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LEAG https://www.lpi.usra.edu/leag/

• Lunar Exploration Analysis Group (LEAG) was founded in 2004 to support NASA by analyzing 
scientific, technical, commercial, and operational issues relevant to lunar exploration: integrating 
science goals with exploration strategy.

• LEAG supports the Human Exploration and Operations, Science, and Space Technology Mission 
Directorates.

• LEAG is open to include the entire lunar science community, from a wide variety of backgrounds:
• Academic, government, commercial (Commercial Advisory Board)
• Science, engineering
• Planetary science, astronomy, life sciences, physical sciences

• To further the exploration of the Moon, LEAG has generated numerous documents, including the 
findings of hosted/co-hosted conferences/meetings, the work of various Specific Action Teams, 
whitepapers for Decadal Surveys, scholarly publications, and the Lunar Exploration Roadmap.
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Lunar Science Community Technology Priorities
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Lunar Exploration Roadmap (LER)

Fagan et al., 2020, LSSW 1, #2241
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LER: Science Theme

• Pursue scientific activities to address 
fundamental questions about the solar 
system, the universe, and our place in 
them:
• Next generation planetary field tools, 

sampling gear (including cryogenic), 
portable instrumentation, in-situ analytical 
tools, and long-lived deployable 
instrument packages
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LER: Feed Forward Theme
• Identify and test technologies on the Moon to 

enable robotic and human solar system science 
and exploration:
• Autonomous hazard avoidance and precision landing
• Life support systems for long-duration surface stays
• Crew health systems for long-duration surface stays
• Autonomous crew operations
• Human-robot interaction
• Sample collection and return (automated and 

human-tended)
• Surface mobility
• Navigation and communication
• In-situ resource utilization (ISRU)
• Surface power systems (generation, distribution, 

storage) – RTGs, solar, fission
• Surface construction technologies and methods
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LER: Sustainability Theme
• Extend sustained human presence to the Moon to 

enable eventual settlement:
• Regenerative life support
• Long-distance surface mobility
• Navigation and communication
• Surface power systems (generation, distribution, storage) 
– RTGs, solar, fission

• ISRU: food production, consumables (O2, water), 
reagents, propellants, materials

• Repair, fabrication, manufacturing, assembly, design, 
testing capabilities

• Excavation, construction, and habitat deployment
• Cryogenic fluid management and propellant transfer on 

surface and in cis-lunar space
• Small-scale and pilot-plant demonstrations of all the 

above and other infrastructure and services needed for 
science, exploration, and commerce
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• 2018 LEAG Specific Action Team (SAT) report that 
evaluates the progress made towards achieving the 
goals of the Scientific Context for Exploration of the 
Moon report (NRC, 2007).

• Includes review of progress towards original 8 
science concepts and added 3 new ones.

• Each science concept includes explicit and implicit 
technology needs.

https://www.lpi.usra.edu/leag/reports/ASM-SAT-Report-final.pdf
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Concept

Technology
1: Bombardment history of the inner solar 
system is uniquely revealed on the Moon

2: The structure and composition of the 
lunar interior provide fundamental 
information on the evolution of a 
differentiated planetary body

3: Key planetary processes are manifested in 
the diversity of lunar crustal rocks

4: The lunar poles are special environments 
that may bear witness to the volatile flux 
over the latter part of Solar System history

5: Lunar volcanism provides a window into 
the thermal and compostional evolution of 
the Moon

In-situ dating/isotopic analysis x x x x x

In-situ elemental/mineralogical analysis x x x x x

In-situ geotechnical measurments x

Regional/global in-situ environmental 
monitoring (volatiles, dust) x

Regional/global geophysical network 
(seismic, heat flow, geodetic) x x

Sample collection and return x x x x

Cryogenic sample collection and return x

Drilling x x x

Subsurface sounding (GPR, electromag., 
seismic) x x x

Precision landing to pre-determined study 
location x x x

Surface mobility x

Access to extreme environment (poles, 
PSRs, underground) x x

Access to lunar far side (i.e. navigation, 
communications) x x x

High-resolution orbital remote sensing x x x x x
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Concept

Technology
6: The Moon is an accessible laboratory 
for studying the impact process on 
planetary scales

7: The Moon is a natural laboratory for 
regolith processes and weathering on 
anhydrous airless bodies

8: Processes involved w/ atmosphere & 
dust environment of the Moon are 
accessible for scientific study while the 
environment remains pristine

9: The lunar volatile cycle 10: The origin of the Moon 11: Lunar tectonism and seismicity

In-situ dating/isotopic analysis x x x x

In-situ elemental/mineralogical analysis x x x x

In-situ geotechnical measurments x x

Regional/global in-situ environmental 
monitoring (volatiles, dust) x x x

Regional/global geophysical network 
(seismic, heat flow, geodetic) x x x

Sample collection and return x x x x

Cryogenic sample collection and return x x x

Drilling x x

Subsurface sounding (GPR, electromag., 
seismic) x x

Precision landing to pre-determined study 
location x x x

Surface mobility

Access to extreme environment (poles, 
PSRs, underground) x

Access to lunar far side (i.e. navigation, 
communications) x x x

High-resolution orbital remote sensing x x x x x



LEAG Advancing Science of the Moon SAT

• Future lunar activities (science from 
the Moon; surface access):
• Establish capabilities and infrastructure 

(landing, habitation, mobility, return) 
for regular and repeated access to the 
lunar surface.

• Establish infrastructure (power, 
communications, navigation) for long-
term deployment of instrumentation, 
experiments, and observatories on the 
lunar surface.

• Human exploration capabilities for the 
Moon, Mars, and beyond.
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• The Science Definition Team (SDT) solicited community 
white papers focused on science objectives rather than 
instrument or technology development.

• Nevertheless, some technology priorities are explicitly 
highlighted by the 2020 SDT report findings and their 
recommendations:
• Long-lived power systems
• Communication/navigation infrastructure
• Pre-deployment capability
• Surface mobility
• Cryogenic collection, storage, return and curation of 

samples

• Implicit throughout are also needs for development of 
next-generation orbital assets and surface 
instrumentation specifically designed for operation on the 
lunar surface (remote sensing, cameras, geologic tools, in-
situ analysis instruments, geophysical instruments).

https://www.nasa.gov/sites/default/files/atoms/files/artemis-iii-science-definition-report-12042020c.pdf



Artemis III Science Definition Team Report
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• Finding 7.1-1: Several of the investigations prioritized in 
this report would be maximally enabled by a long-lived 
power source and communications capability for 
deployed experiments.
• Recommendation 7.1-1: NASA should pursue solutions for 

long-lived power and communications to enable networked 
operation of ALSEP-like packages at multiple landing sites, as 
needed to enable meaningful progress on many of the Goals 
described in Section 5, and feeding forward to future Artemis 
missions.

• Long-lived experiments on the Moon will require power 
sources that can survive and operate through the lunar 
night and/or in polar regions and permanently-shadowed 
regions (PSRs):
• RTGs (and concomitant requirement to produce Pu fuel)
• Solar arrays
• Batteries and fuel cells
• Fission power systems

• Surface operations (human, robotic, long-term 
experiments) will require communications (and 
navigation) infrastructure on the lunar surface.



Artemis III Science Definition Team Report

• Finding 6.4-1: Existing mass allocations expected to be 
available on the HLS system for delivery of tools and payloads 
to the lunar surface are insufficient to achieve the full spectrum 
of science objectives outlined by the stakeholder community.

• Recommendation 7.2-1: NASA should consider pre-positioning science 
assets in the vicinity of the Artemis III landing site. This could consist of an 
inert cache of tools/instruments to be accessed by crew upon arrival, 
and/or one or more instrumented landers or rovers for environmental 
monitoring.

• Ability to pre-deploy science assets (instruments, tools) on the 
Moon would enable full spectrum of science activities to be 
achieved and would greatly increase science capability of 
human exploration as well as offer operational benefits:

• Reconnaissance of human exploration areas

• Deployment of consumables, spares, etc.

• Precision/autonomous navigation technology

• Monitoring of interactions between landing systems and lunar surface

• Demonstrate surface rendezvous capabilities (feed-forward to Mars)
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Artemis III Science Definition Team Report
• Finding 7.3-1: Crew mobility on the lunar surface 

is a key factor for enhancing the scientific 
investigations outlined in this report.
• Recommendation 7.3-1: NASA should include a 

rover or other mobility solution for crew use on the 
lunar surface starting as early in the Artemis 
program as possible, ideally for Artemis III.

• Robust mobility systems are needed for short-
and long-term exploration of a geologically and 
geographically complex planetary surface:
• Allows access to a broader area for geologic 

characterization and sample collection.
• Enables deployment of instrumentation over a 

broader area.
• Unpressurized and pressurized (habitable) rovers 

will increase the time human crews can spend in 
the field doing science.
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Artemis III Science Definition Team Report
• Finding 7.4-1: The ability to conduct cryogenic 

sample return from the Moon to Earth increases 
the scientific yield of samples containing icy 
and/or volatile components.
• Recommendation 7.4-1: NASA should develop and 

implement the required hardware and operations to 
return a subset of the samples at temperatures low 
enough to preserve water ice and other low 
temperature volatiles of interest in the solid state 
throughout the entire journey from the lunar surface 
to Earth-based laboratories. Cryogenic sample 
return will increase the scientific fidelity of sample 
analyses of volatiles and ices. Minimizing the mass 
penalty for cryogenic sample return results in 
increased scientific yield of the mission since more 
mass can be allocated to the lunar samples instead 
of the sampling hardware.

• Cryogenic storage and transport of samples that 
contain volatiles is critical for science 
investigation of those volatiles and their context.
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Artemis III Science Definition Team Report

• Cartographic and Data Considerations:
• Update standard lunar reference frame.
• Continue development of foundational data 

products (gravity model, topographic models 
e.g. GRAIL GRGM1200A, LDEM GDR, 
SLEDEM2015).

• Tie the vast amount of orbital datasets and 
data products to the foundational data 
products.

• Create new products (imagery, topography, 
geologic maps).

• Make data sets readily and easily accessible 
to science and mission planning teams.

• Next-generation lunar orbiter.
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Ongoing series of virtual workshops that engage the lunar science community on a 
wide range of topics germane to Artemis-era lunar exploration:

I: Tools and Instruments (May 28-29, 2020)
V: Science Enabled by Mobility (October 28, 2020)
VI: Foundational Data Products (November 19, 2020)
VIII: Real-Time Science Support of Artemis Crewed Operations (February 24-25, 2021)

https://lunarscience.arc.nasa.gov/lssw/reports



LSSW I: Tools and Instruments

• Hardware, software/interface, integration, 
communications, data handling for instruments 
deployed as:
• Handheld
• Walking stick-mounted
• Rover-mounted
• Suit-mounted
• Lander-mounted
• Surface-deployable

• Geologic tools and sampling gear

• Field-portable analytical instrumentation

• Geophysical and environmental monitoring 
instrumentation

• Imaging, geospatial data, close-range remote 
sensing
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LSSW V: Science Enabled by Mobility

• Semi-autonomous mobility (without crew):
• Access to inaccessible/dangerous areas
• Systematic mapping and exploration
• Mobile deployment/retrieval of instruments/samples
• Systematic and repetitive tasks over wide area
• Reconnaissance

• Human-capable mobility:
• 100+ km range
• Robotic arms
• Integrated geophysical survey tools (GPR, neutron 

spectroscopy, etc.)
• Dual use (with humans and 

autonomous/teleoperated when crew not present)
• Deployment/retrieval of smaller, autonomous 

mobility systems
• Communication and navigation infrastructure
• Surface power infrastructure
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LSSW VI: Foundational Data Products

• New orbital platforms:
• Next-generation LRO

• Capability to monitor the dynamic 
environment created by surface 
exploration of Moon

• Navigation and communications 
infrastructure and cartographic 
base data to enable surface 
exploration.
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LSSW VIII: Real-Time Science Support
• IT infrastructure for transmitting, storing, processing, serving, and 

archiving mission data for all stakeholders (crew, science team, mission 
control, science community, public).

• Technology to enable both face-to-face and remote participation 
amongst science support personnel.

• Real-time transcription of mission audio that can be indexed and 
searchable.

• Real-time transmission/processing of high-definition imagery from the 
lunar surface to the science team.

• Virtual- and augmented-reality (VR/AR) tools to enable collaboration and 
data sharing amongst crew, science support, mission control, and others.

• VR/AR tools to enable science support team (and others) to be virtual 
explorers alongside crew.

• Cross-instrument data compatibility to ensure interoperable, compatible 
formats for all mission data (cross-referenced by time-stamp and 
location) housed in a central location and accessible by a common 
visualization and analysis system.

• Communication and navigation infrastructure on the Moon.

• Instrumentation and tools on the Moon to supply the needed data 
streams.
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Lunar Science Community Technology Priorities: 
Overview and Common Themes

Science Capabilities
• Continued remote sensing and orbital mapping

• Geology
• Sampling tools (including cryogenic)
• In-situ compositional and isotopic analysis
• In-situ geotechnical analysis
• Drilling

• Geophysics
• Subsurface sounding
• Deployable network of sensors

• Environmental monitoring
• Field-portable
• Deployable network of sensors

• Life science/biological monitoring, sample collection

• Astronomy (long-lived observatories)

• Tools to enable real-time science support of human (and robotic) 
missions: communications, collaboration, mission data handling, 
AR/VR visualization, cross-instrument data 
compatibility/interoperability

“Infrastructure” and Other Capabilities

• Autonomous, precision landing

• Power

• Communication

• Navigation

• Mobility

• Access to extreme environments

• ISRU

• Construction, excavation

• Life support, crew systems (habitats, 
etc.)

• Human-robot interaction

6/4/2021 Decadal Survey Mercury-Moon Panel 23

= LSIC focus area topic



6/4/2021 Decadal Survey Mercury-Moon Panel 24

LSIC Focus Areas:
• In-Situ Resource Utilization (ISRU)
• Surface Power
• Extreme Environments
• Extreme Access
• Excavation and Construction
• Dust Mitigation

http://lsic.jhuapl.edu/

http://lsic.jhuapl.edu/
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• Additional slides with Year 2 (2021-2022) vision and goal statements 
(highlighting technology development priorities) for each of the 6 LSIC 
focus areas.

• Important and complementary intersections exist between the science-
oriented priorities LEAG (and others) identify and the implementation-
oriented priorities of LSIC with respect to technology.

• Slides taken from presentations made at LSIC 2021 Spring Meeting (virtual, 
May 11-12, 2001): http://lsic.jhuapl.edu/News-and-
Events/Agenda/index.php?id=124
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LSIC Focus Area: ISRU
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LSIC Focus Area: Surface Power
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LSIC Focus Area: Extreme Environments
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LSIC Focus Area: Extreme Access
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LSIC Focus Area: Excavation & Construction
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LSIC Focus Area: Dust Mitigation
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• Additional slides with summary tables from the Global Exploration 
Roadmap (GER; 2018 and 2020 supplement) and the companion 
white paper Scientific Opportunities Enabled by Human Exploration 
Beyond Low-Earth Orbit (2017).

• The science and technology priorities and vision in the GER are 
complementary to those in the LER and those expressed by the lunar 
science community through the other documents presented here.

• https://www.globalspaceexploration.org/
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Global Exploration Roadmap
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