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PP Tools — Framework for Forward and Backward PP Risk

= Probabilistic tools need to be developed to enable Mars exploration. PP Tools
_______[Curent ____________|FutureNeeds
Forward « Viking Pc (reports captured) < Modernize Mars Pc working model
e Pc parameter assessment * Updated Mars mathematical framework
1990s and special region « Updated biological & environmental
parameters

» Europa Clipper model

Crewed break the chain
Crew safety
Biosphere safety

Backward  Robotic break the chain
assurance framework
« Sample Safety Assessment

Framework needs developed to:

* Harmonize and standardize the PP process.

» Assess the current state of Mars contamination
through robotic exploration.

» Inform risk posture trade space.

» Inform technology developments and parameters by
assessing modeling sensitivities/uncertainties.

« Support mission planning and execution.
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Modeling the Probability of Contamination for NASA Missions
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Example of the network of submodels and analysis required for an
Icy Worlds probability of contamination model.
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Forward Planetary Protection Framework

4 sma.nasa.gov DSMA




Mars Forward Planetary Protection - Probability of Contamination — Background

» The Viking-based contamination equation is:
P.=2N, PP, P,
—  where:
»  Pc is the probability of contaminating Mars;
N, is the number of organisms present before sterilization;
* P, is the probability that a randomly selected organism will survive sterilization;
* P, is the probability of release, and
P, is the probability of growth
= Partial timeline of probability of contamination and probability of growth workshops, publications, and reports.
— 1964 — COSPAR establishes 104
— 1970 - SSB report follow up with 104 - 106 values
— 1974 — Pc Viking report with Sagan Coleman approach - microbial characteristics, lethality of release / transport mechanisms and the martian environment
— 1978 — Pg report recommendation Mars regions (i.e., subsurface, polar ice caps)
— 1984 — Pc > Categories and simplification of Pc to spore NASA to COSPAR
— 1987 — SSB evaluation of Pc
— 1991 — Mars Environmental Survey (MESUR) Mission Mini-Review
— 1992 — NCR report, NASA workshop
— 2002 — Special regions

— 2006 — Special Regions Science Analysis Working Group

— 2007 — NASEM recommends non-Mars missions convert to Pc (1e-4) / mission
— 2014 - Special Regions Science Analysis Working Group 2

— 2021 - NASEM CoPP
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Mars Planetary Protection Requirement Landscape (1 of 3)

= COSPAR §4.6 “...Accordingly, planetary protection goals should not be relaxed to

accommodate a human mission to Mars. Rather, they become even more directly relevant
fo such missions.”

Forward PP Example

Implementation:

i Policy Objective: e
RObOtIP’ : control the risk of Gugdoer:g][?asih?sl%gt;gien Detailed Guidelines: Rovr?; :tar;r:grsosb?aeleds
Prescriptive “harmful ra <5x105 spores :
Category IVa mission reduction bakeout

contamination” 150°C, 25 h

Crew

Office of Planetary Protection
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Mars Planetary Protection Requirement Landscape (2 of 3)

= COSPAR §4.6 “...Accordingly, planetary protection goals should not be relaxed to

accommodate a human mission to Mars. Rather, they become even more directly relevant
fo such missions.”

Forward PP Example

Implementation:

i Policy Objective: e
RObOtIP’ : control the risk of Gugdoer:g][?asih?sl%gt;gien Detailed Guidelines: Rovr?; :tar;r:grsosb?aeleds
Prescriptive “harmful ra <5x105 spores :
Category IVa mission reduction bakeout

contamination” 150°C, 25 h

Crew

Office of Planetary Protection
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Mars Planetary Protection Requirement Landscape (3 of 3)

Robotic and Crew

\/Cat Il Orbiters - Probability of Contamination (1e-4) Cat IVa: Pre-Viking Sterilization
ISO 8 or better, 5e5 total spore,

3e5 landed spore, 300 sp/m?2

ace o‘ Cat IVb+IVc: Post-Viking Sterilization
ISO 8 or better, 5e5 total spore,
3e5 landed spore, 300 sp/m?2, 4-

Probability of Contamination (1e-3) log microbial reduction

* USA4.4e-4 . :
pecial Regions
* USSR 4.4e-4
* Other nations 1.2e-4 . NAsEg, Robotic/Crew — exploration zones

2005 * Recommends non-Mars .
: missions convert to P Crew — workshops + studies + n+1
C

(1e-4)/mission
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lcy World Probability of Contamination Breakdown — Project vs. Science

COSPAR: probability of inadvertent ocean contamination <1x10+4...
104

Project responsibility: risk assessments tied to design or mission

Pre-impact/ features within a Project’s control. E.g.:
« Spacecraft/instrument reliability and design features

* Icy body subsurface transport processes and geology

i
52 -
_8 % landmg' « Trajectory design
= % assessed * Manufacturing and processing practices
© g by Project « Pre-launch microbial reduction
=
o)
C .S
= E Post- NASA's science community responsibility: risk assessments tied to
—C‘CU = impact/ geological and biological features outside a Project’s control, given flight
% g landing: hardware makes it to icy body surface. E.g.:
o)
&)

requires o SR .
* Microbial survival in icy body environment
NASA « Terrestrial microbe proliferation in icy body water
science - Defining special regions
input
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Next Steps for the Forward Planetary Protection Framework

= Modernization Mars P_ working model

- MaI’S P/anetal’y MOde/ LEGEND: HERITAGE TO EUROPA LANDER
- Atmospheric ‘ MODELING P, FOR MARS MISSIONS

. caoigeal S S
» Transport (Mars 2020 / MSR foundation) Debrs
Dispersion
Model Model

— Biological Model :

» Mars biocidal factors — =< - (Pf”
] Probability Model - ) X .
- Space environment aos Cone YA

/ Shielding In-flight Heat
ion Analysis Sterilization
A A

PP Equipment List

Biological Model "

& lonizing
EDL Radiation
. . Trajectory
» Growth and proliferation - Water
Pre-EDL Activity IR
‘THIS DOCUMENT HAS BEEN REVIEWED AND DETERMINED KOTTO (ONT)
© 2025 CALIFORNIA INSTITUTE OF TECHNOLOGY

alysis
EDL abili
«  Organism groups sizcamerods
— Hardware model

AIN EXPORT CONTROLLED TECKNICAL DATA.

Example of the network of submodels and analysis required for Mars missions.
* Material and processes Image credit: NASA/JPL Mike DiNicola

= Probability of contamination and probability of growth parameters could benefit from scientific workshops, etc.
* Period of biological performance - 50 years from launch?
* Evolving past spores; microbial dark matter efc...
* Do we have technology sweet spots that can generate verifiable requirements? Detection and analysis method must align with the risk.
* Probability of growth? Recommendation of special region parameters to start — temp, availability of water.
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Backward Planetary Protection Framework
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Sample Return Options

This document has been reviewed and determined not to contain export-controlled data.
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Sample Safety Assessment

Planetary Protection (PP) guidelines:

Samples would need to be kept under high
containment until biohazard potential is
assessed

Not feasible to equip a high-containment
receiving facility with all equipment necessary
for comprehensive scientific analyses

If safe, samples should be released from
high-containment to enable analysis with
the most up-to-date and cutting-edge

tech n O | ogy ava | |a b I e I(r:r;:cg“i fr:lc;rgzlséirsstﬁ:&lévsvﬁrznple return (requires no BPP planning)

This document has been reviewed and determined not to contain export-controlled data.
Sma.nasa.gov
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Sample Safety Assessment

Overarching goal: Assess the risk that potential returned samples contain modern
martian biology that could represent a biohazard

What is a biological hazard? Martian biology capable of causing substantial harm
to any component of the Earth’s biosphere if allowed out of containment.

Assessing the hazard potential of martian biology would not be feasible: Any
modern biology would need to be treated as if hazardous

Need: A protocol to assess sample sample safety and determine the necessary
steps for release from high-containment

This document has been reviewed and determined not to contain export-controlled data.
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SSAP-TT Membership

Leadership PP Liason Facilitation [
. < Bria.nShi.rey ie‘Tce
Discussion Leaders Seconded from MDT*

1
)

Technical ,, <& Z&.™X / | -
Rachel Mackelprang  Noel Cressie  john McQuiston Lisa Mayhew Barbara

ick Davis

I
I
Sandra Siljestrom I
!
!
I

Nicolle Baird ~ Mark Sephton Brooke Ahern I Kate French Mihaela Glamoclija

*Measurement Definition Team (MDT)

Ex Officio

Richard Mattingly Aaron Regberg Bill Page Peter Emmanuel Gary Rufkun

This document has been reviewed and determined not to contain export-controlled data.
Sma.nasa.gov
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Abiotic Baseline

Organic molecules are found in biotic and abiotic environments

Complexity, distribution, and abundance of organic molecules produced by
biotic chemistry is different than what can be produced by abiotic
chemistry

This document has been reviewed and determined not to contain export-controlled data.
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Abiotic Baseline

Ablotlc background Life Dead life

Biotic processes select, assemble, and concentrate molecules into larger
molecular structures. Abiotic chemistry produces a large number of monomers
or short oligomers

This document has been reviewed and determined not to contain export-controlled data.
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Proposed three step protocol

Centered around the concept of the abiotic baseline

Sample safety assessment protocol overview

Step 3:Biological activity
Contingent

«
.{zg

Step 1: Sample
heterogeneity

Step 2: Abiotic baseline

sosse Oe\
%

o ©
¢9%e ¢
p“&.Q
Biotically produced organic
Organic molecules produced Organic molecules molecules and polymers
by abiotic chemistry produced by biotic o o
chemistry If abiotic baseline is exceeded,
Assess Characterize organic molecule inventory. determine if signal is from
heterogeneity to Determine if patterns are consistent with abiotic or ‘contamination, ancient martian
guide subsampling biotic processes biology, or modern martian biology

All steps are supported by a Bayesian statistical framework to assess risk

This document has been reviewed and determined not to contain export-controlled data.
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SSAP Overview and Outcomes

SSAP Overview
Step 1

Sample heterogeneity

Step 2

T ; @
0% e ¢
Abiotic baseline e o0e ",

Outcomes

PASS
No evidence of biotic chemistry.

Samples may leave high-
containment facility.

Bayesian statistical
analyses to
determine if

potential modern Hold and review
MEIE b'fl?[gy 1S Evidence of modern martian
s biology. Hold in high-

thres{hg:d of ) containment for further
acceptable ris investigation.

This document has been reviewed and determined not to contain export-controlled data.
Sma.nasa.gov




Why Bayesian?

Frequentist Statistics

Traditional (frequentist) statistics has a
number of disadvantages for planetary
protection, which include:

1. An inflexibility that can exclude prior
knowledge.

2. Reliance on relatively large sample sizes.

3. Does not directly ensure both False
Negative error (FNE) and False Positive
error (FPE) are small.

Bayesian Statistics

. Incorporation of prior knowledge (previous

studies and expert assessments).

. Accommodation of small sample sizes and

limited initial data (mitigated by prior
information).

. Able to update priors as new knowledge

develops.

. Amenable to decision-making where

posterior probabilities can be used to assess
costs and benefits.

. Specification of prior knowledge makes the

analysis more transparent.

This document has been reviewed and determined not to contain export-controlled data.
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l Dial 1: Prior probabilities 1y and 11, l Dial 2: Divergence &

Expert assessment of Mars data will Differences in analyte characteristics between
inform the prior probability of modern  biotic and abiotic samples affect the the number

" - rtian biology of subsamples required for hypothesis testing
Key Statistical e e -

Dials and their &% - e 400§

0 max TE & 5w e
R S PCT PCA
O I e S K ¥ % 1T, =0.1 is used for initial o

PC2

— 1 £

. ‘:.'. assessments, reflecting a low = Biatic (f;) Abiotic (fa)

« Pprobability of martian biology in The dial 4 represents differences in analyte profiles between biotic and
- *  returned samples. Results from abiotic samples. If & is large [Panel A: biotic and abiotic samples are
0 ) 1 varying 7T; are also presented in easier to tell apart), fewer subsamples are needed for hypothesis

m the text.

testing. If & is small (Panel B), more subsamples are needed.

Dial 3: k and its relationship to the False Positive

* Ri Not Defin
Error (FPE) and False Negative Error (FNE) v R N A TR « eéleiiinTe

The consequence (i.e., loss) resulting from a FNE is P*=10% (one in a million
greater than that expected from a tolerance for the size of the

. . _ Bayes Error) is used for initial
k can be interpreted as the ratio of losses from a FPE versus a FNE. The dial k

enables potential loss to be considered when determining the number of assessments
subsamples. Here, & is small because incorrectly concluding there is not a Results from other values of P* are also
hazard when one is present is considered more serious than incorrecthy presented in the text
. concluding that a hazard is present.
- . : e
o % Hyis true Hj is true One in a million is
. . equivalent to walking only
+ - : Hg chosen | Mo error [RIENE -40 m (-0.02 miles)
r ’ around the total length of
0 K 1 H; chosen | FPE |No error Earth's equator.

This document has been reviewed and determined not to contain export-controlled data.
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SSAP Overview and Outcomes

SSAP Overview Outcomes
Step 1
N e > PASS
Sample heterogeneily et No evidence of biotic chemistry.
” Bayesian statistical Samples may leave high-
analyses to containment facility.
determine if
® o @
Abiotic baseline 35233: t,.% potential modern Hold and review
X : . .
ma;tr':gea'f;gay 'y Evidence of modern martian
Step 3 biology. Hold in high-
thres{hg:d O.f ” containment for further
Biological activity .{: t g R © 115 investigation.

This document has been reviewed and determined not to contain export-controlled data.
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Step 1: Sample heterogeneity

Goal: Select
subsamples
representative of
sample heterogeneity

Steps 1A & 1B are
non-destructive:
Samples remain
pristine, but
resolution is limited

Step 1A: Pre-basic
Characterization

Step 1B:
Basic Characterization

Samples in collection tubes. May
also be in secondary containment
tubes (TBD)

Samples in containment tubes with optically
clear windows. Samples will be unmodified,
contained and “pristine”

B
N

Optical imaging
HR-XCT DUV Raman FTIR
Whole core scan Green/reld Raman

! }

Spatially correlated chemistry,mineralogy,
and possible organic material to relate to
physical heterogeneity from Step 1A

3D structure to identify
fractures/porosity/permeability

This document has been reviewed and determined not to contain export-controlled data.

sma.nasa.gov

Step 1C:
Preliminary Examination

Subsample-based. Destructive

/;

Workflow for one sample shown but
may be applied to additional samples

Quantitative assessment of
carbon pools




SSAP Overview and Outcomes

SSAP Overview Outcomes
Step 1
| | > PASS
Sample heterogeneity No evidence of biotic chemistry.
Bayesian statistical Samples may leave high-

Step 2 analyses to containment facility.
determine if
potential modern
martian biology is
present at a
threshold of
o acceptable risk

Abiotic baseline :L‘.gb':“ u. ..‘3
. L'. Hold and review

Evidence of modern martian

biology. Hold in high-

containment for further

investigation.

Biological activity

This document has been reviewed and determined not to contain export-controlled data.
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Step 2A: Imaging

]
g<_] Sample prep depends on

characteristics. E.g., rock,

regolith, etc.

Fracture surfaces Grain mounts

Step 2: Abiotic Baseline

Microscopy/Spectroscopy

Re-use samples

v

Imaging MS

l

Spatially resolved mineralogy,
chemistry, and petography

l

(
1
|
|
|
|
I
|
|
I
1
I
I
| v
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Step 2B: L Step 2C:

Organic Characterization Large Molecules
e ‘ Additional material required
s e
l_ Polar extractions J |
H Extractions
ﬁ \ 7 I
\ ," \\ f"
v v *’
| ) |—> ] —>
Non-polar extractions \J \ / \
 J \/ | /
y LC-HRMS with the ability to
operate in MS/MS mode
v

l

Large molecules

i | !

LC-MS GC-MS Py-GC-MS l
Polar Non-polar Insoluble
organics organics organics
L I J

!

This document has been reviewed and determined not to contain export-controlled data.
Sma.nasa.gov




SSAP Overview and Outcomes

SSAP Overview
Step 1

)

Bayesian statistical

Sample heterogeneity

Step 2 analyses to
determine if
. . . .L.‘bs -
Abiotic baseline :::‘;:»: ’,“ potential modern
ce e martian biology is

present at a
threshold of
acceptable risk

Sma.nasa.gov

This document has been reviewed and determined not to contain export-controlled data.

Outcomes

PASS
No evidence of biotic chemistry.

Samples may leave high-
containment facility.

Hold and review

Evidence of modern martian
biology. Hold in high-
containment for further
Investigation.




Step 3: Biological Activity (contingent)

If abiotic baseline is exceeded, determine if signal is from contamination,
ancient martian biology, or modern martian biology

Step 3 leverages data produced in Step 2 via further in-depth analyses

£ O S \ﬁ\i’ ‘/7
m :.... w b&k‘ R\)I\OH G §L,; ué,;

Presence of

polymers Nucleotides Amino acids Fatty acids ((;Zﬁ:i%gzt) Chirality Morphological data
Step 3A: Recent or ancient? o Step 3B: Martian or Step 3C: Polymer
contamination? sequencing
l { ' l § ' |
] Terrestrial: ||Martian: Hold and Terrestrial: ||Martian: Hold and
. R n ) ]
Ancient: PASS ecent PASS review PASS review

This document has been reviewed and determined not to contain export-controlled data.
Sma.nasa.gov




SSAP Publications

= Abiotic Baseline: Bronwyn L. Teece, David W. Beaty, Heather V. Graham, Gerald McDonnell,
Barbara Sherwood Lollar, Sandra Siljestrom, Andrew Steele, SSAP Tiger Team, Rachel
Mackelprang. The Abiotic Background as a Central Component of a Sample Safety Assessment
Protocol for Sample Return. Astrobiology 2025 25:10, 671-693

= Biological Activity: McDonnell, G., et al. Mars Sample Return Campaign: Biological Risk and a
proposed Sample Safety Assessment. Applied and Environmental Microbiology (AEM) - Submitted

= Statistics Publication: Led by Rachel and Noel, Draft, target journal at present is PLOS One.

= Conference Paper: A. Smith, McDonnell, G, NASA/ESA Sample Safety Assessment Protocol Tiger
Team (SSAP-TT). What can we learn from the Mars Sample Return mission on risk management and
microbial life detection? In, KILMER Conference 2025: Next Generation Microbiological Quality &
Sterility Assurance, Proceedings. McDonnell G. & A. Benedict (eds). 2025. ISBN # 978-1-57020-913-
0.
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https://www.liebertpub.com/doi/abs/10.1177/15311074251382156
https://www.liebertpub.com/doi/abs/10.1177/15311074251382156

Next Steps for the Backward Planetary Protection Framework

Explore the current crew health and performance risk framework to understand if existing

processes can be adapted for planetary protection critical decision making.
= |Leverage PP knowledge gaps to inform technology developments and parameters.

= Model development and integration of crewed missions
— Mars “break-the-chain” modeling

— Crew and Biosphere safety modeling

= Scientific consensus
— Biocontainment needs — quarantine

— Sample decontamination / sterilization

29
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Questions?

sma.nasa.gov OSMA



Case Study: Europa Clipper Pc Distributions

COSPAR: probability of inadvertent ocean contamination <1x10-...
Probability of contamination - 10-" — 8-

Impact/ ~ |Project responsibility: risk assessments tied to

landing/ops: | esign or mission features within a Project’s E.C. has a relatively high

assessed by |control. probability of impact (compared to
Project « E.C showed probability of impact is 4.2 x 103 to other orbiters/flybys) due to the low

2.4 x 102 (number includes failure probability : . ;
assessment) altitude flybys required by science

<102 objectives.

NASA’s science community responsibility: risk
assessments tied to geological and biological

Post-impact/

Breakdown of icy body
contamination requirement

el features outside a Project’s control
requires « Expert panel concurred with resurfacing model, Europa has drl\{lng surface )
NASA showing that given an impact, the probability of transfer properties among the icy
science input subsurface transfer (within 1000 yrs) is 6.5 x 10-° satellite family (e.g. youngest
o 354k’)‘.|1.t0'2 [fz]. Th;f. anl‘i"ys.és extc'“de‘;thf surface age, ice thickness)'
prollfa ||t.yo L it G T « Expect other icy bodies to have a
<102 denss o probability of subsurface transfer less

+ E.C showed probability of 21 microorganism
survival during spaceflight and on surface (within
1000 yrs) is 7 x 10710 9.8 x 10-1[2]

" the south pole of Enceladus is arguably equally driving
2 McCoy, K. et al. 2001. Europa Clipper Planetary Protection Probabilistic Risk Assessment Summary. Planetary and Space Science.

sma.nasa.gov DSMA

than or equal to that of Europa
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