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Evidence suggests that Saturn's icy moon Enceladus has a subsurface ocean that sources plumes of water vapor and ice vented to space from its south pole. In situ analyses of this material by the Cassini spacecraft have shown that the ocean contains key ingredients for life (elements H, C, N, O and possibly S; simple and complex organic compounds; chemical disequilibria at water-rock interfaces; clement temperature, pressure, and pH). The Cassini discoveries make Enceladus' interior a prime locale for life detection beyond Earth. Scant material exchange with the inner Solar System makes it likely that such life would have emerged independently of life on Earth. Thus, its discovery would illuminate life's universal characteristics. The alternative result of an upper bound on a detectable biosphere in an otherwise habitable environment would likewise considerably advance our understanding of the prevalence of life beyond Earth. Here we outline the rationale for returning vented ocean samples, accessible from Enceladus' surface or low altitudes, to Earth for life detection. Returning samples allows analyses using laboratory instruments that cannot be flown, with decades or more to adapt and repeat analyses. We describe an example set of measurements to estimate the amount of sample to be returned and discuss possible mission architectures and collection approaches. We then turn to the challenges of preserving sample integrity and implementing planetary protection policy. We conclude by placing such a mission in the broader context of Solar System exploration.
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INTRODUCTION

Evidence suggests that Saturn's tiny moon Enceladus (radius 252 km) has a subsurface ocean that sources plumes of water vapor and ice vented to space from its south pole. The composition of vented material arguably provides the strongest evidence to date of a habitable environment beyond Earth, with liquid water, the major elements for life, a biologically usable energy source, and clement physicochemical conditions (section “Evidence That Enceladus Is Habitable”).

The eruption of ocean material not only allows the study of Enceladus' ocean and its habitability without having to penetrate under its icy surface, it also offers the chance to test the hypothesis that evidence for life is present at detectable levels in the plume (McKay et al., 2014). A positive detection could provide the first unambiguous evidence for life beyond Earth, with a likely independent emergence given the dearth of material exchange between Enceladus and the inner Solar System (Worth et al., 2013; Melosh, 2019). This would point to a universality of biology and provide a second data point to identify universal characteristics of life. The alternative result could be the first instance of a habitat where signs of life are not detected, placing a constraint on the detectability of biospheres beyond Earth (the fl factor in the Drake equation; Burchell, 2006).

To search for life in the plume, mission concepts ranging from in situ analyses (Lunine et al., 2015; MacKenzie et al., 2016; Eigenbrode et al., 2018), to orbiting or landing (MacKenzie et al., 2020), to sample return (Tsou et al., 2012; Sekine et al., 2014) have been proposed or discussed, as steps on a path (Sherwood, 2016) toward in situ characterization of subsurface liquid (Konstantinidis et al., 2015). In addition to scientific interest, recent political will in the United States has spurred roadmapping of the exploration of “ocean worlds” (Enceladus is a prime example) to search for life (Hendrix et al., 2019). To inform such planning activities for future astrobiology exploration, there is a need to define and constrain the spectrum of possible architectures for each class of missions (flyby, landed, with or without sample return) beyond specific concepts. There is also a need to identify technical and policy issues that must be addressed for these missions to be implemented.

In this paper, we focus on the return of a plume sample, following up on Sekine et al. (2014) and Takano et al. (2014). First, we briefly review the evidence on Enceladus' habitability and rationalize the value of sample return for life detection. We then estimate how much sample would have to be returned in order to perform a suite of measurements able to assess the presence of life in the samples. Next, we discuss a spectrum of sample return mission architectures. We outline outstanding technical and policy issues in the realization of such a mission and conclude by placing Enceladus sample return in the broader context of Solar System exploration.



EVIDENCE THAT ENCELADUS IS HABITABLE


Liquid Water

The plume of water vapor and icy grains emanating from Enceladus' south polar terrain was discovered early in the Cassini mission at Saturn (Hansen et al., 2006; Porco et al., 2006; Spahn et al., 2006; Waite et al., 2006). Subsequent imaging showed that the plume was fed by a combination of jets (Spitale and Porco, 2007; Porco et al., 2014) and a more diffuse curtain-like source (Spitale et al., 2015), both closely associated with four linear fractures dubbed “tiger stripes.” The plume density is linked to Enceladus' orbital position around Saturn, suggesting that eruptions are controlled by tides (Hedman et al., 2013). Mass spectrometry measurements revealed the composition of plume vapor (Waite et al., 2006, 2009, 2017) and grains (Postberg et al., 2009, 2011, 2018a; Hsu et al., 2015; Khawaja et al., 2019). Together, these measurements strongly suggest that the plume material originates in a subsurface ocean that is in contact with Enceladus' rocky core. This ocean seems to be global according to gravity-, shape-, and libration-based determinations of Enceladus' internal structure (Iess et al., 2014; Thomas et al., 2016; Hemingway and Mittal, 2019).



Major Elements for Life C, H, N, O (and S?)

The plume vapor contains hydrocarbons of molecular mass/charge ratio up to at least 100, the upper bound on the Cassini instrument range (Waite et al., 2009). These are likely the fragments of more complex organic species, some containing N and O functional groups (Khawaja et al., 2019), detected up to and above masses of 200 atomic mass units (amu) in plume grains (Postberg et al., 2018a). The vapor also contains carbon in the form of CO2, CH4, and perhaps CO. It contains nitrogen in the form of NH3 and HCN, which are known chemical precursors of amino acids and other more complex organic compounds of prebiotic relevance, and perhaps N2 (indistinguishable from CO in Cassini data). These C and N species are present at abundances of 0.1–1% relative to H2O. Sulfur may be present as H2S, tentatively quantified at about 30 ppm with respect to H2O (Waite et al., 2009; Bouquet et al., 2015) but not unambiguously disentangled from species with the same mass of 34 amu (e.g., H2O2). Thus, of the six major elements key to life on Earth (“CHNOPS”), four (perhaps five) have been detected in Enceladus' ocean material as species which, on Earth, are food substrates for chemotrophic life. C and N are more abundant per unit volume than in Earth's oceans (Cable et al., 2020). P is likely present in the rocky core, since it is part of planet-building materials such as carbonaceous chondrite meteorites (e.g., Wasson and Kallemeyn, 1988), and probably very partially dissolved into the ocean at abundances below the limit of detection of Cassini instruments (section “Availability of phosphorus and Trace Elements”).



Biologically Usable Energy

In addition to vapor, the plume contains icy particles. About 20% of particles (by number) are nearly pure water ice. About 40% are made of ice bearing percent-level organic or siliceous material. The rest is composed of ice bearing 0.5–2 mass% of sodium and potassium salts (Postberg et al., 2011, 2018a). Particles of similar composition, but with a higher proportion of ice-rich grains, are also observed in Saturn's E-ring which is fed by the plume (Postberg et al., 2008, 2009). Further out in the Saturn system, stream particles thought to originate from the E-ring (and thus from Enceladus' interior) have been interpreted as being made of nanometer-sized silica (Hsu et al., 2015). Silica nanoparticles can form when hot fluids with dissolved silica encounter colder water in which silica is less soluble. These particles can grow to micron sizes within 1,000 years. This timing, together with short travel times in the Saturn system, suggests that hydrothermal activity is currently occurring inside Enceladus (Hsu et al., 2015). The formation of silica nanoparticles was reproduced in the laboratory by reacting liquid water with carbonaceous chondritic material. These experiments constrain hydrothermal fluid temperatures to above 50°C and pH up to 10.5, provided that silica precipitates upon mixing into the cold (≈0°C) ocean with a pH between 8.5 and 10.5 (Hsu et al., 2015; Sekine et al., 2015). Modeling of the plume composition suggests that Enceladus' ocean pH is in this range (Glein et al., 2018; Glein and Waite, 2020). This supports the potential hydrothermal formation pathway for silica nanoparticles.

Water-rock interaction is consistent with internal structure models derived from Cassini data (Hemingway and Mittal, 2019 and references therein) that suggest Enceladus' ocean surrounds a porous rocky core possibly permeated with liquid water (Choblet et al., 2017; Neveu and Rhoden, 2019). At these conditions on Earth, the interaction of relatively oxidizing water (as evidenced by the presence of CO2 in the plume) with reducing rock produces hydrogen, providing energy for chemoautotrophic life (Schulte et al., 2006; Russell et al., 2010). The detection of H2 in Enceladus' plume has confirmed that water-rock interactions are ongoing (Waite et al., 2017).



Environmental Conditions Compatible With Life

The temperatures of liquid water on Enceladus seem to range between its freezing point under a few kilometers of ice (≈0°C) and 90°C or more for silica to be solubilized in water permeating the rocky core (Sekine et al., 2015). Corresponding pressures span the range 0.5–600 bar. The lower bound is the hydrostatic pressure at 0.5-1 km depth, i.e., ~10% of the possible ice thickness near the south pole corresponding to the top of the water table in vents. The upper bound is the sum of hydro- and lithostatic pressures in the core, assuming a 55 km thick ocean+ice layer surrounding a core with radius 195 km and density 2,400 kg m−3 (Hemingway and Mittal, 2019). Ocean salinity likely ranges between 0.5 and 2% as inferred from the composition of salt-bearing grains in the plume (Postberg et al., 2011). This is slightly lower than Earth's oceans. The pH has been inferred to be in the broad range 8–12 (Glein et al., 2015; Sekine et al., 2015), with the current best estimate at 8.5–9 (Glein and Waite, 2020). Except for the pH 12 endmember, the temperatures, pressures, salinity, and pH inferred for Enceladus' ocean are in ranges that not only do not come close to pushing the limits of life as we know it (e.g., Takai et al., 2008; Inagaki et al., 2015), but also closely match those of known ecosystems on Earth (Kelley et al., 2005; Imachi et al., 2020).



Remaining Uncertainties
 
Sufficient Amount of Time for Life to Emerge

There is uncertainty as to whether life can emerge in a subsurface ocean, a hypothesis which is testable by a life detection mission to Enceladus (Deamer and Damer, 2017). Conditions compatible with life have likely existed on Enceladus for as long as there has been liquid water in its interior (ocean and/or pore spaces in the core). Was this a sufficient amount of time for life to emerge? Life started on Earth in less than a billion years (Dodd et al., 2017), providing an upper bound, but the minimum time is not well-constrained (Orgel, 1998) and could have been orders of magnitude smaller. The duration of liquid water on Enceladus too is seldom constrained.

Enceladus' current activity suggests that it has had liquid water for decades to ~1 million years at a minimum. The plume has been directly observed since 2005. Tentative photographic evidence of the E-ring (sourced by the plume) was acquired as the Earth crossed the plane of Saturn's rings in 1966 (Feibelman, 1967; Kuiper, 1974; Smith et al., 1975). Feibelman (1967 and references therein) noted that “during the second half of the nineteenth century a number of visual observations were reported.” Although evidence from the Pioneer 11 Saturn flyby in 1979 was equivocal (Larson et al., 1981), the E-ring's existence was confirmed from ground-based observations during the 1979 ring plane crossing by the Earth (Baum et al., 1981; Larson et al., 1981 and references therein) and the Voyager 1 flyby (Stone and Miner, 1981). A recent formation model for the parallel tiger stripes suggests that these formed due to crust breaking under the weight of plume fallback accumulated over ~1 Myr (Hemingway et al., 2019).

The only known heat source able to maintain water liquid on tiny Enceladus is from the dissipation of tides raised by Saturn. Where energy is dissipated is uncertain: water flowing through a permeable rocky core (Choblet et al., 2017), ocean movement damped by the overlying ice (Tyler, 2020), and/or recently increased equilibrium forcing of the ice shell if Enceladus' orbit is expanding at a nearly constant rate due to changes in Saturn's interior (Nimmo et al., 2018; Lainey et al., 2020). Each mechanism could alone sustain the current ocean. However, none suggests a precise enough path to Enceladus' present state as to constrain how long water has been liquid.

Another upper bound on the ocean age could arise from the lack of chemical equilibrium among species detected in the plume. On geological timescales, H2 and CO2 should equilibrate with H2O and CH4 to reach concentrations different from those measured (McCollom, 2016; Waite et al., 2017). This may suggest that the plume H2 and CO2 originate in distinct locations of water-rock interaction in a core of heterogeneous composition (Glein and Waite, 2020). It is unclear whether this points to a geologically young ocean or instead to incomplete chemical homogenization of the core due to limited pervasiveness of fluid circulation (Macdonald and Fyfe, 1985; Cable et al., 2020). A better chronometer could be provided by measuring abundances of organic compound classes that decompose in water on a variety of timescales (Truong et al., 2019). Mineral or organic chemical tracers of the ocean age can be tracked with measurements synergistic with life detection (section “Measurement Strategy and Sample Needed”).



Availability of Phosphorus and Trace Elements

Among bioessential elements, P and trace elements (e.g., Fe) have yet to be detected. Estimates of their abundances require an assumption on the bulk composition of rock in Enceladus' interior since none of these elements are thought to be supplied in ices. Plausible analogous rocks of known composition are chondrite meteorites, whose P and trace elements abundances are representative of the bulk Solar System. Interaction of chondritic rock with ice melts yields minerals and volatile species similar to those observed in Enceladus' plume (e.g., Zolotov, 2007; Neveu et al., 2017).

If these assumptions are correct, and Enceladus' ocean was in chemical equilibrium with its rocky core (bulk water:rock mass ratio of ≈0.4 assuming a 30 km-thick ocean overlying a hydrated core 190 km in radius with 30 vol% water-filled porosity), ocean P concentrations would be ~1 μmol kg−1 (Neveu et al., 2017). This is 10 to 100 times higher than in Earth's ocean, despite most P being sequestered in the core owing to the low solubility of phosphates. However, as shown by the presence of H2 in the plume (Waite et al., 2017), the ocean and core are not currently in equilibrium. Estimates of steady-state P concentrations that account for source and sink fluxes are 100–1,000 times lower than Earth's ocean (Lingam and Loeb, 2018). This could make P a limiting nutrient unless there is a steady flux (e.g., aided by hydrothermal circulation) of P into the ocean and it is efficiently scavenged there by biomass (Cable et al., 2020), or unless the ocean pH and oxidation state are such that P is present as phosphites, which are ≈1,000 times more soluble than phosphates (Pasek, 2008). Assumptions of equilibrium or steady state both suggest that Fe is unlikely to be present at much lower abundances than in Earth's ocean, i.e., ~0.1 nmol kg−1 (Neveu et al., 2017; Lingam and Loeb, 2018).

The reverse issue of too high availability of trace elements, leading to their potential toxicity, is another unknown. The determination of the abundances of a broad suite of elements is synergistic with life-detection measurements (section “Measurement Strategy and Sample Needed”).



Energy Supply Limitation

Any biosphere in Enceladus' subsurface ocean is likely limited by its supply of energy. A plausible energy source is the catalysis of the oxidation-reduction reaction of CO2 and H2, or of reactions involving the organic compounds observed in the plume. These are known to sustain (sub-)seafloor ecosystems on Earth. On Enceladus, their viability as energy sources rests on estimates of the rates (i.e., fluxes) at which reactants such as H2 are produced (Steel et al., 2017; Taubner et al., 2018; Cable et al., 2020), ratioed to rates of biomass energy use for growth and maintenance of organismal or community functions (Hoehler and Jørgensen, 2013). The compounded uncertainties in Enceladus supply and biological demand leads to an eight order-of-magnitude range of estimates in the biomass that could be sustained per mL of Enceladus ocean (Cable et al., 2020). Even the highest values (~1,000 cells cm−3) are two to three orders of magnitude lower than in Earth's ocean (105-106 cells cm−3; Whitman et al., 1998).




Enceladus' Habitability: Summary

Measurements to date suggest that Enceladus' ocean fulfills all the requirements to sustain life. Uncertainties remain regarding how long these ingredients have been present together and how large of a biosphere can be sustained given the limited supply of energy and phosphorus. These limitations suggest that Enceladus' biosphere, if it exists, has a biomass density at least 100–1,000 times lower than Earth's. A stricter upper bound on biomass could be estimated from Enceladus' higher organic carbon content (≤1%; Waite et al., 2009; Postberg et al., 2018a) relative to the 0.5 ppm total organic carbon of Earth's ocean (Thurman, 1985). The latter is kept low because biomass is consuming it. All else (e.g., metabolic rates, no plume enrichment in organic compounds upon eruption) being equal, the higher organic carbon content of Enceladus' ocean would imply that its biomass density is 104 times smaller (<100 cells cm−3). The level of understanding of habitability at Enceladus makes it ripe for a life-detection mission (Hendrix et al., 2019; Figure 1). This is widely appreciated (Lunine et al., 2015; Porco et al., 2017; Eigenbrode et al., 2018). Next, we discuss the merits of sample return for life detection.


[image: Figure 1]
FIGURE 1. Enceladus is farthest along the roadmap to understanding the potential of ocean worlds to harbor life (Hendrix et al., 2019). White lines across roadmap milestones depict the current state of knowledge for each world or class of worlds from past exploration by the Cassini, Galileo, Voyager, Dawn, and New Horizons spacecrafts (from top to bottom). Upcoming missions such as Europa Clipper (NASA) to Europa, JUICE (ESA) to Ganymede, and Dragonfly (NASA) to Titan will make further progress along this roadmap. Modified from Hendrix et al. (2019) under the terms of a CC BY 4.0 license.





SAMPLE RETURN: ADVANTAGES AND CHALLENGES

Sample return presents both unique advantages and unique challenges for life detection (McKay et al., 2014; Treiman, 2017; Table 1). Returning samples of ejected Enceladus ocean material would uniquely enable investigations that can be adapted as results are obtained, are exquisitely sensitive, and leverage improvements in measurement capabilities for decades to come.


Table 1. Relative merits of in situ and sample return missions for life detection.

[image: Table 1]


Adaptable Analyses

With returned samples, the next measurement can be devised based on the results of the previous one (Shearer and Borg, 2006; McKay et al., 2014), with ample time to think through the path of analysis and with all existing instrumental techniques available. Laboratory measurements and analytical techniques can also be adapted to sample properties, repeated multiple times, and checked with other analytical techniques. Such unmatched adaptability has proven crucial in previous searches for biomarkers and assessments of their biogenicity, which can take years even if the sample is in the laboratory. This includes the time needed for independent validation of measurements by different research teams, refutation of claims, or follow-on hypothesis-driven measurements, which proceed at the pace of journal publications. The path to every confirmed or refuted claim of life detection in samples of ancient (e.g., Schopf, 1993), extraterrestrial (McKay et al., 1996), or otherwise secluded environments (Priscu et al., 1999) has taken years of subsequent, initially unplanned analyses. Previous life detection endeavors have taught us to expect the unexpected. These precedents have set a high bar to convince the community of a detection of life: life must be the only possible explanation for the measurement results (Klein, 1978; Neveu et al., 2018 and references therein).

In this context, in situ life detection presents the risk that the mission payload finds tantalizing clues but cannot carry out needed follow-on measurements. As versatile as flight instruments can be, their capabilities are frozen in at the time of mission design, years ahead of the measurements, with a preconception of what could be measured. This leaves limited ability to adapt the measurement strategy to new results gathered by the mission. The alternative is then to wait for a subsequent mission, possibly far in the future as illustrated by the 40-year gap between the Viking and Mars Science Laboratory investigations of indigenous organic compounds on Mars (Klein, 1978; Eigenbrode et al., 2018).

In contrast, an example of a challenging but eventually successful measurement is that of the carbon isotopic composition of the amino acid glycine to establish its cometary origin in samples of comet Wild 2 returned by the Stardust mission. Determination of the abundance and carbon isotopic composition of glycine required (a) hot water extraction from the Stardust collector aerogel and foils to recover the material soluble in water including amino acids, followed by drying; (b) acid vapor hydrolysis of the water-extracted residue to free amino acids bound to salts or other cations and/or generated from acid-hydrolyzable precursors (Glavin et al., 2006); (c) multi-step derivatization, including inter-step decantation to remove insoluble residue interfering with sample injection, to convert amino acids to more volatile derivatives able to be separated in a gas chromatography column (e.g., Martins et al., 2007); (d) measurement of the amino acid derivatives separated by gas chromatography using combustion isotope ratio mass spectrometry (Elsila et al., 2009); and (e) recovery of the actual isotopic abundances from the measured values by removing biases introduced during derivatization using measurements acquired on derivatized and underivatized standards. The optimization of the analytical procedures for the carbon isotopic analysis of trace amino acids extracted from Stardust foils took 3 years to implement in the laboratory. Neither the sample preparation steps (optimized iteratively) nor compound-specific isotopic analysis of amino acids can be carried out with current spaceflight instruments.



Use of Instruments That Cannot Be Flown

Returned samples can be analyzed with instruments that cannot be flown (Figure 2). These include:

1. Instruments of higher performance than those that can be flown at any given time. For example, mass spectrometers that could be flown to Enceladus today exceed the capabilities of Cassini's instruments by one order of magnitude in mass range, two in mass resolution, and four in sensitivity (Lunine et al., 2015; Brockwell et al., 2016). Similarly, ongoing developments are expected to outperform current flight capabilities by, e.g., two more orders of magnitude in mass resolution (Arevalo et al., 2018).

2. Instruments that cannot be miniaturized (Figure 2). The most performant instruments on Earth for key life detection measurements (e.g., compound-, position-, and/or spatially specific isotopic analyses; atom-by-atom imaging) can take up a room (nanoscale secondary ion mass spectrometry, atom probe tomography; e.g., Branson et al., 2016) or a facility (X-ray synchrotron; e.g., Nakamura et al., 2008). More detail on techniques and their capabilities is provided in Table 3.

3. Complex wet chemistry protocols or sample preparation steps (e.g., section “Adaptable Analyses”; Figure 5),

4. A much more diverse suite of techniques than could be accommodated on any spacecraft.


[image: Figure 2]
FIGURE 2. Example techniques that greatly enhance life detection but cannot be flown. (A) Secondary Ion/Accelerator Mass Spectrometer for isotopic measurements on small samples proximal to surface contamination, built and used for the Genesis mission. Credit: NASA (public domain). (B) Aerial view of a synchrotron X-ray source used, e.g., for microscale X-ray diffraction. Credit: Argonne National Laboratory, reproduced under a CC BY-NC-SA 2.0 license. (C) Matrix-Assisted Laser Desorption/Ionization (MALDI)-Imaging Mass Microscope. Credit: JAMSTEC.




Archival

Allocating returned material for archival enables analyses with techniques that cannot be conceived of at the time of mission design. This is illustrated by analyses of archived lunar samples collected during the Apollo missions that keep on yielding insights with ways of investigating samples that could not be fathomed in the 1970s (Shearer and Borg, 2006). These methods include preliminary examination by non-destructive techniques such as X-ray computed tomography, micro X-ray fluorescence, and imaging micro-Raman spectroscopy to optimize detailed analyses based on the spatial distribution of compositional units within the sample (Zeigler et al., 2019).

An example scientific result is the determination of the varying propensity of individual mineral grains to retain radiogenic argon in lunar samples (Mercer et al., 2019). This use of electron probe microanalysis and spatially resolved laser ablation noble gas mass spectrometry was only possible decades after the end of Apollo. It provides direct implications for the dating of lunar material that currently anchors much of the absolute ages tentatively determined across planetary surfaces in the solar system.



Challenges

Challenges germane to sample return include:

• Understanding the samples' geological context with measurements carried out off-site,

• Minimizing sample alteration during capture and transport from the sampling location to the laboratory and recording the conditions (e.g., pressure, temperature) of the sample's environment from collection through Earth return,

• Avoiding sample contamination by life on Earth and its byproducts,

• Backward contamination in the context of planetary protection (“Restricted Earth Return”),

• Sample preservation in curation.

Understanding context requires in situ science to be carried out either as part of the sample return or with a separate, complementary, dedicated mission (Shearer and Borg, 2006; Figure 3). A thorough in situ study of plume material would also establish a necessary baseline from which any alterations due to sample return can be identified. This dual need makes an in situ mission a logical precursor to sample return (Figure 3), as has been the case in Mars exploration, unless the needed in situ measurements are performed by the sample return mission. The latter approach may be sensible given the comparatively long trip times to Enceladus. In situ life detection science at Enceladus, including context, has been discussed elsewhere (Lunine et al., 2015; Eigenbrode et al., 2018; MacKenzie et al., 2020). The other four challenges, inherent to any astrobiology sample return mission, are discussed in section “Technical and Policy Considerations.”


[image: Figure 3]
FIGURE 3. Possible follow-on missions to Cassini to search for and investigate Enceladus' potential biosphere (independent of specific architectures such as orbiter or lander). The need for geological and chemical context for life detection suggests an in situ plume investigation as a logical next step. The limitations in analytical capabilities for life detection can be overcome by a sample return mission, which can also benefit from a prior in situ study of plume material that establishes the baseline from which any alterations due to sample return can be identified. A far-future, direct investigation of the ocean would characterize any previously detected biosphere, or search for it at lower limits of detection. Steps in this logical path (wide arrows) may be bypassed (dashed arrows) depending on the evolving state of knowledge and the specific design and findings of future missions. Modified from Sherwood (2016).





MEASUREMENT STRATEGY AND SAMPLE NEEDED

Modern measurement strategies for life detection in extraterrestrial material have been discussed in detail elsewhere (e.g., Summons et al., 2008; Hand et al., 2017; Neveu et al., 2018; Glavin et al., 2019). In brief, they target multiple attributes (potential “biosignatures”) that distinguish biological from abiotic properties or processes. This includes material that can comprise living organisms such as:

• Over-representation of amino acids with high molecular mass and structural isomer preference

• Enantiomeric excess of all chiral amino acids (excesses of right-handedness, opposite to that observed in terrestrial biology, would exclude Earth contamination)

• Enantiomeric excess of all chiral sugar compounds (polyols)

• Patterns in the distribution of carbon chain length in long-chain hydrocarbons (e.g., periodic pattern of higher abundance as evidence of synthesis in cyclic reactions, or higher abundances for a specific range of chain lengths)

• Polymers with a repeating charge in their backbone

• Polymers of sugars, amino acids, or nucleobases

• Morphologies resembling microbial cells co-located with physical activity, chemical activity, or textures or compositions distinct from the environmental background

• Distribution of the number of types of operations needed to obtain each molecule in the pool of organic compounds [e.g., Pathway Complexity Index (Marshall et al., 2017)].

as well as material resulting from the impact of living organisms on their environment such as:

• Isotopic depletions in D, 13C and 15N in organic compounds relative to inorganic matter (and in inorganic species relative to one another) that could be attributed to kinetic effects during biological reactions

• Co-located oxidants and reductants

• Inventory of chemical and mineral species that differs from that resulting from abiotic thermodynamic equilibrium or kinetic steady state.

Here, we have excluded signatures associated with the activity of organisms that are alive (e.g., motion or accumulation of metabolic products). Organisms in Enceladus' ocean would be highly unlikely to survive ejection to space, sample capture, exposure to radiation during the back cruise, Earth reentry, and/or any exposure to the relatively oxidizing conditions of Earth's surface (see Figure 4). These signatures may be targeted by in situ investigations if a fraction of organisms survives ejection to space and sample capture (e.g., Cosciotti et al., 2019).


[image: Figure 4]
FIGURE 4. Stages of sample alteration between synthesis and measurement. This includes alteration steps due to ascent and ejection, which cannot be controlled, and steps from collection onward, for which sample alteration can be minimized. The sample can be further altered by the measurement method. Elements of this image from NASA-JPL/Caltech (public domain) and PNGImg, used under a CC BY-NC 4.0 license.


Targeting multiple attributes is crucial to increase confidence in the life detection outcome. Previous experience has set the bar that all abiotic or contamination interpretations of the ensemble of life detection measurements must be deemed improbable enough in order to conclude that indigenous life has been found. If life is not detected, a comprehensive set of chemical and morphological measurements is essential for determining how far toward life chemistry has progressed, reconstructing the sample's journey between synthesis and collection, and quantifying how much biomass (if any) should have been expected in the sample. Each attribute must be understood in the context of its provenance, because attributes can be altered or destroyed between their synthesis and their measurement. Provenance can be established via the same measurements that target the above attributes but generally requires additional contextual measurements, especially at the time and place of sample collection.

On returned samples, all of the above attributes can be measured by multiple techniques and independent teams at scales ranging from the full sample to individual atoms or molecules. An estimate of the composition of the plume samples, based on the results discussed in section “Evidence That Enceladus Is Habitable,” is provided in Table 2. Example life detection techniques and corresponding amounts of sample needed are provided in Table 3. Notably, these measurements can address more than the driving question of life detection. For example, isotopic measurements could ascertain the origin of Enceladus or the materials it accreted (Sekine et al., 2014). More generally, these measurements would establish how far prebiotic chemistry has progressed inside Enceladus and quantify its habitability, thereby ensuring meaningful results even in the case of negative life detection.


Table 2. Expected major constituents of Enceladus plume samples based on the evidence discussed in section “Evidence That Enceladus Is Habitable.”
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Table 3. Life detection capabilities on returned samples (composition described in Table 2) compared to in situ, example options for implementation, and corresponding indicative amount of sample needed.
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As illustrated in Table 3, some measurements can only be done on Earth, such as those that provide contextual information at the smallest scales (e.g., compositions surrounding potential cells). Other measurements are much more informative if carried out on Earth, such as determining the isotopic composition of the bulk and various subsets of the organic material to infer the pathways involved in forming these compounds. For the rest of the measurements, such as broad characterization of organic compound classes or detection of cell morphologies, there is no advantage in returning samples because either flight instruments are sensitive enough or the limiting factor in the sample needed is the size of cells, not analytical capabilities.

Regarding morphological measurements, the survival of the integrity of ice-encased microbial cells to ejection (and sampling) is largely an open question. Cells have been found to survive freezing in salty water (e.g., Cosciotti et al., 2019). The structural integrity of a few percent of E. coli cells in aqueous medium was found to be preserved through injection into vacuum simulating eruption into Enceladus plumes (Bywaters et al., 2020). If sample amounts allow, it may be worth considering fixing part of the samples with agents such as glycerol, methanol, or paraformaldehyde, as commonly done in aqueous samples on Earth to better preserve microbial constituents for later analysis. However, this would involve a presupposition of the composition of potential Enceladus microorganisms.

The sample amounts provided in Table 3 are indicative as they hinge on the expected abundance of the targeted compound classes or cells in icy plume material. For some measurements, such as the distribution of the number of types of operations needed to obtain each molecule in the pool of detected organic compounds, the amount of sample needed is relatively well constrained by the sub-percent bulk organic content of plume vapor and grains (Table 2). However, for most, there are order-of-magnitude uncertainties arising from the size of the biosphere that could be supported. Here, we have assumed the same 100 cells mL−1 value (about 100 cells g−1 of ocean water) adopted by the Europa Lander Science Definition Team (Hand et al., 2017), based on comparison with analogous environments on Earth. This is near the upper end of the range provided in section “Energy Supply Limitation.”

Nonetheless, the significantly lesser need for sample with Earth-based analyses may enable comprehensive life detection with a drastically reduced collection time. From Table 3 and other studies (Hand et al., 2017; MacKenzie et al., 2020), the sample needed for in situ analyses is several (a few but probably <10) grams. This excludes the nanopore measurement and assumes that each measurement is repeated in order to capture heterogeneity in the sample and in the analytical approach (e.g., 10 repeats; Lorenz, 2019). In contrast, only milligrams may be needed for life detection in returned samples owing to the capabilities of techniques such as (imaging-)MALDI-mass spectrometry and immunoassays. (Although for some measurements such as compound-specific isotopic analyses, a few orders of magnitude more sample enables measurements on a much broader set of compounds and isotope systems, providing a major improvement in understanding synthesis pathways.) Because a 1 m2 area flown through the plume at 50 km altitude is expected to collect on the order of 3 mg (Porco et al., 2017), in situ analyses require hundreds of flybys by a Saturn or Enceladus orbiter or a landed mission, whereas one flyby may suffice for a sample return.

Even a 1 mg sample comprises about 109 micron-sized grains, such that known compositional heterogeneity across plume components (Postberg et al., 2009, 2011, 2018b; Hedman et al., 2018; Khawaja et al., 2019) would not statistically skew analyses.

The mass and state of samples that must be returned, dictated by the measurements to be carried out on Earth, in turn drive the choice of possible mission architectures. Architectures are also driven by the need to preserve the integrity of the targeted attributes (e.g., large organic compounds or microbial cells).



POSSIBLE MISSION ARCHITECTURES

The constants of an Enceladus sample return mission are the outbound and return legs between the Earth and the Saturn system. At Saturn, multiple options exist (Table 4). Similarly to in situ missions, sampling is much facilitated by Enceladus' low gravity (e.g., relative to Mars sample return). This allows for sampling of its extended plume through flybys (as explored by Tsou et al., 2012), hovering above the plumes, orbiting, or landing from orbit at a relatively low delta-velocity (Δv) expense.


Table 4. Architecture trades.
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Here, we only discuss architectures for missions whose purpose is to collect samples, not perform in situ science. The mission architecture and associated sampling strategy and collector design are driven by three considerations: collecting enough sample for the desired analyses, minimizing changes to the sample upon collection, and minimizing contamination to the sample. We discuss the first two in this section and the third in section “Technical and Policy Considerations.”


Flying Through the Plume

Samples can be collected in one or repeated passages through the plume. In order of complexity, architectures comprise a single fly-through on a Sun-orbiting (“free return”) trajectory, a Saturn orbiter with Cassini-like fly-throughs steered by Titan gravity assists, and an Enceladus orbiter (Sekine et al., 2014). The traded quantities are mission duration, Δv (fuel mass, cost), and sampling velocity, whereas sampling altitude is set by navigation uncertainty in all cases. A sampling altitude typically considered is 50 km (e.g., Guzman et al., 2019), low enough that the plume density is high, yet high enough that material from the multiple venting locations at the surface have merged into a single plume.

Free return trajectories may lead to the longest missions. A heliocentric orbit with apoapsis at Saturn and periapsis at the Earth has a period of 34 years, more than twice the typical 15-year duration for which spacecraft parts are qualified. That flight time can be reduced with maneuvers, gravity assists, and/or non-chemical propulsion; 25 years seems achievable even with chemical propulsion (Sekine et al., 2014). The sampling velocity for the latter trajectory was estimated at a few km s−1 but could in principle be reduced by carefully balancing the relative heliocentric orbital velocities of Saturn and the slower spacecraft with Enceladus' orbital velocity around Saturn and the gravitational pull exerted by Saturn on the spacecraft. This approach only enables a single flyby, which may be sufficient to achieve the life detection measurements of section “Measurement Strategy and Sample Needed,” but with no contingency if the flyby circumstances prevent collection of enough sample. This risk and the long mission times make this approach not optimal compared to others described below.

Saturn-orbiting trajectories have been considered for Cassini follow-on, mid-sized in situ mission concepts (Lunine et al., 2015; Eigenbrode et al., 2018). Sample return mission times can be <15 years (Tsou et al., 2012; Sekine et al., 2014). Cassini operations have shown that repeated flybys are possible at a ≈3-week cadence with assists from Saturn's largest moon Titan, allowing dozens of ~2–4 km s−1 flybys within a collection time that remains short compared to the roundtrip time of 13+ years (Tsou et al., 2012). Even upon collection at km s−1, identifiable molecules up to small chains of monomers survive impact if encased in ice grains (Gu et al., 1999; Burchell et al., 2014) because much of the impact kinetic energy goes into the latent heat of sublimation of ice. Without ice encasing, even the simplest structures would not survive impact (Burchell and Harriss, 2019).

Enceladus-orbiting trajectories require prolonged pump-down of the orbital velocity around Saturn via repeated flybys of Titan, Rhea, Dione, Tethys, and Enceladus itself in order to avoid consuming a prohibitive amount of propellant (Spencer et al., 2010; Sekine et al., 2014). Presumably, a similar amount of gravity assists would be needed to leave the Saturn system. An Enceladus orbiter study found a cruise time of 8.5 years, pump-down time of 3.5 years, and science phase of 1 year for a 13-year in situ mission (Spencer et al., 2010). Sekine et al. (2014) found that coming back to Earth doubles the mission time to 26 years. The chief advantages to orbiting Enceladus are (1) the minimal fly-through velocity of just 200 m s−1 (Massarweh and Cappuccio, 2020), comparable to the velocities of plume particles, which minimizes changes to the sample upon collection, and (2) the high cadence of flybys relative to a Saturn orbit. Such a cadence may allow collection of enough material (grams) to sample microbial cells (Table 4). Due to Enceladus' low gravity and the proximity of massive Saturn, stable sampling orbits are halo orbits around the Saturn-Enceladus Lagrange 1 and 2 points, with a period of ≈12 h and an arbitrarily low sampling altitude (Massarweh and Cappuccio, 2020).



Landed Sampling of Plume Material

From Enceladus' surface, plume particles having fallen back at ≈150 m s−1 can be either caught just before reaching the surface (Porco et al., 2017) or scooped or otherwise retrieved as surface ice and snow (Hand et al., 2017; MacKenzie et al., 2020). In both cases, sample can be accumulated much faster than by flying through the plume (Table 4). The catching approach is still limited by the size of the collecting area but ensures collection of the freshest sample minutes after eruption. The south polar areas nearest the vent sites experience the highest deposition rates of order 0.1 mm year−1, i.e., 100 g year−1 for a 1 m2 collection area, with ~1 g year−1 m−2 elsewhere in the south polar terrain and <1-100 μg year−1 m−2 farther north (Southworth et al., 2019).

In comparison, the scooping approach designed for a Europa lander concept can provide 1 to 10 g day−1 (Hand et al., 2017). On Europa, this approach is necessary to get below the irradiated top surface layer, damaging to biosignatures, within week-to-month mission lifespans limited by spacecraft radiation damage. Although the more benign radiation environment and freshly emplaced plume fallback do not warrant scooping on Enceladus, this approach enables a faster surface phase and/or return of more sample. The age (time since ejection) of a 1 cm3 ≲ 1 g surface sample cube can be estimated as of order 10 years × (fallback rate/0.1 mm year−1), since a cube of piled-up fallback 1 cm on a side would have <1 year-old material in its top 0.1 mm and 100 year-old material at the bottom if the fallback rate is 0.1 mm year−1. Thus, surface sample ages could range from a few years old near vent sites where fallback rates are a few 0.1 mm year−1 and up to 1 million years old away from the south polar terrain (Southworth et al., 2019).

The complexity of a landed mission would be significantly increased relative to even an orbiter because of the need to consider forward planetary protection, communication with Earth never far above the horizon, and safe landing on a surface that is currently uncharacterized at the lander scale. However, the Δv difference between orbiting and landing is only ≈200 m s−1 owing to Enceladus' small surface gravity of 0.1 m s−2, 1% of Earth's. Therefore, the need for added fuel relative to an orbiter is low. This and relatively fast surface sample collection suggest a mission duration similar to an orbiter, about 25 years. Thus, for a non-instrumented mission whose sole purpose is to collect samples for return, the trade between orbiting and landing is mainly driven by the amount of sample that can be collected in a given time vs. spacecraft complexity (e.g., to mitigate the risk of landing on rough terrain), with collection speeds and Δv being relatively similar. The sample amount that can be collected is on the order of kilograms (Table 4), enabling, e.g., C, N, S, O and even H isotopic analyses of specific organic compounds present at sub-ppb abundances (Table 3). These are the abundances of many organic compounds identified in carbonaceous chondrites (Pizzarello et al., 2001; Sephton, 2002) whose bulk organic content is similar to that of Enceladus' plume (Alexander et al., 2007).




TECHNICAL AND POLICY CONSIDERATIONS

Returning samples from the outer Solar System presents several technical challenges that must be overcome for such a mission to succeed. Aside from potentially long mission durations, these include minimizing alterations to the sample between capture and measurement (Lakew et al., 2017; Treiman, 2017), a challenge shared in part with comet surface sample return; and implementation of planetary protection policy (McKay et al., 2014), a challenge shared with Mars sample return. Below, we discuss the aspects of these challenges that are intrinsic to plume sample return.


Minimizing Sample Alteration Between Capture and Measurement

Determining whether the returned samples were synthesized biologically or abiotically with enough confidence requires understanding the samples' state at the time of analysis and how they may have been altered since their synthesis. Example alteration processes are shown in Figure 4. They include natural processes between synthesis and capture (#1–3 in Figure 4) such as:

• Bubble scrubbing in which bubbles of exsolved gases collect overlying organic material as they rise, selectively enriching the plume with compound classes that better bind to the bubble's surface (Porco et al., 2017);

• Interactions with ascent conduits such as condensation on cold walls or at bottlenecks where pressure is increased (Khawaja et al., 2019);

• Formation of a buoyant film of hydrophobic organic compounds at the top of the water table (Postberg et al., 2018a);

• Nucleation of grains around ejected salt and organic particles (Khawaja et al., 2019);

• Flash freezing of ocean water droplets whose outer layers vaporize into vacuum, cooling the rest (e.g., Glein and Waite, 2020).

These natural processes require a contextual understanding of the ascent and ejection processes (section “Sample Return: Advantages and Challenges”), such as the nature and shape of the conduits between the ocean and the surface.

Sample alteration processes also occur in (post-)capture environments that can be controlled (#4–9), as discussed below. Steps #5–9, i.e., the back cruise, reentry, landing, quarantine, and curation, are germane to sample return.


Collector Design

The Enceladus plume contains water and other volatile species, silicate grains, organic compounds of sizes ranging between tens and (at least) thousands of amu, and noble gases (Table 2). Each of these components may require a specific collection strategy. Below we focus primarily on organic molecules and silicate particles targeted by the life detection measurements of Table 3.

Among collector materials, low-density silica aerogel has the ability, proven in flight (Stardust mission), to capture at km s−1 velocity and preserve silicate grains and organic compounds as volatile as amino acids and amines (Tsou et al., 2003; Sandford et al., 2006; Glavin et al., 2008). Unfortunately, silica aerogel is also prone to capturing and retaining organic contaminants, which are difficult to exclude upon retrieval and concentration of sample particles dispersed in the aerogel matrix. Stardust sample investigations were complicated by a high background of terrestrial carbon (Si-CH3 groups), including small organic compounds used in biology, within the aerogel itself (Elsila et al., 2009). Aerogel is intrinsically a high-background material due to its large internal surface area, which determines the abundance of atmospheric contaminants on any material, and which is increased when decreasing aerogel density to minimize capture damage. Moreover, the recovery of trapped samples is difficult, because aerogel is typically hydrophobic and cannot be heated to temperatures high enough to completely remove organic compounds without damaging the aerogel structure, resulting again in high background levels.

Other substrates considered for capturing refractory particles are metal (e.g., aluminum, gold, stainless steel, or titanium) surfaces. Materials with high depth to cross-section ratios, such as honeycomb, should be easier to outgas. Stacks of thin metal foils can likewise capture particles relatively gently but share with aerogel the difficulty of extracting the sample from the matrix.

On single solid metallic surface collectors, organic contamination is even more easily removed either chemically or thermally. On such solid surfaces, ice grains are vaporized upon impact. This frees relatively intact ice-encased organic or inorganic compounds (Burchell et al., 2014) since most of the impact kinetic energy is converted into latent heat of sublimation of the ice. Retaining these compounds requires deposition on secondary collector surfaces (Aksyonov and Williams, 2001) that could be kept cold or electrically charged to also retain volatile and/or ionic species. Such secondary collectors present analytical advantages. They could be configured for direct, robotic insertion into analytical instruments upon return, minimizing exposure to terrestrial contaminants. They could also be patterned so that the diffuse layer of captured material can be dissolved and concentrated into small spots prior to analysis (Figure 5).


[image: Figure 5]
FIGURE 5. Example possible patterned secondary collector surface that could be robotically inserted into analytical instruments on Earth (here, a MALDI mass spectrometer; see Table 3). (A,B) This metal surface comprises 8 × 12 hydrophilic spots, each 2–3 mm in diameter. Sample accumulated on the plate can be concentrated for analysis by depositing droplets (here, of laser ablation matrix, i.e., a solution of small molecules absorbing at the laser wavelength) and letting dry prior to insertion into the mass spectrometer. These steps can be carried out robotically so as to minimize exposure to Earth's biosphere and human contamination. (C) Close-up of a spot, with a typical laser spot size depicted by a white oval. Credit: Intrinsic Bioprobes Inc. (now part of Thermo Fisher Scientific).




Means to Check That Enough Sample Has Been Collected

A “go/no go” decision to undertake the return leg is likely to involve a check that enough sample has been collected. This could be achieved by microscopic imaging of the collector (if the geometry allows) or of a witness plate. One could envision a set-up similar to the optical and/or atomic force microscopes onboard the Phoenix and Rosetta spacecrafts, tailored to the expected size and number density of collected particles (Bentley et al., 2016). Alternatively, one could measure the effect of a changing mass of the collection surfaces on the frequency of a quartz crystal microbalance. This technique is commonplace in monitoring chemical contamination (e.g., deposition of organic compounds outgassed from tapes or glues) during spacecraft assembly or even in flight (Dirri et al., 2019). If the collected mass is significant (e.g., landed collection), its effect on the collector or spacecraft inertia could be monitored. This was the approach taken for the OSIRIS-REx asteroid sample return mission designed to collect at least 60 g (Lauretta et al., 2017).



Sample Preservation Through Return Cruise and Reentry

The return cruise environment is largely unchanged from that of collection, save for the accumulation of radiation and a steadily increasing solar flux warming the return capsule. Radiation can be quantified and mitigated by shielding the capsule as necessary. Warming is an issue mostly for the preservation of compounds that sublimate at temperatures above the ≈60–70 K of icy surfaces at Saturn.

In contrast, most of the thermal and mechanical stresses to the sample occur at reentry and (potentially impact) landing (#6–7 in Figure 4; Venkatapathy et al., 2017). The degree of stress mitigation (e.g., active collector cooling or phase change materials to minimize heating) depends on the sample: refractory particles can tolerate higher temperatures and gases tolerate mechanical stresses. Given these differences, it may be advantageous to separate refractory and volatile (including ice) sample fractions prior to reentry. This would prevent them from reacting with one another at increased temperatures and pressures experienced during reentry and would allow distinct strategies for mitigation of these conditions to a degree appropriate for each fraction. A possible implementation was developed for the CAESAR comet sample return mission concept (Glavin et al., 2018; Lunine et al., 2018). It involved warming the sample captured and contained in the return capsule to sublimate H2O and more volatile species. The vapors were passed into a gas reservoir also mounted in the return capsule and separate from the solid sample container. The gas reservoir was subsequently sealed while the solid sample container was vented to space until reentry, at which point its vent was closed to prevent contamination from Earth's atmosphere.



Minimizing and Characterizing Terrestrial Contamination

The minimization and characterization of spacecraft particulate, molecular, and biological contributions from Earth environments prior to launch and from launch through sampling has been extensively documented in the context of the Mars 2020 astrobiology sample collection mission (Summons et al., 2014), as well as the OSIRIS-REx and Hayabusa missions (Dworkin et al., 2018; Uesugi et al., 2019). Fundamental contamination mitigation steps require cleaning the collector and return capsule and protecting them from recontamination. To help discriminate between plume material and terrestrial contamination, witness materials that share the properties of collector surfaces, such as composition and geometry, and exposed to the same environments as the collector except during plume sampling, could be included in the collector and capsule design. Collector backgrounds could be reduced by outgassing to space prior to sample capture, both by heating using the onboard power supply and by exposure to solar radiation.

During and after Earth return, the sample is subject to contamination inputs and to losses of the volatile components. For example, analyses of Stardust foils stored at room temperature in an ISO Class 5 cleanroom at NASA's Johnson Space Center revealed that the levels of amino acid glycine they contained dropped by a factor 6–10 over 1,000 days (Figure 6). This could be due to loss of volatile glycine precursors such as formaldehyde and aminoacetonitrile, as briefly discussed by Glavin et al. (2014). Mitigation approaches such as sealing (implemented for the Hayabusa-2 mission; Okazaki et al., 2017) and leak rate monitoring can address both contamination and losses. Other approaches can address one but have adverse effects on the other, complicating their implementation: for example, keeping the collector cold mitigates volatile loss, but makes it more effectively trap contamination from the atmosphere and (during reentry) products of ablation and outgassing of the return capsule. Nonetheless, it is likely that plume samples would require curation in a controlled environment emulating the cold vacuum conditions at the plume.
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FIGURE 6. Steady decline in the abundance of the amino acid glycine extracted from Stardust foils exposed to comet Wild 2 as a function of time in curation. The foils were stored at room temperature in an ISO Class 5 cleanroom at NASA's Johnson Space Center. Measurements were obtained using the methods described in Glavin et al. (2008) and Elsila et al. (2009).


Contamination also occurs from any refractory material used to manipulate or store the sample, such as metal tools or vessels. This has previously resulted in investigation of a potential bias in the measured metal content in lunar samples (Day et al., 2018), although in that case the bias was found to be insignificant.




Back Planetary Protection

The purpose of back planetary protection is to prevent inadvertent contamination of the Earth with viable biological material indigenous to the sampled world and carried onboard the robotic spacecraft. A non-binding planetary protection policy by which all major space agencies abide is set by the international Committee on Space Research (COSPAR).

In the COSPAR policy (Kminek et al., 2017), back planetary protection policy is not implemented into quantitative requirements. This policy (Category V—Restricted Earth Return) and a proposed implementation (Takano et al., 2014) are further discussed below.

The lack of quantitative back planetary protection requirements contrasts with forward planetary protection policy, which aims to prevent contamination of the sampling environment with viable Earth biology. The policy requires that the probability of a given mission introducing microbes into the ocean be lower than 10−4. It specifies that this probability be calculated from (at least) bioburden at launch, survival during the cruise and in the radiation environment adjacent to Enceladus, probability of encountering the surface, mechanisms and timescales of transport to a subsurface liquid water environment, and survival and proliferation before, during, and after subsurface transfer (Kminek et al., 2017).

The 10−4 threshold is arbitrary (National Research Council, 2012; Sherwood et al., 2019). Although some of the above factors are poorly known, there are possible estimation methods. Bioburden can be estimated with organic compound proxies (Summons et al., 2014). The radiation environment and its variations have been measured in interplanetary space and near Enceladus (Krupp et al., 2018). The microbial tolerance to radiation in interplanetary space has been modeled based on the results of irradiation experiments (Mileikowsky et al., 2000). Probabilities of surface impacts too can be modeled (Nicholson, 2009). Transport from the surface into the ocean by tectonic motions seems unlikely based on geophysical modeling (Howell and Pappalardo, 2019); however, infrequent fracturing (Hemingway et al., 2019) and burial under plume fallout (Southworth et al., 2019) point to million-year timescales of delivery to the ocean. Finally, compiled microbial growth rates indicate that at 273 K, the turnover rate of organic carbon metabolized for biomass growth is about 1 mass% per hour in near-surface environments on Earth (Price and Sowers, 2004). This rate could be much lower in energy-limited environments (Hoehler and Jørgensen, 2013).

As an alternative to the difficult quantification of the above factors, a binary decision tree has been proposed (National Research Council, 2012): Do current data indicate that the target body lacks (1) liquid water? (2) bioessential elements? (3) physical conditions in the range of extreme conditions for Earth life? (4) chemical energy? (5) complex organic nutrients? (6) Is the likelihood of contact with the habitable environment <10−4? (7) Can treatment at 60°C for 5 h eliminate physiological groups that can propagate on the target body? If one or more of these decision points is evaluated negatively, the spacecraft must be heated above 110°C for 30 h for sterilization. This approach was implemented in categorizing the Hayabusa-2 mission as an Unrestricted Earth Return (Yano, 2017).

Both approaches enable quantitative requirements on which consensus can be reached, compliant designs made and evaluated, and their cost estimated. However, they do not allow projects to select or develop implementations best suited to meet their requirements (Stern et al., 2019). Instead, they draw on the contamination mitigation techniques of previous missions such as Viking. The contrary is true for back planetary protection of Cat. V—Restricted Earth Return missions, which lack a precedent (although one may be set by Mars sample return in the coming years). The lack of quantitative requirements provides flexibility in the implementation, but hampers preliminary designs, means to check compliance, and costing. Yet, the current level of scientific and technical understanding could allow for at least some level of further specification into quantitative requirements and means to evaluate whether these requirements are met. The Restricted Earth Return provisions are:

“Unless the samples to be returned from […] Enceladus are subjected to an accepted and approved sterilization process, the canister(s) holding the samples returned from […] Enceladus shall be closed, with an appropriate verification process, and the samples shall remain contained during all mission phases through transport to a receiving facility where it (they) can be opened under containment.”

To implement this provision, a maximum allowable leakage rate could be specified for particles of a specific size, such as the size of the smallest known biological pathogens (10–15 nm for prions; Silveira et al., 2005). This requirement should be met even for impact landing on Earth, whether intended or accidental, necessitating systems to monitor the capsule's integrity (e.g., temperature and pressure sensors). To test whether the leakage rate requirement is met, tracers of smaller size than the above particle size threshold could be emplaced in the contained areas and monitored outside these sealed areas. Helium, with a van der Waals radius of 0.14 nm, is commonly used for leak detection, with leakage rates expressed in Pa m3 s−1 of He (i.e., the He pressure decrease rate for a set volume) that are routinely measured using commercial devices (Younse et al., 2012). Despite its ease of measurement, the use of He as a tracer could place unnecessarily stringent constraints on systems that need only contain potential pathogens no less than 70 times larger. For this provision as for the others below, a possible first implementation in the context of Mars sample return could inform implementation for a sample return from Enceladus.

“The mission and the spacecraft design must provide a method to ‘break the chain of contact' with […] Enceladus. No uncontained hardware that contacted material from […] Enceladus or [its] plumes, shall be returned to the Earth's biosphere or the Moon. Isolation of such hardware from the […] Enceladan environment shall be provided during sample container loading into the containment system, launch from […] Enceladus, and any in-flight transfer operations required by the mission.”

This provision could be met by requiring that uncontained spacecraft parts in contact with plume material either be jettisoned prior to or sterilized during Earth reentry (whether passively by ambient radiation or by an active sterilization process). Additionally, the policy could specify maximum allowable probabilities (which can be quantified during trajectory design) of impact of unconfined spacecraft parts on the Earth or the Moon or of microbial survival on such parts during reentry.

“Reviews and approval of the continuation of the flight mission shall be required at three stages: (1) prior to launch from Earth; (2) subsequent to sample collection and prior to a maneuver to enter a biased Earth return trajectory; and (3) prior to commitment to Earth re-entry.”

This requirement is specific and does not affect design or costing.

“For unsterilized samples returned to Earth, a program of life detection and biohazard testing, or a proven sterilization process, shall be undertaken as an absolute precondition for the controlled distribution of any portion of the sample.”

This could be interpreted as requiring specific programs of life detection and biohazard testing during one or several mission stages. In situ life detection with techniques such as those described in Table 3 has been proposed (Yano et al., 2016a). Life detection measurements could also be made non-invasively after recovery of the capsule on Earth but prior to opening the sealed container. This could be achieved either by designing the return capsule and sample container for non-contact measurements by outfitting them with optical waveguides or puncturable interfaces (Yano et al., 2016b), or by interrogating the capsule with non-contact techniques such as X-ray computed tomography (Takano et al., 2014; Zeigler et al., 2019). However, many of the techniques able to detect features of life require contact (Table 3). Life detection after opening the capsule, but prior to distributing the sample could be carried out onboard a research ship confined at sea in international waters (Takano et al., 2014). Much of the needed equipment (Summons et al., 2014; Table 3) is carried on existing research vessels (Takano et al., 2014). The planetary protection policy could specify which of the above stages are acceptable for life detection and biohazard testing. It could also list possible methods of sterilization. These include dry heat microbial reduction (Daspit et al., 1975), flash heating to 500°C (Heller et al., 2017; Voskuilen and Sakievich, 2017), hydrogen peroxide and/or nitrogen dioxide gases (Heller et al., 2017), and ionizing radiation (Yano et al., 2016b).

Designing and testing sample return architectures to these requirements could also include:

• Analyses of navigation errors to assess impact probabilities both on the target ocean world and in the Earth-Moon system;

• Design, building, and testing of sealing systems, including approaches to monitor seal integrity and sterilize uncontained spacecraft parts in the event of seal breech;

• Thermal modeling of spacecraft surfaces during Earth reentry.

The above examples are only possible approaches to implementing Cat. V—Restricted Earth Return policy. Providing this level of specification either in the policy itself or in vetted documentation (e.g., NASA, 2011 NASA Procedural Requirement 8020.12D that implements the COSPAR Policy), and specifying that other approaches may be accepted if it can be demonstrated that they equivalently achieve compliance, would facilitate formulation and costing of astrobiology sample return missions.




CONCLUSIONS

At Enceladus, plume material ejected minutes before from subsurface liquid reservoirs harboring the ingredients for life represents an ideal sample in which to search for life. In situ strategies measure sample properties in their freshest state, as well as essential context. Sample return provides the ability to adapt follow-on analyses to findings, access to the full diversity of existing and future interrogation techniques, and time to assess the validity of results. Sample return may also require substantially less sample than in situ investigations. This complementarity may be necessary for life detection (Sherwood, 2016). The ease of access of ocean material through the plume allows one to bypass the sequence of missions to “fly by, orbit, land, rove, and return samples.” For sample return, a Saturn orbiter flying about ten times through Enceladus' plume minimizes the mission duration to ≈15 years, but the effect of collection at 1 km s−1 or more must (and can) be minimized. Enabling technology developments are in the areas of sample collection and preservation, as well as in the implementation of Restricted Earth Return planetary protection policy for cold samples. Finally, many of the considerations discussed here could be applied to the exploration of other worlds showing hints of erupted material that could sample a subsurface ocean, such as Europa (Roth et al., 2014; Sparks et al., 2016), Ceres (Küppers et al., 2014; Ruesch et al., 2016), or Triton (Kirk et al., 1995).
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Measurement Example technique Capability on Earth Capability in situ Indicative amount of needed plume material
(primarily H20, see Table 2)

Over-representation of amino  Mass spectrometry with separation stage  Quantify relative molar abundances of ~ Quantify relative molar abundances of ~ 0.1g (in situ)®
acids with high molecular mass  (e.g., capilary electrophoresis, gas or amino acids of mass < 500 amu present ~ amino acids of mass < 500 amu present
and with structural isomeric liquid chromatography) at>1pmol g~' at <20% accuracy (1 at >1 pmol g=' at <20% acouracy (1 rel.
preference relative standard deviation) std. dev)*®
Enantiomeric excess in all chiral  Mass spectrometry with separation stage  As above, plus quantify molar As above, plus quantify molar abundances 0.5mg (sample return)'9
amino acids (9., capillary electrophoresis, gas, or abundances of enantiomers of amino  of enantiomers of amino acids relative to 0.5 (in situ)9
liquid chromatography) acids with up to 7 carbon atoms relative  glycine with <2% accuracy, quantify

to glycine with <2% accuracy, quantify  enantiomeric excess with <20% accuracy
enantiomeric excess with <5% accuracy ~ in amino acids present at ppm levels®®
in amino acids present at ppb levels®d

Enantiomeric excessinall  Liquid extraction followed by purification, ~ Quantify relative molar abundances of  Cannot currently be implermented? mg to g (sample return)®!

chiral sugar compounds concentration, derivatization, and gas  enantiomers of sugar compounds with up

(polyols) chromatography®" to 6 carbon atoms®"

Distribution of carbon chain Mass spectrometry with separation stage ~ Quantify relative abundances of Quantify relative abundances of long-chain 0.1g (in situ)®

length in long-chain hydrocarbons  (e.g., capillary electrophoresis, gas or long-chain hydrocarbons with mass < hydrocarbons with mass < 500 amu

liquid chromatography) 104 amu present at >1 pmol g=' at 20% present at >1 pmol g™' at 20% accuracy

accuracy (1 rel. std. dev) (1 rel. std. dev)*>

Polymers with a repeating charge  Nanopore sequencing Identify and sequence DNA, RNA, and  Not yet fully established ™ >1 kg based on ~100 ng DNA (kg Earth ocean

in their backbone potentially other biopolymers without prior water)~ . Enceladus biomass may be 102 to
detailed knowledge of their chemistry’, 10'° times more dilute (5 x 10-5-500 cells g~")°
starting from >1 ng of polymer*

Polymers of sugars, amino  Immunoassay Identify specific compounds present  Identify specific compounds presentat > 1mg (sample return); >1-10g (in situ),

acids, or nucleotides at10-18-40-12gg-'P >0.1-1 pg g~ (developed for flight?) assuming 100 cells g~ © and 25 fg protein

cel=' "

Matrix assisted laser desorption/ionization ~Identify compounds present at <10~"" g LDl capabilty (not matrix-assisted) imited > 10mg (sample retum)®; >1g (in situ LD
mass spectrometry (MALDI) wm=2%, requires preconcentration from  to sub-1,000 amu range® (<10-mer). based on laser spot sizes.

> 10mg (for 100 cellsg~', ie., ~1ng  Sensitivity 1 ng g~', requires

protein g='). Image their distribution at preconcentration from 1g

pm-resolution

Morphologies resembling Atomic force microscopy Image atom by atom, perform force  Image at nm-scale resolution, with >1g (assuming 100 cells g~)
microbial cels co-located with spectroscopy m-scale field of view?. Force
physical activity, textures, or spectroscopy® not yet developed”

compositions distinct from the
environmental background

Optical microscopy Image at pm-scale resolution, 0.5mm  Image at pm-scale resolution, 0.5 mm field >1g (assuming 100 cells g~
field of view. Fluorescence with UV light  of view. Fluorescence with UV light
source source¥X
Digital holographic microscopy No motilty measurements possible (no  Detect particle motion rate and direction.  >1g (assuming 100 cells g~)
live cells) Developed for flight with spatial resolution
~1 pum, field of view ~0.5 mm*
(Matrix-assisted) laser desorption Map organic composition of and No mapping capabilty <1 ng (sub-mm grains)
ionization imaging mass spectrometry  surrounding particles at um scales for
compound masses up to 10°~10° amu'
Atom probe tomography; secondary ion  Map elemental composition of and Cannot be flown <1 ng (sub-mm grains)
mass spectrometry; scanning electron  surrounding non-icy microscopic particles
microscopy with X-ray spectroscopy from pm to sub-nm scales
[Nanoscale-] secondary ion mass Map isotopic composition of and Cannot be flown <1 ng (sub-mm grains)
spectrometry surrounding microscopic particles”
Distribution of the number of Mass spectrometry with separation stage  Identify organic compounds of mass < Identify organic compounds of mass < 0.1.g (n situ)®
types of operations neededto  (e.g., capilary electrophoresis, 10% amu present at >1 fmol g~ and 1,000 amu present at >1 pmol g=' and
obtain each molecule in the pool  chromatography) mass resolution > 10°-10° mass resolution ~10%%
of detected organic compounds
Isotopic fractionation in Orbitrap mass spectrometry Quantify compound-specific isotopic  Orbitrap being developed for flight™. Wet  0.1g (for C), 0.25 g (for N) for 0.1-nmol limit of
organic compounds and Wet chemistry + Gas 18G/12C, 'SN/1N, and 3S/%28 ratios® in - chemistry/GC-IRMS has not been detection®d
inorganic species chromatography-isotope ratio mass organic compounds presentat > 0.1 developed for flight
spectrometry (GC-IRMS) wmol g='. Deviations at <5%. precision
relative to plume N, CO2, HzS
Inductively coupled plasma mass Quantify bulk isotopic ratios as above,  ICP-MS not yet developed for flight. SIMS <1 mg (sample return)
spectrometry plus Fe/*8Fe at 0.1%o precision in cannot be flown
Secondary ion mass spectrometry refractory plume material as a function of
bulk Fe abundance®
Corlocated oxidants and X-ray diffractometry Map organic (including macro-molecules) Map organic and inorganic species with  <<1g (sample return);
reductants IR/Raman spectroscopy and inorganic species with masses up to  masses up to at least 500 amu® at scales  <1g (i situ)**. No sample needed for in situ
Imaging mass spectrometry 10*-10° amu down to diffraction limit down to sub-mm. Inventory minerals infrared spectroscopy at close range.
a-particle X-ray spectrometry (wm to nm-scale). Inventory minerals at ~present in the sample at bulk abundance

Laser-induced breakdown spectroscopy  bulk abundance > 5 vol%. Ascertain > 5vol%

organic and mineral crystal
structures

Inventory of chemical and mineral  Same as Distribution of the number of types of operations needed to obtain each molecule in the pool of detected organic compounds and Co-located oxidants and reductants

species that differ from that

resulting from abiotic thermo

dynarmic equiibrium or kinetic

steady state

Sample amounts are subject to uncertainties on the size of a biosphere that Encelacius can support (section *Evidence That Encelads s Habitable")
Red: no capabillty; orange: capabilty under development; bold: measurements for which capabilties on Earth exceed those in'situ by orders of magnitude. References: *Hend et al. (2017). ®Goesmann et al. (2017). ®Koga and Neraoka
(2017). #Glavin et al. (2019). ®Freissinet et al. (2010). 'Burton et al. (2013). 9Assuming a ratio of amino acids to total (~dissolved) organic carbon of 1:200 (e.g., Lee and Bade, 1975). ®Cooper and Rios (2016). 'Furukawa et al. (2019).
IRezzonico (2014). KPlesivkova et al. (2019). 'Carr et al. (2013). ™Sutton ot al. (2019). "Collns et . (2018). °Cable et al. (2020). PZhang et al. (2013). 9Parro et al. (2011). “Zubkov et al. (1999). Comett et al. (2007). ‘Guenther et al.
(2010). “Riedller et al. (2007). YBentley et al. (2016). WHecht et al. (2008). XBedrossian et al. (2017). ¥Branson et al. (2016). %Jin and Bose (2019). ®@Brockwel et al. (2016). ®On Earth and in many solar system materials, 13C/12C » 1/90,
15N/1N = 1/270, and 3 S/32S & 1/20 so expected amounts of the compounds with the rarer isotope are about as many times lower than their bulk abundances. For a given instrument limit of detection, O and H isotopic measurements
require more sample since 80/1%0 » 1/500, 170/'80 » 1/2500, and D/H > 1/5000 (see, e.g., data compilation in Neveu et al,, 2020). #Sellez et al. (2019). *Elsila et al. (2009). *Johnson et al. (2008). ¥ Nurul-Abedin et al. (2018).
%9e.g, Blake et al. (2012).
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An in situ mission with a sample retur element, or two complementary missions (in
sequence or in paralle) have the advantages of both and none of the drawbacks (Shearer

2d Borg, 2006).
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Plume solids* (particles ~0.2-2.0um at altitucies ~25km) (1-10 mass%
of plume at altitudes 20-30km, 0.1-1% at 100 km®)

Ha0 icesd ~09

NaCl, NaHCOs, NazCOs, KCl, 05-2
KHCOj, KpCOj salts?

siog <0015 to <0.35"
Unsaturated organic compounds with ~0.03
mass > 200 amue

Mg-rich, Al-poor silicates with ~0.01
possible but undetected Fe®

Low-mass, N- and O-bearing, ~0.0001-0.001

soluble, volatile organic compoundsh

Plume vapor' (90-99% of plume by mass at altitudes 20-30 km; 99-99.9%
at 100km®)

Hz0 96-99
co, 07-2
NH 04-12
CH, 0.1-025
He 0.04-0.15
Organic compounds with 2-6C ~0.02

atoms, some bearing N and/or Of

Percentages by mass are bookkept separately for solids and vapor. Notes and references:
aBased on number percentages reported i ¢, d, and k below and synthesized by Cable
et al. (2020). PHedman et l. (2018). °Postberg et al. (2008). Postberg et al. (2011). °Hsu
et al. (2015). !Postberg et al. (2018b). 9Postberg et al. (2018a). "Khawaja et al. (2019).
iConverted to mass% from vol% given by Waite et al. (2017). /Converted to mass% from
vol% given by Waite et al. (2009). kPostberg et al. (2009).
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Simpler, less costly architectures spend less time in the vicinity of Enceladus. They cannot carry out as much contextual science as missions that spend more time at Enceladus, and
they collect sample at higher velocity, altering it more. #Porco et al. (2017). ®A natural sample providing a negative control may be essential for a conclusive life detection result (Lorenz,
2019). SMassarweh and Cappuccio (2020). 9Southworth et al. (2019). ®Hand et al. (2017). ! Tsou et al. (2012). 9Spencer et al. (2010). SPT, South Polar Terrain.
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