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Abstract

The south-polar water plume of Enceladus offers a rare opportunity to sample subsurface-derived
material without landing. In this context, the Planetary Science and Astrobiology Decadal Survey (2023—
2032) emphasizes Ocean Worlds exploration as a major priority, motivating mission concepts that rely
on repeated close flybys and low-altitude, high-inclination trajectories for plume sampling and high-
resolution surface mapping. Such trajectories must be designed within a dynamical environment shaped
by Saturn’s third-body gravity and by Enceladus’ nonspherical gravity, where low-degree harmonics can
become increasingly important as operations approach the moon’s surface. At the same time, the plume
introduces a potentially non-conservative disturbance that is rarely quantified against these standard
gravity perturbations during early mission trade studies.

Analogous to spacecraft operations near active comets—where gas and dust jets generate non-gravitational
accelerations that can bias orbit determination and trajectory design—we evaluate whether Enceladus’
south-polar plume can measurably perturb close-proximity science orbits. Our objective is to quantify
when plume forcing must be included and when it can be neglected relative to the dominant gravitational
environment in preliminary design. The plume is represented as a parametric density—velocity field in an
Enceladus body-fixed frame, comprising a baseline background component augmented by localized south-
polar jet-like sources. The resulting non-conservative acceleration is assessed within a dynamical model
that includes Saturn’s third-body acceleration, Saturn even-zonal harmonics up to Jg, and Enceladus
gravity harmonics including Js, J3, and the degree-2 sectoral term Cos.

Using representative low-periapsis orbit families and flyby sequences, we generate mission-level prod-
ucts that are directly actionable for exploration planning, including: (i) peak and orbit-averaged ratios
of plume-induced acceleration to Saturn third-body and gravity-harmonic accelerations along each pass,
(ii) cumulative plume impulse per close approach as a proxy for trajectory bias over repeated encoun-
ters, and (iii) altitude-latitude maps that delineate regimes where plume forcing becomes comparable
to near-surface harmonic effects. These products provide plume-aware screening criteria for selecting
periapsis altitudes and orbit families for plume sampling and surface mapping, and identify conditions
under which plume interaction should be included in higher-fidelity navigation and operations analyses
for future Enceladus orbital and robotic exploration missions.



