21-1.03 (mean 1.11; Fig. 1).
Fractures appear as intersecting networks and as isolated cracks com-
pletely enclosed in matrix (Figs. 1b—d and 2). Short (<50 pm), thin
fractures are observed cutting across larger curved fractures with
intersection angles of ~90° (Fig. 1c-e,g). A small proportion (<10%) of
large, curved fractures are subparallel to each other (Fig. 1a,b). Most
fractures have tapering crack tips, which in overlapping, subparallel
fractures are deflected towards each other (Fig. 1b). Where fractures
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encounter dolomite, magnetite or sulfide crystals, they circumnavi-
gate one side of the crystal (Fig. 1a). Fractures are mostly occupied by
void space and have matching opposing boundaries (Fig. 1d). Some
fractures, however, are partially infilled with phyllosilicates (Fig. 1c,1).
These healed cracks canbe traced by their lower backscattered electron
potentials (BEP) and usually extend to a crack termination. In addition,
one crack s partly occupied by a Ni-bearing sulfide grain.

Halos of altered fine-grained matrix surround fractures and have
alower BEP than the rest of the matrix (Fig. 1b,1). The alteration halos
extend 5-10 pm from the central fracture. The halo decreasesin width
towards crack terminations and is widest at fracture intersections.
Similar low BEP halos also occur on the external surfaces of sample
A0180 andare up to 50 pm wide—suggesting the sample wasbounded
by fractures (Fig. 1a). The matrix within halos is compositionally dis-
tinct from the surrounding material since it is depleted in Na and is
more homogeneous, lacking Mg- and Si-rich areas, which are likely
to be altered anhydrous silicates, pseudomorphed by phyllosilicate
(Fig.1i-k). The halos, therefore, appear to have experienced leaching
by more intense aqueous alteration.

Sample A0180 also exhibits curvilinear bodies containing fram-
boidal magnetite with interstitial phyllosilicate or void space and are
discontinuous vein-like structures (Figs. 1e,f and 2), which can extend
the fulllength of the particle (1 mm; Fig. 1f-k). These magnetite veins,
like fractures, have cuspate to sinusoidal morphologies with character-
isticwavelengths <500 pm and tortuosity (ratio of pathtoline length)
0f1.28-1.02 (mean 1.11), similar to fractures. Some magnetite veins
intersectto producetriple junctions, while others cross-cut, often with
athinner linear vein perpendicular to the wider cuspate vein (Fig. 1g,i).
Subparallel magnetite veins are also observed. Tapering vein termina-
tions occur in places, although the discontinuous nature of veins makes
terminations uncertain. Where fractures and magnetite veins intersect,
fractures cutacross veins, suggesting they formed later (Fig.1a). Inthe
polished sections, several magnetite veins were seen to wrap around
pre-existing mineral grains. Veins filled with framboidal magnetite have
not been previously reported from Cl chondrite meteorites.

Discussion
The formation mechanism of the fractures and veins within particle
A0180 can be determined from their characteristic morphologies.
Fractures within extraterrestrial samples are often assumed to form
as aresult of thermal expansion or weathering after arrival on Earth.
The presence of infillings of phyllosilicate and sulfide, and alteration
halos in AO180, however, indicate these are features originated on
Ryuguand were once filled by aqueous fluids. An origin by interaction
with terrestrial atmospheric water vapour can be discounted since the
specimenwaskeptinanitrogen atmosphere untilimmediately before
nano-XCT analysis and no similar alteration occurred on the polished
section once exposed to atmosphere.

The similar morphological features of fractures and veins suggest
they formed by the same mechanism. The matching boundaries of
fractures furtherindicate they opened under extension, which, owing

tothe presence of phyllosilicates and sulfides within them, must have
been during aqueous alteration in the early Solar System. Several
mechanisms exist for extensional fracturing on asteroids including
thermal expansion, shock unloading, hydraulic fracturing, gasloss by
sublimation and freeze-thaw.

Thermal expansion cracking has been proposed as an explanation
for particle ejection from the regolith of Bennu" and might generate
surface-correlated fractures through differences in solar insolation.
Although sample AO180 was collected onthe current surface of Ryugu,
the presence of anaqueous fluid phase within the observed fractures,
however, precludes their formation near the surface of the asteroid
where sublimation would occur. Asarubble-pile surface, materials on
Ryugu cansample any depth within the progenitor asteroid'®. Thermal
fracturing by internal heating of asteroids furthermore occurs by dehy-
dration during metamorphism rather than during low-temperature
aqueous alteration.

Sublimation of ice or water in the subsurface might also cause
fracturing, with wet and dry cycles potentially allowing limited aque-
ous alteration as observed in cracks in AO180. Nakamura et al.”> have
suggested this process could operate in the near surface of the Ryugu
progenitor but would result in explosive degassing and fragmenta-
tion, whichwould be unlikely to preserve fragile structuressuchasthe
crack networks observed in AO180. Nevertheless, as open fractures,
the cracks in sample AO180 must have lost their ice through gradual
sublimation, possibly as burial depth decreased owing to erosional
gardening of the surface of the asteroid.

Shock unloading causes extension during pressure release. Exten-
sional shock fractures have been observed in quartz', with curved
morphologies formingasaresult of the passage of the pressure release
wave throughindividual crystals. Likewise, extensional fractures with
high tortuosity formduring shock unloading close to afree surface and
arerelated to spalling™. These fractures are subparallel to the surface
with atortuosity having similar length scales to grain size, owingto the
mechanical heterogeneity of granular materials™.InA0180, however,
average grain size is much smaller (<1 pm) than the length scales of
crack tortuosity. Furthermore, cross-cutting extensional fractures are
not consistent with their formationsubparallel to afree surface, making
itunlikely they formed as aresult of spalling. Finally, micro-faults with
shear displacement found in Ryugu have been suggested to formas a
result of mild shock®; however, these fractures are subplanar and have
very low tortuosities (-1.02) and wavelengths (<100 pm) and, thus, have
avery different morphology to the fractures and veins described here.

Hydraulic fragmentation within asteroids during aqueous altera-
tion could occurif fluids develop overpressures that exceed the tensile
strength of the matrix and overburden. Aqueous alteration seals pores
and produces barriers to fluid migration that could resultin overpres-
sures in liquids. The ingress of distal fluids at elevated pressure can,
however, be discounted since it cannot explain the presence of isolated
fractures completely enclosed by crack terminations. Furthermore,
hydraulic fragmentation is typically associated with brecciation’®,
which is not present in this sample comprising a homogeneous

Fig.1|Backscattered electron and nano-XCT slice images showing veins and
fractures. a, Subparallel fractures (F) with alteration halos (mR). One fracture
(dF) is deflected around a dolomite crystal (Dol) and truncates alenticular
cluster of framboidal magnetite (fM). Spheroidal magnetite (sM) and sulfide
crystals (S) are also present. b, Several subparallel fractures with alteration
halos (mR). Asudden deflectionin afracture tip occurs in two nearby fractures.
A perpendicular set of fractures also occurs (pF). ¢, Anisolated fracture witha
cuspate morphology (CF). One end of the fracture is infilled by phyllosilicates
(hF). The fracture is surrounded by a metasomatic halo (mR). d, Sulfide infilling
afracture (S) adjacent to a dolomite crystal. The sulfide has anirregular margin
against matrix suggesting it grew within the fracture. e, An elongate vein (mV)
containing framboidal magnetite (fM). A second vein mantles one side of a
hydrated silicate grain (mM). A small portion of a fracture (F) appearsin-line with

the end of the vein. f, Three cross-cutting veins. Two veins are decorated with
magnetite (mV), while one has a central, partially infilled fracture (hF) with an
alteration halo (hF). g,h, CT slices showing a range of different morphologies,
including cuspate cross-cutting magnetite veins (mV) (g) and sinuous (SF)
magnetite veins (mV) (h).Isolated fractures (iF) are also present. i-k, Matching
BEI (i) showing metasomatic aureole (mA) around fractures and the margins of
the particle and wavelength-dispersive spectroscopy X-ray maps of Mg (j) and
Na (k). The colour scale of the maps shows composition in wt% from the
maximum value to zero (a Simap is provided in Supplementary Fig. 4).1, A high-
resolution X-ray map showing coarse phyllosilicates (cP) overgrowing an

open fracture. The fracture contains elevated carbon abundances despite not
containing mounting resin. The locations within the sections of the sample are
shownin Supplementary Fig. 5.
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Intersection between two fractures

Upper surface of

a magnetite vein
Fig.2|3Dreconstructions of fractures and magnetite veins in perspective
view created from nano-CT data. Fractures are shown in black and magnetite
veins in blue. Both fractures and magnetite veins have curved, intersecting
morphologies dominated by cuspate forms. Some magnetite veins are cut by

Subparallel fractures

Intersection with
perpendicular vein

Curved fracture outlines

500 pm

Intersection of vein with
exterior

fractures; others are subparallel. Lines have been added to emphasize the 3D
shape and intersection of features. a and b show fractures, while cand d also
include magnetite veins. aand care projected from the left, whileband care
projected from the front.

lithology, although it has been observed in CM2 chondrites”. Some
other Ryugu samples are polymict breccias, most likely formed by
shock fragmentation'®. The presence of networks of submicrometre
phyllosilicate veins within the matrix of one sample suggests breccia-
tionatalate stage inaqueous alteration®.

Freeze-thaw causes fracturing owing to the 9% volume change
during the ice-to-water phase transition, although in detail the pro-
cess is complex since it involves the pressure of crystallization of ice,
and hydraulic fragmentation by unfrozen water, with overpressures
generated by ice growth, capillary effects and water vapour produc-
tion mediated by the Gibbs-Thompson effect®. In terrestrial per-
mafrost and frozen soils, ice lenses and wedges form by migration
of fluids owing to the magnitude of gravity-driven overburden and
cryogenic suction®.

In microgravity, freeze-thaw is likely to be dominated by the
effects of expansionand contraction, rather than the buoyancy-driven
migration of fluids. During freezing, expansion generates compressive
radial and extensional concentric stress around ice grains, resulting
inthe formation of radial fractures (Fig. 3). Transport of water during
freeze cycles, however, will be limited to thin fluid films of unfrozen
water—liquids that can survive up to —20 °C owing to the chemical
potential at mineral surfaces and the presence of solutes?. In contrast,
thaw cycles cause contraction generating compressive concentric
stress, which closes radial fractures, and extensional radial stress,
opening concentric fractures. Pore fluids will readily accumulate within
these fractures owing to the elevated temperatures and may grow by
crack tip propagation if hydraulic pressure is sufficient. Indeed, in
microgravity, crack propagation could be expected to be efficient since
overburden is minimized, and overpressure merely needs to exceed
the tensile strength of the matrix.

Freeze-thaw experiments were performed usingice grains embed-
ded in clay to investigate the nature of fractures. The results showed
that cross-cutting radial and concentric fracturesindeed form during

freeze-thaw, albeit with modification during later freeze-thaw cycles
owing tothedispersion of ice within veins. Furthermore, the fractures
typically have cuspate or sinusoidal forms with similar tortuosity to
those observed in Ryugu (1.30-1.05). The tortuosity forms as aresult
ofvariationsin principle stress as aresult of expansion of ice presentin
surrounding veins. Other studies of freeze-thaw in soils and sedimen-
tary rocks also show similar tortuosity in fractures” 2,

The morphology of cracks and magnetite veins in Ryugu agrees
well with the expected behaviour of fracturing during freeze-thaw.
Subordinate cracks perpendicular to larger fractures are consistent
with the formation of radial fractures during freezing, while the domi-
nant curved fractures form during thaw cycles. The freeze-thaw model
also explains the formation of subparallel isolated curved fractures
(Fig. 3a), with some break-through occurring, and divergence from
curved morphologies, owing to stress interference between crack
tips®. Finally, cavities observed within Ryugu samples have tentatively
been suggested to have contained ice”.

Freeze-thaw has previously been suggested to explain compres-
sive fabrics observed within Cl chondrites® and Ryugu'?>and has been
discussed as a theoretical mechanism that could operate during the
aqueous alteration of carbonaceous asteroids®>*°. Until now, how-
ever, no evidence for freeze-thaw fractures has been recognized,
even though similar cracks have been observed in Ryugu samples™
(Fig.1c). Thefracturesand veinsin AO180 strongly suggest that freeze-
thawoccurred in the Ryugu progenitor and furthermore is consistent
with the low temperatures predicted for its aqueous alteration of
0-20 °C, which make it susceptible to refreezing during temperature
fluctuations™.

Freeze-thaw cycles within asteroids are a natural consequence
of temperature fluctuations resulting from the different timescales
of heat transport by fluid migration and conduction. The outwards
migration of fluids delivers heat to regions closer to the surface, which
melts primordial ice, followed by cooling as a result of heat loss by
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Concentric fractures

Radial fractures

Fig. 3| The nature of freeze-thaw fractures around ice grains.

a, A schematic diagram showing the predicted geometries of concentric and
radial extensional fractures (black lines) formed by stress interference by
expansion and contraction of ice grains. The dashed grey lines show stress
contours. b, A photograph of the results of freeze-thaw experiments showing

radial (perpendicular to ice grain boundary) and concentric (subparallel to ice
grainboundary) fractures developed around anice grain in clay. The margins of
theice grainare denoted by the white line. Concentric fractures are tortuous.
This experiment involved three cycles of freeze-thaw. The geometries of
fractures are modified by dispersed ice compared with the idealized example.

conduction. The sealing of migration pathways by precipitation of
phyllosilicates and carbonates, followed by hydraulic and/or shock
fragmentation, will result in pulses of rising fluids that generate tran-
sient heating, causing multiple freeze-thaw cycles. The number of
freeze-thaw cycles in the region of the Ryugu progenitor sampled
by A0180 was limited, with the veins and fractures requiring at least
two cycles.

Asteroid-wide transport of fluids could be facilitated by freeze-
thaw fractures if these can be generated at depth within the body.
Freeze-thaw occurs at the outer fringes of the expanding shell of melt
water, at the interface with the ice-bearing outer layers. Consequently,
asmelting proceeds, owingto internal heating, the migration of water
occurs utilizing fractures already generated by freeze-thaw. Aslong as
the overburdenisless thanthe pressure exerted by ice growth, freeze-
thaw can cause fracturing. The disjoining pressure within thin liquid
films surrounding growing ice is estimated at 10 MPa (ref. 32)—larger
thanthetensile strength of Ryugu of 3-8 MPa (ref. 33), allowing freeze—
thaw fracturing to occur under overburdens of <7-2 MPa. In a Ryugu
progenitor with a density of 1.2 g cm™ (ref. 34) and strength of 8 MPa,
this overburden corresponds to the full depth of a 350-km-diameter
body, while in a body with a density 1.6 g cm™, similar to the Cl chon-
drite Orgueil®, a value of 265 km is obtained. Freeze-thaw will, there-
fore, produce fracture pathways for fluids through the full depth of
most primitive asteroids. Thus, freeze-thaw is likely to play a crucial
role in the aqueous alteration of all ice-bearing primitive bodies sub-
jected tosufficientinterior heating by increasing its mobility, resulting
inwider-spread hydration of asteroidal materials. Rare, well-developed
veins filled with drusy phyllosilicate in the Cl chondrite Orgueil*® share
some similarities with the fractures observed here, since they are like-
wise tortuous and contain coarse hydrous minerals precipitated from
fluid. In Orgueil, however, phyllosilicate veins form interconnected
networks and are wider (up to 20 um), suggesting extension under
higher fluid pressures and growth to form interconnected networks
at a more advanced stage in aqueous alteration; their tortuous mor-
phologies might, however, indicate they utilized fractures initially
formed by freeze-thaw. Sample A0180 preserves an early stage in
this process, with its relatively low abundance of sulfide, magnetite
and carbonate compared with other Ryugu samples, testifying to less
intense alteration.

Freeze-thaw also provides amechanism for the repeated release
and mixing of fluids within a parent body. The observation of early
magnetite veinsin AO180, for example, indicates the migration of distal

fluids from depth, while the metasomatism of matrix surrounding
fractures indicates a second influx of fluid, confirming that episodic
ingress of liquids occurred to deliver the heat required for freeze-thaw.
The oxygen isotope compositions of Cl and CM2 chondrites, which
are samples of hydrated, carbonaceous asteroids, also testify to the
influx of separate fluids. Phyllosilicates and carbonates fall on the same
mass fractionation line in these meteorites, indicating they were in
equilibrium with the same aqueous fluid; however, magnetite lies on
aseparate fractionation line indicating a distinct fluid phase”. Studies
of Ryugu samples show that early magnetite is out of equilibrium with
thelater phyllosilicates and carbonates, with progressive equilibration
occurring with time*., Distal fluids rising from depth could be out of
equilibrium with water generated by localized melting of ice, owing to
different degrees of equilibration between ®*0-rich water and *O-rich
solids™. Alternatively, distal fluids could sample isotopically distinct
reservoirs of ice accreted earlier in the growth of the parent body, at
greater heliocentric distances, owing to the inwards migration of bod-
ies caused by dragin nebula gas®. Aqueous alteration products might,
therefore, preserve anisotopicrecord of the stratigraphy of ice formed
indifferent parts of the solar nebula.

Methods

Sample preparation

Sample A0180 is from chamber A collected from the surface of the
regolith of asteroid Ryugu (https://darts.isas.jaxa.jp/curation/hay-
abusa2/allDescription.php?sample_id=996). It was obtained from
Japan Aerospace Exploration Agency (JAXA) in asealed containerina
nitrogen atmosphere. The initial morphological inspection was con-
ductedforthe sample exterior through the container window, with the
Captured Particles Locating, Observing, Extraction System (CLOXS)
digital optical microscope system on automated digital sample stages
developed atJAXA/Institute of Space and Astronautical Science (ISAS)*
(Supplementary Fig. 1). The sample was decanted for nano-XCT.
During the mounting process, the sample splitinto two along fractures
(parts A and B). Sample B was mounted for observation.

After nano-XCT analysis, the sample was embedded in a Specifix
resinand polished under ethanediol with 0.1 um aluminium oxide. The
sample was stored in a desiccator before SEM analysis and in a sealed
sample contained after analysis. The polished block was carbon-coated
before SEM analysis. After 8 weeks, the sample was repolished
to remove the carbon coat and the new plane of section was imaged
by SEM.
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Nano-XCT analyses

The Ryugu subsamples (A/B) were mounted in pipette tips and scanned
using a Zeiss Versa X-ray micro-computed tomography scanner. X-rays
were generated from a tungsten source, with a voltage of 90 kV and a
currentof 89 pA, using the inbuilt LE4 filter to reduce beam-hardening
effects. For each scan, 2,401 projections were collected across a 360°
rotation. Each projection was magnified by a 4x objective lens and
recorded usinga 2,000 x 2,000 charge-coupled device plane (16-bit
pixel depth) at exposure times of 33 sand 28 sfor AO180-A and AO180-B,
respectively, with no binning. Spatial resolutions (in voxels) were
0.625 pm for AO180-A and 0.672 um for A0O180-B. Image stacks were
created using the Zeiss Reconstructor software.

CT segmentation and data processing

Nano-XCT data were segmented using ImageJ and Avizo to generate
3D models of specific textural and mineralogical features. The plugin
3D Suite* was used to measure sizes from pre-segmented images. The
segmentation techniques used varied depending on the feature ana-
lysed owing to X-ray absorption contrast between phases. Initial manual
segmentation was performed to mask the exterior of the sample to
ensure noise outside the sample was not selected. This step greatly
simplified 3D model reconstruction. An initial threshold segmenta-
tion was performed on the masked data to determine the volume of
the particle, giving a value of 0.077 mm>.

Cavities are observed in computed tomography (CT) data as
regions with low X-ray absorption and complicate the segmentation
of fractures. Fractures were manually masked to separate them from
cavities. This process means that fractures cut by cavities introduce
uncertainties; however, inspection of the two sections cut through
the specimen suggests <1% of the length fractures intersect cavities.

Toensure optimal segmentation by thresholding, the areaselected
was monitored versus red-green-blue (RGB) value and a value was cho-
senwherelittle changeinarea occurred with threshold. Nevertheless,
thresholding does resultin noise selection. The ImageJ Remove Outliers
tool was used to remove any selected volume less than 2 voxels in size.

The uncertainty of manual thresholding wasinvestigated by exam-
ining the precision of measurements obtained by repeat segmentation
of a cavity. The results are shown in Supplementary Fig. 2 and Sup-
plementary Table 1 and suggest uncertainties are <10% of void size.
Furthermore, the cumulative size distributions of the voids providea
good fit to exponential trendlines and give confidence that measure-
ment uncertainties are small.

Magnetite and sulfide were both segmented by the RGB threshold,
and outliers were removed to reduce the effects on noise. Sulfide has
high X-ray absorption and could be reliably segmented by threshold-
ing. Magnetite has lower X-ray absorption with areas consisting of
mixtures of framboidal magnetite and matrix. These areas have absorp-
tion higher than matrix and dolomite. However, edge effects around
sulfides (lower X-ray absorptionin voxels that overlap sulfide and sur-
rounding material) are within the range of magnetite. Toremove edge
effects, the sulfide mask was increased by 1 voxel using ImageJ’s grow
functionand then used to mask out the edges. The uncertainty caused
by the removal of edge effects was investigated by increasing sulfide
volumes by 2 voxels; the results indicate a less than 0.1% decrease in
magnetite volume.

Magnetite in the specimen occurs as both spheroidal magnetite,
withradiatinginternal textures, and clusters of framboidal magnetite.
Spheroids were segmented by sphericity using a value of >0.8. The
spheroidal magnetite mask was then subtracted to obtain the volume
of framboidal magnetite. The resulting framboidal magnetite volume
actually represents a mixture of magnetite and matrix. To delimit the
volume of magnetite framboids, the abundance of magnetite inthese
areas was measured in backscattered electron images by threshold-
ing, giving an average of 36.5% of the area of images with a range of
32.9-41.2%.Dolomite can be observed in the CT imagery but has X-ray

absorptionthat overlaps with matrix. The dolomite was not segmented,
nor its volume measured.

Magnetite veins are a mixture of framboidal magnetite and matrix
and have lower X-ray absorption than magnetite alone. Spheroidal
magnetite, which has radiating internal textures and larger size than
framboidal magnetite, is also present in some veins. Magnetite veins
were segmented by manual masking on the basis of the large aspect
ratios (>10); consequently, short segments of magnetite veins may have
been excluded fromthe segmentation. The volume of magnetite veins
is, therefore, a minimum estimate. The uncertainty in measurement
of the abundance of phases and fractures from nano-XCT data was
estimated by varying thresholds and is approximately 1%.

SEM

SEM was performed on a polished block using a Hitachi TM4000Pro
Desktop SEM at Imperial College London. Backscattered electron
imageswere collected atanaccelerating voltage of 15 kVand have reso-
lutions of up to 7 nm per pixel with some variation due to working dis-
tance. Semi-quantitative analyses were obtained by energy-dispersive
spectroscopy using an Oxford Instruments AZtec series silicon drift
detector with an energy resolution of 151 eV (Cu-Ka). Analyses were
performed at anaccelerating voltage of 20 kV usingabeam current of
2nA.Nogaincalibrationwas applied, and thus, analytical totals are not
quantitative. Oxford instruments matrix corrections were used against
factory standards. Uncertainty in elemental ratios was evaluated by
analyses of San Carlo olivine and are <5% for major elements (Mg, Al, Fe
and Si) and <20% for minor elements (Ca, Mn and Ni). Detection limits
are~0.1wt% on carbon-coated, polished sections.

Electron microprobe element maps were collected with the JEOL
JXA-8530F Hyperprobe operating in wavelength-dispersive spectrom-
etry mode at 15kV voltage and 100 nA current, with a dwell time of
100 ms per pixel, using al um beam diameter at 1 um spacing.

Measurement of tortuosity

Tortuosity was measured on backscattered electronimages and on XCT
slices. The measurement was obtained by determining the length of a
straight line connecting two points onthe fracture and length of apath
running along the centre of fractures. The tortuosity is the ratio of path
length toline length. Measurements were made in ImageJ. Uncertain-
ties were determined by repeat measurement and vary between 2% and
5% with higher values for shorter fractures.

Calculation of maximum asteroid size

The maximum size of an asteroid that could undergo freeze-thaw
was calculated using a simple model for the pressure P at the core of
aspherical uncompressible body of radius rwith a constant density p
(equation (1)).

P= %szr2 0

Aradiusthreshold R for fracturing by ice was evaluated assuming
thatan overburden less than the disjoining pressure of liquid films on
ice (10 Ma) minus the tensile strength of Ryugu (8 MPa) as shown in
equation (2).

3P

367 2

R <

Freeze-thaw experiments

Experiments were performed to quantify the morphology of fractures
formed during freeze-thaw. An experimental cell was constructed
consisting of anice grain of known shape and volume surrounded by
afine-grained phyllosilicate matrix contained within a cubic plastic
container. An ice grain was generated by freezing water in a mould.
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The ice grains shape comprised a hemispherical apex over a cylinder
with a circumference that increased to a flat base. The sides of the
cylinder sloped at 10° and had amedian circumference of ~1.5 cm. The
experimental cell was 8 cmindiameter. Alarge ice grain was chosen to
simplify recovery and sample preparation of the experimental charge.
Theice grainwas pressed into modelling clay purchased from DAS and
immediately placed into afreezer at—30 °C to minimize the melting of
ice before the experiment. Some shape changes may have occurred
before freeze-thaw while the experimental cell equilibrated.

Experiments were performed by removing the frozen cell and heat-
ingitatroomtemperature (10-12 °C). No attempt was made to control
the heating rate during melting. The experimental cell was left for 3 hto
melt throughout. One experiment was cut while at room temperature
toensureall theicein the grain and matrix had melted after 3 h.

The freezing cycle was performed by cooling the cellto2 °Cfor8 h
tominimize the cooling rate during freezing. Once equilibrated to 2 °C,
the cellwas placedinafreezer onaspacer to decrease the temperature
gradient through the cell. This method was developed after preliminary
experimentsrevealed the presence of vertically oriented needleice that
causedavertical heave of theice and a horizontal contraction. Needle
iceformsas aresult of atemperature gradient and exerts the majority
of its crystallization pressure parallel to the orientation of the needle.
In preliminary experiments, the cell was cooled rapidly directly from
room temperature on the cold plate in the freezer. Experiments with
the cubic cell and spacer resulted in mostly equant ice crystals with
acicular ice crystals present in only small areas close to the margins
oftheicegrain.

After threetofour episodes of freeze-thaw, the experimental cell
was recovered and was cleaved using a heavy blade while still frozen.
The cell was cut vertically first and broke along a subvertical fracture
to expose the remnant ice grain, usually the lower half of the ice grain
fragmented during cutting. One-half of the cell was then cut horizon-
tally across the median of the grain.

Results of the experiments are shownin Supplementary Fig. 3 for
an experimental charge that experienced three episodes of freeze—
thaw. Supplementary Fig. 3a shows the horizontal section across the
icegrain, while Supplementary Fig. 3b shows the vertical section, with
thebroken lower surface above the base of theice grain. Clay containing
veins of ice surround the ice crystal and are variably developed. Veins
testify to theloss of water fromthe ice crystal during both melting and
freezing episodes. Therecovered pieces and observed areas of ice veins
suggest a <5% decrease in ice volume over three episodes of freeze-
thaw, suggesting ice volume is preserved to a reasonable degree. Ice
shape also resembles the initial ice grain; in particular, the horizontal
section retains the original circular outline, although minor protru-
sionsare observed. The vertical sections show more modificationbut
retain the overall shape showing arounded apex and aflat base witha
sudden change in orientation marking the junction between the base
and the cylindrical walls (Supplementary Fig. 3).

The formation of protrusions of ice that modify the original ice
grainindicate adecreaseinsphericity in the experiments of up to 20%.
The presence of smallareas of needle ice in some protrusions may sug-
gest that these arise in part owing to a temperature gradient during
ice freezing and may be less prominent with decreasing cooling rate.
Given the transport of heat by distal water into areas containing ice
on primitive asteroids, the cooling rate is likely to be exceedingly low
since the distal water is likely to have been cooled by matrix ice during
migration and will initially be at O °C.

Fracturesfilled withice are formed by expansionand contraction
during freeze-thaw. Expansion during freezing exertsacrystallization
pressure of ~10 MPa resulting in compression perpendicular to the
margins of the ice grain (radial compression) and extension parallel
to surfaces (concentric extension). Radial veins of ice approximately
perpendicular to the clay-ice boundary can be seen in Supplementary
Fig. 3c,d. During melting, the grain contracts, resulting an extension

perpendicular to the water-clay boundary (radial extension) and
compression parallel to the surface (concentric compression). This
resultsinextensional concentric fractures. Inthe experimental charges,
concentric veins are subparallel to the margins of the ice grain; how-
ever, expansion of ice within veins formedin earlier freeze-thaw cycles
modifies their orientations.

The availability of water during melting would be expected to
resultinbetter development of concentric extensional fractures than
radial fractures that form during melting. Inthe experimental charge,
radial veins are thinner in those areas with well-developed concentric
veins. Some well-developed radial veins are, however, present. The
presence of temperature gradients during the experiments, related
to the relatively large cooling rates, may result in higher amounts of
water being available during freezing than would occur under slow
cooling. The availability of water may enhance the development of
radial veins in the experiments. The morphology of the veins is quite
variable; however, most are tortuous and show wavelengths of ~0.5 mm.

Data availability

The whole Ryugu Sample Database is available from https://www.
darts.isas.jaxa.jp/curation/hayabusa2/. The Hayabusa2 Ryugu sam-
ple curatorial dataset is also referenced at https://doi.org/10.17597/
ISAS.DARTS/CUR-Ryugu-description. Raw nano-XCT data are
available for download via Figshare at https://figshare.com/s/eac-
c0dafe459529093c1 (4 GB). An interactive 3D reconstruction of the
nano-XCT data is also available for Windows 64-bit (https://figshare.
com/s/e38983711f244402bc9b; 49 MB) and Mac 64-bit (https://fig-
share.com/s/21863cc207c42e448462; 58 MB). All other data are pro-
vided in Supplementary Information.
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