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What makes a planet or moon habitable for life?

Has life developed elsewhere in our solar system? 

Are we alone?

What processes led to the development of life?
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Moving beyond habitability: 
Ladder of Life Detection

• Slide about ladder of life
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In situ planetary mass spectrometry

Punishing launch and landing environment

Extreme temperatures and temperature variations

Limited power and energy consumption

Restricted mass

Autonomous control

Limited communication bandwidth

High radiation environments
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Goddard Space Flight Center

Arevalo et al., Journal of Mass Spectrometry, Vol 55, Iss 1, 29 Oct 2019, DOI: (10.1002/jms.4454) 
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Sample Analysis at Mars (SAM)
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Landing Date: 08-05-2012
“Sols” on Mars: 3247
Location: Gale Crater, Mars (137.4ºE, -4.7ºS)
Distance Driven: 16.4 miles (26.4 km)

Credits: NASA/JPL-Caltech/MSSS



NASA/JPL-Caltech

Gale Crater, Mars
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Sample Analysis at Mars (SAM) instrument suite
SAM suite instruments:
Quadrupole Mass Spectrometer-GSFC
Gas Chromatograph-University of Paris, France
Tunable Laser Spectrometer (JPL)
Gas Processing System-GSFC
Sample Manipulation System-Honeybee Robotics

TLS

GC
SMS

QMS

Wide Range Pump 
Creare, Inc.

Microvalves
Mindrum



SAM
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Mass Range: 2 – 535 m/z
Mass Resolution: up to m/Δm = 500  (FWHM) 
Dynamic Range: 109
Sensitivity: ppb – ppm (organics and inorganics)

6 GC columns
74 Sample Cups
2 Pyrolysis ovens
54 Valves



24 Sept 2021 CASSS Mass Spec 2021 -- Trainer -- Space MS 13



33 Drill holes on Mars
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NASA/JPL-Caltech/MSSS.



Major Discoveries – Organic Carbon

24 Sept 2021 CASSS Mass Spec 2021 -- Trainer -- Space MS 15

Freissinet et al. JGR 2015
Eigenbrode et al. Science 2018

Sutter et al. JGR 2017
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Major Discoveries – Nitrate

• Nitrogen is key nutrient for life on Earth
• Nitrate is a form of “fixed” nitrogen that is 

chemically and biologically available. 
• Life on Earth evolved metabolic pathways to 

break the N2 bond so N could be used a nutrient
• Evidence of a nitrogen cycle on Mars
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“Organic C and nitrate detections in Gale indicate that two very 
important constituents for microbiology were present in Gale 
Crater. Although nitrogen may have been limiting, the presence of 
organic C suggests that heterotrophic microbiology could 
have been possible on ancient Mars.”
-- Sutter et al. JGR 2017

Stern et al. 2015, PNAS



Major Discoveries – Sulfur Isotope Fractionation
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Hydrothermal Processes
Atmospheric Processes

Franz et al. Nature Geoscience 2017

• Large variations in sulfur isotopic composition >> Martian meteorites
• δ34S similar to the range typical of terrestrial environments 
• Active sulfur cycle in impact-driven hydrothermal system and 

transient warm periods



Major Discoveries – Methane and Oxygen

• Over 3 Mars years periodic sampling of atmosphere revealed surprising seasonal cycles in O2 and CH4
• Oxygen shows interannual variability with increase in N. Spring, unknown source
• Possible correlation between CH4 and O2 seasonal trends is both counterintuitive and puzzling, and 

requires additional work, considering especially their significance for the habitability of Mars
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Trainer et al. JGR 2019



Stay tuned for more news from the Red Planet…
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Main Job: Seek 
signs of ancient life 
and collect samples 
of rock and regolith 
(broken rock and 
soil) for possible 
return to Earth.

Mission: Mars 2020
Rover: Perseverance
Landing: Feb. 18, 2021, 
Jezero Crater, Mars

NASA's Goddard Space Flight Center Conceptual Image Lab

Mission: ExoMars
Rover: Rosalind Franklin
Launch: Sept. 2022

Main Job: Seek signs of life 
in subsurface with Mars 
Organic Molecule Analyzer 
(LIT-MS)
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https://mars.nasa.gov/news/8622/virginia-middle-school-student-earns-honor-of-naming-nasas-next-mars-rover/


Dragonfly
In Situ Exploration of Titan's 
Prebiotic Chemistry and Habitability

NASA New Frontiers Mission
led by Johns Hopkins University Applied Physics Laboratory



26 October 2004

Titan 

• Diameter = 5,150 km (3,193 miles)
• Surface gravity = 1.35 m/s2 = 0.14 g

– 14% of gravity at Earth’s surface
– 83% of gravity at Moon’s surface

• Surface pressure = 1.5 bar
– 1.5× pressure at Earth's surface

• Surface temperature = 94 K = –290°F
– Bedrock composition = water ice
– Atmospheric composition = N2, few % methane
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26 October 2004

Titan 

• Diameter = 5,150 km (3,193 miles)
• Surface gravity = 1.35 m/s2 = 0.14 g

– 14% of gravity at Earth’s surface
– 83% of gravity at Moon’s surface

• Surface pressure = 1.5 bar
– 1.5× pressure at Earth's surface

• Surface temperature = 94 K = –290°F
– Bedrock composition = water ice
– Atmospheric composition = N2, few % methane

• Deep interior ocean of liquid water
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Map of Titan's surface at near-infrared and infrared wavelengths (Seignovert et al. 2019)



Titan has key ingredients known to be necessary for life 
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Solvent: water

available on the surface in past

Energy

sunlight, photochemistry

Organic chemistry

organics in atm & surface

Solvent: methane

active methane cycle

clouds

Images from Huygens descent, 
organic haze plus surface
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• Lander with aerial mobility enables 
wide-ranging 
in situ exploration

Dragonfly: A relocatable lander to explore Titan’s 
habitability and prebiotic chemistry

• Launch in 2027, Arrive mid-2030s
• Visit dozens of potential sites
• Designed for MMRTG – 3.3 year long prime mission

Aerial mobility provides access to Titan's 
diverse materials at a range of geologic 
settings 10s to 100s of kilometers apart

IMAGE CREDIT: JOHNS HOPKINS APL



Lander with aerial mobility enables wide-ranging in situ exploration
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• Heavier-than-air mobility highly efficient at Titan 
(Lorenz 2000; Langelaan et al. 2017)

– Titan’s atmosphere 4x denser than Earth’s
– Titan's gravity 1/7th Earth's

• Powered by Multi-Mission Radioisotope 
Thermoelectric Generator (MMRTG)
– Charge battery used for flight & science
– Waste heat maintains nominal thermal environment in 

lander
– Enables highly capable scientific payload and 

operations
• Direct-to-Earth communication
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Landing site and region of exploration
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Organic Sand
Interdune Materials

Ejecta Blanket
Impact Melt

• Initial landing site provides access to 
a variety of materials
- Sand dunes: organic sediments

- Interdune areas: materials with a water-ice 
component

- Selk impact crater: materials where 
organics may have mixed with liquid water 
impact melt

IMAGE CREDIT: JOHNS HOPKINS APL



Science goals and payload focus on chemical inventory and 
opportunities for materials to interact 
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• DraMS: Mass Spectrometer (GSFC, CNES)

• DrACO: Drill for Acquisition of Complex Organics 
(Honeybee Robotics)

• DraGNS: Gamma-ray Neutron Spectrometer (APL, 
LLNL, GSFC, Schlumberger PNG)

• DraGMet: Geophysics & Meteorology Package (APL, 
JAXA Lunar-A seismometer)

• DragonCam: Camera Suite (MSSS)
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Dragonfly Mass Spectrometer (DraMS)
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• Inherits from SAM and MOMA - Mars Instruments
• Dual-Inlet Ion Trap Mass Spectrometer 

– Arevalo Jr. et al.  IEEE 2015
• Uses two modes to assess chemical composition of 

surface materials:
– Laser Desorption MS for high molecular-weight organics

• Grubisic et al. IJMS 2021
– Gas Chromatography MS with derivatization for biologically-

relevant molecules
– Sample carousel (60 cups total) delivers samples to each ‘inlet’

Characteristic Predicted Performance

Mass Range 15 – 1950 Da
Mass Resolution 0.4 – 3 Da (FWHM)
Mass Accuracy ± 0.4 Da
Ion polarity Positive and Negative ion detection
Limit of detection 100 ppbw organics in surface sample
GC Columns Two; General and Chiral separation
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Dragonfly will provide a detailed investigation of carbon compounds on 
Titan’s surface
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Microscopic Imaging
Compositional variety at grain 

scale with fluorescence

Site characterization and 
distribution of carbon 

Molecular composition of 
surface materials

Gamma-Ray & Neutron 
Spectroscopy

Elemental abundances identify 
C-containing materials & layering

CH4 cycle & subsurface 
reservoirs

Simulation of 1-hour 
meas. on Titan’s surface

Sensitive and Selective MS
Gas chromatography targeting 

potential biomolecules
Search for enantiomeric excess

Broad Survey Mass Spectrometry
Organic inventory of high molecular 

weight organics 
Preferential patterns and structural 

elucidation

30
IMAGE CREDIT: JOHNS HOPKINS APL
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“Ultimately, the assessment of whether or not a planet is habitable will need to be
embedded in the context of the outcomes of terrestrial exoplanet evolution.”
- 2018 Exoplanet Science Strategy report



Venus deep atmosphere is essentially unknown
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Venus Mass 
Spectrometer
QMS + enrichment

• Major chemical species
• Noble gases & isotopes



• Slide with nasa exploration statement
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Image credit: NASA/JPL-Caltech/Space Science Institute
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