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Introduction: Identifying internal structures in 
ocean-bearing icy worlds would constrain their thermal 
and compositional evolution [e.g., 1-4]. One such ex-
ample that might be discovered by a future mission to 
Europa is a seamount, which could affect the circula-
tion of a liquid ocean by impinging on stratified layers 
and possibly by acting as a focus for hydrothermal 
activity. We examine publicly available Europa Clip-
per mission study technical data [5] to address the abil-
ity of gravimetry to resolve structures in Europa’s inte-
rior, such as large-scale diapirs, brine and melt pockets 
and large (>10 km) seamounts. Clipper study updates 
have described resolution of k2 interfaces using radar 
[7], but much less regarding internal structures with 
direct ties to prospects for possible life. We use tools 
from geophysical inverse theory in the experiment-
design / mission-planning mode to calculate the loca-
tion-dependent resolution of features in the H2O layer 
inferred by gravimetry. We also use forward-modeling 
analysis to estimate feature-size detection thresholds. 
Instead of estimating spherical harmonics of gravity 
potential, we use the extensive flyby coverage to assess 
at what scales possible density anomalies in an H2O 
layer may be resolved, superposed on a radially sym-
metric background model. Forward as well as the in-
verse analysis aims to bound the true sizes and loca-
tions of density anomalies that might be discovered in 
an actual Europa multiple flyby mission. 

Forward Problem Analysis for Single Mass 
Anomalies: Here we consider individual mass anoma-
lies in order to constrain the sizes and depths of the 
anomalies that could be detected by the spacecraft. 

Standard Doppler tracking techniques are sensitive to 
radial variations in spacecraft velocity of order 0.1 
mm/s. This corresponds to a change in the gravitational 
potential of 10-8 J kg, or about 10-14 times the point 
mass potential of Europa. In Figure 1, we show the 
dimensionless gravitational potential anomaly as a 
function of the horizontal and vertical extent of the 
associated mass anomaly for both a buoyant diapir in 
the ice shell (Figure 1a) and a seamount at the bottom 
of the ocean (Figure 1b). Anomalies below the limit of 
detectability will not perturb the spacecraft orbit 
strongly enough to be observed. The density contrast 
between the silicates and the ocean is far stronger than 
any potential density anomalies in the ice shell. We 
find that the seafloor topography dominates the long-
wavelength (> 200 km) gravity signature and is detect-
able up to 2000 km away from the surface. However, 
the signal from the seafloor is attenuated through the 
entire thickness of the ocean and ice shell, and wave-
lengths shorter than 40 km are not detectable even at 
closest approach. The short wavelength (< 100 km) 
gravity is thus dominated by anomalies in the ice shell. 
However, because of their relatively low density con-
trast (e.g. between clean and dirty ice, or between ice 
and meltwater) they are only evident within 100 km of 
the surface. Because the density contrasts of the ex-
pected anomalies within the ice shell are similar, it is 
difficult to tell what the anomaly is. A melt pocket in 
the ice shell may look very similar to an ice diapir, for 
example. It is also impossible to discriminate between 
the density and the thickness of the mass anomaly us-
ing the gravity alone. 

Figure 1. Forward problem analysis – feature detection thresholds based on expected noise. Anomalies considered here are: (a) clean 
ice diapir (ρci= 925 kg m-3) at 10 km depth in dirty ice matrix (ρdi = 1025 kg m-3), and (b) seafloor topography (ρs = 3420 kg m-3; 
ρw = 1000 kg m-3). Both sensed at 25 km altitude. The gravitational potential anomaly is relative to Europa’s point mass potential. 
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Inverse theory resolution analysis using proposed 
flyby trajectories: This analysis considers the inver-
sion of a 20 km thick, laterally varying, density anoma-
ly field as a “possible seamounts layer” above a Euro-
pan ocean bottom at 100 km, given a radially symmet-
ric background. We use standard linear inverse theory 
methods for solving this linear inverse problem and 
calculating its resolution, as detailed in a number of 
textbooks [e.g., 8]. The measured data are modeled as 
being perfectly described by a Newtonian gravitational 
forward problem with additive Gaussian noise. We use 
publicly available proposed Clipper trajectories [5]. 
The continuous density anomaly field in the icy moon 
is parameterized by a discretization finer than the in-
version can resolve. The density anomaly field and 
resolution kernels are calculated using Tikonov-
regularized linear estimation. The regularization pa-
rameter is chosen based on noise statistics using the L-
curve method [8]. 

Checkerboard tests (Figure 2a) use synthetic inver-
sions to intuitively explore the resolution at which the 
inverse problem can “see” the actual density features. 
While these checkerboard tests are useful demonstra-
tions, the resolution matrix actually quantifies the reso-
lution limits exactly for linear inverse problems, and it 
can be computed without the measured data (or check-
erboard data). It contains lat/lon-dependent impulse 
responses of the inversion (“resolution kernels”), 
which show how the inversion necessarily blurs the 
true real-world density anomalies due to ill-posedness 
of the inverse problem. However, since there is one 
resolution kernel map for every single map location, a 
more useful summarization shows the longitudinal 

width of the resolution kernels for each map location 
as in Figure 2b. As expected, the projection of the fly-
by paths is clear in that map. 

Summary and Discussion: Two complementary 
types of analysis are shown here. The forward problem 
analysis addresses feature-detection thresholds, and the 
inverse problem analysis addresses what the measure-
ments will be able to uniquely resolve. These analyses 
work to bound the true sizes and locations of anoma-
lies which could be detected in the actual mission. 
However, note that outside the close flyby areas, the 
resolution is incredibly coarse. So even though anoma-
lies may still be detected from these regions, it is im-
portant to be aware of the stringent limitations imposed 
by the ill-posedness of the problem upon the ability to 
uniquely localize and characterize them. 
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Figure 2. Inverse problem analysis using the proposed Clipper trajectories – (a) Checkerboard test, a synthetic inversion demonstrat-
ing the extent of an 12x24o checkerboard anomaly pattern in a seamount layer that can be recovered by the inversion after 45 orbits. 
The “true” checkerboard model alternates between Δρ = 0, i.e., no perturbation from background water density of 1000 kg m-3, and 
Δρ = 3000 kg m-3 for perturbations from background water density to seamount density. Note the resolution of the inversion is loca-
tion-dependent – as expected, more information is recovered under closest approaches of flybys. The quality of the inverted anomaly 
field can be expressed exactly in terms of 2D impulse responses, or “resolution kernels” of the inversion, one kernel per map loca-
tion. (b) The longitudinal widths of these 2D kernels as function of map location, plotted on a single map after 45 orbits. 
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