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e The cone penetration resistance of fine-grained porous ice held under isothermal

conditions increases linearly over time.

e The temperature dependence of the strengthening rate yields an activation energy similar

to self-diffusion at the surface of ice grains.

e Plume deposits would remain weak on Enceladus, while they may develop substantial

strength within a few million years on Europa.
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Abstract (150 words limit)

Enceladus and possibly Europa spew materials from their internal ocean into their exosphere,
some of which are deposited back onto the surface of those Ocean Worlds. This setting provides
a unique opportunity to seek traces of past or extant life in ice plume deposits on their surfaces.
However, the design of lander missions and surface sampling techniques, and the choice of
sampling locations rely heavily on strength expectations. Here we present an experimental
investigation of the evolution in strength of ice plume deposit analogs at several temperatures, as
well as a model that predicts first-order estimates of the strength of evolved ice plume deposits
under geologic timescales relevant to Enceladus and Europa. These results suggest that plume
deposits remain weak and poorly consolidated on Enceladus, while they may develop substantial

strength (comparable to solid ice) within < 100 My on Europa.

Plain Language Summary

Enceladus and Europa are Ocean Worlds; they harbor an internal ocean beneath their ice shells.
There is proof that plumes emit ocean materials out of Enceladus, similar to geysers on Earth,
and some evidence for a similar activity at Europa. Based on the composition of the plumes and
the surface, both Enceladus and Europa are the leading outer Solar System candidates for
possibly harboring life. Areas where fresh plume materials are deposited would be the best
location to search for traces of life on the surface. A major challenge in preparing mission
concepts to explore these locations arises from the need to collect samples of the surface ice,
while little is known at present about the mechanical properties of the surface. In this study, we
prepared icy plume deposit analogs, and let them evolve in the laboratory over extended periods
of time to investigate the evolution of their strength over time. We find that plume deposits are
likely to remain loose and exhibit a low strength over geologic timescales under Enceladus
conditions, suggesting they would be relatively easy to sample. Conversely, under Europa’s

surface conditions, such plume deposits appear likely to develop a substantial strength.
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1. Introduction

Enceladus and Europa are viewed as the most likely Ocean Worlds to be habitable, and perhaps
inhabited. Their internal ocean is likely in direct contact with the silicate interior (Anderson et
al., 1998; Sotin & Tobie, 2004; Schubert et al., 2007; Iess et al., 2014), possibly favoring the
development of hydrothermal systems (Zolotov & Shock, 2001b; Glein et al., 2008; Zolotov &
Kargel, 2009; Sohl et al., 2010; Sekine et al., 2015) similar to those found on Earth, which may
be the source of nutrients and energy for prebiotic chemical reactions that could lead to the
emergence of life.

Enceladus is the only Ocean World where current geologic activity undoubtedly emits
materials from the internal ocean into its exosphere. Cassini observed multiple jets converging
into a plume (Porco et al., 2006), which originates from a set of four rectilinear surface fractures
dubbed Tiger Stripes (Spitale & Porco, 2007). Enceladus’ plume consists of micron-size particles
mostly comprised of water ice that feed Saturn’s E ring (Kempf et al., 2010). These particles also
contain percent-level NaCl (Postberg et al., 2009; Postberg et al., 2011) and complex organic
materials (Postberg et al., 2018). The plume contains volatiles such as ammonia, carbon dioxide,
low-mass organics, “°Ar (Waite et al., 2009), and molecular H, (Waite et al., 2017). The
moderately high pH derived for the ocean (Glein et al., 2015), the plume composition, and the
abundant geologic energy from the interior and within the South polar terrain entice the prospect
that life may have emerged and still be present on Enceladus (McKay et al., 2008; McKay et al.,
2014; McKay et al., 2018).

Europa’s surface bears evidence for activity in the recent geologic past and a strong
habitability potential. Its surface age is estimated to 60-100 My (Zahnle et al., 2008; Bierhaus et
al., 2009). Geochemical modeling of water-rock interactions suggests that Europa’s internal
ocean may be habitable (Zolotov & Shock, 2001b; Zolotov & Shock, 2001a, 2003; Zolotov &
Kargel, 2009). The characterization of possible present-day plume activity at Europa is still an
area of active research (Roth et al., 2014; Sparks et al., 2016; Jia et al., 2018; Paganini et al.,
2019). The Europa Clipper mission (Pappalardo et al., 2015), in development at time of writing,
1s equipped to detect and analyze such plumes. Until more definitive information is available, it
seems reasonable to consider that Europa may emit materials from its internal ocean in a manner

akin to Enceladus.



57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

Confidential manuscript submitted to Geophysical Research Letters

Cassini observations of Enceladus plume particles enabled the determination of their
grain size distribution, their trajectories, and their deposition back onto the surface. The mean
radius of equivalent-sphere particles determined from imaging is 3.1 £ 0.5 um (Ingersoll &
Ewald, 2011). A particle ejection model was derived from the vertical structure of the plume
(Schmidt et al., 2008). The deposition of plume particles can then be computed as function of
particle size, source location, and location on the Enceladus surface (Kempf et al., 2010;
Southworth et al., 2019). Particles with radii 0.1 —5 pm are expected to dominate the plume
deposits. The deposition rate averages on order of 1 um/yr across the entire Enceladus surface,
but can be up to 1 mm/yr in locations close to jet sources.

Plumes on Enceladus and perhaps Europa could carry biosignatures, or even microbial
life forms, and deposit them on their surface (Porco et al., 2017). Other extrusion mechanisms
have also been proposed on Europa, such as diapirism (Pappalardo & Barr, 2004). The prospect
of finding life, or traces of it, on Europa and Enceladus has motivated the development of
mission concepts to explore their surface (Hand, 2017). At time of writing, an Enceladus mission
concept is under study to support the upcoming Planetary Science and Astrobiology Decadal
Survey for 2023-2032.

Plume deposits would consist of ice particles that form a granular unconsolidated
material, which may subsequently evolve over time in a fashion similar to snow on Earth. Snow
undergoes a sintering process, in which redistribution of water molecules between grains initiates
bonding between grains at their neck, and continues to evolve into a dense material such as in
glaciers (Blackford, 2007). However, melting and refreezing processes play an important role in
the evolution of snow, making it a relatively poor analog. Sintering of ice particles in planetary
environments is the subject of active research (Molaro et al., 2019). Mass redistribution of ice
and growth of the contact regions between grains is anticipated, while a high bulk porosity could
be retained over long timescales. The mechanical properties of fine-grained plume deposits
under Enceladus and Europa’s surface conditions are poorly constrained to date.

This article presents the first laboratory study of the time evolution of the mechanical
properties of fine-grained ice particles similar to those of Enceladus’ plume at a range of
temperatures. We derive the rate of strengthening and its temperature dependence from these
measurements, then extrapolate the results to Europa and Enceladus’ surface conditions to

estimate and compare the mechanical properties of plume deposit regions on these two bodies.
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2. Mechanical resistance of ice plume deposit analogs

Fine-grained (12 um mean diameter particles) crystalline ice was synthesized by air atomization

and deposition in liquid nitrogen. Large samples of unpacked ice particle aggregates (porosity of
51.5 +/- 1.6 %), weighing between 0.66 and 2.14 kg each, were left to sinter in sealed containers

under isothermal conditions (193 K, 223 K, 233K, 243 K) for periods of time ranging from a few
months up to 14 months, depending on temperature. The mechanical strength of the samples was
measured routinely using a custom-built cone penetrometer apparatus. A complete description of
materials and methods, and a summary of experiments and samples are presented in

Supplementary Information (Text S1, Figures S1-S3, Tables S1-S2).

a) Cone Penetration Resistance (MPa) b) Cone Penetration Resistance (MPa)
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Figure 1. Examples of cone penetration resistance profiles from two end-member situations: a) ice just after sample
preparation, b) ice sintered for 288 days at 223 K. In all profiles, the first 3 cm and the last 0.5 cm in the profiles
(which may be within 3 cm from bottom of the container) are not representative of the samples’ strength. Note the
increase in resistance of more than 2 orders of magnitude upon sintering over 9.5 months at 223 K.

Every time a cone penetration test was conducted on a sample, we obtained a cone
penetration resistance profile as function of depth within the probed portion of sample. Two

example profiles are illustrated in Figure 1 and show extreme end-members of strength profiles
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obtained. The weakest measurement is from an ice sample just after synthesis (Figure 1-a), and
the strongest is from an ice sample that spent 288 days at 223 K (Figure 1-b).

The average resistance of each cone penetration profile was derived as follows. The
initial contact of the cone penetrometer with the samples (upper ~ 3 cm) was neglected, since the
plastic zone that forms around the cone tip as it passes through the material has not fully
developed yet (Rogers, 2006). The bottom 0.5 cm of the strength profiles was also excluded, as
we stopped the cone penetrometer ~ 3 cm from the bottom of the sample containers during
measurements. The mean value of the strength profile in the remaining mid-section of the
samples, between 3 cm and approx. 9 cm depth (3 cm from container bottom), was then taken to
be representative of the average strength of the sample in that profile. The error on each average

strength measurement was derived from the 1-c standard deviation around this mean value.

3. Strength evolution of plume deposit analogs upon sintering

Figure 2-a shows the evolution in average cone penetration resistance of all ice samples. One
sample at 223 K exhibited a different strength evolution from the others and was discarded in the
analysis (Text S2). At each temperature, strengthening is observed over time and forms
seemingly linear trends, which we constrained through a linear regression that included
weighting by error bars on individual data points. Table S3 reports the numerical values of fit
parameters at each temperature and their 2o errors. The best-fit parameters yield trend lines that
do not encompass the strength of the fresh ice samples, which suggests some early strengthening,
perhaps associated to a different process in the evolution of the samples. We have not attempted
to further refine fits, because this effect is only obvious at the warmer temperatures, and the
dispersion within the dataset is such that more complex fit functions would not have a greater
probability of accurately fitting the data.

An Arrhenius plot shows in Figure 2-b the natural logarithm of the rate of strengthening
as function of inverse sample temperature. The error bars correspond to the 95% confidence
interval of the strengthening rate at each temperature. The four data points follow a line in this
representation, whose slope is by definition -Q/R, where Q is the activation energy of the

considered rate as function of temperature, and R is the ideal gas constant 8.314 J/(mol.K). A
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linear regression of the dataset, weighted by the standard deviation of the measurements, yields

an activation energy Q = 24.3 £+ 3.3 kJ/mol (95% confidence interval).

a b)
)187,,,,,,,,%‘.,,_,,,_.‘._,,,_H..,,._ 12.5 ~———r————————————————————
C 243K / 223 K T f e Q= 24.3 kJ/mol |
16 / . § 12k ® 243K -
= °F = . % 233K ]
L. 2 R & 223K
14 ; : 1M15F “ : -
s L m 3 F ¥ 193K
g I L 2 .t
c / - s ME —
8 “f / 1 @ £ ]
@9 T 1 m = E el
2 , - 2105 E
[ [/ [ 9] r
5 L - . » [
_g 9 n - < 10 F -
B Fro s
2 AR 1 2 9sF 3
o i o [
o S F “ ]
Q P4 ] o gL I
S 193K ¥ & f ]
' ¥ g 8 st i :
v [ S = 85 ]
L v e b b b b L gl v b v v b v b b b Ly ]
100 150 200 250 300 350 400 4 42 4.4 46 4.8 5 5.2 5.4
Time sintering (d) Inverse Temperature (107 K"

Figure 2. Measured evolution in cone penetration resistance of all samples as function of time (a), and Arrhenius plot
of rate of strength increase as function of inverse temperature (b). Slopes of linear trends derived from
measurements at each temperature (a) are used to derive the activation energy (b) that represents the effect of
temperature on these rates, and enables extrapolation to colder temperatures (Section 5).

This activation energy is comparable to that of the strength of hydrogen bonds (Suresh &
Naik, 2000), as well as to the activation energy of H>O self-diffusion on the surface of ice grains
(Nasello et al., 2007). It is not consistent with the activation energy associated with ice
recrystallization, or with the volume or vapor diffusion mechanisms that contribute to the
sintering process (Molaro et al., 2019). This suggests that the strengthening of fine-grained ice
deposits upon sintering is primarily due to the evolution of a mesoscale network between

individual grains, or agglomerates thereof.

4. Implications for mechanical behavior of ice plume deposit analogs

The two cone penetration resistance profiles shown in Figure 1 seem to indicate different kinds
of mechanical response during testing between unconsolidated and heavily sintered ice. One kind
is exhibited by aggregates of either little or no cohesion amongst grains and is characterized by a
very low average cone penetration resistance, that nevertheless increases roughly linearly with

depth (Figure 1-a). This is reminiscent of the behavior of dry, polar snow of similar density
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(McCallum, 2012; McCallum, 2014). The other kind is exhibited by aggregates comprised of
grains that, through the temporally and thermally dependent process of sintering, develop
significant cohesion amongst themselves and thus possess a much higher collective resistance,
around 14 MPa in the example shown in Figure 1-b. This resistance, while oscillating, is more or
less independent of depth once the cone has penetrated some distance into the material. The two
kinds of mechanical behavior likely originate from different grain-scale interactions.

We examined the strength-depth correlation factor and the relative dispersion within each
of the 100 cone penetration profiles obtained, in order to investigate whether the difference in
behavior is well represented in our dataset and to constrain the stage of consolidation (cone
penetration resistance) at which a transition between deformation regimes may occur. The
relative dispersion is the ratio of the standard deviation in cone penetration resistance over the
mean cone penetration resistance in each profile. The strength-depth correlation factor k relates
strength S and depth x in each profile, and may indicate depth-strengthening (positive values) or
depth-weakening (negative values) behaviors. «k is expressed as follows:

Os0x

where S; and x; indicate the individual measurements of strength and depth along the
profile, respectively, S and X are the mean strength and mean depth of the profile, respectively,
and o and o, are the standard deviation around the mean strength and mean depth, respectively.

At first sight, the strength-depth correlation factor (Figure 3-a) and the relative dispersion
(Figure 3-b) may seem mostly scattered throughout the dataset. However, very high positive
correlation factor values (depth-strengthening) are clustered at resistances below 2 MPa. Also, an
increasing trend in relative dispersion with resistance is observed. Although the increase in
relative dispersion throughout the range of measured cone penetration resistances is smaller than
the total dispersion of the dataset (o = 0.1), the mean relative dispersions at resistances < 1 MPa
and > 2 MPa are separated by more than one standard deviation of these two populations (¢ ~
0.05 in both). These observations suggest that a transition between mechanical behaviors could
be reflected in the dataset at the low end of measured cone penetration resistance values.

The distribution of strength-depth correlation factor and relative dispersion within three
ranges of cone penetration resistance (below 1MPa, 1-2 MPa, above 2 MPa) point to a transition

in mechanical behavior around 1-2 MPa in our samples (Figure 3-c and 3-d). For resistance < 1
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MPa, the correlation factor indicates a depth-strengthening behavior, and the relative dispersion
1s dominated by a mode centered around 0.05-0.1, although a second mode is visible. For
resistance in the range 1-2 MPa, the depth-strengthening behavior does not dominate anymore,
while the relative dispersion shows a decrease in frequency of low-end values and an increase in
frequency of the second mode, centered around 0.15-0.2. For resistance > 2 MPa, the correlation
factor appears uniformly distributed, while the relative dispersion only exhibits the second mode

that 1s consistent with the mean value of 0.19 above 2 MPa.

a) R e e b) o4 et e —
[ 1 ® 243K
0.8 kw l'. J o 0 ]
- T 1 0.35 233K
v Y o ‘o . ' = 223K
06 ug ° v 193K
A o o 03[V e "o —fit
5 v e S Mean above 2 MP,
2 [ ] 2 ean above a .
E 02b '0 ° b g 0.25 Y o " ]
E . Ve . o 1 & o VA °
g 0 'y o - o T 02y ey ynetiiaianns ... gercim At ]
'@3 026 v h 2 ve o T - u
8 : e o ¢ o B015 YV —gm L .." .
v ]
0.4 = - ] @ Vewyv' W P ]
= 1 0.1 -
L \4
0.6 'VVO. - . . = vvs\ Mean below 1
‘v e 1 v1MPa .
08 ’.v. . 0.05 7"
1 LYy vy - . L A | L L ] 0 L | - . L L | L L
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Cone Penetration Resistance (MPa) Cone Penetration Resistance (MPa)
c) d) 025 Frrr—E——————————— T ———.

I Below 1 MPa |
1 -2 MPa
[""JAbove 2 MPa

0.2

> >
g 20.15 -
[ ]
= =
g g
w w
= £ 01 -
[+9] [+1]

0.05 I -
0

0 0.05 01 0.15 0.2 0.25 03 0.35 04

Correlation Factor Relative Dispersion

Figure 3. (a) Strength-depth correlation factor as function of cone penetration resistance for all profiles. Color coding
follows temperature as in panel (b). (b) Relative dispersion (standard deviation over cone penetration resistance) as
function of cone penetration resistance for all profiles; one outlier is not shown. These datasets, along with
histograms of the distribution of correlation factor (c) and relative dispersion (d) within different ranges of cone
penetration resistance, suggest a transition between two different mechanical behaviors around 1-2 MPa.
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The two kinds of mechanical behaviors can be interpreted as follows: response of an
unconsolidated aggregate of ice grains below 1 MPa, and brittle compressive failure of a
consolidated aggregate above 2 MPa. Below 1 MPa, the linear increase in resistance with depth
(Figure 1-a) is consistent with high positive values of the strength-depth correlation factor. This
linear increase has been observed in other cone penetration and micropenetrometer
measurements conducted in dry, polar snow, where it was attributed to frictional sliding of
unconsolidated ice against the steel rod as the cone-rod assembly advanced (McCallum, 2012;
McCallum, 2014), and to compaction of the unconsolidated ice ahead of the cone (van
Herwijnen, 2013). Above 2 MPa, brittle compressive failure of the cohesive aggregate, in which
a rigid network has already developed between grains to the scale of the samples, would explain
all findings in that regime: the jerky indentation seen in cone penetration profiles (Figure 1-b),
the approximately constant relative dispersion, the absence of strength-depth correlation, and a
resistance of overall magnitude comparable to the brittle compressive strength of ice. Future

studies investigating the transition between mechanical behaviors may refine this interpretation.

5. Implications for strength of surface plume deposits on Enceladus and Europa
The cone penetration resistance of icy plume deposit analogs increases linearly over time at a
given temperature (Section 3). Using the activation energy Q derived from our dataset, the rate

of strengthening rs(T) at a given temperature can be predicted by:

Inrg = Inry — }S—T 2)

where 19 1s the intercept of the rate of strengthening determined from the Arrhenius plot
(Figure 2-b).

This Arrhenius expression necessarily assumes that the evolution of the strengthening
rate can be reliably extrapolated outside of the temperature range where it was derived from the
experimental data (Figure 2). This assumption appears justified to derive at least an upper bound
of the resistance of these materials for the following reasons. 1) The surface of Enceladus is
dominated by the same hexagonal ice I as used in our experiments (Filacchione et al., 2007;
Filacchione et al., 2010). 2) The surface of Europa may contain a small fraction of amorphous

ice due to irradiation effects, but it appears nevertheless dominated by ice I (Hansen & McCord,

2000; Berdis et al., 2020). 3) Low H>O vapor pressure and airless conditions at the surface of

10
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235  Europa and Enceladus would ease release and escape of H>O, which suggests that ice could

236  redistribute less efficiently within plume deposits than in our experiments.

237 Figure 4 explores how the strengthening rate from the experimental data evolves under
238  the surface conditions of Europa and Enceladus. Approximate temperature ranges at Enceladus
239  are based on Cassini data, where South polar terrain mean temperatures can be colder than 50 K,
240  while noontime equatorial temperatures can reach over 80 K (Howett et al., 2010), and

241  temperature at the Tiger Stripes was evaluated to ~ 180 K (Spencer & Nimmo, 2013).

242 Approximate temperature ranges for Europa are based on Galileo data (Spencer et al., 1999). The
243 predicted rates of strengthening as function of temperature for best-fit and £2c Q values from
244  Eq. 2 are shown in Figure 4-a. From this, the cone penetration resistance of icy plume deposits is

245  predicted as function of temperature and time (Figure 4-b).

246
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248  Figure 4. (a) Predicted strengthening rate of icy plume deposits as function of temperature, for the best-fit activation
249  energy, and for values +2¢ and -2c from it. Representative temperature ranges at equilibrium for polar and

250  equatorial midday conditions on Enceladus and Europa are illustrated for comparison. (b) Predicted cone penetration
251  resistance of icy plume deposits as function of temperature and sintering time. Black contours are for the best-fit
252 activation energy value. Dashed and dotted contours illustrate the effect of the uncertainty on activation energy of
253  +2c and -2, respectively. For legibility, these contours are only shown for the 10- (white) and 100 MPa (red) cone
254  penetration resistance levels.

255
256 It is important to note that our laboratory experiments do not inform whether the
257  strengthening rate eventually decreases and an ultimate cone penetration resistance value may be

258  reached, which would be expected once ice sintering nears completion. The highest resistance

11
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recorded in our experiments was 14 MPa, but it was still increasing linearly at the time and no
densification had yet occurred. For comparison, the uniaxial unconfined compressive strength of
compact water ice at 233 K is around 30 MPa (Petrovic, 2003), and it increases with decreasing
temperature up to 60-80 MPa at temperatures 70-130 K (Arakawa & Maeno, 1997; Schulson &
Duval, 2009). However, the relationship between cone penetration resistance and unconfined
compressive strength is not trivial and depends strongly on materials microstructure, test
characteristics, and modes of failure. Further investigating this would require a dedicated study
and goes beyond the scope of this article. For order of magnitude, we estimate that a cone
penetration resistance greater than 10 MPa corresponds to a heavily sintered (albeit still porous)
material, and predicted values higher than 100 MPa are not shown in Figure 4-b.

Under typical Enceladus surface conditions, little to no strengthening is expected for
plume deposits. In the South polar region, it would take at least the age of the Solar system for
the deposits to develop a resistance on order of 1 MPa (Figure 4-a). Under Enceladus equatorial
noontime temperatures, plume deposits would still take about 100 My for to reach 1 MPa cone
penetration resistance. For comparison, our laboratory samples of 1 MPa cone penetration
resistance are poorly consolidated, and friable by hand. Thus, plume deposits in these areas are
anticipated to remain poorly consolidated and relatively easy to sample.

Close to the Tiger Stripes, where temperatures up to 180 K have been estimated (Spencer
& Nimmo, 2013), plume deposit materials would develop a cone penetration resistance around
10 MPa in ~ 15 years. For comparison, our laboratory samples with a cone penetration resistance
on order of 10 MPa are very consolidated. Cracks and faulting planes develop and propagate
across the entire samples on failure. Excavating and acquiring samples of such materials would
require tools able to break the materials and generate tailings, such as rasps or drills.

However, these regions close to the Tiger Stripes are also areas where the deposition of
new plume deposits would be most intense, on order of 0.01 to 1 mm/yr (Kempf et al., 2010;
Southworth et al., 2019). There would be competition between strengthening of existing plume
deposits and covering by new fresh and loose particles, therefore the spatial distribution in
deposition rate across the surface could be an important factor for selecting sampling sites.
Depending on the local deposition rate and thermal environment, one may seek plume deposit

areas that are fresh enough to remain poorly consolidated over the first few centimeters.

12
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Europa is an intermediate situation between Enceladus’ nominal surface conditions and
its hot spots at the Tiger Stripes. Europa’s surface temperature ranges from around 80 K in the
nighttime up to > 130 K for noon time equatorial temperatures (Spencer et al., 1999), and its
annual mean is around 100 K. The expected cone penetration resistance of plume deposits can
vary from that of unconsolidated or poorly consolidated ice grains in fresh deposits and/or in the
winter polar regions, to that of very consolidated materials in geologically old deposits and/or the
equatorial regions. The latter would require a sampling approach that includes means to break up
surface materials, collect the tailings and then transfer them for analysis. Such an approach is
being considered for the potential Europa lander mission concept, currently in formulation

(Hand, 2017).

6. Conclusions
This study presents the first experimental investigation of the impact of sintering on the strength
of bulk ice plume deposit analog samples relevant to Enceladus and Europa. Ice plume deposit
analogs were left to sinter under isothermal conditions and at water vapor saturation pressure for
up to 14 months. Cone penetration resistance measurements conducted over the course of the
experiments showed a linear increase in strength with respect to time at all temperatures. A
transition between two mechanical behavior regimes occurs around 1-2 MPa cone penetration
resistance. The temperature dependence of the rate of strengthening follows an Arrhenius
relationship and yields an activation energy of 24.3 + 3.3 kJ/mol. This value is consistent with a
process dominated by self-diffusion of H2O molecules on the surface of ice grains. Extrapolation
to the surface conditions of Enceladus and Europa suggests that little strengthening would occur
on Enceladus, except in hot spot regions that do not experience subsequent deposition of fresh
plume particles, while substantial strengthening may occur on Europa over geologic timescales.
At a time where the surface and subsurface exploration of Ocean Worlds is a high
priority of the planetary science community, these results have implications for the design of
landing and sampling systems for future landed missions to Enceladus and Europa. They also
highlight the importance of assessing and anticipating the surface properties via laboratory

studies and modeling to support the selection of candidate landing and sampling sites.
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