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Abstract

TRIPLE (Technologies for Rapid Ice Penetration and subglacial Lake Exploration) is a project
line initiated by the German Space Agency at DLR (Deutsches Zentrum für Luft- und Raumfahrt
- engl. German Aerospace Center) focused on developing, demonstrating and providing an
autonomous exploration system for subglacial lakes and ocean environments. The project
aims to contribute to future missions searching for extraterrestrial life in the ice-covered ocean
worlds of the outer Solar System by demonstrating an integrated system aiming for conducting
contamination-free and robust explorations of subglacial lakes, including sample return.

TRIPLE consists of three core components: a melting probe for penetrating the ice, an
autonomous underwater vehicle for exploring the water reservoir, and an astrobiological
laboratory for in-situ analysis of the collected samples. The operational capability of the
technologies will be validated in a test campaign in Antarctica’s Dome C region, which serves
as an analogous terrestrial scenario for simulating extraterrestrial environments.

In this whitepaper, we present a comprehensive overview of the project line, highlighting
its key objectives and the strategies devised to achieve them. Released as the second issue
following the initial publication on May 29, 2020, this document serves as an expanded update
to its predecessor.
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1 Introduction and Motivation

To search for potential extraterrestrial habitats and for life, icy moons of the outer Solar System
have emerged as promising candidates. Among these, Europa, one of Jupiter’s moons, is
particularly interesting and one of the most favorable targets for astrobiological exploration.
Chapter 1.1 presents the environmental characteristics of Europa, focusing on the features
that create suitable conditions for habitability. In chapter 1.2, current and upcoming missions
to Europa are highlighted. Finally, chapter 1.3 provides an overview of the contributions of
German research efforts to these exploration initiatives.

1.1 Exploration of Jupiter’s Moon Europa

Our understanding of habitability and the nature of detectable biosignatures is primarily based
on astrobiological questions like the origin, the evolution, distribution and future of life in
the universe. In order for life to emerge, several minimum conditions must be fulfilled. The
essential requirements include [Priscu and Hand (2012), Charles S. Cockell, Bush, et al. (2016),
Charles S. Cockell, Simons, et al. (2024)]:
1. The presence of a solvent as a carrier for biochemical reactions: At the current time, liquid

water is the only compound known.
2. The existence of biologically essential elements: C, H, N, O, P and S for microorganisms.
3. A source of energy, e.g. chemical energy or electromagnetic energy.
4. The presence of suitable physical and chemical conditions. The limits are as follows:

• temperature ranging from ��20 �C [Clarke (2014)] to 120 �C [Kashefi and Lovley
(2003)])

• water activity with the current lowest limit being 0�605 [A. Stevenson et al. (2015)])
• pH-values ranging from 0 (current lowest limit tolerated by acidophiles) to pH 12 - 13

(for alkaliphiles) [Dartnell (2011)]
• salinity that in liquid environment can reach up to 37 [Jesse P. Harrison et al. (2013)]
• ionizing radiation from 0 Gy to 6000 Gy [Hand et al. (2009)]
Given the key requirements for habitability, Europa, one of Jupiter’s moons, is considered as

a promising place in the Solar System to search for signs of extraterrestrial life. The interior of
Europa probably consists of a metallic core surrounded by a rocky mantle and a water ice-liquid
outer shell [J. Anderson et al. (1998)].

Strong evidence for the existence of a global ocean beneath the visible ice crust was provided
by previous observations by the Galileo spacecraft [Pappalardo et al. (1999)]. High-resolution
images show surface features that suggest liquid water at shallow depths below the surface
[Michael H. Carr et al. (1998)]. Further measurements from the magnetometer support the
theory of a salty ocean of planetary proportions that not only formed in the distant past, but is
probably still present today [Kivelson et al. (2000), D. Stevenson (2000)]. One explanation for
the presence of an ocean lies in the gravitational interaction with Jupiter. The tidal forces acting
on Europa during its orbit around Jupiter may produce a tidal heat flow of about 0�025 W m�2

to 0�050 W m�2 [Ruiz (2005)]. This could be sufficient to keep the ocean warm enough for
liquid water to exist under the thick ice cover.

Understanding the radiation environment at Europa’s surface is crucial for studying its
habitability. To date, this environment has only been characterized through models, as no
in-situ measurements have been performed yet. The dynamics of particles around Europa are
influenced by interactions between Jupiter’s magnetic field and Europa’s conductive subsurface
ocean, along with the influence of Jupiter’s corotating magnetospheric plasma. The most
comprehensive studies of Jupiter’s radiation environment are provided by the Galileo and Juno
missions, providing measurements of ions up to hundreds of MeV [Garrett and Jun (2021),
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Kollmann et al. (2021)]. Due to the high radiation levels, it can be assumed that the surface of
Europa is uninhabitable for life forms and that biosignatures can only be detected below the
surface. The ice shell on Europa is estimated to have a thickness ranging from a few kilometers
to several tens of kilometers [B. Schmidt et al. (2011), Ashkenazy (2019), Howell S. M. (2021)].
So far, carbon, hydrogen, oxygen, and sulfur have been observed on the surface of Europa

[Carlson, M. Anderson, Johnson, et al. (1999), Carlson, M. Anderson, Mehlman, et al. (2005)].
The ocean is believed to be in direct contact with Europa's rocky mantle and o�ers similar
conditions to the Earth's biologically rich seabed.

Galileo's Photopolarimeter-Radiometer measured the diurnal brightness temperatures on
Europa, revealing a range from86 K to 132 K for low-latitudes (up to� 70� ) [John R. Spencer
et al. (1999)]. Due to the high opacity of water ice, near-blackbody radiation is expected. Taking
into account Europa's obliquity, emissivity, heat capacity, and eclipse, as well as Jupiter's
radiation, internal heating and eccentricity, the annual mean surface temperature has been
estimated by Ashkenazy (2019). Assuming a typical internal heating rate of0•05 W m� 2,
the equator, pole, and global mean annual surface temperatures are96 K, 46 K, and90 K,
respectively.

Table 1 provides an overview of the existing evidence for the properties of Europa that
support its ability to harbor life.

TABLE 1. Essential prerequisites for the habitability and known characteristics of Europa.

Key requirements Europa's characteristics Supporting references

Solvent Subsurface water ocean Measurements of introduced magnetic �eld by
Galileo's magnetometer [D. Stevenson (2000)]

Essential elements C, H, O, S Observation by Galileo's Near Infrared Mapping
Spectrometer (NIMS) [Carlson, M. Anderson,
Mehlman, et al. (2005), Carlson, Calvin, et al.
(2009), Dalton (2010)]

Energy source Hydrothermal processes Observations of the "chaos" region [Goodman
et al. (2004)]

Physicochemical
conditions

Global mean surface tem-
perature around90 K

Measurements by the Photopolarimeter-
Radiometer (Galileo spacecraft [John R. Spencer
et al. (1999), Rathbun, Rodriguez, and John R
Spencer (2010)])

1.2 Current and Future Missions

For a decisive answer of the habitability, a subsurface exploration might be required. This
implies a lander or similar in-situ mission. However, the development of such a mission is
currently a challenge, as there are considerable uncertainties. In particular, there is not enough
information for the selection of potential landing sites. To pave the way for future missions,
NASA and ESA are conducting two major ongoing �yby missions to Europa, which will be
introduced in the following sections.

NASA's Europa Clipper Mission

Europa Clipper is the �rst NASA mission to follow the ocean world exploration pathway
outlined in the NASA Roadmap to Ocean Worlds [Amanda R. Hendrix et al. (2019)]. The
spacecraft was launched in 2024 and is expected to enter Jupiter's orbit in 2030.
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The main science objectives of Europa Clipper are categorized in the following priority
order [Vance et al. (2023)]:
1. Ice shell and ocean: Characterize the ice shell and any subsurface water, including their

heterogeneity, ocean properties and the surface-ice-ocean exchange.
2. Composition: Characterize Europa's composition, including any non-ice material on the

surface and in the atmosphere and any carbon-containing compounds.
3. Geology: Characterize Europa's geology and understand the formation of surface features,

including identifying high-science-interest localities.
The mission also aims to search for evidence of recent geological activity on Europa, such

as plumes and thermal anomalies, while characterizing these features if found. It will conduct
geodetic and radiation measurements, along with high-resolution observations at speci�c sites.
These observations will cover multiple ranges of the electromagnetic spectrum, including
ultraviolet, visible, infrared, and thermal infrared. Additionally, ice-penetrating radar will be
used to collect data about the subsurface [T. Becker et al. (2024)].

Through the simultaneous collection of data in conjunction with models of Europa's ocean,
chemistry, evolution and space environment, Europa Clipper will provide an overall assessment
of Europa's habitability. In addition, the Europa Clipper mission is designed to be able to
characterize risks for a future potential lander mission.

To achieve the main scienti�c objectives, Europa Clipper will carry out both in-situ and
remote-sensing surveys. Science instruments and engineering sensors are strategically placed
on the spacecraft to allow simultaneous data collection at the same surface locations.

ESA's Jupiter Icy Moons Explorer (JUICE)

The JUICE mission is the �rst large mission as part of the Cosmic Vision Program 2015 - 2025
[Grasset et al. (2013)]. JUICE was launched in 2023 and is expected to arrive at Jupiter in
2031. The main objective of the mission is to study Jupiter, its extensive magnetosphere, and to
conduct a comparative study of Ganymede, Callisto, and Europa.

It was designed to speci�cally address the following scienti�c themes [Grasset et al. (2013)]:
1. Life and habitability in the Solar System: To explore the environmental conditions that

enable habitability, JUICE will explore the surface and subsurface of Ganymede, and to a
lesser extent, Callisto and Europa.

2. From the Sun to the edge of the Solar System: JUICE will study the plasma and magnetic
�eld environment in the Jovian system, as well as Ganymede's magnetosphere. In particular,
JUICE will also study the radiation environment at Europa and Ganymede.

3. Gaseous giants and their moons: JUICE will explore the atmosphere and environment of
Jupiter as the archetype for giant planet systems.
While JUICE is primarily focused on Ganymede, it will make two �ybys of Europa. During

these �ybys, JUICE's study focuses on the composition of the non-water-ice material, the
organic chemistry and the observation of the subsurface, including the determination of the
minimum thickness of the ice crust.

Future Missions to Europa

Europa Clipper and JUICE will provide valuable insights into the environment of Europa and
the sites of high scienti�c interest. Follow-up missions would ideally include a lander on the
surface of Europa. A key objective would be to directly sample the composition of near-surface
materials and analyze them for organic matter. Of particular interest are buried samples below
the surface, which are protected from the Jovian radiation environment. In combination with a
lander, the inner structure of Europa and possible geological activities can be determined using
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seismic detectors. In addition, electromagnetic soundings would make it possible to determine
the local depth of an ice-water interface. To detect and con�rm extraterrestrial biosignatures,
that may exist near hydrothermal vents on the sea �oor, the most di�cult challenge would be to
melt through the ice and reach the ocean bottom. For this purpose, a robot moving through
the ice is required for the ice transit and an autonomous underwater vehicle for the subsurface
exploration. That is the mission objective aimed by the TRIPLE project line.

1.3 Research and Contribution in Germany

In recent decades, the German space science community has shown signi�cant interest in
exploring icy moons and developing key technologies for future space missions [Klenner et al.
(2024)]. This is mainly implemented through Germany's contributions to ESA's programs and
through the National Program for Space and Innovation from the budget of the Federal Ministry
for Economic A�airs and Energy (BMWE).

TRIPLE as part of the DLR Explorer Initiatives belongs to the program lineInnovative
Navigation Technologiesof the Navigation Department of the German Space Agency at DLR
(DLR RFA). The Explorer Initiatives have been funding universities, research institutions
and commercial companies in Germany with project lines for the development of innovative
technologies since 2012. The aim is to enable future robotic missions to explore areas of our
Solar System that have remained inaccessible. The ability to navigate autonomously plays a key
role here, which requires correspondingly highly developed arti�cial intelligence.

Building on the expertise gained in numerous previous and ongoing projects, e.g. Enceladus
Explorer (EnEx) [Kowalski et al. (2016)], Europa Explorer (EurEx) [Hildebrandt et al. (2022)],
the TRIPLE project described here aims to develop a contamination-free exploration of
subglacial lakes combined with sampling and analysis.

In 2018, the DLR RFA released the mission statement for TRIPLE [Funke and Heupel
(2018)]. Experts from the DLR Explorer Initiatives developed a technical concept and initial
requirements for a terrestrial test site similar to that expected on Europa. Here, sub-glacial
lakes in the Antarctic Dome C region were identi�ed as targets. A Phase 0 study assessed
the feasibility of this concept, evaluating and re�ning it while estimating necessary budgets
and timelines. As conclusion, a major test campaign at the Dome C region was planned to
demonstrate the technical feasibility of the exploration concept.

2 Mission Statement

The DLR RFA de�ned the mission statement in an internal document in 2018 [Funke and
Heupel (2018)]. The following section summarizes this document.

The objectives of TRIPLE are the development, demonstration, and deployment of an
autonomous system for the exploration of subglacial lakes and other maritime environments
and, as a bonus objective, the recommendation of Germany as a payload-providing partner in
a future ESA-, NASA- or other agency's exploration mission to Europa or Enceladus. It is
assumed that the exploration of subglacial lakes in the Antarctic will rapidly gain in importance
as terrestrial analog scenarios for future space missions to search for extraterrestrial life on the
ice-covered water worlds of the outer Solar System.

In the TRIPLE project, a complete system is to be developed that is capable of conducting
back- and forward-contamination-free and robust exploration of subglacial lakes, including the
retrieval of samples, for the �rst time. It consists of three main components:
1. a semi-autonomous melting probe with integrated in-situ sensors for ice characterization

and fore�eld reconnaissance (Fore�eld Reconnaissance System (FRS)),
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2. a miniaturized Autonomous Underwater Vehicle (nanoAUV) as the payload of the melting
probe,

3. and a Laboratory for astrobiological investigations (AstroBioLab) for highly automated
analysis of �uid and sediment samples.

Within these systems, the development of the cable-less nanoAUV with its autonomous
navigation capability will be the main focus.

In a �eld test campaign in the Antarctic, a subglacial lake is to be explored free of
contamination, samples taken and brought to the surface for further analysis. The ambition of
the technical development is to design a nanoAUV with typical dimensions of10 cm(or less)
in diameter and50 cmin length. This is necessary, because the nanoAUV is intended to be
implemented as a deployable payload in the payload compartment of the melting probe. Its
purpose is to transport the nanoAUV through the ice. Thereby, the probe detects obstacles and
hazards in the ice (debris, cavities) and navigates safe paths around obstacles. The melting
probe detects the ice-water interface and holds its position there. The immediate surroundings
are monitored by a camera system, and the images are sent to the surface as a live transmission.
Through a dedicated docking system, the nanoAUV is deployed from this position in the
subglacial lake. There, the nanoAUV navigates independently through the subglacial lake.
For this, the melting probe acts as a base station and will support a navigation network. For
navigation and also for docking, the nanoAUV includes a camera system that captures the
immediate surroundings. Given the bandwidth-limited data link to the nanoAUV, the images
are saved locally. In the vicinity of the melting probe or when docked, data can be transmitted
to the surface for further processing. The nanoAUV will autonomously plan and conduct one
or multiple missions, from the launch to the return to the melting probe, including docking.
The duration of a mission still has to be determined, but is estimated to be about12 h. The
total number of missions still has to be determined. The nanoAUV will detect biochemical
anomalies to identify Points of Interest (POI) that may provide evidence of organic materials.
Additionally, if possible, the nanoAUV will collect samples from this POI. Such a POI would be,
for example, a hydrothermal energy source in the subglacial lake. There, the nanoAUV takes a
sample and transports it back to the melting probe while recording important environmental
parameters (e.g. pressure, temperature, etc.). After return, the nanoAUV transfers the samples
to the melting probe, and prepares for the next mission. Once the exploration of the subglacial
lake has concluded, all deployed components will be decontaminated and returned to the ice
surface.

The TRIPLE system is designed to minimize the risk of forward-contamination of the
subglacial lake to be explored, cross-contamination between di�erent samples, and backward-
contamination of the surface or humans. In view of a potential space mission to an icy moon,
the technical design of all hardware components, as well as procedures and strategies, will
be transferable to space applications. Relevant di�erences between the terrestrial application
developed here (including the use of adequately resistant materials) and a space mission to
Europa are to be investigated and described, and appropriate solutions for the space mission are
to be identi�ed.

3 Project Objectives

The TRIPLE project line includes multiple individual and collaborative projects that run
concurrently and are planned in parallel. The project objectives are derived on the basis of the
mission statement in section 2. A distinction is made between the programmatic and strategic
objectives (section 3.1), the scienti�c objectives (section 3.2), and the technical objectives
(section 3.3).
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The primary goal is the development of the overall TRIPLE exploration system. A �nal
test campaign in Antarctica is foreseen to be carried out in the Dome C region with Concordia
Station as the base, where an ice layer of around 3.3 km [Siegert (2000)] is expected, with
a signi�cant count of subglacial lakes beneath. Thus, Dome C is an ideal region and can be
considered as a perfect terrestrial analog scenario with respect to future exploration of Jupiter's
ice moon Europa. During this �eld test, the mission as described in the mission statement (see
chapter 2) will be performed according to the guidelines and standard requirements of Planetary
Protection [Rummel and Billings (2004)], and the environmental regulations applicable on-site
[Antarctic Treaty (1959), Antarctic Treaty (1992)]. Moreover, all components and procedures
used for the overall system must be transferable to a future space application.

3.1 Programmatic and Strategic Objectives

The programmatic goals of the TRIPLE project are the development, demonstration, and
provision of an autonomous system for the exploration of subglacial lakes and marine regions
that are permanently or temporarily covered by ice. The development of the exploration system
should be viewed as a research and development (R&D) activity with the objective to develop a
demonstrator system to support the collection of scienti�c data in the relevant environment.

A successful demonstration of TRIPLE would position Germany as a preferred partner for
the provision of payloads in an agency's future lander mission (e.g. NASA, ESA or others) to
Europa. The expertise gained from the DLR Explorer Initiatives will be utilized and further
developed to achieve these programmatic objectives.

A major challenge here is the autonomy of the systems, as the respective technology carriers
cannot be controlled from Earth in the future space mission. For this purpose, the development
of suitable arti�cial intelligence for robust and accurate navigation and fully autonomous
mission execution is essential. This also includes the evaluation and interpretation of sensor
data in real time, as well as autonomous decision-making based on this information, in order to
ensure the success of the mission.
The TRIPLE project aims to conduct terrestrial exploration of subglacial lakes. Although this
focus is on Earth, it also seeks to demonstrate the capabilities of individual TRIPLE components,
e.g. the nanoAUV, the FRS and the AstroBioLab, for future exploration of the icy moons in the
outer Solar System. To date, no major exploration of such a lake has been carried out without
contamination.

A successful completion of the project will further expand on Germany's already existing
reputation as a valuable research partner into the �elds of complex mobile autonomous systems
for space exploration of cryogenic and aquatic environments, making it an even more attractive
as a key partner to international space agencies participating in the design and execution of
a space mission to Europa and other icy moons. In particular, the nanoAUV and a fore�eld
reconnaissance system for a melting probe can be provided as payloads for such a mission. In
addition, technologies from the other subsystems listed below should be considered:
ˆ Miniaturization of underwater vehicles and systems through the systematic utilization of

pressure tolerant design.
ˆ Intelligent power management and distribution system
ˆ Guidance, navigation and control solutions including autonomous decision making for

uncertain environments
ˆ Autonomous underwater vehicle docking with data and power transfer
ˆ Simultaneous hydroacoustic high-speed communication and navigation methods between

the nanoAUV and the melting probe
ˆ A Hazard Avoidance and Target Acquisition System (HATAS) for the nanoAUV and the

FRS
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ˆ Automated control and trajectory planning, adaptation and monitoring for the melting probe
ˆ Mapping and characterization algorithms for the penetrated ice
ˆ Radar, sonar and permittivity technologies for applications in glacier ice
ˆ Power distribution and data communication in ice over long distances to the surface
ˆ Cable unwinding and rewinding mechanisms
ˆ In-situ decontamination process in ice
ˆ Technology for the automated analysis of samples for biosignatures
ˆ Integrated sensor suite for assessment of environmental conditions for habitability
Another goal is to identify commercial terrestrial spin-o� applications that can incorporate
parts of the development carried out in TRIPLE (e.g. automated underwater investigation of
pipelines and/or o�shore installations, autonomous driving, underwater docking approaches).

3.2 Scienti�c Objectives

The primary scienti�c goal of the TRIPLE project is to observe and interpret environmental
processes on extraplanetary oceans of our solar system like on the Jovian moon Europa. The
scienti�c goals can be broken down in three di�erent groups of science objectives of a potential
exploration mission:
ˆ Increasing the understanding for the icy body's current state as well as its past evolution by

investigating ice and subglacial ocean structure and composition on various scales.
ˆ Investigation of the moon's habitability potential by assessing biogeochemical environmental

conditions both within the ice, at the ice-ocean boundary and within the subglacial ocean.
ˆ Search for direct evidence of biosignatures and life either within the ice or at the ice/ocean

ocean/sea�oor interfaces.
To achieve these objectives the to be developed TRIPLE exploration system has to be able
to collect data that allows conclusions to be drawn on geological and biochemical processes
in the ice shelf and the underlying water body. Within the ocean environment, POIs can be
de�ned as geographically referenced locations that have been identi�ed for focused study or
continuous observation due to their importance for understanding physical, chemical, biological,
or geological processes in the ocean. These locations are identi�ed based on the spatiotemporal
patterns of the observed variables and the occurrence of anomalies within these distributions.
Also, investigating exchange processes between the core of the relevant planetary objects like
Europa and the �uid water above is important to assess the potential that this object can harbor
life forms or may have harbored them in the past. Besides habitability conditions described by
the environmental background parameters, the identi�cation of potential biosignatures is in the
foreground of the research activities. As an intermediate step, the Polar regions of the earth are
used as templates for the identi�cation of relevant processes and the related observing strategy.
Therefore, marine scientists and astrobiologists will be involved in the TRIPLE development
phases to ensure that the TRIPLE system is not only a design concept for future planetary
applications, but that the system also has speci�c scienti�c bene�ts for terrestrial exploration.
To prove its suitability for the planned scienti�c investigations, the developed technical system is
to be used in a terrestrial analogous scenario for a future exploration mission to Europa's ocean.

The exploration of subglacial lakes in Antarctica, most of which are currently still completely
unexplored, promises substantial gain in scienti�c knowledge. These subglacial lakes represent
extreme environments that have been isolated from the atmosphere for millions of years, making
them ideal for studying the distribution and activity of unique, isolated life forms. To achieve
this, direct but minimally invasive entry into the lakes and sample retrieval are necessary, both
of which pose signi�cant technical challenges. In this context, the following scienti�c goals can
be achieved with the TRIPLE exploration system:
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ˆ Identi�cation and analysis of microorganisms, focusing on their distribution and diversity
within the lake; Study the biochemical and physiological processes that help these organisms
adapt to isolated conditions.

ˆ Investigation of the interaction between the subglacial lake and the overlying ice sheet,
focusing on how subglacial hydrology a�ects ice sheet dynamics, including its �ow and
shape.

ˆ Recover climatic information within the ice sheet.
ˆ Investigation of the presence of a subglacial lake network.

3.3 Technical Objectives

The primary technical objectives are centered on developing a comprehensive exploration
system, with the aim of elevating the technology readiness level (TRL) of all components
and subsystems to at least 5. The technology TRL is to be demonstrated in a deployment in
Antarctica. Consequently, speci�c technical objectives for the subsystems are listed below.

The nanoAUV shall carry scienti�c payloads that support the identi�cation of interesting
locations (POI) to take a sample and return to the melting probe. There, for the terrestrial
demonstration campaign, the samples are to be handed over and collected in a suitable container
for examination and transportation to the surface. For the later space mission, the sample shall
be analyzed within the AstroBioLab implemented in the melting probe. Further measured
data should be transmitted by the nanoAUV wireless to the melting probe via a hydroacoustic
modem. In addition, the nanoAUV is to be charged with energy while being docked at the
probe so that multiple successive exploration missions can be carried out.

To ful�ll the exploration tasks, a compact integration of scienti�c instruments, an on-board
power management system, a hydroacoustic modem, an on-board computer, navigation sensors,
and propulsion is required. Additionally, robust autonomous navigation using decision-making
by arti�cial intelligence (AI) is crucial for e�ective exploration and sampling. It should also
enable the exploration (e.g. mapping, etc.). It must react appropriately to disruptions of any
kind, i.e. with decisions and measures that ensure mission success with the highest probability.

The melting probe serves as a central base station for the nanoAUV. The probe should be
retrievable and have a payload pick-up device that is suitable for docking and picking up the
nanoAUV as a payload. Wireless charging power and datalink are also provided within the
docking module during transit and between the subsequent missions. A corresponding docking
mechanism must be developed and implemented. When docked, previously collected samples
and data are transferred between the underwater vehicle and the probe, while the nanoAUV's
batteries are recharged in parallel. The melting probe itself is to be supplied with su�cient
energy via a cable connection to the surface in the terrestrial tests in Antarctica. For the future
space mission, however, implementation of a Multi Mission Radioisotope Thermoelectric
Generator (MMRTG) directly into the melting probe as power supply is inevitable. To maximize
scienti�c bene�t from exploration, the possibility of implementing additional suitable payloads
(sensors, cameras with lighting, possibly a deployable drilling mechanism for geological
investigation of sediment layers in the lake, potentially for stratigraphy) were examined and,
if reasonable and technically feasible, these payloads are taken into account for designing the
melting probe.

For the navigation and trajectory planning of the melting probe during the ice transit, a
fore�eld reconnaissance system for the direct integration into the tip of the probe is to be
developed. The reconnaissance system shall robustly detect obstacles (e.g. ice crevasses) and
the ice-water interface.

Developing the TRIPLE system, the Planetary Protection Rules need to be strictly applied.
Following the �SCAR's code of conduct for the exploration and research of subglacial aquatic
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environments� [I. Alekhina et al. (2011)], it must be ensured that the penetration of the melting
probe into the subglacial lake as well as the deployment of payloads, sample containers and
samples and the exploration are free of contamination. The technologies deployed must be
completely recovered from the lake after completion of the exploration activities. Samples taken
must be encapsulated and secured in accordance with and applying appropriate biohazard rules.
Automated analysis, possibly a laboratory on the surface, must also be carried out under these
safety criteria. Processes and procedures must be developed and tested in advance to enable
in-situ decontamination of the shuttle melting probe before it breaks through the ice-water
interface. Similarly, when the technical system is retrieved after leaving the water but before
reaching the surface, in-situ decontamination must be carried out and a new ice seal of the lake
must be ensured.

4 Mission and System Requirements

Based on the mission statement (see chapter 2) and the declared objectives (see chapter 3),
requirements are derived. The requirements for the mission are presented in section 4.1 and the
system requirements for the overall TRIPLE system and its individual subsystems in section 4.2.

4.1 Mission Requirements

The complete TRIPLE system, including the melting probe, nanoAUV, and the AstroBioLab,
shall undergo pre-testing together in Arctic or Antarctic conditions to validate the functionality
and the correct interaction of all components. The main objective of the scienti�c mission will
be to assess the habitability of the investigated environment and identify possible POI in the
region around the launch position. The exploration of the subglacial water body shall be carried
out autonomously. The TRIPLE project aims to demonstrate that the technical and scienti�c
exploration concept of the system is robust and compatible for exploring unknown oceans on
other planets. This will be achieved by successfully melting into an under-ice water body,
repeatedly undocking, docking and retrieving the nanoAUV, and acquiring data of scienti�c
interest during a terrestrial analogous demonstration mission.
Following the �nal demonstration in Antarctica, a comprehensive analysis and evaluation will
be conducted to assess the transferability of the TRIPLE system. The design of the TRIPLE
mission elements will consider the future transfer and adaptation of the developed technologies
to enable space missions.

4.2 System Requirements

4.2.1 Melting Probe

The melting probe will be designed for multiple uses with the main purpose of transporting the
nanoAUV inside its designated Launch and Recovery System (LRS) from the surface to the
targeted subglacial water body and back. It will be engineered to achieve a high melting speed,
ensuring that it reaches its planned destination within an acceptable time frame. In addition, the
probe will return to the surface by melting once it has completed its task. Di�erential heating
of the melting head provides limited capability of deviating from a vertical melting direction.
To ensure stability, the melting probe will be capable keeping a stable position at the exit of its
melt channel.
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4.2.2 nanoAUV and Launch and Recovery System

The nanoAUV is a highly integrated miniaturized Autonomous Underwater Vehicle to explore
and sample the unknown environment in the wider vicinity of the melting probe. The vehicle
will be able to navigate under-ice autonomously, while following a predetermined mission plan.
The nanoAUV will be able to measure, sample and store key scienti�c parameters, needed for
the assessment of the habitability of the subglacial water basin and identifying potential POI
within the water column or near the ice-water interfaces. Additionally, the nanoAUV should
have the capability to take water samples for identifying possible biosignatures. At the end of
each mission the vehicle will return to the Launch and Recovery System (LRS), where it can
download the collected information and samples, recharge its batteries, get new mission plans
or where it could be safely stored inside the LRS for a return to the surface.
The LRS is an integral part of the melting probe that acts as a safe transport and storage system
for the nanoAUV until the melting probe has melted through the ice and detected the ice-liquid
interface. Once safe and stable conditions below the ice have been established, the LRS will
move the nanoAUV outside of its containment vessel and position it for deployment. While the
nanoAUV is being deployed and running its mission, the LRS is supporting navigation and
communication to and from the nanoAUV via its hydroacoustic navigation and communication
system. For retrieval, the LRS is going to safely capture and lock the nanoAUV. As described
above, while captive in the LRS, the nanoAUV is able to upload data to the melting probe via
the LRS, while the vehicle's batteries are going to be recharged for a new mission. At the end
of a mission sequence the LRS should store the nanoAUV back in the safe transport mode, to
be ready to transported back to the surface.

4.2.3 Fore�eld Reconnaissance System for the Melting Probe

The fore�eld reconnaissance system is an integral part of the melting probe. It will be able to
detect obstacles on the melting path to ensure the safe navigation of the probe throughout the
mission. In addition, it will be able to detect the ice-water boundary and measure the distance
to it in time to help the probe maintain its position in the melt channel.

4.2.4 Science Payload in the Melting Probe

The melting probe will be equipped with sensors to characterize the ice shell structure, focusing
on internal features like cracks, phase transitions, and near-surface water bodies. These sensors
allow indirect measurements of the local water layers, including melt water during the melting
phase, �uctuations within the ice layer, ice-water heterogeneity and further characterization of
ice and non-ice grains. The science payload enables the melting probe assessing meltwater in
real time during the melting phase. By analyzing environmental parameters, it supports critical
insights into the habitability of the surrounding environment and guides the mission's scienti�c
objectives.

Indirect observations help to determine the ductile-to-brittle transition within the ice shell,
a�ecting global heterogeneity distribution. External pressure measurements on the melting
probe will be utilized to assess phase changes (melting vs. sublimation) during the early melting
phase, evaluate ice porosity in later stages, and detect melt channel closure through pressure
build-up. The sensors will also measure the water in the subglacial lake and provide redundant
data to complement the scienti�c measurements of the nanoAUV.
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4.2.5 Astrobiological Laboratory

The automated analysis and transfer of samples from the melting probe and nanoAUV to the
astrobiological laboratory will adhere to safety requirements for handling potentially hazardous
substances (biohazards). The astrobiological laboratory will be capable of receiving samples
from the nanoAUV while ensuring the prevention of contamination. It should be able to
analyze multiple samples (at least three) delivered by the sampler and detect the presence of
unique biological signatures. Additionally, the astrobiological laboratory should be capable of
performing DNA sequencing.

5 Overview TRIPLE

A concept was made to meet the project objectives and the mission, and the technical
requirements. An overview of the TRIPLE mission with the key components, as mentioned in
the mission statement (see chapter 2) is illustrated in Figure 1.

FIGURE 1. Illustrative overview of the TRIPLE mission, highlighting three key components for
the exploration of subglacial lakes.

The following section presents an overview of the project phases, organizational structure,
and systems currently under development.

5.1 Overview of the Project Phases

An overview of the TRIPLE project with an assignment to the corresponding European
Cooperation for Space Standardization (ECSS) phases is provided in Table 2.

Phase 2 of TRIPLE corresponds to the ECSS phases B to D, with the target being a
demonstration campaign on the Ekström Ice Shelf, near the German research station - the
Neumayer Station III (NM-III) in Antarctica. This test campaign marks the �rst full TRIPLE
system demonstration in a polar environment and serves as an intermediate milestone towards
Dome C. This will be a combined scienti�c and technical �eld test to demonstrate the technical
feasibility and scienti�c possibilities of the TRIPLE system.
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Phase 3 will aim for a demonstration at Dome C. For Dome C, phases A to D will need to
be reiterated to accommodate the speci�c requirements. The ECSS Phase E is not part of the
TRIPLE project.

TABLE 2. Overview of the schedule of the TRIPLE project line. To specify the targets Neumayer
Station III and Dome C, the indices NM3 and DC were introduced respectively as extensions to
the project phases.

Phase Phase Date
(TRIPLE naming) (ECSS naming)

Initial presentation of the nanoAUV idea 12/2017
Expansion to the TRIPLE Project idea 2018
Phase 0 Study 0 11/2018 - 06/2019
Phase 1 A/B1 2019 - 06/2023
Phase 2 (NM-III) B1NM3/CNM3/DNM3 06/2023 - 06/2027
Phase 3 (Dome C) ADC/BDC/CDC/DDC TBD
Transfer to German scienti�c community for utiliza-
tion in research activities

EDC

Space Mission TBD

5.2 Results of Phase 0 + 1

Over the duration of the development, several milestones were completed and multiple
demonstrations and �eld tests were conducted to test di�erent segments of the TRIPLE system
separately.

5.2.1 Phase 0 - Mission De�nition

In the phase 0 study, the general feasibility, schedule, and cost estimate were examined and
completed with the Mission De�nition Review (MDR). The exploration of the subglacial
lake Lake Concordia in the Dome C region of Antarctica, outlined in the mission statement,
was shown to be feasible and �nancially viable. The resulting schedule and work breakdown
structure were used as a baseline for projects funded during phase 1.

5.2.2 Phase 1 - Requirement De�nition and Technology Demonstration

During phase 1, the requirements for the TRIPLE mission on the system level were de�ned
and assessed in a System Requirements Review (SRR). During this phase, a �rst concept of
the TRIPLE systems for the Dome C mission was developed within the TRIPLE-nanoAUV
1 project. In parallel, several projects aimed at the development of critical technologies for
individual TRIPLE components.

A �rst recoverable melting probe demonstrator, the TRIPLE-IceCraft (Figure 2), was
developed in the project of the same name (2019 - 2024) and tested on the ice shelf in the
vicinity of Neumayer Station III (Figure 3) [Regnery et al. (2024)].
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