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Supplementary Figure 1: Gravity formal errors for Titan from the full
covariance matrix up to and including degree 5 of our solution. The ground
tracks of the flybys are indicated in the same way as in Figure 1 of the main
text.
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Supplementary Figure 2: Gravity expressed as radial accelerations for
Enceladus (top) and formal errors from the full covariance matrix of our
solution (bottom), both for the degree and order 2 field including the zonal
term C3 . The ground tracks of the flybys are indicated in black for altitudes
less than 3,000 km. We set the coefﬁci%nts Cy,0 and Cy o to zero for the gravity
map.
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Supplementary Figure 3: Root-mean-square of Doppler data fit after
gravity field determination for flybys for Titan for various expansions of the
estimated gravity field. The entry labeled "Only GM” used the start value
for GM with all other gravity terms set to zero. This shows that the fit did
not change much when expanding from degree and order 3 up to 5.
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Supplementary Figure 4: Example of a density profile for the hydro-
sphere, using a pure water ocean with a temperature of 257 K at the base of
the icy crust®!. The core density is kept constant. We compared the tidal
response of this density profile to that of a profile with constant densities,
where the constant densities are the average densities in each layer of the
hydrosphere. These constant densities are also indicated in the Figure.
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Supplementary Figure 5: Triangle plot of the distributions of the param-
eters and measurements for our Titan analysis using MCMC. Only a few
parameters are well-determined as indicated by the distributions. The mea-
surements are mapped well. This Figure is also available as a separate file.
This figure was made with the Python package “corner”“?,
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Supplementary Figure 6: Doppler residuals from Deep Space Network sta-
tion DSS-55 for Enceladus flyby 009, before and after gravity field estimation.
The closest approach signal is clearly visible in the pre-gravity determina-
tion residuals. The residuals after gravity estimation resemble measurement
noise.
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Supplementary Figure 7: Root-mean-square of Doppler data fit after
gravity field determination for flybys for Titan (left/red) and Enceladus
(right /blue).
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Supplementary Figure 8: Time-varying changes due to tides in the un-
normalized degree 2 coefficients Cy (top), Ca2 (middle), and Sp 5 (bottom)
using either a simplified potential? or the full expression’, for 60 days in
2006.
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Supplementary Figure 9: Time-varying changes due to tides in the un-
normalized degree 2 coefficients Cy; and Sy 1, from the full potential®Y. The
variations are much smaller than those in the other degree 2 coefficients.
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Supplementary Figure 10: Partials of Doppler data for Cassini flyby T022
with respect to ks, directly computed using the full variational approach, or
using the non-variational approach from eq. (12). We used the full IERS
expressions, not the simplified potential*?, in order to have the exact same
partials Ovsy,, /0ks.
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Supplementary Figure 11: Comparison of residual changes and those
predicted from the partials, following eq. (11), for an arc for GRAIL Ka-Band
Range-Rate (KBRR) data in April, 2012. We compare actual differenced
residuals with the change in measurements as predicted by the partials for
the case using the full variational approach (top) and for the case with the
non-variational approach (middle). The difference between predicted and
actual residual changes for both cases are shown in the bottom plot.
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Supplementary Figure 12: Differences in residuals between those pre-
dicted by the variational partials (eq. 17) and those predicted by the non-
variational partials (eq. 12) for Cassini flyby T022, using a Ak of 0.25.
These are constructed using the partials shown in Supplementary Figure [10]
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Supplementary Figure 13: A posteriori distributions (including the cen-
tral value + 1 standard deviation) of the core radius (left) and core density
(right) for Enceladus as results from our Monte Carlo analysis to match the

moment of inertia and bulk density. We evaluated 100,000 models using 40
chains.
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Supplementary Table 2: Flyby altitude, date (yyyy-mm-dd), Titan’s
mean anomaly (not indicated for Enceladus flybys), VCE weight factor, and
final data weight. A weight factor larger than one means that the data are
up-weighted. C/A indicates closest approach.

Flyby C/A C/A date and Mean anomaly VCE factor Data weight [mHz]|
altitude [km]  time (UTC) [degree]

TO11 1812 2006-02-27 173 186 2.05
08:25

T022 1297 2006-12-28 197 118 2.58
10:05

T033 1933 2007-06-29 15 84 3.06
17:00

T045 1614 2008-07-31 346 50 3.96
02:13

T068 1398 2010-05-20 81 136 2.40
03:24

T074 3651 2011-02-18 159 20 3.96
16:04

T089 1978 2013-02-17 65 182 2.08
01:56

T099 1500 2014-03-06 63 164 2.19
16:27

T110 2274 2015-03-16 248 60 3.61
14:30

T122 1698 2016-08-10 304 23 3.85
08:31

E009 97 2010-04-28 - 86 3.02
00:11

E012 43 2010-11-30 - 125 2.50
11:54

E019 70 2012-05-02 - 99 2.81
09:31
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Supplementary Table 3: Results for £y from Cassini data for various cases
of the ko partials. The formal errors are one sigma.

Case Solution

fully variational partials 0.2835 + 0.13
fully variational partials; periodic terms only 0.277 £ 0.13
fully variation partials; periodic, S99 corrupted 0.345 +0.15
non-variational partial; IERS" 0.4527 + 0.10
non-variational partial; Rappaport et al. (2008)% 0.366 £ 0.10

non-variational partial; Rappaport et al. (2008)%2, Sy, error 0.6736 & 0.10

Supplementary Table 4: Parameters for the modeling of Titan’s interior
(based on earlier work™").

Parameter

Value or range

Core radius > 0 km
High-pressure ice thickness 150 km
Ocean thickness > 50 km
High-pressure ice density 1340 kg/m?
Icy crust density 925 kg/m?

Ocean density
Core viscosity
High-pressure ice viscosity

925 kg/m3 — 1340 kg/m?
103 Pa s
10 — 10%° Pa s

Ocean viscosity 25 kPa s

Icy crust viscosity 101 - 10%° Pa s
Core unrelaxed rigidity 5 — 300 GPa
High-pressure ice unrelaxed rigidity 10 GPa

Ocean unrelaxed rigidity 1073 GPa

Icy crust unrelaxed rigidity 3 GPa

Core bulk modulus 200 GPa
High-pressure ice bulk modulus 20 GPa

Ocean bulk modulus 2.5 GPa

Icy crust bulk modulus 10 GPa
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