Extraterrestrial
Mass Spectrometry:
Searching for Habitable
Environments in the

Solar System  +

+

Melissa G. Trainer
"NASA Goddard Space Flight Cénter
melissa.trainer@nasa.gov

NASA/JPL-Caltech/Lizbeth B. De La Torre



 What processés led fo the development of ez

~ Haos life developed elsewhere.in our solar system?

g u a R
LA What makes a planet or moon habitable for life?

Image Credit: NASA/BIll Ingalls



~-MOON

LUNAR .
TRAILBLAZER T o

LUNA H-MAP

.LUNAR
RECONAISSANCE
ORBITER

f.‘ |

L2 NEOWISE

-MARS AN s
waven  TRACE - MMX (k) it LN T

= MARS MRO ’ ORBITERESA) [ g R
ke EXPRESS ; EA) : R A
‘£ ODYSSEY (ESA) v N "‘"“"" o ";: ot e\ ety
(] ‘\ * I o o ; W
8 ~ \r P ; & % ) : .' 4
% By - ' ‘n FORMULATION @
(<,->) e 2 ! 4 = JUNO IMPLEMENTATION @
— A s . w!‘?-;k / | PRIMARY OPS @
% -:.."f e A - C .—j EXTENDED 0PS @
= ROSALIND RSE‘I‘;‘:'E\L;L p
e FRANKLIN
~ o = PLANETARY FLEET
<C
o)
<C
=



Major Biogenic + Energy +  Liquid = Habitable
Elements (chemical medium) environment

“Ingredients” for Life

Sunlight
Carbon C (photosynthesis) Water
Hydrogen H _
Nitrogen N Chemical
(redox)
Phosphorus P

Sulfur S

) .

[ ™
X &
l | W e

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

Thermal

Life as We Know It




Marc Neveu — marc.fneveu@nasa.gov

Astrobiology, Vol. 18, No. 11 | Forum Article

The Ladder of Life Detection

Marc Neveu Lindsay E. Hays, Mary A. Voytek, Michael H. New, and Mitchell D. Schulte

Published Online: 13 Nov 2018 | https://doi.org/10.1089/ast.2017.1773

@ Free Access | @

]

Molecules &
Structures
Conferring

Function

O
?\O :
6\3‘9 Potential

Complex organics (e.g. oligomers, PAH)

metabolic
byprodu AN Monomers (nucleobases, amino acids, lipids)
Distribution of metal elements

Biofabrics

Patterns of complexity (organics)
&/ Textures

Habitability: Liquid water, building blocks, energy source, gradients

&

Organics not found abiotically (e.g. hopanes, ATP, histidine)

e
Darwinian
evolution _
RGm\:’Ith& B Changes in inheritable traits in
epro umonﬁ ,.’ 5 response lo seleclive pressures
J K

Morphologies, motility
¢ @. Major element or isotope fractionations

Each measurement must meet:

INSTRUMENTAL CRITERIA
Quantifiable  Contaminationfree ~ Repeatable
Detectability Likelihood of false positive

CONTEXTUAL CRITERIA
Detectable Survivable Reliable Compatible Last-resort

Environmentallows Likelihood of Ambiquity Specificity to Ambiquity of
) guiy
measurement  false negative of feature Earth life interpretation




Graphics credit: Slidesgo and Flaticon

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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Sample Analysis at Mars (SAM)

Landing Date: 08-05-2012

“Sols” on Mars: 3247

Location: Gale Crater, Mars (137.4°E, -4.7°S)
Distance Driven: 16.4 miles (26.4 km)




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

Microvalves
Mindrum

Wide Range Pump
Creare, Inc.
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Major Discoveries — Organic Carbon
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wt. % NO3

Major Discoveries — Nitrate

Stern et al. 2015, PNAS

1: * Nitrogen is key nutrient for life on Earth
| « Nitrate is a form of “fixed” nitrogen that is
1.4 . . . .
chemically and biologically available.
He « Life on Earth evolved metabolic pathways to
' break the N, bond so N could be used a nutrient
08 » Evidence of a nitrogen cycle on Mars
0.6

“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.”

SAM/Mars Atacama Mojave -- Sutter et al. JGR 2017

0.4

0.2

O -

24 Sept 2021 CASSS Mass Spec 2021 -- Trainer -- Space MS 16



Major Discoveries — Sulfur Isotope Fractionation

®
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« Large variations in sulfur isotopic composition >> Martian meteorites

s (+5y * O*Ssimilar to the range typical of terrestrial environments
O"'dat"’” « Active sulfur cycle in impact-driven hydrothermal system and

l transient warm periods
H,S0, (+6™°S) Transport through

Volcanic melt shegt cracks Melt sheet/breccia
outgassing Rainout Deposition to sediments cracks upon cooling

ST

Sulfite ~ Sulfate. Sulfur \a

A \ ‘&‘

\ 2 . N/
i X y y K/ NCUR Y
. . S No— * Warm zone .
Dissolution / j *
Ground water Equilibrium fractionation =

Fractured rock roun:
sz e Sulfide -5°%S , sulfate/sulfite +5°“S
sulfur species

H S =>» Oxidation —> SO, —> Photolysis
(534S = 0) (534S = O) \

Aeolian Central uplift

redistribution Sediments
\— e

24 Sept 2021 CASSS Mass Spec 2021 -- Trainer -- Space MS Franz et al. Nature Geoscience 2017 17




Major Discoveries — Methane and Oxygen

Trainer et al. JGR 2019 _J""*"'

Background CH, (Webster et al., 2018)
® O, (Traineral., 2019)
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« Over 3 Mars years periodic sampling of atmosphere revealed surprising seasonal cycles in O, and CH,

 Oxygen shows interannual variability with increase in N. Spring, unknown source

 Possible correlation between CH, and O, seasonal trends is both counterintuitive and puzzling, and
requires additional work, considering especially their significance for the habitability of Mars
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Stay tuned for more news from the Red Planet...

Mission: Mars 2020
Rover: Perseverance
Landing: Feb. 18, 2027,
Jezero Crater, Mars.

1

R ; }‘)fﬁ aﬁ#:g
R wnt ¥ [P
Main Job: Seek
signs of ancient life

and collect samples
of rock and regolith

N ,/}' 2] (brokenrockand Organic Molecule Analyzer
. 1 soil) for possible LIT-MS
NASA/IPL-Caltech/ASUMNSSS return to Earth. ( i )
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Main Job: Seek signs of life
In subsurface with Mars



https://mars.nasa.gov/news/8622/virginia-middle-school-student-earns-honor-of-naming-nasas-next-mars-rover/
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A relocatable lander to explore Titan's
prebiotic chemistry and habitability

Dragonfly

In Situ Exploration of Titan's
Prebiotic Chemistry and Habitability

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




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
— 1.5x pressure at Earth's surface

Surface temperature = 94 K=-290°F

— Bedrock composition = water ice
— Atmospheric composition = N,, few % methane
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Titan

Diameter = 5,150 km (3,193 mile

Surface gravity = 1.35 m/s2 = 0.1
— 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 = N,, 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)
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Titan has key ingredients known to be necessary for life .

N0 —~
DRAG )NFLY

Energy Organic chemistry

Solvent: water

available on the surface in past active methane cycle
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A relocatable lander to explore Titan’s
bitability and prebiotic chemistry

Aerial mobility provides access to Titan's %

diverse materials at a range of geologic
settings 10s to 100s of kilometers apart

Dragonfly:

-

s -
e ‘\ =T - =
‘ D
« Launch in 2027, Arrive mid-2030s . /\-. g s
* Visit dozens of potential sites \“v

* Designed for MMRTG — 3.3 year long prime mission

IMAGE CREDIT: JOHNS HOPKINS APL



Lander with aerial mobility enables wide-ranging in situ exploration

* 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

24 Sept 2021 CASSS Mass Spec 2021 -- Trainer -- Space MS
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Landing site and region of exploration

* |nitial 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

| Organic Sand
Interdune Materials

Impact Melt



Science goals and payload focus on chemical inventory and .

opportunities for materials to interact cRmg ey
DraGMet
DraMS & DrACO

« DraMS: Mass Spectrometer (GSFC, CNES) DragonCam & NavCams
DraGNS

« 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)

Inherits from SAM and MOMA - Mars Instruments
Dual-Inlet lon Trap Mass Spectrometer

— Arevalo Jr. etal. |[EEE 2015

Uses two modes to assess chemical composition of

surface materials:

— Laser Desorption MS for high molecular-weight organics

o Grubisic et al. [UMS 2021

Predicted Performance

— Gas Chromatography MS with derivatization for biologically- Characteristic
relevant molecules Mass Range
— Sample carousel (60 cups total) delivers samples to each ‘inlet’ Mass Resolution
Mass Accuracy
lon polarity

24 Sept 2021

Limit of detection
GC Columns

CASSS Mass Spec 2021 -- Trainer -- Space MS

15-1950 Da

0.4 - 3 Da (FWHM)

+ 0.4 Da

Positive and Negative ion detection
100 ppbw organics in surface sample
Two; General and Chiral separation

29

IMAGE CREDIT: NASA/GSFC



Dragonfly will provide a detailed investigation of carbon compounds on

Titan’s surface

Site characterization and
distribution of carbon

! |
-t
Simulation of 1-hour -

meas. on Titan’s surface

Gamma-Ray & Neutron
Spectroscopy
Elemental abundances identify
C-containing materials & layering
CH, cycle & subsurface
reservoirs

‘bi;f?E{V:
Microscopic Imaging
Compositional variety at grain
scale with fluorescence

S

IMAGE CREDIT: JOHNS HOPKINS APL

=
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Molecular composition of
surface materials

! OraMS$ Breadboard
1 CH, /N,

Broad Survey Mass Spectrometry
Organic inventory of high molecular
weight organics
Preferential patterns and structural
elucidation

SRRy -
Sensitive and Selective MS
Gas chromatography targeting
potential biomolecules
Search for enantiomeri#%excess




Principal Investigator
Dr. James B. Garvin, NASA’s GSFC

Deputy Principal Investigators

Dr. Stephanie A. Getty, NASA's GSFC
Dr. Giada N. Arney, NASA's GSFC

e

LOCKHEED MARTIN i

NASA’s Goddard Space Flight Center
in partnership with Lockheed Martin
and
Jet Propulsion Laboratory
Malin Space Science Systems
NASA's Langley Research Center
NASA's Ames Research Center
KinetX
University of Michigan
JHU Applied Physics Laboratory
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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
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Venus deep atmosphere is essentially unknown

Venus Express
) A2
7N

Akatsuki ~.

DAVINCl -
.,‘.ﬂ;_‘ vi _:{;

i

=B

Venus Mass
) Vega Balloons Spectrometer

£ ~  Pioneer QMS + enrichment

5 10 & Venus Probe

§ * Major chemical species
£ 30 * Noble gases & isotopes
=T

Vega & Venera Landers

N T4 Ma ellan Radar
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