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Goal of AM VI workshop . . .

A critical assessment by approximately 70 
community representatives from NASA, 
academia, industry, research institutions, and 
international organizations of candidate activities 
on the lunar surface and its vicinity that may 
feed forward to support affordable and 
sustainable human missions to the surface of 
Mars in the 2030s.
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Relevant Previous AM Community Workshops
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AM III (December, 2015 at the Space 
Policy Institute, GWU)

Integration of priority science goals 
with increasingly detailed human 
space flight scenarios: modify science 
goals and elements of human 
exploration to improve integration. 
Included planetary protection.

AM IV (December, 2016, 
Doubletree Hotel, Pasadena) 

Critical comparison of major 
technological “long poles” necessary 
for achievable, affordable, and 
sustainable human exploration of 
Mars.

AM V (December, 2017, 
Washington Plaza Hotel, Washington, DC) 
Developed in detail three distinctly 
different scenarios for human exploration 
of Mars by the end of the 2030s that 
were required to be affordable.
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Workshop Scenario Ground Rules

• The first human mission to the surface of Mars will take place during the 2030s. [cf., AM I – V]

• Budgets for the space agencies will grow approximately with inflation. Modestly greater budget 
growth is possible in response to broad public and stakeholder support for lunar exploration and 
travel to Mars.

• No technological, political, or budget “miracles” are permitted or, if so, they must be clearly 
identified and justified. 

• SLS, Orion, the Gateway, and commercially available medium-lift launch vehicles will be available 
during the time period considered here, so will not be assessed in depth in this workshop

• The presented Moon and Mars scenarios may not be altered in significant ways.

• Teams are not to advocate for any lunar scenario, but rather accept the scenarios as presented.

• There will be a continuous human presence in low Earth orbit to provide research and 
development opportunities via the ISS and/or other (e.g., commercial) platforms throughout the 
timeframe considered in this workshop.

• Partnerships (international, industrial, commercial, academic . . .) will be an essential component 
of human exploration.



The Human Exploration of Mars Mission Continuum From AM V

Three different “end states” for human exploration of Mars were adopted in AM V as 
representative of the goals widely identified and an architecture was developed that 
sought to achieve each of them under common ground rules and constraints.

Workshop Process

Adopted for AM VI Assessment: 
The engineering Long Poles were essentially the same in the medium to long 
term across all three scenarios examined at the AM V workshop. For this 
reason, the Field Station was used as the baseline for AM VI.
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Adopted Mars Scenario:
Surface Field Station 

Similar to Evolvable Mars Campaign (EMC)

§ Goal of Surface Field Station: To learn how to live and operate on 
Mars in preparation for continuous human presence on Mars, via the 
deployment of a temporary Mars surface field station that is visited by 
multiple crews over the lifespan of the infrastructure

§ Activities:
- Engineering testing of surface hardware (e.g., ISRU, in-situ 

materials, civil engineering, pressurized rovers, etc.)
- Environmental monitoring and characterization (e.g., 

ground-truthing of orbital recon datasets such as water mapping 
and surface winds, better informing planetary protection practices)

- Understanding long-term human health impacts of long 
duration deep space and surface missions and demonstrating 
appropriate countermeasures

- Learn how best to do in-situ science with human 
crewmembers as a resource (e.g., to address MEPAG goals)

§ End State: 
- When sufficient knowledge and operational experience is gained to 

decide on the location and architecture of the first 
continuously occupied permanent base on Mars. 

- Chosen to occur at the same time that Mars surface equipment 
wears out (thus avoiding the need for system recertification 
and/or replacement)
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AM V Field Station Key Features

• Built upon NASA’s Evolvable Mars Campaign (EMC) study (2014-2016) 
with additional options considered to increase program sustainability 
• Conjunction-class missions with gradually increasing time spent on 

the Martian surface as more surface capabilities are delivered and more 
experience is gained

• Baseline atmospheric O2 ISRU with water-based ISRU considered 
within the trade space depending on selected landing site and 
precursors/field station activities

• Reuse of Transit Habitat and in-space propulsion for crew and cargo 
transit, which are sent back to lunar gateway for refurbishment

• Reuse of Mars Surface Habitat 
• Modular build-up of in-space and Mars surface assets (incl. human habitat 

and laboratory modules) using multiple commercial and international 
providers

• Small/mid-size Mars landers derived directly from lunar surface 
program
• Develops experience base and distributes cost for Mars program across 

longer timeline
• Smaller, modular payloads (~10mT) allows for increased commercial / 

international participation (e.g. launch vehicles, landers, and 
payloads) 
à increases cost sustainability and political sustainability 

• Allows deployment of larger science payloads (than currently 
considered)
à increased opportunities for scientific discovery and public engagement

• Increases system flexibility and robustness by allowing individual 
components to be repaired and/or upgraded as they degrade, or as more 
experience is gained in their operations
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Comparison of Mars Architectural Philosophies
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Key Characteristics of Lunar Activity Categories

Lunar Attribute Gateway-Only Sortie-Class GER-Class Field Station

All options assume Gateway staging, heavy lift, and 11 km/s return vehicles

Human Surface 
Mission?

No Yes, Multiple Sites Yes, Multiple Sites Yes, Fixed Base Site

Crew to Surface 0 2-4 4 4+

Surface Exploration 
Duration

n/a 3-5 Days 42 Days 6 Months

Pre-Deployed 
Surface Assets

No No Yes Yes

Key Attributes

• Earth or Gateway tele-
operated robotic 
science & 
demonstrations

• Unpressurized rover 
for local exploration

• Pressurized Rover
• Cryogenic  

lander/ascent 
• Reusable ascent stage
• KiloPower

• Pressurized Rover
• Cryogenic  

lander/ascent 
• Reusable ascent stage
• KiloPower
• Habitat
• ISRU

Exploration Range n/a <10 km per site 100 km per site 100 km from base
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A range of lunar missions was considered in order to help 
drive key capability and technology needs and potential 

applicability toward future Mars missions



Engineering Long Poles to Enable Mars Exploration
About a dozen engineering Long Poles required for eventual human missions to the martian surface were 
identified and assessed in our 2016 AM IV workshop.

In AM VI, these were used to assess the content of the lunar scenarios that most enabled exploration of Mars in 
the 2030s.
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Example: Long Pole Matrix
Mars Ascent Vehicle Assessed by Transportation/Propulsion Team
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Most Relevant Systems and Technologies (aka, “Long Poles”)
to Test/Demonstrate on the Moon to Feed Forward to Mars
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Prioritized Space Transportation and Propulsion Systems, 
Technologies, and Operations

1. Long-term cryogenic fluid management
Long-term storage of cryogenic propellants (LOX, LCH4, LH2), passive/active reduced boiloff 
tanking, liquid acquisition, tank mass gauging

2. Lander development (e.g., propulsion, precision & autonomous landing, hazard 
avoidance)
Cryogenic engines in the 40 - 100 kN range, deep-throttling engines, cryogenic reaction 
control system (RCS), precision landing, hazard avoidance

3. Vehicle aggregation (e.g., refueling, refurbishing, checkout)
Vehicle servicing, cryogenic refueling, refurbishment, repair, cleaning, re-certification for 
flight readiness

4. Human health and biomedicine (e.g., radiation, psychosocial)
Deep-space behavioral health monitoring, deep-space radiation



Most Relevant Systems and Technologies (aka, “Long Poles”)
to Test/Demonstrate on the Moon to Feed Forward to Mars
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Surface Systems/Technologies/Operations

Highest priority (Alphabetical Order)
• Human health and biomedicine (e.g., psychosocial, food & medicine)
• Power systems (e.g., fission for primary power, radioisotope power for mobility)
• Rovers for human exploration (e.g., operations, energy storage, airlocks, suitlocks)
• Surface suits (e.g., pressure garment, environmental protection layer, maintenance)

Next highest priority (Alphabetical Order)
• Communication systems (e.g., orbital assets, local communication)
• In-situ resource utilization   [See Notable Topic below]
• Surface habitats and laboratories (e.g., systems availability, operations)

Notable Topic: In-Situ Resource Utilization
In-situ resource utilization (ISRU), especially of lunar and Martian near-surface extractable  
water and the Martian atmosphere, has the potential to enable affordable and sustained human 
occupation of the Moon and/or Mars. However, critical information about these resources is not 
yet available. Therefore

• ISRU surface and orbital reconnaissance of potential lunar and martian resources must continue to 
verify their potential, especially whether or not lunar water ice feeds forward to Mars exploration

• Verify the potential for lunar ISRU technologies, processes, and operations (e.g., excavation/drilling, 
water cleaning and electrolysis, liquefaction/storage) to feed forward to human Mars exploration.
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Mid-latitudes:  Hydrated Minerals

Lunar ISRU Strategy That Feeds Forward Moon-to-Mars
Water Resources on the Moon

Water Resources on Mars
Volcanic glasses: ≥0.3 wt.% H2O

Regolith: solar wind implanted H
Polar water ice: up to 30 wt.% 

water ice at the surface

Mars Forward Lunar ISRU Role and Focus
§ Identify, characterize, and quantify resources/volatiles for future applications
§ Important Demonstrations:

o Demonstrate ISRU concepts, technologies, & hardware that reduce the mass/cost/risk of human Mars missions:
• ISRU for propellant production;  Cryogenic storage & transfer to refuel ascent vehicle
• Site engineering and infrastructure emplacement for repeated landing/ascent at same location

o Use Moon for operational experience and mission validation for Mars, such as:
• Pre-deployment & remote activation and operation of ISRU assets without crew
• Landing crew with ‘empty’ tanks with ISRU propellants already made and waiting 

o Long-duration surface operations
• Increase duration and autonomy;  possibly polar location due to more benign solar/thermal environment
• Build-up of power, communication, and mission support infrastructure after initial surface evaluation
• Demonstrate Mars Forward human mission surface exploration operations and infrastructure

Potential near-surface ice >1m depthMassive ice <1m depth at poles



Selected Workshop Observations

• Early Mars missions do not necessarily require lunar surface activities. However, an important number of 
possible human and robotic operations, technology developments, and demonstrations on the surface of 
the Moon and its vicinity were identified that would contribute to the Mars scenario adopted here (Field 
Station) by the end of the 2030s.

• A successful and sustainable Moon-to-Mars human space flight program requires a single 
“integrating” NASA Headquarters office with budget authority to apply the results of technology, 
operations, and science trade studies:

• Lunar and martian priorities should not be assessed independently of one another.
• Future priorities for Mars exploration may levy requirements on lunar exploration. 

• The profound environmental differences between the Moon and Mars must be fully incorporated into 
scenarios that intend for the former to enable the latter.

• The Gateway could be an important test-bed for Mars transportation architectures.

• Using the ISS or a similar platform, where crews are continuously present using systems intended for 
Mars, is key for understanding how these systems will perform and potentially need to be maintained for 
a three-year Mars mission. In addition, permanent presence by crews in a zero-g and relatively isolated 
and stressful environment is critical for reducing human health and biomedicine risks for long-duration 
missions.

• Two martian engineering Long Poles – Crew and Cargo Landers and Martian System Reconnaissance –
have very long development times. If development of these Long Poles is delayed, the goal of landing 
humans on the surface of Mars will be likewise delayed. 
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Proposed Assessments of the Extent to which the 
Moon may be used to Further Mars Exploration (I)

Priority Follow-on Activity to AM VI

We found significant value in the Moon and Mars communities working together to understand how lunar 
operations and capabilities can feed forward to Mars. We recommend a more extensive assessment with 
increased participation by these communities. This collaboration, under NASA leadership, should 
commence as soon as possible and use the ongoing NASA Engineering Long Poles for Getting Humans 
to the Surface of Mars effort as the basis for the activity.

Trade Studies (Not in Priority Order)

1. Comparison of end-to-end costs of resources extracted from the Moon with those supplied from 
terrestrial sources

2. Lunar ascent vehicle/lander extensibility to Mars ascent vehicle/lander

3. Pros/cons of different cryogenic propellant combinations (i.e., LOX/CH4 versus LOX/H2) for lunar and 
Mars scenarios

4. Value of remotely operated robot versus on-site astronaut operations on the lunar surface to feed 
forward to human missions to Mars

5. Airlock versus suitlock, including planetary protection, habitat access, and cognizance of different 
environment

6. Common development paths for Mars and Moon surface suit thermal systems

7. Long-lived pressurized rover energy production and storage (e.g., Kilopower versus radioisotope power 
system (RPS), fuel cells versus batteries)

8. Rover needs on the two worlds (e.g., duration of trips, what rovers are used for (science, construction, 
maintenance, transportation), day-night cycle, and crew size)

9. Study on ISRU-based site preparation and construction for landing, lift-off, and surface transportation 
operations on lunar and martian terrain. 16



Proposed Assessments of the Extent to which the 
Moon may be used to Further Mars Exploration (II)

National Academies Studies

• In-situ resource utilization (ISRU), especially of surface/shallow geological 
deposits containing extractable water, has the potential to enable affordable and 
sustained human occupation of both the Moon and Mars. However, certain critical 
information about these resources is not yet available and, consequently, how and 
when such resources might be exploited. Therefore,
• What are the priority surface and orbital reconnaissance programs of potential lunar and 

martian resources to assess their potential?
• What is the degree to which lunar resource exploration, production, beneficiation, and 

commodity storage processes feed forward to Mars?
• What are the effects of declining launch costs and development of lunar resource 

extraction capabilities? 

• Mitigation of environmental damage to human health (e.g., radiation, 
psychosocial, zero g, partial g) for lunar and Mars missions:
• What needs to be carried out at ISS and Gateway, and what can be learned on the 

Earth?
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AM VI Participants
Planning Team in BOLD
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necessarily represent those of the affiliation listed here.

Lindsay Aitchison NASA HQ HEOMD
Reggie Alexander NASA MSFC
Molly Anderson NASA HQ STMD
Louis Barbier NASA OCS
David Beaty JPL/Caltech
Dallas Bienhoff Cis-lunar Space Development Company (CSDC)
Jeff Bingham US Congress, retired
Katie Boggs NASA HQ HEOMD
Jennifer Bowman Orbital ATK
Christopher Cannizzaro US State Department
Chris Carberry Explore Mars, Inc.
Joe Cassady Aerojet Rocketdyne
Greg Chavers NASA MSFC
Tim Cichan Lockheed Martin
Debbie Cohen Explore Mars, Inc.
Bob Collom NASA HQ SMD
John Connolly NASA JSC
Doug Craig NASA HEOMD
Richard Davis NASA SMD
Dwayne Day National Academies
Brett Denevi JHU Applied Physics Lab
Bret Drake Aerospace Corp.
Len Dudzinski NASA HQ STMD
Joseph Fragola NASA, retired
Michael Fuller Orbital ATK
Matt Goman Lockheed Martin
Jim Green NASA Chief Scientist
Gernot Groemer Austrian Space Forum
Steve Hoffman Aerospace Corp
Robert Howard NASA JSC
Scott Hubbard Stanford University
Dana Hurley JHU Applied Physics Lab
Kent Joosten Aerospace Corporation
Toru Kitasaka Mitsubishi Heavy Industries
Bernard Kutter United Launch Alliance
Markus Landgraf European Space Agency
Christian Lange Candian Space Agency
Kathy Laurini NASA JSC

Sam Lawrence NASA JSC
Daniel Levack Aerojet Rocketdyne
John Logsdon George Washington University
Steve Mackwell USRA
Margarita Marinova SpaceX
Lee Mason NASA STMD
Michael Meyer NASA HQ SMD
Robert Moses NASA LaRC
Shinichiro Narita JAXA
Clive Neal Notre Dame University
Andrew Petro NASA HQ STMD
Josh Powers Explore Mars, Inc.
Hoppy Price JPL/Caltech
Ben Reed Executive Office of the President
Mark Robinson Arizona State University
Michelle Rucker NASA JSC
Gerald Sanders NASA JSC
Laurent Sibille NASA KSC
John Sims NASA JSC
Ellen Stofan Director, NASM
Michelle Tabache ESA
Harley Thronson NASA GSFC
David Turner US State Department
Takeshi Uchida Mitsubishi Heavy Industries
Michael Waid NASA JSC
Shamila Watkins NASA JSC
Renee Weber NASA MSFC
Artemis Westenberg Explore Mars, Inc.
Kelsey Young NASA GSFC
Rick Zucker Explore Mars, Inc.



Partner Organizations

Workshop Sponsors

Reception Sponsor

This material is based upon work partially supported by the National Aeronautics and Space Administration Grant 
No. 80NSSC18K0836. Any opinions, findings, and conclusions or recommendations expressed in this material are those 
of the author(s) and do not necessarily reflect those of the National Aeronautics and Space Administration.



Questions?

Opening talk by Dr. Jim Green (NASA Chief Scientist)
Closing talk by Dr. Ellen Stofan (Director, NASM)
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Back Up
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AM V
Architectures

AM IV
Long-Poles

Three Architectures
1. Sorties
2. Research station
3. Permanent habitation

Ten key technology 
long-poles

Map criticality 
of each long 

pole to one of 
AM V 

architectures

Notional Lunar Architectures
1. Gateway only
2. Sortie-Class
3. GER-Class
4. Field Station

For each long pole 
from the selected 

Mars architecture, rate 
the degree to which it 

can be advanced by 
each lunar 

architecture
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Example Long Pole Matrices

Transportation Team - Crew/Cargo Lander Surface Team – Mars Communications
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Mars Field Station Technology Impacts

• Include Nuclear Thermal Propulsion (NTP) in the propulsion trade 
space, along with SEP-chemical and hybrid architectures, to understand 
potential performance improvements, such as:
• Additional mass margin, potentially providing payload capability for 

additional commercial/international providers
• Lower transit times
• Expanded mission abort options
• Enabling both conjunction and opposition class missions, thereby 

providing additional architectural flexibility
• Explore reusable Mars ascent vehicle, which

• Requires exploration of crew size (4 - 6), number of crew 
transported per vehicle (2 - 6) and whether or not they are 
transported at the same time
• As population size increases, crews will likely not all arrive and 

depart in the same vehicle at the same time
• Exploits element reusability where feasible to reduce cost
• Leverage/encourage development of reusable lunar surface lander 

and ascent vehicle technology
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