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Fig. 3. Estimated depths (upper panels), surface-subsurface relative power (Ps/Ps) (middle panels), and subsurface roughness (lower panels) for Punga Mare (left) and Baffin

Sinus (right). Error bars are relative to 1-sigma uncertainty.

same qualitative considerations, the shallower bathymetry of North
Kraken Mare at Baffin Sinus is also consistent with the morphology
and brightness of this liquid body as observed from SAR images.

The depth of 110 m was measured at about 20-30 km from
the nearest shoreline. This suggests a seabed profile that is rather
steep, similar to that of the southern margin of Ligeia Mare
as measured on T91 (Mastrogiuseppe et al., 2014a), and rather
steeper than the northern part of that transect (160 m over ~150
km). We note similarly that our bathymetric transect is at the
southern margin of Punga Mare.

4. Seafloor backscattering: comparison of Punga and Ligeia Mare

In addition to the liquid composition, we use radar data for
investigating dielectric properties of the seafloor. We compare
seafloor backscattering of Punga Mare, observed during the T108,
along with the backscattering of Ligeia Mare, measured using T91
flyby data. This comparison is particularly reliable since geome-
try and radar system parameters during the acquisition of the
two observations were similar. We noted a remarkable similarity
among echoes backscattered at the seafloor of the two seas, as
shown with an example in Fig. 4. Radar waveforms indicate rela-
tive smooth topography (i.e. subsurface pulse shape approaches to
a Gaussian single peak) and high transparency of the liquid (i.e.
intensity ratio of surface and seafloor echoes is lower than 30 dB).

Considering the estimated specific attenuation K values of
13 dB/ps and 16 dB/us for the Punga and Ligeia mare, respectively,
we use formula (1) for a quantitative investigation of the sea floor
composition of the two liquid bodies.

Formula (1) is used to relate the Pg/Pss measurements with
seafloor reflectivity Ryy, surface reflectivity I, and attenuation K,
assuming three possible values for the scattering term fgs, which
accounts for subsurface roughness scattering effects and can be ex-
pressed by rms slope. Such assumptions are necessary since the
inversion problem is ill posed. For our study we derive the scat-
tering terms fgs using the Geometrical Optics (GO) formulation
(Ulaby et al., 1982) along with three possible values of rms slopes
ranging from 1° to 5°. Note that the rms slope values adopted here
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are arbitrary and although they could represent the real values on
Titan, they are only used in this study as reference values for com-
paring the dielectric properties of the two seafloors.
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For each of the waveforms acquired over the two maria, invert-
ing formula (1), we calculated a value of effective permittivity of
the seafloor for different values of rms slope. The result is shown
in Fig. 5 where the permittivity of the two seafloors is plotted
along the radar transect of T91 and T108. We note that Ligeia Mare
and Punga Mare seafloors show similar values of effective permit-
tivity for similar values of small scale roughness. Moreover, the
shape of radar waveforms suggests they have similar seafloor to-
pography. Our conclusion is that the seafloors of both these maria
are relatively smooth at the resolution scale of the radar (35 m)
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Fig. 5. Comparison between the seafloor reflectivity and the relative dielectric constant for Punga and Ligeia Mare for three possible values of rms slope. (Left column) Punga
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and considering the adopted values for the microscale roughness,
the composition of the two sea floors is consistent with several
possible materials present on Titan, such as solid organics, wa-
ter ice or a mixture of these materials. The roughness of the sea
floors is smoother than that of terrain immediately surrounding
the maria, consistent with sediment deposition throughout the ob-
served sea floor.

5. Summary and implications

We analyzed the flyby T108 radar altimetry data acquired over
Punga Mare and Baffin Sinus. The detection of the seafloor al-
lowed us to investigate the liquid composition, the bathymetry,
and seafloor topography of these liquid bodies. We found that the
loss tangents of Punga Mare and Baffin Sinus are similar to that
of Ligeia Mare within the 1-sigma uncertainty of the estimates
(tand =4.4703 x 10> for Ligeia Mare, 3] x 10~ for Punga Mare
and 3%) x 10> for Baffin Sinus. See Supplementary Table 1 for
relative composition values. However, the best fit values obtained
here suggest that the composition for Punga Mare and Baffin Sinus
might be most consistent with a binary methane-nitrogen system,
with nitrogen approaching its solubility limit of 20% mole fraction
in liquid methane and with little or no ethane or higher order hy-
drocarbons.

Several scenarios have been proposed which could permit
ethane-poor seas. Mousis et al. (2016) and Choukroun et al. (2010)
suggested that ethane might be sequestered by clathration if the
crust of water ice or methane hydrates is exposed at the sea bed,
resulting in methane-dominated liquids. However, this effect does
not have any a priori latitude dependence.

The hydrological scenario proposed by Lorenz (2014) predicts
an equator-to-pole gradation in methane and nitrogen abundance
in the seas, much as salinity varies, e.g., between the Black Sea and
the Mediterranean (or the Baltic and North Sea) on Earth. Higher
inputs of ‘fresh’ liquid (on Titan, methane), either by higher rainfall
rates and/or by larger land catchment areas, can displace solutes
(salt, or ethane) to other basins in a system of connected seas. Al-
though the simple model in Lorenz (2014) did not consider Punga
specifically (at the time its hydraulic connection to the other seas
was not obvious), the paradigm in that paper qualitatively sug-
gests that the near-polar Punga Mare should be most ethane-poor,

since circulation models suggest methane precipitation on Titan in-
creases with latitude, and as the smallest sea, Punga Mare may
have a proportionately larger catchment area, both factors favoring
efficient flushing of solutes (the ethane and propane etc. which
would predict higher loss tangents) into Kraken.

Alternatively, the latitudinal difference in composition could
be explained as the results of the gradient in the surface tem-
perature, assuming thermodynamic equilibrium with an atmo-
sphere with constant methane mixing ratio (Tan et al, 2015;
Tan and Kargel, 2018).

Particularly, using models of cryogenic chemical systems, Tan
et al. (2015) suggested that latitudinal (e.g. two Kelvin difference
in temperature from pole to 20 degrees of latitude) and seasonal
variation of surface temperature could determine variations in va-
por density and equilibrium phase compositions on Titan, thus
affecting the atmospheric dynamics as well as the global fluid
circulation in the surface and upper crust. More specifically, the
authors predict more abundant but less dense liquid in large seas
at higher latitude. These methane-rich liquids will tend to flow
toward lower, warmer latitudes, re-equilibrating on the way to
the equator with the lower atmosphere through evaporation of
methane and thus a progressive enrichment of ethane at the lower
latitude. Finally, ethane-richer, denser liquid would sink to the bot-
tom of the sea and then flow poleward in a density-controlled
cycle analogous to thermohaline circulation systems on Earth (Tan
et al.,, 2015). However this thermally-driven local-thermodynamic
equilibrium circulation scenario, fails to predict the compositions
we have observed, but rather is too ethane-rich in the north-
ern seas. These models also predict the presence of higher or-
der components, such as propane, which would further increase
absorptivity and likely make the models incompatible with ob-
served loss tangents. Based on these observations, it appears that
non-equilibrium processes are key to understanding Titan, as on
Earth, where the atmospheric humidity is not 100% despite being
a largely water-covered planet.

Given that the loss tangents obtained so far are the same in a
formal (one sigma) sense, it may in fact be challenging to properly
infer any compositional variability of seas until the composition
and depth of Kraken Mare, by far the largest liquid reservoir, are
determined.

To better constrain the uncertainties regarding this variability,
new orbital missions equipped with multi-frequency radar dedi-
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cated to map composition of Titan seas and lakes are envisaged.
Additionally, direct measurements of composition and dielectric
properties by one or more in-situ probes (Lorenz and Mann, 2015)
could provide ground truth to robustly infer composition globally
from radar data. Therefore, a combination of orbital data along
with in situ direct measurements would represent the most effi-
cient exploration effort.

While this effort requires future missions (orbital or landed)
to Titan, it is remarkable that the Cassini mission (and its radar
in particular), although not conceived for such measurements, has
been able to obtain depths and bulk liquid compositions of lakes
and seas with only a handful of observations.
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