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» Most simple organics land as solids on Titan’s surface, including all nitriles, triple-
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tion, the latter is unique to HCN ice on ethane-rich lakes.

 Porosity-induced flotation of millimeter-sized and larger particles may explain the
transient radar-bright magic islands on Titan’s lakes.
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Abstract

Atmospheric photochemistry on Titan continuously transforms methane and nitrogen
gases into various organic compounds. This study explores the fate of these molecules
when they land on Titan’s surface. Our analytical exploration reveals that most simple
organics found in Titan’s atmosphere, including all nitriles, triple-bonded hydrocarbons,
and benzene, land as solids. Only a few compounds are in the liquid phase, while only
ethylene remains gaseous. For the simple organics that land as solids, we further exam-
ine their interactions with Titan’s lake liquids. Utilizing principles of buoyancy, we found
that flotation can be achieved via porosity-induced (25-60% porosity) or capillary force-
induced buoyancy for HCN ices on ethane-rich lakes. Otherwise, these ices would sink
and become lakebed sediments. By evaluating the timescale of flotation, our findings sug-
gest that porosity-induced flotation of millimeter-sized and larger sediments is the only
plausible mechanism for floating solids to explain the transient “magic islands” phenom-
ena on Titan’s lakes.

Plain Language Summary

Titan, Saturn’s largest moon, has a unique atmosphere that transforms simple gases
like methane and nitrogen into more complex organic compounds. In this study, we ex-
plored what happens to these organic compounds when they reach Titan’s surface. We
find that most molecules would land as solids. We also looked at what happens when
these solids land on Titan’s hydrocarbon lakes. Imagine a sponge, full of holes; if the solids
are like this, with 25-60% of their volume being empty space, they can float. Some solids,
like hydrogen cyanide ice, can also float due to surface tension effects. If these conditions
are not met, they sink into the lake liquids, adding to the lakebed sediments. We exam-
ine whether floating rafts can explain a mysterious feature on Titan’s lakes known as the
“magic islands”. These are temporary bright spots seen by radar. By looking at how long
the materials will float for each scenario, our study suggests that the magic islands might
be made of large chunks of porous organic solids.

1 Introduction

Titan’s thick methane (CHy4) and nitrogen (N3) atmosphere has enabled rich pho-
tochemistry to occur in its upper atmosphere. Photochemistry leads to the creation of
a myriad of organic molecules, with at least 17 gas-phase simple organic species already
identified in Titan’s atmosphere (Yu et al., 2023a). The increasing complexity of the pho-
tochemical reactions eventually leads to the formation of complex refractory organic par-
ticles, which constitute Titan’s characteristic haze layers (Tomasko et al., 2005). Follow-
ing their formation, these organic molecules, being heavier than the background No-CHy
atmosphere, would descend through Titan’s atmosphere. The sharp temperature drop
in Titan’s stratosphere enables these molecules to condense into liquids or ices, forming
stratospheric clouds (Sagan & Thompson, 1984; Anderson et al., 2018). Ultimately, these
organics deposit onto Titan’s surface, either onto dry areas or into Titan’s lakes and seas.

The importance of understanding the fate of simple organics on Titan’s surface is
underscored by NASA’s forthcoming Dragonfly mission, due to arrive on Titan in 2034.
The mission will primarily explore Titan’s surface material in the equatorial region, where
dry surfaces dominate. Thus, it is crucial to identify the range of materials likely to be
found there and their associated phases. The species that are deposited on the surface
of Titan, existing as solids or liquids, could further interact to form “cryominerals” such
as co-crystals, a topic of ongoing research (Cable et al., 2021). Future co-crystal inves-
tigations could take combinations of the molecules that can remain as solids/liquids on
Titan’s surface as experimental candidates.



Throughout the course of the Cassini mission, the two most intriguing puzzles about
Titan’s lakes and seas are: 1) the striking smoothness of the lake liquids, with wave heights
typically less than a few millimeters (Wye et al., 2009; Zebker et al., 2014; Grima et al.,
2017; Mastrogiuseppe et al., 2019), activities (possibly waves) were only identified in a
few circumstances (Barnes et al., 2014; Hofgartner et al., 2014, 2016), and 2) the tran-
sient “magic islands” features, observed as radar-bright features on Titan’s two largest
seas, Ligeia Mare (Hofgartner et al., 2014, 2016) and Kraken Mare (A. G. Hayes et al.,
2018). The lack of surface roughness has been attributed to either the lack of winds in
the polar regions of Titan (Lorenz et al., 2010) or a floating layer of sedimented mate-
rials on Titan’s lake liquids (Cordier & Carrasco, 2019). Several plausible hypotheses have
been proposed for the “magic islands” phenomena, involving wind-generated waves, sus-
pended solids, floating solids, or nitrogen gas bubbling (Hofgartner et al., 2014; Cordier
et al., 2017; Malaska et al., 2017; Cordier & Liger-Belair, 2018; Farnsworth et al., 2019).

To explore these phenomena, interactions between deposited solid materials and
Titan’s lake liquids warrant further investigation. These solids, possibly simple organic
ices or complex organic hazes, might reach Titan’s lakes through precipitation, fluvial/aeolian
delivery, and runoffs from nearby islands. The interactions between the haze particles
and the lake liquids have been investigated in Yu et al. (2020) and Li et al. (2022). The
simple organics in the solid phase could also potentially constitute the floating materi-
als observed on Titan’s lake liquids. Accordingly, an in-depth floatability study of var-
ious simple organics on Titan’s lake liquids is necessary. In this work, we examine the
solid-liquid interactions and floatability of various materials on Titan. Assessing the in-
terplay between these organics and Titan’s lake liquids could provide insights into the
overall smoothness of the lakes and the nature of the transient “magic islands” phenom-
ena.

2 The Fate of Simple Organics Landing “Dry” Surfaces of Titan

Using phase change points and saturation vapor pressures (SVPs) of detected gas-
phase simple organics species in an updated Titan material property database (Yu et
al., 2023a), we determine the physical phase of 17 hydrocarbon and nitrile species de-
tected in Titan’s atmosphere. These species include methane (CHy), ethane (CoHg), ethy-
lene (CoHy), acetylene (CoHs), propane (C3Hsg), propene (CsHg), allene (C3Hy-a), propyne
(C3Hy-p), diacetylene (C4Hs), benzene (CgHg), hydrogen cyanide (HCN), cyanoacety-
lene (HC3N), acetonitrile (CH3CN), propionitrile (CoH5CN), acrylonitrile (CoH3CN),
cyanogen (CaNs), and dicyanoacetylene (C4Ns).

In Figure 1, we detail the phase states of simple organics upon reaching Titan’s sur-
face. Most of the higher-order hydrocarbon species and all the nitrile species remain in
the solid phase upon deposition on Titan’s surface due to the high triple point temper-
atures of these species (see SI Table S1). This group includes twelve out of the seven-
teen species included in this study: triple-bonded hydrocarbons (CoHa, C4Ha, C3Hy-a,
C3H4_p)7 C6H6, and all nitriles (HCN, HC31\I7 CH?,Cl\I7 CQH5CN7 CQH3CN, CQNQ, and
C4Ns). Alkanes and alkenes like C3Hg and C3Hg would transition to the liquid phase
upon reaching Titan’s surface. CHy and CoHg predominantly transform into liquids un-
less the surface temperature dips below their respective triple points. The only species
expected to stay exclusively gaseous on Titan’s surface is CoHy, due to strong photochem-
ical sinks in the lower stratosphere limiting its condensation (Willacy et al., 2016). Our
simple estimation aligns with the findings of photochemical models incorporating con-
densation schemes, for HCN in Lavvas et al. (2011), for the nitrile species in Krasnopol-
sky (2014); Willacy et al. (2016), and all the major hydrocarbon and nitrile species in
Vuitton et al. (2019). Future work that incorporates more updated SVPs from Yu et al.
(2023a) into a sophisticated photochemical model could facilitate the estimation of the
deposition rate of each condensate on Titan’s surface.
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Figure 1. Summary of the fate of simple and complex organics on Titan’s surface (back-

ground image Al generated by X. Yu using Midjourney).

3 The Fate of Simple Organics Landing “Wet” Surfaces of Titan

The lake liquids on Titan are primarily composed of a ternary mixture of non-polar
liquids: methane, ethane, and nitrogen (A. G. Hayes, 2016). CoH,4 is the sole species an-
ticipated to be only in the gas phase upon reaching Titan’s surface. CsHg and C3Hg would
manifest as rainfall on Titan’s surface. Given their miscibility with lake liquids (Raulin,
1987; Glein & Shock, 2013), they will be mixed into the No-CH4-CoHg ternary mixture,
becoming minor components of the lake liquids. The fate of the twelve solid-phase species
upon reaching Titan’s surface is dependent on their solubility in the lake liquids. Pre-
vious solubility studies (Raulin, 1987; Cordier et al., 2009, 2013; Malaska & Hodyss, 2014)
suggest that except for CoHs, the other eleven solid-phase species have limited solubil-
ity in Titan’s ternary lake mixture, likely leading to saturation over time. The satura-
tion level of CoHy is subject to debate (Raulin, 1987; Cordier et al., 2009), but for our
analysis, we assume it too reaches saturation upon contact with the lakes. We recognize,
however, that dynamic lake movements, including currents and precipitation, may af-
fect the dissolution and distribution of compounds like CoHy. However, in this theoret-
ical framework, we assume all compounds would remain solid when they are in contact
with the lake liquids, either floating or becoming lakebed sediments.

3.1 The Porosity Consideration

To determine if simple organic ices would float or sink into Titan’s lakes, we first
compare their density to the lake liquids. Examining the intrinsic density (the maximum



density without porosity) of the ices shows that all twelve species and water ice have higher
intrinsic densities than each component of the No-CH4-CoHg ternary mixture, see Fig-
ure 2(top-left).

However, if the ice contains pore space, its average density will be lower than its
intrinsic density. When the average density equals the liquid density, additional poros-
ity will cause flotation of the particle. Figure 2(top-right) outlines the minimum poros-
ity needed for flotation for each lake component. We also evaluate the minimum poros-
ity required for these ices to float on the liquid mixture. Results for selected ices are shown
in the middle and bottom panels of Figure 2. Because Titan’s lakes are mostly methane-
rich, as indicated by the existing Cassini RADAR loss-tangent measurements (Le Gall
et al., 2016; Mastrogiuseppe et al., 2016; Mastrogiuseppe, Hayes, et al., 2018; Mastrogiuseppe,
Poggiali, et al., 2018; Mastrogiuseppe et al., 2019; Poggiali et al., 2020) and phase equi-
librium theoretical predictions (Tan et al., 2013; Glein & Shock, 2013), the possible lig-
uid compositions only cover a fraction of the ternary diagram. Since the density of lig-
uid methane is the lowest among the ternary mixture, the required porosity level for flota-
tion on Titan’s lakes is relatively high, with lower-order alkynes (CoHs, C3Hy-a, C3Hy-
p) needing the least porosity, around 25%-35%. Higher-order hydrocarbons, water ice,
and all nitrile species need higher porosity, up to 50% for C,Nj ice.

To date, there are no laboratory measurements investigating the potential poros-
ity levels these ices can achieve on Titan. Existing laboratory data on crystalline ices
indicate porosity values from a few percent to ~35 % (Satorre et al., 2008, 2017; Yu et
al., 2023a). Amorphous ices can exhibit higher levels of porosity, up to 40-50 % (Yu et
al., 2023a). However, the surface temperature of Titan is too warm for amorphous ice
formation. Nonetheless, these laboratory ice analogs are typically produced from gas-
phase vapor deposition on a cooled substrate within a vacuum chamber, which may re-
sult in different morphologies and pore structures compared to snowfalls/sediments on
Titan. Fresh terrestrial snow is another potential analog to the snowfall/sediment par-
ticles on Titan and it typically has high porosity (40-50 %, up to 90 %) (e.g., Clifton et
al., 2008; Zermatten et al., 2014; Fu et al., 2019). More laboratory experiments are re-
quired to investigate porosity for these ices under Titan-relevant conditions. If Titan’s
ice particles have porosity closer to terrestrial snow, they could possess a high enough
porosity to trigger flotation. Given that the porosity threshold is lowest for the low-order
alkynes, they are more likely to float on Titan’s lakes.

3.2 The Contact Angle Consideration

Given that the twelve simple organic ice species on Titan’s surface possess larger
intrinsic density than the lake liquids, and assuming their porosity isn’t sufficient to war-
rant flotation, it is necessary to examine the impact of capillary force. Capillary-force
triggered flotation depends primarily on the contact angle between the ice particles and
the lake liquids. Figure 3(top) shows the minimum contact angles needed for flotation
across plausible particle sizes on Titan. For aerosol-sized particles (0.1-10 pm, Tomasko
et al. (2008)), the density of the particle has minimal effect on the threshold contact an-
gle values. Only a slight above zero contact angle is needed to trigger flotation due to
capillary forces. Meanwhile, particles with sizes like snowfall or aeolian surface sediments
(10 pm to ~3 mm, Barth and Toon (2006); Lorenz et al. (2006); Yu et al. (2018)) re-
quire higher contact angles to offset gravity, as this threshold contact angle is propor-
tional to particle size. Therefore, it is easier for smaller particles to float on Titan’s lakes
due to capillary forces.

Using the wetting theory, we computed the contact angles between the twelve sim-
ple organic ices and the three primary constituents of the lake liquids. For liquid nitro-
gen/methane, because of their low surface tensions, they have zero contact angles with
all simple organic ices. Thus, any ice particles would be completely wetted by these two
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Figure 2. Top-left: Intrinsic densities of the 12 simple organic ices and water ice at Titan’s
surface temperature (blue squares) and liquid density values for methane, ethane, and nitrogen
(blue, orange, and red lines). Top-right: Minimum porosity required for these species to float on
pure liquid methane, ethane, or nitrogen (colored squares). The density variation and the thresh-
old porosity values between 90-95 K are smaller than the symbol sizes. Middle and bottom panel:
ternary diagrams depicting the porosity levels required for selected ices to float on the ternary
mixture. The light blue and pink diamond symbols indicate observed compositions of Titan’s

northern and southern polar lakes, with diamond-shaped boxes showing the uncertainty (Poggiali
et al., 2020).
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liquids, leading to zero capillary forces. Conversely, pure liquid ethane, being the liquid
component with the highest surface tension, has zero contact angles with most simple
organic species, with the exceptions of CoHs and HCN, which have non-zero contact an-
gles of approximately 24.0° and 49.7°, respectively.

Thus, the more ethane is incorporated into the lake liquids, the higher the surface
tension of the liquid mixture, making the liquid mixture less wetting. In Figure 3(bottom),
we highlighted areas where non-zero contact angles are formed on a ternary diagram, which
are for CoHy (in red) and HCN (in orange) ices. Given that most lakes on Titan are methane-
rich, there is no overlap between the non-zero contact angle zone for CoHs and the known
lake composition zone, suggesting CyH, is unlikely to float on Titan’s lakes through the
surface tension effect. For HCN ice, the non-zero contact angle zone does have some over-
laps with the uncertainty of the measured lake compositions, when ethane’s fraction is
high (> 30%). Specifically, the non-zero contact angle only overlaps with the uncertainty
of Ontario Lacus’s composition, the only lake with measured composition in the south
polar regions of Titan. Lakes in the north polar regions with measured compositions all
have zero contact angle with HCN. These results suggest it is unlikely that capillary forces
would cause simple organic species to float in any methane-rich lakes on Titan. How-
ever, for larger particles, a higher than zero threshold contact angle is required (see Fig-
ure 3(top)), making it more difficult for these ices to float via capillary forces on Titan’s
lake liquids.

The bulk liquids in Titan’s large lakes and seas should be typically well-mixed given
that the surface temperature on Titan should be well above 86 K (Steckloff et al., 2020).
However, the topmost surface layer of the liquid mixture may exhibit lower surface ten-
sion than the bulk mixture, due to preferential concentration of the component with lower
surface tension at or near the surface of the mixture (Poling et al., 2001), making the
liquid more wetting at the surface level. Thus, the non-zero contact angle will further
reduce compared to in Figure 3(bottom), making capillary force-induced floating more
challenging to realize on Titan’s lakes.

4 Implications on the Titan Lake Radar Observations

Among all the hypotheses that have been proposed to explain the smoothness of
the lakes and the observed radar-bright transient features on Titan, two hypotheses can
explain both observations simultaneously: the absence/presence of waves or floating solids.
The lack of wind-generated waves might account for the general smoothness of the lakes,
while occasional waves could give rise to transient radar-bright “magic island” phenom-
ena. Likewise, a uniformly thin layer of floating solids could also explain the overall smooth-
ness, with large clusters of floating solids potentially visible as “magic islands”.

One way to assess whether floating solids cause the transient radar-bright features
is to consider the residence time of the solids. Existing observations suggest that these
features persist for a couple of hours to several weeks (Mastrogiuseppe et al., 2014; Le
Gall et al., 2016). If the observations in A. G. Hayes et al. (2018) are indeed examining
the same transient feature, the floating solids would need to remain afloat for at least
2 hours. Understanding the fate of the floating solids — assuming they initially float due
to high porosity or high contact angle — could provide insight into whether particle flota-
tion can cause the “magic islands” on Titan.

In the event that the porosity of the simple organic ices is responsible for their flota-
tion, we can expect that, over time, lake liquids would gradually seep in and fill any pore
spaces that are connected to the exterior, leading to the eventual sinking of the ice par-
ticle. We can use the Lucas-Washburn equation (Washburn, 1921; Lucas, 1918) to es-



timate the wetting timescale (t) of a porous particle with particle size D):

2
t = 2D7p777 (1)
~7r cos 6
where 7 is the dynamic viscosity of the liquid (for liquid methane, n = 1.8x10~* Pa-s
at 94 K, Boon et al. (1967); Haynes (1973)), r is the pore radius of ice particle (r/D, <
1). This simple estimation yields a wetting time less than one second in most scenarios
for sand-sized and smaller particles, see Figure 4(top). Even though some simple organic
ice species (HCN and CyHs) have higher contact angles with the lake liquids, the timescale
will not increase by orders of magnitude. Therefore, for floating substances to persist for
longer periods, there needs to be a constant supply of floating materials for the entire
period. Or the ice particles would have to possess sufficient closed pores that cannot be
penetrated by the lake liquids. Yet, the latter is unlikely for two reasons: 1) terrestrial
snow particles, a possible analog to Titan’s organic ices, have a very low closed pore to
open pore ratio (< 0.01) (Calonne et al., 2012), suggesting that the pore space is pri-
marily open. While the structure of Titan’s snowfall/surface sediment particles is un-
known, it is unlikely for them to possess high porosity and a high fraction of closed pores
at the same time. 2) There is evidence that Titan’s lakebed is largely comprised of in-
soluble solid hydrocarbon/nitrile materials (Le Gall et al., 2016), implying that most of
the snowfall material would eventually reach the bottom of the lakes and seas, while the
latter scenario will lead to long-term flotation without sinking.

A phenomenon on Earth that defies the Washburn equation is the long flotation
time of pumice rafts. Pumices can float on the oceans on Earth for days and weeks, some
even for months to years before sinking (Richards, 1958; Kent & Frick, 1984), while pos-
sessing all the similar traits to simple organic ices versus liquid hydrocarbons: 1) pumice
have a much higher intrinsic density than water (~2500 kg/m3 versus 1000 kg/m?), 2)
being very wettable by water, and 3) have mostly open, connected pores (Whitham &
Sparks, 1986). A possible explanation for the long flotation time of pumice is that a sig-
nificant volume fraction of gases is trapped in pore space during liquid infiltration (Fauria
et al., 2017). In this case, the physical process that dictates the flotation timescale of pumice
is gas diffusion instead of water infiltration. Gas trapping likely occurs when the Cap-
illary number (Ca), the ratio between the viscous force and the capillary force becomes
very small (Lenormand & Zarcone, 1984), or Ca < 10~°. The middle panel of Figure
4 shows the Capillary number calculated given the range of parameters that could ex-
ist on Titan. When gas trapping occurs, a very wetting liquid would still cover all sur-
face area of the particle quickly, leaving the center of pores or chains of pores open. Here
we found the minimum particle size to trigger gas trapping on Titan is 5 mm and above.
This means the flotation timescale for sand-sized and smaller particles is governed by
liquid penetration, while gas diffusion dominates the flotation timescale for coarser par-
ticles. The gas diffusion timescale can be approximated as (Fauria et al., 2017):

2
t—D”

- D7§27 (2)

where D is the diffusion coefficient of the gas through the liquid, and £ is the fraction

of pore space filled by the liquid. Figure 4 bottom panel shows the flotation timescale

if gas diffusion is the dominant process that governs particle buoyancy through time. Given
the same particle size, the flotation timescale is orders of magnitude longer for gas dif-
fusion than for wetting/liquid penetration.

In summary, if the simple organic ice particles float on Titan’s lakes due to high
porosity, the flotation timescale would be short (< 1 min) for particles smaller than a
few millimeters but could be much longer (> 1 Earth day) for larger particles. If float-
ing materials are indeed behind Titan’s “magic island” phenomena, they must be coarse
particles, several millimeters in size or larger. Although a full exploration of all geolog-
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ical processes capable of producing these coarse materials is beyond the scope of this study,
runoff from nearby terrains or activities like transient undersea cryovolcanism (e.g., Carey
et al. (2018)) could be plausible sources. Conversely, finer particles like aerosols, snow-
falls, and sand-sized sediments are unlikely to maintain prolonged flotation. Thus, while
the continual deposition of atmospheric aerosol particles could contribute to the smooth-
ness of Titan’s lake surfaces, they are unlikely to form the more substantial “magic is-
lands”.

For the simple organic ices floating on Titan’s lakes due to large capillary forces,
the flotation would last for an extended period, persisting until the particles are entirely
dissolved. However, capillary force-induced flotation seems unlikely to cause the lake ob-
servations on Titan for two primary reasons: 1) it is improbable in methane-rich north-
ern polar lakes, where the transient features are observed; 2) if it does occur, flotation
would persist and particles may never sink to the bottom of the lakes.

Note that the above theoretical framework primarily applies to a stagnant lake sur-
face. While dynamic factors like currents and waves could influence the flotation timescales
of particles, but given the characteristically calm and smooth nature of Titan’s lakes and
seas (Wye et al., 2009; Zebker et al., 2014; Grima et al., 2017; Mastrogiuseppe et al., 2019),
their impact is expected to be less significant compared to the more dynamic aquatic en-
vironments on Earth.

5 Conclusion

In our theoretical examination of the fate of simple organics on Titan’s surface, guided
by the data from Yu et al. (2023a), we draw the following conclusions:

e Most simple organics will land as solids on Titan’s surface, while methane, ethane,
propane, and propene will be liquid. Ethylene will be gaseous only.

« Simple organics may achieve buoyancy on Titan’s lake liquids through porosity-
induced or capillary force-induced flotation, with porosity-induced flotation be-
ing feasible if the simple organics on Titan resemble terrestrial snow. Capillary
force-induced flotation is only viable for HCN ice in ethane-rich lakes.

» Porosity-induced flotation of millimeter-sized and larger particles is the only plau-
sible mechanism for floating solids to explain Titan’s transient radar-bright magic
islands. Shorter or longer timescales for other flotation mechanisms do not align
with the observations.
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