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Enceladus is an icy world with potentially habitable conditions, as suggested by the coincident presence of a subsurface ocean, an active energy source due to water-rock interactions, and the basic chemical ingredients necessary for terrestrial life. Among all ocean worlds in our Solar System, Enceladus is the only active body that provides direct access to its ocean through the ongoing expulsion of subsurface material from erupting plumes. Here we present the Enceladus Touchdown aNalyzing Astrobiology (ETNA) mission, a concept designed during the 2019 Caltech Space Challenge. ETNA’s goals are to determine whether Enceladus provides habitable conditions and what (pre-) biotic signatures characterize Enceladus. ETNA would sample and analyze expelled plume materials at the South Polar Terrain (SPT) during plume fly-throughs and landed operations. An orbiter includes an ultraviolet imaging spectrometer, an optical camera, and radio science and a landed laboratory includes an ion microscope and mass spectrometer suite, temperature sensors, and an optical camera, plus three seismic geophones deployed during landing. The nominal mission timeline is 2 years in the Saturnian system and ∼1 year in Enceladus orbit with landed operations. The detailed exploration of Enceladus’ plumes and SPT would achieve broad and transformational Solar System science related to the building of habitable worlds and the presence of life elsewhere. The nature of such a mission is particularly timely and relevant given the recently released Origins, Worlds, and Life: A Decadal Strategy for Planetary Science and Astrobiology 2023–2032, which includes a priority recommendation for the dedicated exploration of Enceladus and its habitable potential.
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1 INTRODUCTION
Are we alone? The presence of contemporary habitats elsewhere in the Solar System with the ingredients necessary to sustain life is a driving force for scientific exploration. Where do these habitats exist, and do organisms live there now? One of the most promising targets to explore these questions is Enceladus, an icy moon of Saturn where a liquid water ocean exists between a dynamic icy shell and a potentially active silicate interior (Brown et al., 2006; Hansen et al., 2006; Porco et al., 2006; Parkinson et al., 2008; Spencer and Nimmo, 2013; Iess et al., 2014; Thomas et al., 2016).
Enceladus Touchdown aNalyzing Astrobiology (ETNA; Figure 1) is a mission concept designed and proposed during the fifth Caltech Space Challenge (CSC) (https://www.spacechallenge.caltech.edu/past-challenges), which is a week-long space mission design challenge that brings together students from across the world to create a pre-Phase A concept study (Rabinovitch et al., 2014). Under the mentorship of experts from NASA, academia, and industry, our team (consisting of 16 students from eight different countries) designed a mission to address the CSC prompt to “assess whether Enceladus provides the conditions necessary (or sufficient) to sustain biotic or pre-biotic chemistry.” The CSC dictated five key mission constraints:
1) Land as close as possible to the plumes’ sources.
2) Use a collection of small landers/rovers.
3) Target a New Frontiers-class mission arriving at Enceladus between 2036 and 2042.
4) Comply with planetary protection guidelines.
5) Launch the mission with one SLS-type launcher.
[image: Figure 1]FIGURE 1 | The Enceladus Touchdown aNalyzing Astrobiology (ETNA) mission was designed by our team of 16 students representing eight different countries. Mission patch and artwork designed by Sam Zaref.
We named our mission concept after Mount Etna, which, according to ancient mythology, is where the Greek Giant Enceladus was buried during an epic battle for control of the Cosmos. Mount Etna, like Enceladus, is known for its volcanic and seismic activity.
In this contribution, we discuss the astrobiological potential of Enceladus (Section 2), the importance and relevance of Enceladus exploration in the context of broader Solar System science (Section 3), and the ETNA Science Goals (Section 4), sampling strategy (Section 5), payload (Section 6), mission analysis and concept of operations (conops; Section 7), and spacecraft design (Section 8).
2 ASTROBIOLOGICAL POTENTIAL OF ENCELADUS
Enceladus became a compelling exploration target when the Voyager spacecraft (Smith et al., 1982) revealed it to be our Solar System’s most reflective body, suggesting the surface is composed entirely of fresh snow or ice (Cruikshank, 1980; Verbiscer et al., 2005; Henin, 2018). Images acquired by Voyager exposed a unique surface reshaped by extensional, compressional, and strike-slip faulting, suggestive of an active interior (Kargel and Pozio, 1996). The Cassini spacecraft (Gautier and Ip, 1984) since confirmed Enceladus is an active world, imaging active plumes erupting material sourced from beneath the south polar terrain (SPT) and expelling it tens of kilometers into space (Hansen et al., 2006; Spahn et al., 2006; Hsu et al., 2015; Waite et al., 2017; Postberg et al., 2018). Targeted flybys by Cassini revealed enhanced thermal anomalies associated with the erupting plumes, suggesting the plume activity is driven by tidal stresses and convective heating of the ice shell (Roberts and Nimmo, 2008; Běhounková et al., 2017). The correlation between individual plumes and small (∼10 m) hot spots suggests latent heat is transported from a subsurface ocean (Goguen et al., 2013; Porco et al., 2014). Various geophysical measurements also support the presence of a stable, long-lived subsurface ocean beneath the ice shell (McKinnon, 2015; Thomas et al., 2016; Čadek et al., 2016), which is estimated to be 30–40-km thick on average (Iess et al., 2014; McKinnon, 2015; Hemingway and Mittal, 2019) but only a few-km thick in the SPT (Beuthe et al., 2016; Čadek et al., 2016; Le Gall et al., 2017), where the moon’s active plumes and tiger stripes are located. The tiger stripes are a pattern of long fractures extending hundreds of kilometers that appear to be linked to the tidal and eruption cycles of Enceladus (Hurford et al., 2007; Nimmo et al., 2014).
Of particular astrobiological interest, Cassini captured expelled plume material during flybys and analyzed its composition (Waite et al., 2006, 2017; Tokar et al., 2009; Teolis et al., 2010; Postberg et al., 2018), revealing the plumes to be composed predominantly of water vapor, along with hydrogen gas and some heavier trace compounds of organic molecules, including nitrogen, carbon dioxide, methane, propane, and acetylene, which may be conducive to the origin and evolution of life (Porco et al., 2006; Waite et al., 2009). In fact, some of the plume components have been identified in hydrothermal systems on Earth, and comparisons with Enceladus can serve to test the hypothesis of the origin of life in these systems (Martin and Russell, 2007; Russell et al., 2014). The plume materials are presumably sourced from Enceladus’ subsurface ocean (Porco et al., 2006; Spencer and Nimmo, 2013; Waite et al., 2017; Postberg et al., 2018), which has sea floor pressures similar to those at terrestrial oceanic depths of ∼1000 m (NRC, 2022). Frozen droplets of water in the plume have a salinity and alkaline pH comparable to terrestrial oceans (Postberg et al., 2011; Glein et al., 2015; Glein and Waite, 2020), where early life may have evolved on our own planet (Sverjensky and Lee, 2010; Pope et al., 2012). Plume materials also contain tiny silica grains, which likely originate from ongoing high-temperature water-rock reactions made possible from tidal heating below the ocean floor (Postberg et al., 2011; Hsu et al., 2015; Postberg et al., 2018), an environment suitable for aqueous catalytic chemistry (Matson et al., 2007). Ongoing water-rock interactions at depth are further implied by the ocean’s alkaline pH, sodium and potassium salts, and a low-density rocky core (Glein et al., 2015; Hsu et al., 2015; Zandanel et al., 2021; Kang et al., 2022).
Today, outstanding questions remain regarding the habitability (and occupancy) of Enceladus. For example, although organics have been measured in Enceladus’ erupted plume material, the limited resolution and high altitude of Cassini’s mass spectrometer prevented detailed measurements of heavier organics, and some organic matter is expected to have broken down during the high-speed fly-by collections (Waite et al., 2009; Postberg et al., 2018). Heavier compounds are of critical importance to assess (pre-) biotic signatures (McKay et al., 2014). Furthermore, P and S were not detectable by the mass spectrometer (Postberg et al., 2011), but are needed to complete the biomarker inventory of CHNOPS (Hill, 2000).
3 RELEVANCE TO NASA
Enceladus is a compelling target to study astrobiology and habitability in our Solar System because it is an active body that provides direct access to its ocean through the expulsion of subsurface material (NRC, 2011, 2022; Cable et al., 2021a; Choukroun et al., 2021; Mathies and Butterworth, 2021; Vance et al., 2021). ETNA was designed to address two main scientific questions outlined by the CSC prompt: “Does Enceladus provide habitable conditions?” and “What (pre-) biotic or abiotic signatures characterize Enceladus?” These Science Goals directly address the question “How did life begin and evolve on Earth, and has it evolved elsewhere in the Solar System?” which was identified by NASA’s Science Mission Directorate to motivate Solar System exploration (https://science.nasa.gov/solar-system/big-questions/).
The ETNA mission was conceived in 2019, under the context of the Vision and Voyages for Planetary Science in the Decade 2013–2022 (NRC, 2011). At that time, our team determined ETNA directly responds to two of the three identified cross-cutting science themes of the 2013–2022 Decadal: “Planetary Habitats” and “Workings of Solar Systems”. The 2013–2022 Decadal specifically recommended Enceladus as one of four exploration targets that hold the greatest potential as modern habitats for Earth-like life. ETNA takes advantage of the unique opportunity to directly sample subsurface compounds from an active hydrologic system with plume fly-throughs and subsequent landed sample collection, allowing for the analysis of materials expelled from Enceladus’ subsurface ocean.
Since the conception of ETNA, the National Academies released the Origins, Worlds, and Life: A Decadal Strategy for Planetary Science and Astrobiology 2023–2032 (NRC, 2022). With this new Decadal, the recommendation for a dedicated Enceladus mission has elevated, and Enceladus science aligns with various Priority Science Questions within the Decadal Scientific Themes of “Life and Habitability” and “Worlds and Processes” (NRC, 2022). The Decadal committee specifically recommended an Enceladus “Orbilander” mission (MacKenzie et al., 2020, 2021) as the second-highest priority for a new Flagship mission. Orbilander has many common elements with ETNA; it would analyze fresh plume material from orbit and during a landed phase to 1) search for evidence of life and 2) obtain geochemical and geophysical context for life detection experiments. If Orbilander is not supported, the Decadal recommends NASA invests in an Enceladus multiple flyby mission to progress icy ocean world and habitability science. Thus, continuing to explore Enceladus in detail is a driving priority in the upcoming decade, and would be enabled with a mission such as ETNA, Orbilander (MacKenzie et al., 2020), “SILENUS” (Spectrometer Investigating the Livability of Enceladus with a Network of Underground Seismometers) as designed by another CSC team (Nathan et al., 2022; this issue), or “EnEx” (Enceladus Explorer; Konstantinidis et al., 2015). Table 1 specifies how ETNA Science Goals and Objectives directly map to the Priority Questions outlined in the two most recent Decadal Surveys (NRC, 2011; NRC, 2022).
TABLE 1 | ETNA Science Goals and Objectives, and their relevance to Decadal Survey Priority Questions.
[image: Table 1]4 DRIVING SCIENCE
Here we outline Science Goals of the ETNA mission, which are presented in a Science Traceability Matrix in Figure 2, and were designed to address the CSC mission prompt (Section 1).
[image: Figure 2]FIGURE 2 | ETNA science traceability matrix.
4.1 Science Goal 1: Does Enceladus provide habitable conditions?
The first Science Goal is related to characterizing the habitability of Enceladus and determining how habitable conditions are provided and sustained (Hoehler et al., 2021). This goal provides key geochemical and geophysical context in the search for (pre-) biotic signatures. Addressing this goal would allow us to quantify the biomass that Enceladus could support by constraining the ocean’s temperature, salinity, pH, nutrient availability, and energy sources (Glein and Waite, 2020; Cable et al., 2021a; MacKenzie et al., 2021). It would also allow us to constrain the timescales of habitable conditions, providing insight into the favorability of developing high Pathway Complexity Indices (Marshall et al., 2017). Science Goal 1 is defined by three Science Objectives (Figure 2).
4.1.1 Objective 1A: Determine the bulk chemical composition of the subsurface
It is known that the plume materials contain chemical ingredients that characterize habitable environments, including native hydrogen, water vapor, and simple organic compounds (Waite et al., 2006, 2017; Kahana et al., 2019; Hansen et al., 2020), but questions remain regarding the presence of phosphorus and sulfur (two key biomarkers of terrestrial life; Postberg et al., 2011) and heavy organic compounds, which are suggestive of more complex chemical reactions and possibly biologic activity (Waite et al., 2009; McKay et al., 2014; Barge and Rodriguez, 2021). To address these unknowns and investigate the composition of Enceladus’ ocean, ETNA would collect and analyze ejected plume materials. Analyzing the bulk chemical composition of plume materials would provide insight into potential sources and pathways for Enceladus’ chemistry. ETNA would determine the:
1) Presence and relative abundance of CHNOPS, organic, and inorganic species in plume materials.
2) Spatial variability of the composition of erupted plume materials.
3) Abundance of Na and Cl in plume materials for oceanic salinity constraints.
4.1.2 Objective 1B: Determine what energy sources drive surface and subsurface interactions
Characterizing the moon’s internal structure and bulk parameters is important to assess the energy source(s) of its dynamic plume activity and resurfacing (Hurford et al., 2007; Tian et al., 2007; Hedman et al., 2013; Běhounková et al., 2017; Southworth et al., 2019). ETNA would constrain the:
1) Thickness and heterogeneity of the ocean and ice shell layers, both for the local SPT and for the global structure.
2) Topography of the oceanic floor.
3) Geometries and physical structures of surface vents at the SPT.
4) Mass flux of material erupted from the subsurface to the surface in active plumes.
5) Surface temperature of the SPT and eruption regions.
6) Physical and thermal stresses of the SPT.
Tidal dissipation, which is thought to be linked to Enceladus’ ongoing plume activity, is generated by deep-ocean tidal flow across rough seafloor topography, transferring energy to internal waves and eventually smaller-scale dissipative processes (i.e., heat) (Tyler, 2009). Thus, constraining the topography of the seafloor would improve our estimates of regional tidal flow and heat flux. Furthermore, mapping the seafloor topography and the spatial relationships between vents, and possible caverns, chimneys, or other oceanic structures, would enable structural comparisons with oceanic habitats on Earth, where early life evolved (Martin et al., 2008; Shields et al., 2019). Lastly, the relationship between bathymetry and variations in vent abundance and plume activity could provide important insight into pathways between the subsurface and surface.
4.1.3 Objective 1C: Determine the periodicity and the lifetime of these habitable conditions
To assess the habitability of Enceladus, it is essential to understand whether favorable conditions persisted long enough to allow for the origin of life (McKay et al., 2008). On Earth, hydrothermal environments can sustain the spontaneous synthesis of simple organic compounds (even in the absence of life) and are known to support some of Earth’s most primitive forms of microbial metabolism (NRC, 2022). It is possible that life could have also emerged on Enceladus if its ocean and hydrothermal activity have been sufficiently long-lived.
One approach to constraining the timescales of plume activity is to determine the surface ages of various geologic units on Enceladus. Other geologic terrains have relatively higher crater densities and are interpreted to be older than the SPT (Kirchoff and Schenk, 2009). Some nearby terrains also have a deficiency of craters with diameters ≤2 km, interpreted to be due to burial by expelled plume materials (Kirchoff and Schenk, 2009). Comparing crater densities of the SPT, of nearby terrains whose crater populations have been altered by plume outfall, and of terrains whose crater populations have not been modified by plume activity can help constrain the relative timescales of how long the plumes have been erupting.
To help constrain the periodicity and lifetime of habitable conditions, ETNA would constrain the:
1) Density and frequency of erupting plumes, and variations through eruption lifetimes.
2) Number and geometries of inactive and active surface fissures.
3) Surface age of the SPT and other geologic units.
4) Mass flux of erupted plume material and rate of resurfacing.
5) Dynamics of vent-driving processes leading to plume eruptions.
4.2 Science Goal 2: What (pre-) biotic or abiotic signatures characterize Enceladus?
With Science Goal 2, we seek to find evidence of life from the past, present, or potentially future (i.e., pre-biotic). What is the complexity and progression of organic chemistry on Enceladus? This goal would be addressed through the search for various biosignatures to help constrain if and to what extent life has evolved on the moon. Science Goal 2 is defined by three Science Objectives (Figure 2).
4.2.1 Objective 2A: Characterize the composition, structure, and ratios of plume materials
In addition to characterizing the processes that have shaped Enceladus as a habitable world, ETNA was designed to determine if there are any (pre-) biotic signatures. Understanding the geochemistry of these plumes can provide critical insight into the geochemistry of the ocean (Matson et al., 2007; Zolotov, 2007; Glein et al., 2018) and the potential habitability of Enceladus (McKay et al., 2008, 2014; Parkinson et al., 2008; Barge and Rodriguez, 2021). ETNA would investigate the presence of biologic signatures by assessing the composition, patterns, and chemical and structural complexity of expelled plume materials (both particulate and vapor) (Knoll, 2003; Higgs and Pudritz, 2009; Domagal-Goldman et al., 2016).
The abundance and structural patterns of amino acids and lipids as a function of carbon chain length can be used to distinguish between abiotic and biotic sources (Summons et al., 2008; Georgiou and Deamer, 2014). The “Pathway Complexity Index” would be computed to index the level of organic molecule complexity in plume samples, and to discriminate between abiotic and biotic processes (Marshall et al., 2017). Because this index does not make any assumptions about the nature of the biochemistry at work, it is agnostic toward the type of life that may have evolved on a planetary body (Marshall et al., 2017).
Chirality also provides insight into biological vs nonbiological origins (Glavin et al., 2020). In terrestrial systems, biotic amino acids tend to exhibit left-handed homochirality while abiotic amino acids lack a strong preference. Combining measurements of amino acid relative abundance, chirality, and isotopic abundances provides the strongest case of measuring biologic origin (Glavin et al., 2020). Therefore, in analyzing collected plume materials, ETNA would:
1) Determine the composition (including Cl-containing compounds, sulfates, carbonates, silica, silicates, and metal oxides).
2) Determine the abundances, broad weight distribution, and patterns of organic compounds (including amino acids, carboxylic acids, hydrocarbons, and lipids).
3) Compare the composition, abundance, and distribution of organic compounds to databases of terrestrial organic compounds.
4) Measure the chirality and abundance of amino acids.
4.2.2 Objective 2B: Determine if visual biomarkers are present in erupted plume materials
The most robust detection of biotic signatures would derive from independent, repeatable measurements of biosignatures (Neveu, 2016; Hand et al., 2017; Neveu et al., 2018). Thus, in combination with chemical measurements of plume materials (Objective 2A), ETNA would also search for visual biomarkers (Simoneit, 2002, 2004). All living cells possess a membrane made of lipids that aid in the exchange of material, communication, energy conservation, and protection from thermal and mechanical stresses, and these structures can be visually identified (Stoeckenius, 1962; Bretscher, 1985; Watteau and Villemin, 2018) and experimental work suggests that the morphological integrity of cells could be preserved during plume ejection (Bywaters et al., 2020). While the detection of cell-like structures would not offer conclusive evidence of life (Schopf, 1993; McKay et al., 1996), such a detection in combination with various chemical biosignatures would present a more robust characterization. ETNA would be capable of assessing biosignatures through visual biomarkers to search for direct observations of cells and biomaterials in plume materials with the following investigations:
1) Characterize micro-scale evidence for life in collected plume materials by searching for cellular and other microstructures (e.g., spores).
2) Identify potential biominerals and fossils (e.g., trapped in grains or layered structures).
4.2.3 Objective 2C: Determine how CHNOPS are produced
Finally, it is critical to determine the source of the elements that form potential (pre-)biotic signatures. What abiotic processes are supporting habitable conditions at Enceladus, both within the ocean and at rock-ice interfaces? Understanding the composition of the erupted plume materials would provide direct information about interior reactions and ocean chemistry (Hansen et al., 2011; Matson et al., 2012; Postberg et al., 2018). Additionally, isotopic ratios would provide important insight into biological origins of chiral asymmetry (Glavin et al., 2020) and the presence of metabolic reactions and any biotically-induced disequilibrium (Shuai et al., 2018; Cao et al., 2019). Therefore, ETNA would determine the:
1) Chemistry of the plume materials.
2) Isotope distributions (including CHNOPS) of the plume materials.
5 PLUME SAMPLING STRATEGY
Landing on the surface enables a higher scientific return, especially in the context of habitability. To analyze the habitability potential of Enceladus, as well as pre-biotic and biotic measurements, it is critical to investigate both the internal dynamics of the SPT, where the active plumes are observed, and also the composition of ejected oceanic particles. The plumes act as conduits from the subsurface to the surface, transferring oceanic particles from the subsurface liquid water ocean, through the atmosphere, and back to the surface. These particles can be analyzed while lofted or upon atmospheric fallout once they are deposited on the surface. ETNA would capitalize on these opportunities and would collect and analyze materials both during orbital operations via a plume fly-through (Section 7.2) and also during surface operations with an in-situ landed laboratory (Section 7.3).
5.1 Orbital plume sampling
The production rate of water ice by the vent is estimated to be ∼30 kg/s on average (Porco et al., 2017; Southworth et al., 2019), although the mass fluxes of jets vary spatially and temporally, even in a single stripe (Teolis et al., 2010). The lighter compounds and vapor particles can sometimes be ejected at such high velocities that they exceed Enceladus’ escape velocity (250 m/s) and reach Saturn’s E-ring (Schmidt et al., 2008; New et al., 2021). Heavier and larger particles, which are predominantly of astrobiological interest, are ejected at relatively lower velocities and can reach up to 80 km in altitude before resulting in global resurfacing fallout (Hansen et al., 2006; Schmidt et al., 2008; Yeoh et al., 2015; Guzman et al., 2019). Particles with diameters between 1 and 100 μm are estimated to reach altitudes of ∼25–50 km. Thus, ETNA’s orbital operations include a fly-through of an active plume at an altitude of 25 km. Given Cassini observations (Porco et al., 2006; Waite et al., 2006), we expect multiple plumes would be active during ETNA operations. Our orbital conops does not require that a particular plume is selected before launch; built-in mission flexibility and healthy mass and power budget margins enable our Science Team to select active plumes upon Enceladus arrival. Active plumes would be visible before the spacecraft is inserted into orbit around Enceladus from its onboard camera, so on-ground decisions could be made without haste.
For the IMAMS chemical analysis, the aggregate concentration directly affects the limit of detection (i.e., larger sample volumes improve detection limits; Mathies and Butterworth, 2021). Material is collected during repeated plume fly-throughs until a volume of 1 μl is acquired, sufficient for IMAMS analysis (Figure 2), consistent with the measurement volume requirements of the Orbilander spacecraft (MacKenzie et al., 2020). Previous analyses suggest this volume can be acquired in <two to five orbits, assuming a sample flux of 1.6–6 μl/m/orbit (Porco et al., 2017; Guzman et al., 2019) and taking into consideration our 40-cm-diameter collection plate.
5.2 Landed plume sampling
ETNA would also sample expelled plume material during surface operations (Section 7.3). The collection plate remains open while plume fallout is collected. Assuming a fallout rate of 1 mm/year (Southworth et al., 2019), 1 μl could be collected in <20 h.
The landing point should be located 1) close enough to an active vent such that heavy erupted plume materials can be sampled and 2) within a region of elevated thermal emission. We would land the in-situ laboratory at a maximum distance of 5 km from an active vent opening. This distance was calculated to be sufficient for the sampling of heavier molecules; beyond this distance, the frequency of such heavier molecules diminishes (Porco et al., 2006; Jaumann et al., 2008).
The specific vent is not a major constraint; the composition of ejected material may be similar between plumes if fed by the same subsurface ocean. Thus, stationary landed operations satisfy ETNA science requirements and there is no need to introduce mission complexity by traveling between multiple vents. The nominal landing point is at the junction point of the Baghdad Tiger Stripe (Figure 3), which is characterized by high plume fallout (Southworth et al., 2019) and low ice-block counts (Martens et al., 2015); but again, built-in mission flexibility and margins support landing site adjustment during operations.
[image: Figure 3]FIGURE 3 | Nominal landing site marked by teal star, at the junction of Baghdad. The four southern Tiger Stripes are labeled for reference. Backmap is a mosaic (pixel resolution of 100 m) constructed from Cassini ISS images in polar stereographic projection (Credit: Paul Schenk, LPI).
In addition to science considerations, landing site selection should consider engineering safety. For example, the Orbilander concept study (MacKenzie et al., 2020, 2021) addressed the importance of:
1) Landing on a rigid surface to support the mass of the landed laboratory (the presence of large boulders resolved in Cassini images suggests the surface is rigid);
2) Landing on nearly horizontal slopes (<10°) to avoid tipping;
3) Not landing on a surface that has a high density of rocks, ice blocks, and boulders for safety of the laboratory and deployed geophones; and
4) Not landing in a topographic low that would prevent orbiter line-of-sight.
At this time, these additional constraints have not been applied to ETNA’s candidate landing site, but we emphasize that the mission architecture is robust to the adjustment and/or re-selection of a SPT landing point. It is likely that the greatest of these four safety constraints would be locating a surface with a paucity of hazards. Ice blocks with sizes ranging from ∼10 to 366 m are present in the SPT, with larger blocks tending to be closer to the tiger stripes (Martens et al., 2015; Pajola et al., 2021). However, Martens et al. (2015) identified several areas in the SPT that have low block counts (0–100 blocks/km2), which are favorable for surface operations. Our nominal landing site is one of these areas. Reconnaissance during orbital operations would help ensure low block counts and refine the landing site.
6 ENCELADUS TOUCHDOWN ANALYZING ASTROBIOLOGY PAYLOAD
To address our Science Goals (Figure 2), ETNA has a scientific payload consisting of six scientific instruments that are split between an orbiter and a landed laboratory, as well as a distributed seismic network consisting of three geophones (Table 2). All instruments have high technology readiness levels (TRLs) except for the geophone seismic network, which was designed in response to the CSC requirement of using “a collection” of landed components.
TABLE 2 | ETNA science instrument suite. Power and mass estimates are from heritage instruments.
[image: Table 2]6.1 Ion Microscope And Mass Spectrometer Suite
The IMAMS suite would be used to determine the:
1) Chemical composition, chirality, and isotopic ratios of plume material.
2) Relative abundance of amino/fatty/carboxylic acids to glycine of plume material.
3) Mass flux and spatial variability of plume composition.
4) Structure, morphology, and presence of biominerals in plume material.
Sample materials would be passively collected from plumes during the orbiter phase (via a plume fly-through) and during the landed phase (via plume deposition that falls naturally into the collector located on the top of the lander). The microscope would be the first instrument to receive a collected plume sample. Microscopic images would be used to analyze cell-like morphologies and other potentially biologic microstructures, such as spores. Derived from the Comet (CIVA)-M instrument, the microscope combines two ultra-compact and miniaturized microscopes: a visible microscope and NIR hyperspectral imager (Bibring et al., 2007). The microscope would image the sample from 13 mm away by non-destructive techniques for the analysis of biological structures, as well as texture and albedo (Bibring et al., 2007).
After being imaged by the microscope, the sample would be divided into two sample plates (each requiring only <0.001 μl; MacKenzie et al., 2021; Mathies and Butterworth, 2021) and delivered to two mass spectrometer subsystems: the Gas Chromatography Mass Spectrometer (GCMS) and Tandem Mass Spectrometer (TMS). The GCMS is important for identifying volatile components, assessing chirality, differentiating between isotopes, and determining whether a molecule is from biotic or abiotic origin (Goesmann et al., 2017). The TMS provides complementary mass information for heavier compounds. A precise measurement of mass has the capability of distinguishing between amino acids (Arevalo et al., 2018), which are the building blocks of DNA. The relative concentrations of amino acids derived from biotic sources provide critical information about their functional roles in biotic systems (Dorn et al., 2011; Hand et al., 2017; Glavin et al., 2020; MacKenzie et al., 2020, 2021). Amino acids derived from abiotic sources show comparatively simple patterns comprised of molecules with low-formation-energy requirements (Dorn et al., 2011).
Plume samples would be heated into a gas by the GCMS to separate the different molecules. A derivatization agent applied to the sample tests for chirality. The resulting sample is then sent to a dedicated mass analyzer, which is a tested prototype of a high-end TMS developed specifically for planetary exploration. It uses the same Linear Ion Trap (LIT) as was used on MOMA for ExoMars, as well as a very high-resolution CosmOrbitrap mass analyzer adapted for space applications (Arevalo et al., 2018, 2020). The TMS fragments the sample by ionization using a pulsed UV laser. The optically stabilized ions are directed to the CosmOrbitrap mass analyzer, which determines the mass of the ions by measuring their mass to charge ratio (m/z) by applying a known magnetic field into the mass analyzer cavity (Arevalo et al., 2018, 2020). Finally, the resulting electrical signal is amplified and sent to the digital processing unit.
6.2 UV Imaging Spectrometer
The UV Imaging Spectrometer (UVIS) would be used to:
1) Obtain compositional and morphological information of the surface.
2) Map the composition of the plumes as a function of space and time.
3) Obtain ion abundance measurements of plumes around perihelion.
These data would be used for plume fly-through and landing site selection, and to analyze plume activity with respect to changes in jet morphology and structure. Specifically, images of the plumes at multiple wavelengths would be used to help reconstruct the composition of the plumes. Images would be acquired at multiple times to help reconstruct the dynamic structure, density, and temperature of the plumes as a function of altitude and to make compositional and production rate measurements of plumes.
The UVIS, derived from Alice (Stern et al., 2009), consists of a compact telescope, a spectrograph, and a sensitive electronic detector with 1,024 spectral channels at 32 separate spatial locations in its rectangular field-of-view. It has two modes of operation: an “airglow” mode that measures UV emissions from atmospheric constituents and an “occultation” mode, where it focuses on a star and measures the amount of sunlight absorbed, providing insight into atmospheric constituents between the instrument and star. Thus, stars occulted by the plumes could be observed and used to map the water molecule spatial distribution and provide insight into the location of the production regions.
6.3 Optical and Infrared CAMera
The Optical and Infrared CAMera (OICAM) would be used to:
1) Image the surface (including with stereo techniques).
2) Map compositional variations across the surface.
3) Map surface temperature.
The camera would provide important information for characterizing the morphology and morphometry of the SPT, providing key geologic context for the interpretation of other ETNA data sets. OICAM data would be essential in studying the outgassing vent structures, so that vent shape, geomorphology, and texture could be resolved at various plume source regions. Images would also be used to refine surface ages of various geologic terrains to help constrain timescales of plume activity (Section 4.1.3) and to study potential landing sites at high spatial resolution and generate local digital terrain models for landing site preparation.
OICAM is a VIS/NIR multispectral imager (with panchromatic and color imaging capabilities) and a short-wavelength IR spectral imager, with heritage from Ralph (Reuter et al., 2008). It consists of a single telescope that feeds two sets of focal planes: the Multispectral Visible Imaging Camera (MVIC) and the Linear Etalon Imaging Spectral Array (LEISA), which are pushbroom instruments.
6.4 Lander Inspection Camera
The LIC would be used to image the: landing site upon descent and surface after touchdown. It is derived from the Rosetta Lander Imaging System (ROLIS) on the Philae Lander (Mottola et al., 2007). During the landing phase, LIC would acquire images of the landing site with increasing spatial resolution. After landing, LIC would image the surface beneath the lander to provide high-resolution images of the surface, providing critical information on surface texture and various ice/regolith features such as cracks, vents, pores, sublimation features, ice grains, and mineral deposits. It has four arrays of monochromatic light-emitting diodes that operate at 470, 530, 640, and 870 nm, enabling multispectral imaging.
6.5 Air and Ground Temperature Sensors
Temperature sensors would be used to:
1) Determine ground and air temperature.
2) Provide contextual information for the in-situ measurements made on the lander.
The AGTS consists of two pairs of the temperature sensors, placed diagonally on the lander. The sensors are protected by an inhouse calibration unit containing a heating plate and a PT1000 sensor coupled to the pyrometer mounting plate, similar to the system on the Rover Environmental Monitoring Station (REMS) on Curiosity (Sebastián et al., 2010; Gómez-Elvira et al., 2012). This calibration unit helps protect the sensors from contamination from the plume eruptions. Ground temperature is recorded with a thermopile that views the surface through a filter with a bandpass of 8–14 microns and air temperature is recorded with the PT1000 sensor that is placed on a small rod that keeps the sensor outside of the instrument’s mast and boom thermal boundary layers (Gómez-Elvira et al., 2012).
6.6 Radio Science Experiment
The RSE would be used to characterize the:
1) Gravity field of Enceladus.
2) Tidal love numbers.
3) Topography of the oceanic floor.
The primary science objective of RSE is to constrain geophysical parameters of Enceladus by means of radiometric tracking techniques. Understanding the interior structure of the body provides insight into the spatial extent of geochemical interactions (Vance et al., 2018; Mackenzie et al., 2020), such as interface area for water-rock interactions (Dombard and Sessa, 2019). Additionally, RSE would be used to provide insight how tidal dissipation is distributed between the core, ocean, and ice shell. Measuring the tidal Love number k2 would allow a determination of the tidal phase lag and total tidal dissipation (Ermakov et al., 2021). The Love numbers are used to describe how the gravity field and shape of Enceladus respond to time-varying tidal forces (Ermakov et al., 2021). Future gravity-focused missions could continue to improve constraints on Love numbers such that tidal heat generation could be constrained (Ermakov et al., 2021).
RSE gravity field measurements coupled with topography derived from Cassini (Nimmo et al., 2011; Tajeddine et al., 2017) and higher-resolution local OICAM stereo images (Park et al., 2020) would be used to constrain the internal density structure, seafloor topography (Koh et al., 2022), and ice shell degree of compensation (Ermakov et al., 2021). Additionally, crosslink observations collected during the lander descent would help resolve deviations in the local gravity field around the SPT.
The RSE, derived from Cassini Radio Science (Kliore et al., 2004), can operate in one-way downlink and coherent two-way modes. In two-way mode, a stable frequency reference at a Deep Space Network (DSN) station facility is used to generate a microwave carrier waveform. The reference oscillator aboard ETNA is disciplined using the incoming reference signal. The high-gain feed off the onboard transponder is used to coherently retransmit the carrier wave back to Earth. Radio-tracking would commence several hours prior to the periapsis and conclude a few hours after. The data collected at the beginning and end of the interval would help establish a baseline for the phase-noise variance in the frequency residuals. Collocated observations by the OICAM prior and posterior to the pass would improve uncertainty of the estimates by constraining the relative dynamics.
6.7 Distributed Seismic geopHOning Oceans and Crusts network
The final scientific package included in the ETNA payload is the SHOOC network, which would be used to study the physical structure, dynamics, and bulk properties of Enceladus. Monitoring the seismic activity of Enceladus would provide critical information on the structure and dynamics of its core, ocean, and crust (Panning and Romanowicz, 2006; Vance et al., 2018, 2021). It would also provide information on the dynamics of the plume systems that connect the subsurface ocean to the planet’s surface boundary. Variations in thermal stress and local pressure affect the water-rock interactions, which can ultimately produce chemical disequilibria in the system (Vance et al., 2016; MacKenzie et al., 2020, 2021). Detailed seismic measurements could also enable the identification of bubble collapses in the subsurface hydrothermal venting system (Dawson et al., 2012), which may transport macromolecule organics (Postberg et al., 2018).
The SHOOC network includes three deployable probes that have low-distortion miniature geophones with a bandwidth capability of 0.1–240 Hz to capture seismic waves propagating through Enceladus (Hou et al., 2021). Each probe also has a temperature-sensing element embedded along the exterior of the telescopic mast to measure the vertical profile of the temperature, and a Micro-Electro-Mechanical Systems Inertial Measurement Unit (MEMS IMU) to measure the direction of the gravity vector (Hou et al., 2021). The SHOOC probes have two operating modes: passive mode and active mode, at which time an impactor is delivered from the orbiter to the surface of Enceladus close to the Tiger stripes to create a localized, high-frequency seismic shock (Section 8.3). Daily seismograms with minute-resolution would be collected to analyze background and induced seismic noise in the passive and active modes, respectively. In active mode, the geophones would be used to measure P-waves and secondary waves resulting from the kinetic impactor. These data would be used to analyzed temporal and spatial variations of the crustal elastic properties, for example related to vent activity (Wu et al., 2020). Geophone data from active seismic experiments during the Apollo mission have been used to analyze S-wave travel times using wavefield gradient analysis (Sollberger et al., 2016) and P-wave arrival times to create multi-layer seismic velocity models for the lunar interior to depth of ∼1000 km (Heffels et al., 2017, 2021).
The distributed SHOOC network was designed as a direct response to the CSC mandate of including multiple landed elements. It is the only component of the ETNA mission with a low TRL (estimated at three in 2019), but it was designed to utilize space-grade, commercial, off-the-shelf components, similar to seismic packages that have been deployed in terrestrial glacier sites (Jones and Gudmundsson, 2013). Many design elements have heritage from the Asteroid Geophysical Explorer (AGEX) proposed to study Didymos (Karatekin et al., 2016) and LUNAR-A developed for the Moon (Mizutani, 1995; Mizutani et al., 1995). Under the framework of a New Frontiers mission, we would propose to include the network as a technology demonstration, given that the SHOOC’s relatively low-TRL components are associated with higher risk. Achieving threshold science does not rely on the SHOOC network (Figure 2), but the scientific return of ETNA would be substantially enhanced by the network.
7 MISSION ANALYSIS AND CONCEPT OF OPERATIONS
To fulfill the scientific objectives presented in our Science Traceability Matrix (Figure 2), the ETNA spacecraft is composed of three segments: the orbiter, the lander, and deployable SHOOC distributed probes. In this section, we present the mission profile, mission phases, and conops. Detailed descriptions of each subsegment are presented next, in Section 8. Details on mission and implementation risk assessments in accordance with guidelines from NASA’s Independent Verification and Validation program (Northey and Kinney, 2014) and pathways to mitigate and minimize these risks are in the Supplementary Information.
7.1 Launch, interplanetary cruise, and Enceladus arrival
The Saturnian system is a difficult target to reach because of its far distance from Earth, requiring long flight durations and the need for multiple flybys to reduce overall fuel cost. The main driver for the transfer design from Earth to Enceladus is that its south pole will enter a long period of shadow beginning in 2039 (Figure 4A). The absence of illumination limits the optical camera in the visible channels (although no other scientific instruments on the ETNA payload) and could hinder placing the various geochemical, geophysical, and biological measurements into a broad geologic context.
[image: Figure 4]FIGURE 4 | (A) Hours of illumination on the surface of Enceladus for each Earth day. ΔV as a function of (B) arrival date and (C) time of flight for the interplanetary transfer. The colormap labels the arrival date for the different unoptimized ΔV cost. The same colormap is used to analyze the same results in terms of time of flight to evaluate the time of departure.
This includes using innovative Titan Aerogravity Assist maneuvers (Hajdik et al., 2020). As discussed in detail in the Supplementary Information, a gravity assist by Titan is associated with potential contamination by organics in Titan’s atmosphere, which could compromise astrobiological measurements of Enceladus. Thus, the Titan gravity assist is used here strictly as a means to calculate approximate cruise and arrival times and ΔV costs, but we would require the selection of alternative Enceladus-approaches prior to our mission.
By considering interplanetary trajectories and orbital insertions, an arrival date at Enceladus can be set, thereby backdictating the required departure date and associated ΔV costs. Figures 4B,C provide a representation of available interplanetary trajectories from Earth to the Saturnian system in terms of ΔV (proportional to fuel use), arrival date, and time of flight, considering trajectories with flight times <10 years.
We concluded ETNA could launch on an SLS-type rocket on 2 March 2028 to arrive at Saturn on 23 June 2037, requiring a C3 of 20.97 km2/s2. The interplanetary gravity assist trajectory would take ETNA from Earth to two sequential Venus gravity assists, a Mars gravity assist, then a final Earth gravity assist before Saturn arrival. The unoptimized total ∆V for deep space maneuvers and Saturn orbit insertion is 1.088 km/s, though we use a conservative estimate of 1.2 km/s when accounting for fuel needs. This allows us to be flexible and robust to schedule changes as the unoptimized ∆V cost does not change rapidly in the vicinity of the selected trajectory (Figure 4). ETNA would take 2 years from capture into the Saturnian system to reach orbit around Enceladus on 23 June 2039.
7.2 Enceladus orbital operations
Orbiting Enceladus is complicated by the surrounding dynamical environment, which is strongly affected by Saturn’s presence. Periodic orbits following conic sections (two-body orbits) are poor approximations in the Saturn-Enceladus system, and a baseline science orbit must be selected considering the effect of Saturn’s gravity on the orbit around Enceladus (Russell and Lara, 2009). We refrained from selecting any low-altitude polar circular orbit, which is unstable around Enceladus and requires frequent station-keeping maneuvers (SKMs) (Ermakov et al., 2021). Instead, we selected an eccentric, high-inclination halo orbit with high-altitude passages at the SPT, requiring fewer SKMs and reducing the ΔV budget (Russell and Lara, 2009; Davis et al., 2018; Massarweh and Cappuccio, 2020; Ermakov et al., 2021). Specifically, we selected a L2 halo orbit designed by Davis et al. (2018) (their Figure 1) with periapsis near the south pole of Enceladus, enabling a variety of science operations to investigate the plumes. It has a periapsis altitude of ∼125 km and an orbital period of 13.3 h, which ensures repeatability of observations and reasonable operation scheduling from flight dynamics teams. The orbit was approximated by a Keplerian orbit using the same periapsis and orbital period defined by Davis et al. (2018) for the sake of computing SKMs, Earth visibility, communication passages, and south polar observation time. To make the design robust to this Keplerian simplification, suitable margins were imposed on the ΔV budgets (Table 3). At this stage of the design, SKMs have been designed to occur every two orbital periods to target the orbit periapsis, which is sufficient to maintain orbit stability. This is a conservative design given that previous analyses indicate the selected orbit family is stable for more than two revolutions (Davis et al., 2018; Massarweh and Cappuccio, 2020). Future studies should investigate the SKMs in more representative dynamical models and with a detailed station-keeping strategy (e.g., MacKenzie et al., 2020).
TABLE 3 | Orbiter ΔV budget.
[image: Table 3]Once at Enceladus (23 June 2039), ETNA would begin its pre-landing orbital phase (PLOP; 1 month), followed by a lander operation phase (LOP; 6 days), and a final after-landing operation phase (ALOP; 6 months; Figure 5). Nominal mission operations conclude on 9 January 2040, when latitudes poleward of 85°S are in complete shadow, although extended mission operations could continue to utilize the UVIS and RS (while OICAM will be photon-starved in the SPT). A future mission iteration could extend the mission timeline to January 2041 to maximize on the last year of dwindling illumination. Our current conops (Figure 5) prioritize landed laboratory measurements early in the mission architecture and ensures the landed laboratory is placed on the surface in illumination (Figure 4) given its vision-based landing system.
[image: Figure 5]FIGURE 5 | (A) The orbiter science operation timeline, consisting of the pre-landing operation phase (PLOP), lander operation phase (LOP), and after-landing operation phase (ALOP). The total length of orbiter operations is 29 Earth weeks, beginning on 23 June 2039 when ETNA arrives at Enceladus. (B) The lander sample collection timeline, consisting of an initial orbiter housekeeping phase and three sample collection (green) and analysis (purple) phases.
The PLOP is crucial for several reasons. It provides regional and global context for interpreting ETNA and Cassini measurements and allows for a more detailed landing site characterization (and possible adjustments). Plume fly-throughs ensure fulfillment of the Goal 2 (Figure 2) even in case of landing failure. (Note, landing is still a mission requirement and priority because the plume materials collected by the lander would be richer in complex molecules.) The PLOP also provides images of active plumes in UV-VIS wavelengths for Objs. 1B and 1C and constrains the gravity field and tidal love numbers for Obj. 1B.
The PLOP is composed of three main phases: the Imaging Campaign Phase (ICP), Spectrography Campaign Phase (SCP), and the Plume Fly-Through Phase (PFTP) commences, when ETNA flies through active plumes to collect samples for analysis by the IMAMS suite. This operation is performed before the lander release to ensure science robustness margin to the mission. The PFTP occurs at an altitude of 25 km, selected as the maximum altitude at which key astrobiologically-relevant materials are expelled to, so minimizing near-surface spacecraft risks. Various analyses suggest that spacecraft speeds of 3–10 km/s are optimal for volatizing and ionizing biomolecules (amino acids and fatty acids) in ice grains while preventing fragmentation (Klenner et al., 2020; Cable et al., 2021b; Jaramillo-Botero et al., 2021). As the fly-through trajectory is a critical parameter to ensure collection of heavier plume molecules, a dedicated strategy should be designed to reduce the periapsis of the operational orbit without exceeding the closest-approach velocity. Note that velocities are generally hundreds of meters per second in the Keplerian approximation and in the three-body problem (Fantino et al., 2020). Under Keplerian approximation, the current fly-through velocity at Enceladus’ closest approach is 180 m/s. In the current mission design, the sampling altitude was computed on scientific and safety considerations without designing a detailed strategy to target the fly-through pass with the desired velocity (an order of magnitude higher).
The PLOP lasts ∼ 1 month. The ICP and SCP each require 1 week to achieve complete spatial coverage of the south polar region (70–90°S). The PFTP does not place major time-scheduling constraints on the mission operations scenario, because it only requires lowering the periapsis to 25 km for < 2–5 passages, or <∼1–3 days (Section 7.3.2). We apply a 100% margin to accommodate for possible inconveniences during the mapping phases that could result in losing a passage at the south pole, resulting in four total weeks of PLOP operations. The orbital period of the selected L2 halo orbit (Davis et al., 2018) would result in 56 passages at the south pole, providing sufficient redundancy for the required local mapping needs. A longer pre-landing orbital phase is not favored so that ETNA can land and commence surface operations before the surface enters a period of complete darkness, which begins 1 January 2042 at 75°S (Figure 3).
Following the PLOP, ETNA enters the LOP. Once the lander is released from the orbiter, the main task of the orbiter is to perform communication relays with the lander. It would collect data from the lander at periapsis and send it to Earth at apoapsis. After surface operations (Section 7.3), the orbiter continues with a 6-month ALOP (including a 1-month robustness margin), which is divided into three main science campaigns (Figure 5A):
1) Two post-landing ICPs (each lasting one Earth month) include imaging of the lander, deployed geophones, and science targets identified during preceding orbital operations.
2) Four dedicated Radio Science Experiment Phases (RSEPs) (each lasting 1 week) are designed for orbiter communication with the DSN to collect range and range-rate information, which bound the internal structure of Enceladus, and continued gravity field mapping.
3) Two post-landing SCPs (each lasting 1 month) include continued UV-VIS imaging of the plumes and SPT at higher spatial resolution.
Temporal separation between imaging phases (Figure 5A) would enable change-detection studies of vent morphometry and plume behavior.
7.3 Surface operations
7.3.1 Landing
Following the PLOP, the orbiter lowers its altitude closer to 150 km (shortly before the apoapsis) and releases the lander (Supplementary Figure S1). The lander then targets the final landing position and performs a soft landing in the SPT with an autonomous navigation and control system using the onboard hazard detection and avoidance algorithm (Section 8). The landing is estimated to take 30 min and use a ΔV of 400 m/s. During the landing process, the lander deploys the three SHOOC probes sequentially to achieve ∼50-m spacing (similar to the Apollo geophones; Nunn et al., 2020), as their optimal functioning requires triangulating the seismic signal. Each geophone is spun up along its axis prior to launch to give stabilization during the release and to ensure minimum position and orientation perturbation during free fall. Upon landing, SHOOC probes begin passive operations, recording “background” seismic data.
7.3.2 Sample collection
Sample Collection begins when the lander arrives on the surface. The IMAMS suite requires plume samples for analysis, and our operations timeline allocates three samples for threshold science requirements. Assuming the lander is at a maximum distance of 5 km from an active plume, the required 1 μl of fresh plume materials should be collected in <20 h (Section 5.2). After sample accumulation, a cryo-motor delivers the sample to the microscope aperture for imaging. Next, the sample is halved and delivered to the two mass spectrometer subsystems (Section 6.1) and the data are relayed on the orbiter communication system and sent to Earth before a new sample is collected. The communication slots with the lander and the SHOOC probes were planned to ensure communication with the orbiter and back to Earth. This image-relay sequence was designed to be robust to lander malfunctions, and ensure critical scientific data are received prior to subsequent sampling maneuvers. After ground confirmation, the next sample collection starts, and the process is repeated. Each new sample would be collected in a clean collection slide, and the lander carries spare collection slides for safe redundancy practices. The time to collect and analyze one sample is estimated to be ∼21 h, which is consistent with the orbiter orbital period. During the first passage, lander housekeeping is verified and during the second passage, scientific data are relayed (Figure 5B).
7.3.3 The SHOOC science experiment
Following surface sampling and analysis, the active phase of the SHOOC science experiment starts. Up to this point in surface operations, the geophones have been passively measuring seismic signals to characterize Enceladus at low frequencies. At this point, a 56-kg percussive mass is deployed from the orbiter to impact the surface and would induce high-frequency waves to be measured by the geophones.
This experiment importantly occurs following all surface sampling and analysis to ensure IMAMS science return in case the lander affected by the percussive mass impact. A communication slot is placed right after the mass impact to ensure the lander safety with the orbiter. After this experiment, the lander remains active, imaging the surface, near-by plumes, and potential impact aftermath. Camera images are relayed to the orbiter during the remainder of the mission.
7.4 Orbiter disposal
The ETNA mission concept was conceived under the guidelines of NASA and the Committee on Space Research (COSPAR) Planetary Protection Policy (COSPAR, 2021), designed to prevent the forward contamination of Enceladus by Earth-based organisms, limiting probability of contamination to no more than 1x10−4 (Supplementary Material). Before launch, lander assets would be sterilized to the appropriate Category IV standards (NPR 8020.12D, Planetary Protection Provisions for Robotic Extraterrestrial Missions). The orbiter would be impacted into Saturn for disposal to avoid contact with other astrobiologically-relevant targets (ΔV ∼0.3 km/s).
8 SPACECRAFT SYSTEM DESIGN
8.1 Orbiter design
In this section, we present the different orbiter subsystems. The total orbiter dry mass is estimated to be 554.92 kg (Table 4; Supplementary Table S1).
TABLE 4 | Overall mission mass budget, which can be managed at launch by an SLS, Delta IV, Atlas V, or Falcon Heavy at C3 = 20.97 km2/s2. 
[image: Table 4]8.1.1 Structural design
The structural design of the orbiter (Figure 6) utilizes an aluminum structure supported by aluminum honeycomb carbon fiber plates for the walls. Propellant tanks are stored in the hub. The thrusters and high-gain antenna (HGA) are mounted on opposite faces of the spacecraft. OICAM and UVIS are mounted in opposition with respect to the lander to limit their degradation during the plume flythrough. IMAMS is mounted directly on the lander.
[image: Figure 6]FIGURE 6 | Artist’s rendition of the ETNA spacecraft. (A) Lateral view of the orbiter where the UVIS, OICAM, and RS instruments are visible. (B) Lateral view of the orbiter where the lander attached is visible. (C) A view of the ETNA landed laboratory, highlighting the lander feet design, showing the wide surface areas and teeth. (D) View of the lander structural design shows the IMAMS package, UHF antenna, and Plume Particle Cache all fixed on top of the lander, as well as the LIC and deployable SHOOC probes attached to the lander sides. Dashed lines show close-up view of the Particle Cache, including the aerogel cubes. (E) Top-down view of the sampling collection plate on the Plume Particle Cache. Aerogel cubes are exposed one at a time and pushed through to the spectrometer. For scale, RS dish in (A,B) is 3 m across and particle cache in (C–E) is 40 cm across. Note that the fuel tanks are not included in this artist’s rendition but are considered to be spherical at the present design stage (radii = 0.41, 0.56, and 0.71 m; Section 8.1.7).
8.1.2 Power
Mission power generation is limited by the low solar power flux at Saturn (15 W/m2). We considered two possibilities for the power source for the orbiter: Radioisotope Thermoelectric Generators (RTGs) and solar panels. Supplementary Table S2 shows the trades evaluated for the power subsystem, which ultimately led to the selection of an RTG system due to favorable mass and power rankings and ease-of-integration. Its lowest-ranking quality is related to its potential complicating effects on planetary protection measurements, which is not a concern with solar panels. However, we found the power generation by solar panels to be infeasible under mission constraints. The large surface area required for sufficient solar panels would impose a major burden on the total spacecraft mass budget, not only for the structure, but also for the other subsystems given the panels’ high inertia and mechanism presence (Benson, 2007). Furthermore, the solar panels would have increased the complexity during the pump down at Enceladus given the high torques the spacecraft would have experienced.
The orbiter power requirements were computed for different operating modes of the spacecraft. The maximum power consumption is the design driver for the power subsystem. It occurs during communication slots with Earth when the communication subsystem needs 100 W to ensure proper data rate with the ground station. In this phase, the attitude determination and control subsystem (ADCS) requires 60.5 W to ensure proper attitude estimation and pointing control. The onboard computer (OBC) requires 12 W ± 5 W for the attached lander housekeeping, leading to a total peak power consumption of 177.5 W. We applied a 20% margin to the peak consumption scenario to select the number of RTGs.
ETNA uses Multi-Mission Radioisotope Thermoelectric Generators (MMRTGs), which provide 110 W and 72 W at beginning- and end-of-life (BOL; EOL), respectively (Woerner et al., 2013). This design has heritage from Cassini, which carried a 885-W RTG system Cassini (Henry, 2003; Woerner, 2017). The mass and power designs of the RTGs are deduced from the more recent design for the Mars Curiosity Rover, which has a 45-kg RTG with 70 W at EOL (Bechtel, 2013). By considering Mars Curiosity RTG characteristics, we selected a RTG that is three times more massive (135 kg) and produces three times the power at EOL (210 W). Note that more light and compact design are currently under study (Woerner, 2017) as we consider our current mass budget to be conservative. The power subsystem includes batteries that ensure 24 h of energy at 213 W consumption (i.e., the upper endmember power consumption scenario plus 20% margin). Using the NASA Europa Clipper Li-CFx batteries as a base for estimate (350 Wh/kg energy-to-mass ratio), and by considering a power margin of 20% (Surampudi et al., 2018), then the battery pack mass for the ETNA orbiter is estimated to be 15 kg. This ensures downlink of science data and communication with the ground in case of MMRTGs malfunctions. It is worth noting that a battery pack was not included in Cassini’s design (Henry, 2003) but included on ETNA for power margin to downlink data in the case of unexpected fatal RTG malfunctions.
8.1.3 Attitude determination and control
The spacecraft ADCS was designed to be versatile for all mission phases, composed of 12 coarse Sun sensors that prevent the cameras from being pointed at the Sun one inertial measurement unit (IMU), two star trackers to calibrate the IMU and to ensure inertial pointing, one navigation camera to support flyby operations and Enceladus insertion, four reaction wheels in pyramidal configuration, and 16 1-N hydrazine thrusters to ensure pointing and wheel desaturation. This design has heritage from the Cassini spacecraft (Lee and Burk, 2019) and all the selected components have high TRLs between seven and 9.
8.1.4 Communication
The orbiter communication subsystem operates at X-band (8–10 GHz; Bruder et al., 2003) for nominal two-way communications, two-way tracking for doppler and ranging measurements (Thornton and Border, 2003), and changes in differential one-way ranging (DOR) (James et al., 2009), which is always performed in one-way mode. It also includes a Ka-band (27–40 GHz; Bruder et al., 2003) two-way carrier tracking capability for gravity science. The communication system is composed of a 3-m, 100-kg HGA with heritage from Cassini (Taylor et al., 2002). The HGA ensures a data rate of 1.66 Mbps with the 70-m DSN antenna by using the ESA MPTS (Multi Purpose Tracking System) ranging. Moreover, the system ensures a minimum telemetry of 1000 kbps into a 34-m DSN ground station with ESA MTPS ranging. Note that minimum telemetry needs are computed for the least favorable atmospheric and geometrical conditions for the link budget. If the spacecraft enters a safe mode, the communication is ensured with a low-gain antenna (LGA) that has a data rate is 7 bps for commands and 10 bps for telemetry with the 70-m DSN antenna. During critical events, such as main engine burns, the communication link is ensured with the LGA in downlink only. Communications with the lander are performed in UHF-band (0.3–3 GHz; Bruder et al., 2003) using a quadrifilar helicoidal antenna that supports two Mbps links.
8.1.5 Onboard data handling
The spacecraft’s computer is a CREOLE ASIC developed by RUAG Space with a TRL of 9. For redundancy and risk mitigation, two OBCs are included. The CREOLE ASIC has two 374-Gbit memories with Error Detection And Correction (EDAC), making the design robust to high data volumes. The spacecraft also has a NAND Flash Module-DDC with 196-Gbit memory, which allows for several Enceladus orbits and data collection events without the need for direct downlink to Earth, as the highest-volume data segments are 15 Gbits (acquired during a measurement pass from OICAM). Thus, all OICAM mapping could be performed without downlink to Earth. Future work is needed to refine total data volume estimates for each of the operational phases and to schedule data downlink operations.
Considering the low radiative environment of Saturn, latch-up and single event upsets (i.e., events from particles impacting the electronics that cause hardware damage) should not be a major issue for the OBC, given the radiation hardening of the selected components.
8.1.6 Thermal
The thermal control system was designed to minimize the influence of the external environment on the spacecraft, withstanding both harsh high temperatures from solar heating during inner planet flybys, and also harsh cold temperatures in the Saturnian system. At Enceladus, some of ETNA’s external surfaces would experience temperatures < −200°C, with even colder conditions during solar eclipses when the spacecraft is in Saturn’s shadow. For the ETNA mission, the operating Allowable Flight Temperature (AFT) limits are −20–40°C and the non-operating AFT limits are −40–70°C.
To protect the spacecraft and its components from the thermal environment, high eficiency Multi-Layer Insulation (MLI) and General Purpose Heat Source (GPHS) modules from the MMRTG are used. The MLI material selected to blanket the spacecraft’s exterior is the StaMet coated black kapton 160XC (Avila et al., 1998). The MLI moderates the external temperature during the spacecraft’s closest approach to the Sun. The HGA could also be used as a thermal shield, as it was for Cassini (Fabiani and Costabile, 1997). The MLI must also limit heat leakage to minimize power demand from the spacecraft’s heaters, especially when instruments are operating during science and communication phases. The thermal subsystem requires internal heat generation to fulfill the operating and non-operating AFT requirements. Mars Curiosity’s MMRTG is composed of 8-GPHS modules (Woerner et al., 2013), which can provide up to 250 W of heat power per module. As the orbiter has a MMRTG which generates three times more power (Section 8.1.2), we estimate that enough heat power is generated by the MMRTG. The obiter takes advantage of this heat, which is a by-product of the nuclear energy generation, to comply with ETNA temperature requirements. Thus, no other RTG is considered for the thermal generation and the power system heat by-product is used to fulfill temperature requirements. The heat is distributed with heat pipes to critical subsystems.
We calculated temperatures of the hub interior and orbiter exterior faces for “cold” and “hot” cases, both with and without MMRTG thermal power (Supplementary Table S3). More detailed analysis is needed to understand if the MMRTGs can be exploited to ensure the correct orbiter heating without the need of other heat sources.
8.1.7 Propulsion
The propulsion system for the orbiter uses a hypergolic bipropellant system with hydrazine for fuel, mixed oxides of nitrogen (MON) for the oxidizer, and helium pressurant. The main engine is the LEROS 1b, which provides 635 N of thrust at a specific impulse of 320 s and an oxidizer-fuel ratio of 1.65. The orbiter is also equipped with 16 reaction-control system (RCS) throttleable engines, which are 1-N hydrazine thrusters that operate at a specific impulse of 230 s. These RCS engines use hydrazine in a monopropellant configuration. Both engines have strong flight heritage, including use on NASA’s Juno mission to Jupiter (Stephens, 2015).
The system is budgeted to perform all orbital maneuvers presented in Section 7. This corresponds to 1519.08 kg of hydrazine and 2506.48 kg of MON stored in spherical carbon fiber overwrap tanks with radii of 0.71 m and 0.56 m, respectively. This provides an ullage of 5% of the total volume when completely filled. The tanks are pressurized to 1.54 MPa with inert helium gas that is stored in a separate composite overwrapped pressure vessel with a radius of 0.41 m. ETNA includes a 65-kg pump assembly like that on Cassini (Leeds et al., 1996) to ensure the correct distribution and pressurization within the subsystem.
8.2 Lander design
The landed laboratory includes the IMAMS suite, temperature sensors, a series of cameras for landing and scientific investigation purposes, including the LIC, and the deployable SHOOC network (Figure 6). The design of the landed laboratory was heavily influenced by the needs for 1) power generation for at least seven Earth days and 2) soft autonomous landing in potentially porous terrains. In this section, we describe the different subsystems. The total lander dry mass excluding the SHOOC probes is estimated to 95.5 kg (Table 4; Supplementary Table S4).
8.2.1 Structural design
The lander structure is an aluminum chassis with aluminum honeycomb carbon fiber side panels. The outermost layer is surrounded with Mylar for radiative heat transfer control. The landing legs are derived from the Europa Lander concept (Dooley, 2018), and allows for landing in a diverse set of ground conditions (e.g., hard ice, regolith, unconsolidated icy materials). The lander hub is raised above the ground, minimizing the risk of instrumentation being damaged by the environment during landing. The feet of the lander have large surface areas to provide stability and prevent sinking into the snow on the surface. The sole of each lander foot has teeth to prevent slippage in case of landing on uneven ground (Figure 6C).
8.2.2 Power
The landed laboratory necessitates operation of the spacecraft for at least seven Earth days, while in-situ scientific analyses are conducted on the laboratory and data are communicated back to the orbiter, which then relays the data back to Earth. We considered three different options while exploring the trade space for potential power sources: RTGs, solar panels, and batteries (Supplementary Table S5). As with the orbiter power design (Section 8.1.2), solar panels are unfavorable due to unfavorable mass, power, and operational lifetime properties. RTGs offer desirable power generation, heat generation, and operation length, but are associated with high costs of planetary protection requirements. A protective shell around the RTG may help prevent potential contamination (Konstantinidis et al., 2015). Moreover, recent work on the Orbilander study (MacKenzie et al., 2020, 2021) suggests that RTG heat is unlikely to melt ice crusts with surface temperatures <85 K and alter subsurface ocean chemistry. Nevertheless, given the criticality of planetary protection in an astrobiology mission, we selected to use a battery pack based on the studies performed for the Europa Lander mission (Dooley, 2018; Hand et al., 2022). These batteries can last for several days and have high energy-to-mass ratios (>700 Wh/kg), which make them suitable for outer planet exploration (Dooley, 2018; Bugga and Brandon, 2020). The power need of the lander (excluding the thermal subsystem) is 2978.8 Wh with 20% margin for 1 week of operations (Table 5). Assuming 90 W are needed continuously for the thermal subsystem to power a resistive heater (Section 8.2.6), the total energy to be stored in the batteries is 18,098.7 Wh. This energy is stored in a 27-kg Li/CF battery pack that provides up to 18,900 Wh.
TABLE 5 | Power budget for the lander. The lander operates the GNC and propulsion system during the descent and landing phase of 30 min. Lander instruments analyze the collected sample over a period of 1 h during the sample analysis phase. The communication system communicates for 1 h with the orbiter during the communication phase which happens every orbiter passage (every 13.3 h). The onboard computer works continuously for the overall lander operations in all phases. 
[image: Table 5]8.2.3 Attitude and orbit determination and control
Although nominal landing is expected to occur during illumination, there will still be regions of shadow. The GNC suite includes a visual camera and flash LiDAR mounted on the lander belly that enable landing in poorly (or non-) illuminated regions. The flash LiDAR has heritage from the OSIRIS-REx mission (Sornsin et al., 2019), has shown compelling performances from 3 km to 0.3 m of altitude, and can support autonomous pinpoint landing (Kanani et al., 2016). The landing phase is ensured by the camera and IMU fusion by image-processing techniques based on feature tracking on Enceladus’ surface (Duteïs et al., 2019). Verification and validation studies using synthetic measurements from high-fidelity rendering engines (e.g., Lebreton et al., 2021) and hardware-in-the-loop tests (Duteïs et al., 2019) would occur pre-launch. The control system is composed of a hydrazine-based reaction control system that can damp the lander oscillation due to the thruster misfiring and orient the lander correctly during the descent.
8.2.4 Communication
The lander communication subsystem is composed of an Iris transponder in UHF band with a medium-gain antenna. It operates at UHF-band for two-way communications (command and telemetry) and for data relay from lander to spacecraft. The link budget is designed to handle the highest-data-volume communication uplink, which occurs after IMAMS sample analysis (∼1.6 Gbits of data). The other visibility windows are used for relay of the SHOOC probes and housekeeping information.
8.2.5 Onboard data handling
When the lander is not in visibility for communication with the lander, the data is stored in a 196-Gbit NAND Flash Module-DDC. The high onboard data storage capability ensures sufficient memory even with several lost communication passages. The onboard data handling is managed by two LEON 3FT onboard board computers, one for redundancy, chosen for their flight-proven reliability and high TRL of 9.
8.2.6 Thermal
The lander faces challenging thermal conditions on the surface of Enceladus. The four lander legs minimize conductive heat loss to the environment by limiting the heat path from the instrumentation and avionics to the surface. Despite this design, the lander requires active heating throughout the entire mission to fulfill operative and non-operative AFT requirements.
Lander power consumption provides 90 W of heat power from resistive heaters over the course of landed operations. The battery pack produces an additional 90 W of heat power (1 W of heat power for every watt of electrical power; Schmidt and Bhandari, 2019), without considering other energy consumptions due to operations. Thus, at least 180 W of heat power are available to heat the lander during its operative life. Coupled with heat pipes and insulation, this heat power can be used to fulfill temperature requirements, as in the Europa Lander study (Schmidt and Bhandari, 2019). Note that further analyses are required to size the power and thermal subsystems for an optimized solution. Our current design includes battery packs placed around the lander hub, similar to the Europa Lander.
8.2.7 Propulsion
The lander was designed to handle a soft autonomous landing. To ensure safe and accurate delivery of the lander, powered landing would be implemented on the spacecraft. The lander’s propulsion system is a monopropellant system using hydrazine and pressurized with helium. The propulsion system consists of four monopropellant engines capable of individually throttling between 1.3 and 5.3 N, giving the lander the capability to deorbit, descend, and land. The engines have flight heritage from their use as trajectory correction engines for the Mars Science Laboratory (Weiss and Guernsey, 2013).
The four engines are statically attached to the central hub and directed toward the landing surface since attitude control is managed by the reaction wheels. Each engine consumes hydrazine at a rate of 0.6–2.4 g/s and operates with a specific impulse of 230 s. The lander is capable of soft landing with two engines in case of engine failure. The total consumable, including the RCS required mass, is 36.5 kg, which is stored in a single shared tank on the lander. A separate helium tank provides the necessary 28-bar feed pressure.
8.3 SHOOC system design
The SHOOC system is a custom-designed, distributed network enabling seismic investigations of Encealdus’ interior. It includes a percussive mass carried by the orbiter and three deployable 16.3-kg probes (Tables 4, 6) carried by the lander that are dispersed during the landing sequence.
TABLE 6 | Power and mass budget for a single SHOOC probe (note: ETNA includes three). The probe sensor suites and OBCs continuously operate for seven Earth days. The communication system communicates with the lander for 30 min every 24 h.
[image: Table 6]As discussed in Section 6.7, the SHOOC system works first in passive mode (measuring background ground movements) and then in active mode, which begins when a percussive 56-kg metallic mass is released from the orbiter at 125-km altitude, creating a local seismic shock on the surface nearby the probes. The impactor would be composed of distinct materials that, if disrupted, could be uniquely identified from materials native to Enceladus.
Each probe has a sensor package with temperature sensors and a miniaturized geophone that detects acoustic signals and stores them in local internal memory on data handling subsystems. The geophones are custom designed to enable direct contact with the ground for seismic monitoring (the IMU system can tell when ground contact is made using an onboard accelerometer).
A shock absorber is located at the bottom of each probe, designed to crumple and prevent bouncing or damage to the probe. If the ground is covered in soft snow, the probe would burrow itself into it, and if the ground is hard ice, the shock absorber would take the impact of the landing.
Once a probe lands, it extends its storable, tubular member until contact is made with a consolidated surface (Figure 7), or until the tubular member extends to its full length. Extending the member improves the signal-to-noise ratio by decreasing the seismic dampening that a snow layer may have. Next, a 1.5-m telescopic tubular mast is deployed from the top end of the probe. This mast mounts on top of an antenna and its purpose is to clear the surface to allow communication with the lander in UHF, even in conditions where the probe becomes covered by deposited plume materials or sinks into a low-porosity, snowy surface layer.
[image: Figure 7]FIGURE 7 | Artist’s rendition of the SHOOC system. The schematic illustrates a SHOOC probe embedded on the surface of Enceladus, with both telescopic components deployed. A zoom-in shows the Interior cross-section diagram of a probe. For scale, tubular masts are 1.5 m long.
Temperature control is managed with an insulating aerogel layer and an internal resistive heater. The aerogel was selected for its low thermal conductivity (∼0.01 W/mK; Jones and Sakamotot, 2006) that could lead to low-power resistive heater. The current design does not account for a detailed thermal analysis, and we estimated that a 1-kg battery is sufficient to power the heater system during SHOOC operations. Detailed studies should be performed in future work to understand the required power for the heating system, to optimize the thickness of the aerogel insulation, and to prove the feasibility of the proposed combination of low-power heater and aerogel insulation and its compliance to the 1-W requirement.
The three SHOOC probes operate independently and continuously for a minimum of seven Earth days. Each probe hosts a communication subsystem that communicates with the lander for 30 min every 24 h, resulting in a total power budget of 345.24 Wh, which includes a 20% margin (Table 6). Utilizing the same batteries as those on the lander, a 2-kg battery pack is included with each SHOOC probe, sufficient for power subsystem needs.
Considering that the lander releases the probes during its descent trajectory, the maximum distance between the lander and the probes is conservatively estimated to be 45 km for the communication design is 45 km. The communication system of each SHOOC probe can manage up to 450 Mbits of data per Earth day, to be sent to the lander via UHF-band one-way link. The communication system works at 400 MHz and can send >1 Gbits of data in 30 min, which is more than sufficient to send scientific and housekeeping data of the probe.
9 CONCLUSION
The ETNA mission concept provides an Enceladus exploration architecture as a means of better understanding the origin and evolution of habitability and life in our Solar System through a combination of orbital observations, plume fly-throughs, and landed sample analyses. The next phase of transformational Enceladus science must extend beyond assessing the habitability of the moon, given that Cassini has demonstrated a baseline of habitability with the coincident presence of liquid water, the necessary chemical ingredients for life as we know it (e.g., hydrocarbons, organics, salts, and nitriles), and an energy source (water-rock interactions). The next investment in Enceladus science should focus on signs of life (What biotic signatures characterize Enceladus?) and processes (Does Enceladus provide habitable conditions?). An Enceladus mission that is focused heavily on astrobiology (Is or was the moon ever inhabited?) will provide the greatest new return on Solar System science, and such a mission likely extends beyond a New Frontiers-class architecture into a Flagship-class architecture. This is synergistic with the strategy outlined by the recently released Origins, Worlds, and Life: A Decadal Strategy for Planetary Science and Astrobiology 2023–2032 (NRC, 2022), which prioritizes astrobiology science investigations of Enceladus using a combined orbiter-lander approach.
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