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Abstract

The joint National Aeronautics and Space Administration and European Space Agency Mars Sample Return (MSR)
Campaign is a proposed multi-mission effort to bring selected geological samples from Mars to Earth for the pur-
pose of scientific investigation. Significant parts of these investigations could be affected by Earth-sourced contami-
nation that is either misinterpreted as having a martian origin or that masks a martian signal. The Mars 2020
Perseverance rover implemented strict contamination control requirements to limit contamination of the samples
during sample collection. Contamination control and contamination knowledge requirements have not yet been
established for the samples after they arrive on Earth. The MSR Sample Receiving Facility (SRF) Contamination
Panel (SCP) was tasked with defining the terrestrial biological, organic, and inorganic contamination limits for mar-
tian samples during their residence inside the SRF. To reach our recommendations, the SCP studied (i) the previ-
ously proposed limits and rationale of the Organic Contamination Panel, (ii) cleanliness levels achieved for
sampling hardware by the M2020 mission, (iii) recent improvements in analytical technology and detection limits,
(iv) updated information regarding the organic content of martian samples (e.g., from the Sample Analysis at Mars
instrument on the Curiosity rover and laboratory analyses of martian meteorites), and (v) information about the
composition and geologic context of samples being collected by the Perseverance rover for return to Earth. Key
Words: Mars Sample Return—Contamination control—Extraterrestrial materials. Astrobiology 00, 000—000.

Executive Summary planned as a multi-mission effort to bring selected geological
and atmospheric samples from Mars to Earth for the purpose of

he Mars Sample Return (MSR) Campaign planned jointly — detailed scientific investigation (Kminek et al., 2022b).

by National Aeronautics and Space Adminsitration Significant components of these investigations have the
(NASA) and European Space Agency (ESA) is currently potential to be affected by Earth-sourced contamination that
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could be misinterpreted as having a martian origin or mask a
martian signal. Prior to the launch of NASA’s Mars 2020
(M2020) Perseverance rover, an Organic Contamination Panel
(OCP) provided recommendations (Summons et al., 2014) that
formed the basis of the contamination control and contamina-
tion knowledge implementation plans for the M2020 mission.
In 2023, the MSR Sample Receiving Facility (SRF)
Contamination Panel (SCP) was tasked with recommending
the terrestrial biological, organic, and inorganic contamination
limits for martian samples during their residence inside the
SREF. To reach our recommendations, the SCP studied (i) the
previously proposed limits and rationale of the OCP, (ii) clean-
liness levels achieved for sampling hardware by the M2020
mission, (iii) recent improvements in analytical technology and
detection limits, (iv) updated information regarding the organic
content of martian samples (e.g., from the Sample Analysis at
Mars instrument on the Curiosity rover and laboratory analyses
of martian meteorites), and (v) information about the composi-
tion and geologic context of samples to be collected by the
Perseverance rover for potential return to Earth. Major findings
of our work include the following:

Background

e With the exception of Ni, Co, Nb, Ta, and W, M2020
successfully met its contamination limit requirements
for inorganic and organic contamination. Total organic
carbon (TOC) contamination of sampling hardware
is known to be <40 ppb (in-sample equivalent), and
Tier 1 individual compounds (which represent the com-
pounds of highest interest) to be <1 ppb. Moreover, our
review of M2020 test data suggests that most or all Tier
1 compounds were very likely <0.1 ppb.

e MSR sample tubes were sterilized and then sealed
with a fluid mechanical particle barrier to yield a prob-
ability of <0.01 of a single living terrestrial organism
inside the sample tube. This level of sterility was
maintained until the opening of the adaptive caching
assembly on the surface of Mars.

e Perseverance has collected both igneous (mafic to ultra-
mafic) and sedimentary (sand to silt) rocks, as well as
regolith. As a result, a diverse set of geologic materials,
with widely varying organic and inorganic compositions,
would need to be handled and assessed in the SRF.

e Our expectations for the organic contents of martian rocks
remain similar to those of Summons et al. (2014), with
individual compounds in the low-to-mid ppb range and
TOC, the majority of which is in the form of kerogen, in
the low-to-mid ppm range. Currently, there is no evidence
from in situ measurements on the surface of Mars or the
analysis of martian meteorites to suggest that these
returned samples would contain extant martian life.

Findings

e Living and nonliving contamination should not be
treated as equivalent in the SRF. The OCP treated liv-
ing and dead organisms as equivalent with respect to
contamination. Because of the potential for growth of
terrestrial microbes in the SRF, a renewed focus on
avoiding contamination by viable organisms is war-
ranted for this step of the MSR campaign.
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e We recommend further investigation of cold (<—20°C)
sample storage and handling. Unless absolute sterility
inside the SRF can be guaranteed, sample storage con-
ditions should be designed and maintained to inhibit
cellular growth and activity.

e Working conditions within the SRF should, at a mini-
mum, reflect the state-of-the-art and best practices within
fields with microbial cleanliness standards. Microbial
cleanliness standards have been established for a variety
of scientific and industrial applications, such as biologi-
cally sensitive applications in the pharmaceutical industry.

e We recommend using expected analyte concentrations
as a basis for setting contamination limits, that is, with
contamination limited to at most <1% of expected sig-
nals. It remains impractical to achieve sample cleanli-
ness levels that are below detection limits for all (or
even most) instrumentation.

e We adopt a similar approach as OCP in defining a lim-
ited list of organic contaminants of highest priority
(Tier 1) and include everything else in a second list
(Tier 2) with higher allowable levels. We differ from
OCP in recommending separate treatment of volatile
(boiling point, BP <200°C) versus nonvolatile contam-
inants to accommodate the extensive use of organic
solvents within the SRF. TOC requirements have thus
been modified to reflect volatility and solubility.

e We support the same approach as M2020 in using the
Tissint meteorite to guide inorganic concentration limits;
however, we note that several of the elements that were
not explicitly limited for M2020 (Fe, Cr, Mo, Al, Si) are
of significant geochemical interest, and thus best efforts
should be made to limit contamination by these elements.

e We recommend several new, highly sensitive assays
of biomolecules as specific means to test for terrestrial
life. These assays are for lipopolysaccharide, f-glucan,
and adenosine triphosphate.

e We strongly recommend the implementation of an
active environmental DNA monitoring program that
tracks the presence of nucleic acids, along with their
sequence and identity. When changes to the SRF DNA
baseline are observed, we recommend a cessation of
activities followed by the identification and remedia-
tion of contamination sources. These recommenda-
tions correspond to a “no change in the SRF DNA
baseline” contamination limit.

e The SCP did not explicitly consider requirements that
may be needed to avoid noble gas contamination or
other inorganic volatiles such as water. These consid-
erations should be included in future discussions.

Proposed contamination requirements

e A summary of our proposed contamination require-
ments is provided in Table 1.

1. Introduction

1.1. Introduction to the sample receiving facility
contamination panel

The Mars Sample Return (MSR) Campaign being planned
jointly by the National Aeronautics Space Administration
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TABLE 1. PROPOSED CONTAMINATION LIMITS FOR THE SRF
Description Elements or compounds Proposed limit
Inorganic Elements of general geochemical Li, B, Mg, P, S, Cl, Sc, Mn, Co, Ni, Zn, Br, Y, Zr, Nb, 1% of Tissint
interest Cs, La, Ce, Eu, Gd, and Ta
Elements used for K, Rb, Sr, Nd, Sm, Lu, Hf, W, Re, Os, Pb, Th, U 0.1% of Tissint
geochronology
Necessary elements also of Na, Al, Si, Ca, Ti, V, Cr, Fe, Cu, Ge, Mo Best effort
geochemical interest
Organic Volatiles of highest concern Cs—C,, n-alkanes, benzene, toluene, ethylbenzene, 1 ppb
(Tier 1a) xylene, methanol, ethanol, acetone, acetonitrile,
dichloromethane, dichloroethene, chlorobenzene,
dichlorobenzene, dimethylsulfide, thiophene, metha-
nethiol, ethanethiol, acetic acid, pyruvic acid, formal-
dehyde, acetaldehyde
Volatiles of lesser concern All other compounds with BP <200°C 10 ppb
(Tier 2a)
Total volatile organic carbon All organics with BP <200°C 40 ppb
Nonvolatiles of highest concern C,—C3 n-alkanes, pristane, naphthalene, phenanthrene, 0.1 ppb
(Tier 1b) palmitic acid, squalene, cholesterol, benzothiophene,
dibenzothiophene, benzoic acid, benzonitrile, oxalic
acid, alanine, glycine, N-acetylglucosamine, dipico-
linic acid, DNA, urea, glycerol
Nonvolatiles of lesser concern All other compounds with BP >200°C 1.0 ppb
(Tier 2b)
Extraction blank Solvent-extractable, nonvolatile organic carbon 10 ppb
Kerogen blank Non-solvent-extractable, nonvolatile organic carbon 100 ppb
Biological  Culturable cells Colony forming units <1
Special biological contaminants Lipopolysaccharide, f-glucan, ATP 1 ppt

DNA No change in the SRF DNA baseline (see Section 5.4.2)

List of targeted inorganic, organic, and biological contaminants and proposed sample contamination limits for the SRF.
ATP = adenosyl triphosphate; BP = boiling point; SRF = Sample Receiving Facility.

(NASA) and the European Space Agency (ESA) is intended
to be a multi-mission effort to bring selected geological and
atmospheric samples to Earth for the purpose of detailed sci-
entific investigation. Significant parts of the scientific
research and planetary protection strategies could be affected
by Earth-sourced contamination that is either misinterpreted
as being of martian origin or that masks a martian signal.
Potential contamination is likely to be most significant dur-
ing two primary phases of the Campaign:

1.1.1. During sample acquisition and storage by NASA’s
Mars 2020 (M2020) Perseverance rover. Several of the
rover’s components come into contact with the samples—
most notably the drill bits and the Returnable Sample Tube
Assemblies. These can be a vector for the transfer of con-
taminants that originated on Earth, either inorganic or
organic (biogenic or abiogenic), to the samples. Once the
sample tubes are sealed on Mars, further contamination dur-
ing the transportation stages of the MSR Campaign is
expected to be very limited given predicted leak rates for the
sealed tubes of <10™'? standard cubic centimeters per second
(scc/s) (Osterhout et al., 2024).

1.1.2. During residence inside the Sample Receiving
Facility. Upon arrival at Earth, the samples would be trans-
ported to a high-containment facility, currently referred to as
the SRF. While the samples are in the custody of the SRF,
they would need to be protected from unacceptable contami-
nation. The Sample Receiving Project (SRP) that is planning

the development of the SRF would have additional aspects
for which contamination control/contamination knowledge
(CC/CK) needs to be planned (e.g., in making use of external
laboratories), but these requirements and processes can be
planned for later. An immediate problem is understanding
how the CC/CK constraints contribute to the design and
operating requirements of the SRF.

CC and CK requirements for the phases above would
have important and lasting impacts on our ability to success-
fully carry out sample science investigations that are sensi-
tive to terrestrial contamination. Potential contamination
during sample acquisition was considered by the OCP,
which was chartered and completed its work in 2014 (Sum-
mons et al., 2014). Their recommendations formed the basis
of the CC/CK implementation plans for M2020. CC/CK
requirements for the so-called ground segment (i.e., SRF)
have not yet been addressed; this is the focus of the current
SRF Contamination Panel (SCP) (Fig. 1).

The SCP’s stated task was to define proposed terrestrial
biological, organic, and inorganic contamination limits
needed to protect the scientific integrity of the MSR samples
during residence inside the SRF. The SCP’s starting point
was an analysis of the total amount of terrestrial biological,
organic, and inorganic contamination that would potentially
already be present in the MSR samples as a result of
M2020’s operations, based on the prelaunch requirement
verification analyses. The SCP then studied the amount of
additional contamination from within the SRF that could be
tolerated without negatively impacting science goals.



Downloaded by MPI Sonnensystemforschung MPI 359 from www.liebertpub.com at 10/23/25. For personal use only.

SESSIONS ET AL.

MSR CAMPAIGN
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FIG. 1. History and lifetime of MSR samples (adapted from Summons et al., 2014). Our study recommends contami-
nation requirements for the samples during their stay and through their initial characterization in the SRF (yellow box).
MSR, Mars Sample Return; SRF, Sample Receiving Facility.

The SCP consisted of 15 scientists from the United States
and Europe, who were selected based on their scientific
backgrounds, covering expertise and knowledge in astrobiol-
ogy, microbiology, organic chemistry and geochemistry,
analytical chemistry, inorganic and isotope geochemistry, as
well as theory and state-of-the-art lab practices, CC, and
instrumentation. An additional five ex officio participants
from NASA and ESA contributed to the panel’s discussions
and helped to administer the activities of the SCP.

1.2. Previous work on returned-sample curation
and contamination

More than 250 years ago, the Vienna Imperial Natural
History Cabinet started the first dedicated collection of mete-
orites. Since then, the curation of astromaterials has seen
many innovations regarding sample collection, handling,
analysis, and conservation, which in combination led to the
multidisciplinary endeavor that is advanced curation today
(McCubbin et al., 2019). Sample return missions from other
planetary bodies have been of particular importance for the
continuous development of curation practices and CC and
will continue to be so in the future. The era of planetary sam-
ple return began with the design and construction of the
Lunar Receiving Laboratory at NASA Johnson Space Center
(JSC; then called the Manned Spacecraft Center) for the han-
dling, processing, and storage of samples (and, briefly, astro-
nauts) from NASA’s Apollo missions (Compton, 1989;
McLane et al., 1967). The Lunar Receiving Laboratory was
designed and constructed from 1964 to 1967 and included
the capability to contain and assay biological hazards and
characterize prebiotic compounds (as understood in the mid-
1960s).

In the Lunar Receiving Laboratory, samples were initially
handled under vacuum, but the vacuum system was

unreliable, tended to introduce contaminants, and made work
very difficult, both ergonomically and by making lunar dust
more difficult to remove (King, 1989). The vacuum require-
ment was dropped after Apollo 12 and replaced with dry
nitrogen, which remains the standard approach today. The
sterilization and quarantine protocols (including UV irradia-
tion of nude astronauts before they could leave the facility)
and biological testing by feeding lunar samples to animals
were viewed as a waste of sample and unnecessary by many
of the scientists, astronauts, and technicians involved. These
views led to lapses in adherence and a communication break-
down between senior managers and those in the labs. The
quarantine requirement was dropped before Apollo 14 (Allton,
1994).

The Soviet Union handled the lunar samples returned by
Luna 16, 20, and 24 in ultra-high vacuum followed by
helium or nitrogen in a ground-based receiving complex at
the Vernadsky Institute in Moscow. The sample chambers
contained sterilization devices to exclude contact of terres-
trial microorganisms with lunar soil and a temperature steri-
lizer in the pumping line to destroy organisms that could be
present in lunar materials (Slyuta, 2021). Since Apollo, there
have been few sample return missions with an interest in
organic compound preservation, although the Apollo cura-
tion techniques have done an admirable—albeit imperfect—
job of maintaining both inorganic and organic cleanliness
over the last five decades and counting (Day et al., 2018;
Elsila et al., 2016; Lunar and Planetary Science Institute,
2023; Thomas-Keprta et al., 2014; Wright et al., 1992).

As different samples have been collected and archived,
JSC now curates various types of returned astromaterials in
dedicated facilities (Table 2), as well as Antarctic meteorites
and airborne interplanetary dust particles. Most recently, the
collection now includes samples returned from asteroid
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TABLE 2. PREVIOUS SAMPLE RETURN MISSIONS

Mission Country Destination Sample mass Returned to Earth
Apollo 11 USA Moon: Mare Tranquillitatis 22 kg 1969
Apollo 12 USA Moon: Oceanus Procellarum 34 kg 1969
Luna 16 USSR Moon: Mare Fecund 101 g 1970
Apollo 14 USA Moon: Fra Mauro Highland 43 kg 1971
Apollo 15 USA Moon: Hadley—Apennine 77 kg 1971
Luna 20 USSR Moon: Apollonius Highlands 30¢g 1972
Apollo 16 USA Moon: Descartes Highlands 95 ¢g 1972
Apollo 17 USA Moon: Taurus Littrow 110 g 1972
Luna 24 USSR Moon: Mare Crisium 170 g 1976
Long Duration Exposure Facility USA Cosmic dust in low Earth orbit [TPs 1990
Mir Orbital Dust Collector USSR Cosmic dust in low Earth orbit [TPs 1997
Genesis USA Solar wind ng 2004
Hayabusa Japan Asteroid 25143 Ttokawa <1 mg 2005
Stardust USA Comet Wild2/Interstellar dust [TPs 2006
Tanpopo Japan Cosmic dust in low Earth orbit TP 2018
Hayabusa2 Japan Asteroid 162173 Ryugu 54¢ 2020
Chang’e-5 PRC Moon: Oceanus Procellarum 1.7kg 2020
OSIRIS-REx USA Asteroid 101955 Bennu ~250 g 2023

List of previous and in-progress missions returning samples. All but Tanpopo and Chang’e-5 have material curated at JSC.

101955 Bennu by NASA’s OSIRIS-REx mission. Of the
sample facilities, only those for Hayabusa2 (Righter et al.,
2023; Sakamoto et al., 2022; Sugahara et al., 2018),
OSIRIS-REx (Righter et al., 2023), and to some extent Star-
dust (Sandford et al., 2010) and the meteorites (McCubbin
et al., 2019) were designed and operate explicitly to limit
organic contamination. None of them are designed to control
biological contamination (McCubbin et al., 2019). Like the
Hayabusa samples curated at the Japan Aerospace Explora-
tion Agency (ISAS/JAXA), the Hayabusa2 samples are also
curated under vacuum but with additional organic require-
ments (Sakamoto et al., 2022; Sugahara et al., 2018). The
improved success of JAXA’s vacuum curation relative to
Apollo 11 and 12 may be related to both the improved tech-
nology and the significantly smaller sample that needed to
be manipulated.

1.3. Key points of consideration of the SCP

During the course of our deliberations, a number of key
questions and concerns arose repeatedly and in ways that
were central to our decision-making. We highlight and
briefly discuss those issues here.

1.3.1. There is an inherent tension between biosafety and
contamination control. The principal concern of biosafety
containment is to prevent the transfer of any infectious cells,
viruses, or molecules from samples (and other infected mate-
rials) to other living creatures, including the humans working
on them. At the highest levels of containment (termed biosaf-
ety level 4 in the United States and Europe), this is normally
achieved either by having samples sequestered in cabinets
with glove access or by having humans in positive-pressure
suits. In either case, the concept is that air flows exclusively
from the lab in toward the samples and then on to be decon-
taminated. The lab itself must have negative pressure relative
to the outside, such that any air leaks flow inward, to prevent
escape of infectious agents to the outside world.

In contrast, CC is normally achieved in exactly the oppo-
site way, by having air flow from the sample out toward the
scientist, for example, in a laminar flow hood. Clean labs are
commonly over-pressured relative to ambient, such that any
leaks flow outward. These measures effectively prevent con-
tamination (volatiles, particles, cells) from the lab environ-
ment from reaching ultra-clean samples.

Both sets of requirements can, in theory, be satisfied by
the concept of a double-walled isolator, with sample and sci-
entist separated by a lower-pressure “airlock.” Such isolators
are already used in various industries such as radiopharma-
ceutical production (International Atomic Energy Agency,
2005). Nevertheless, there are many challenging and conse-
quential decisions that lie at the intersection of these two
requirements. For example, in the event an isolation cabinet
fails, would we prefer to (potentially) contaminate samples
or technicians? Given that large labs cannot be perfectly air-
tight, should the SRF be at positive or negative pressure rela-
tive to the outside environment? We did not attempt to
answer such questions, but they will require significant atten-
tion by another group. For our deliberations, we focused
only on the contamination requirement aspect.

1.8.2. The case for remotely operated sample hand-
ling. Human scientists with their arms reaching inside bio-
safety cabinets is the traditional model for interacting with
samples, although technology already exists to use remotely
operated mechanical manipulators or autonomous robotics.
The question of how people should best interact with the
Mars samples generated lively debate among the panel. On
one hand, humans in the lab likely offer greater operational
flexibility and lower development costs; however, they are
impossible to sterilize and, thus, present a very significant
risk of biological contamination of the samples (not only by
human cells but also by all the bacteria and fungi that live on
us). In-person sample handling also puts the humans at risk,
and their presence would drive many expensive containment
requirements within the lab, as well as testing and quarantine
requirements outside the lab. Also, gloves or biosafety suits



Downloaded by MPI Sonnensystemforschung MPI 359 from www.liebertpub.com at 10/23/25. For personal use only.

6

that separate human workers from samples are generally con-
structed of organic polymers to provide needed flexibility but
may be incompatible with organic cleanliness requirements.

On the other hand, remotely operated manipulators could
be completely sterilized, would not need to leave the high-
containment facility or be quarantined, and could be con-
structed of materials less likely to contaminate samples
(albeit with concerns about how they would be lubricated).
They would—almost certainly—cost more and take longer
to develop and deploy, though we note that significant tech-
nology currently exists in robotic surgery, within the nuclear
energy sector, high-tech manufacturing (e.g., semiconductor
chips), and deep-sea exploration. There was debate about
whether remotely operated hands would be any more or less
capable of “doing science” than humans wearing cumber-
some gloves. The issue requires further study, particularly
the capabilities and limitations of remote operation with
respect to lab work on small samples. If remote operation
appears feasible, it likely offers the simplest way to resolve
the biosafety versus CC dilemma discussed above.

1.3.3. Solvents and volatile contamination. Organic
molecules with a high enough vapor pressure to partition sig-
nificantly into the vapor phase (i.e., “volatiles” or VOCs) are
ubiquitous on Earth, particularly in laboratories. We use
them as solvents, for cleaning and disinfecting, in paints,
coatings, markers, electronics, etc. They are by far the hard-
est component of organic contamination to control, because
they move in the gas phase by diffusion and/or advection
and are impervious to physical filtering. They are also key
compounds of interest in the returned Mars samples, with
in situ analyses by SAM on Curiosity finding detectable vol-
atiles in the martian regolith (Eigenbrode et al., 2018). Keep-
ing samples (or sample aliquots) free from terrestrial VOC
contamination would be an important and extremely chal-
lenging job and likely require severe limitations on the use
of solvents in the vicinity of those samples.

At the same time, extraction with organic solvents would
be needed for many of the other organic analyses that would
be of high priority for astrobiology and the sample safety
assessment, for example, gas chromatography-mass spec-
trometry (GC-MS) and liquid chromatography-mass spec-
trometry (LC-MS). Samples would literally be submerged,
stirred, or sonicated, and perhaps even boiled in organic sol-
vents such as dichloromethane (boiling point 40°C) that
would then be evaporated to concentrate analytes. It is virtu-
ally inconceivable that the airborne VOC blank in such a lab
could also be maintained at sub-part-per-billion levels. We,
therefore, strongly recommend that planning for the SRF
incorporate ways to physically isolate lab spaces that are
storing samples and/or measuring volatile organics from
those that are using solvents (to extract samples, clean thin
sections, sterilize surfaces or samples, etc.). We have struc-
tured our recommendations for contamination limits to facil-
itate this separation, that is, by distinguishing between
volatile contaminants and nonvolatile ones.

1.3.4. Is “TOC” a useful contamination metric for the
SRF?. Total organic carbon (TOC) is generally intended
to be a catch-all category that includes all possible organic
compounds and polymers, from gases like methane to high-
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molecular weight solids like kerogen and everything in
between. TOC is typically derived by removing inorganic
carbon and then burning samples and measuring released
CO,, or by using methods that respond generically to C-C or
C-H bonds. In the context of MSR, the utility of TOC lies in
the ability to specify a contamination limit for most organic
compounds without having to explicitly list—much less
measure—all of them. TOC is not, in and of itself, a critical
scientific measurement, although it does hold interest regard-
ing the total amount of accumulated organics.

There are several methods available for reducing TOC
contamination to very low levels, including solvent cleaning,
plasma ashing, and high-temperature combustion. Experi-
ence shows, however, that once surfaces are clean, reconta-
mination of surfaces by “adventitious carbon” (i.e., volatile
organic species) in the air is rapid (e.g., Calaway and Fries,
2015; Greczynski and Hultman, 2022). This is true even in
clean-air labs, because the contaminants move in the vapor
phase rather than as particles. Success at maintaining low
TOC limits, therefore, requires limiting access of the sam-
ples to ambient air. For example, for the M2020 mission,
recontamination of sample tubes was limited by keeping
them capped until time of use.

In a laboratory environment, the entire concept of TOC
becomes problematic due to the extensive use of solvents (Sec-
tion 1.3.3). How exactly should we think about the “TOC con-
tamination” of a sample that has just been submerged in organic
solvent? And since solvent-like molecules are not measured in
such analyses, should this be a metric that is measured?

In recognition of these realities, our panel has retained the
concept of “TOC contamination,” including volatile adventi-
tious carbon, only for those sample aliquots that would be
subjected to VOC analysis and for which solvent extraction
is not used. For everything else, including those samples
requiring solvent extraction, we have modified the concepts
to be “solvent-extractable, nonvolatile organic carbon” and
“nonextractable, nonvolatile organic carbon.” The former
category is applicable to techniques looking at extractable
components (LC-MS, GC-MS), while the latter applies to
techniques that analyze the residual organic matter, such as
nuclear magnetic resonance (NMR) or pyrolysis-GC-MS.

1.3.5. The case for cold storage. The panel debated at
length the pros and cons of maintaining Martian samples at
subzero temperatures (likely —20°C or lower), either just
during storage (“cold storage”) or also during laboratory
handling (a “cold” SRF). The primary perceived benefit of
keeping samples cold is to prevent growth of any viable ter-
restrial cells that might end up on the samples. Unless the
SRF can guarantee that there is no significant chance of live
contamination, this would seem to be an important safe-
guard. Additional benefits include the retention of volatile
compounds, slowing of unwanted reactions, controlling
humidity, and reducing the amount of VOCs in lab air.

On the other side of the balance sheet, the primary draw-
back of a cold SRF is the difficulty for humans working
under these conditions. Many commercial analytical instru-
ments would have to be modified to work under such condi-
tions, and some established measurement protocols would
have to be altered. For example, any that called for use of
liquid water. Keeping the SRF labs at room temperature while
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storing samples cold could alleviate many of these concerns
but would introduce the possibility that repeated freeze/thaw
cycles could alter the physical structure of the sample (cracking
mineral grains, etc.), condense volatile contaminants onto the
samples, and result in other deleterious effects.

The consensus of the panel was that cold storage, at a mini-
mum, should be implemented, at least for those samples that
are to be archived for longer timescales (years), if not for all
samples. For example, the OSIRIS-REX mission, at the recom-
mendation of EXMAG, will be archiving 2.5 wt % of the
Bennu sample in hermetically sealed containers at —80°C for
long-term storage (Nittler, 2023). There was no consensus as
to whether to recommend cold SRF laboratories. Nonetheless,
the potential benefits are compelling enough that we feel this is
worthy of further detailed study. In particular, the use of
remotely operated manipulators might substantially alleviate
the primary concern of a cold SRF, namely, the difficulty for
humans working in such conditions.

1.3.6. Living and nonliving contamination are not equiva-
lent. Life is self-replicating and able to transform its envi-
ronment. In the context of Mars samples, this means that
contamination by a single living cell has the potential to mul-
tiply and cause disproportionate harm to sample science, not
only the search for (past or present) life but also the study of
oxidation states, molecular and elemental distributions,
gases, isotopic compositions, etc. This growth potential is
difficult to capture in requirements that specify maximum
amounts of materials deposited onto the samples. Require-
ments for biological contamination, therefore, need to go
hand-in-hand with requirements for preventing growth.
Modest levels of biological contamination might be tolerated
if samples are kept at —20°C or below, while storage in con-
ditions permissive of growth might lead us to require zero
biological contamination.

1.3.7. Artificial isotope tracers. Valuable insights would
be gained into the origins, processing, and age of virtually all
returned materials from their isotopic compositions. In particu-
lar, identifying organics as unambiguously of martian origin
would lean heavily on the stable isotopes of H, C, N, and O,
while efforts to establish a martian geochronology would be
based on radiogenic isotope variations in Sr, Nd, Hf, W, Os,
and Pb. Making useful measurements of isotopic composition
requires the ability to discern martian signals from terrestrial
contamination. Fortunately, the isotopic compositions of most
terrestrial materials vary within a fairly narrow range, and one
that is often distinct from the analogous martian range. To pre-
serve the utility of such isotopic measurements, it is therefore
imperative that no artificially enriched or depleted isotopic
tracers are allowed to contaminate the samples. This is more
likely for the light stable isotopes, though not inconceivable
for the heavier elements. We considered recommending a for-
mal contamination limit for all isotopes of potential interest but
feel that this would be quite onerous to implement given the
diversity of possible isotopes and measurement techniques.
Instead, we recommend simply that no materials be used
within the SRF that have a non-terrestrial isotopic composition.
If such a tracer needs to be used, then a formal program to
measure and eliminate contamination of the samples by that
specific tracer would need to be implemented.
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1.3.8. The thorny issue of units. A question that arose
often during our discussions is that of the appropriate unit(s)
of measurement for the specified contamination limits (per
area, per mass, number of cells, etc.). This has been previ-
ously discussed at length by the OCP (Summons et al.,
2014). For analyses that require bulk sample extraction,
powdering, or digesting aliquots, a per-sample-mass basis is
appropriate. However, for surface-based measurements, a
per-surface-area basis would be more apt. On the other hand,
microbial bioburden levels are frequently defined by the
number and types of organisms observed in a given area
over a specific period of time (Peacos, 2018). Rather than
provide contamination limits with differing units, the limits
described below are all given on a weight/weight basis for
the bulk sample, even if solid samples might be broken into
several pieces within the tube, in which case the surface/vol-
ume ratio would be significantly different. For CCs that are
performed on surfaces, including witness plates, the contam-
ination level in the bulk sample we propose must be con-
verted to a surface area requirement.

1.3.9. Contamination measurements within the SRF. Our
report lists many elements, compounds, and biological mate-
rials that would need to be measured with regard to meeting
contamination requirements. There will undoubtedly be
many others of interest to the CC/CK program. A current
uncertainty relates to whether such measurements can (or
should) be made within the SRF. From a biosafety perspec-
tive, once martian samples are brought into the SRF, any
CC/CK samples (swabs, witness plates, air filters, etc.) must
be considered as potential biohazards. Some sample types
(i.e., trace metals) could presumably be sterilized and brought
outside the SRF for analysis, while other sample types (i.e.,
organic molecules, DNA) clearly cannot. A preliminary com-
parison of the analytes recommended for monitoring herein
with a list of proposed instruments included in a draft report
of the SRP Measurement Definition Team (MDT) suggests
that most, or all, of the proposed contaminants in our report
could be targeted by instrumentation within the SRF.
Whether such instruments could reach the stringent concen-
tration limits set herein remains to be seen, though it seems
probable that most selected instruments would have state-of-
the-art sensitivity. Regardless, the CC program for the SRF
would present a heavy and demanding analytical workload
and potentially compete with the analysis of samples for
instrument and technician time. It may be preferable to use
dedicated instrumentation for contamination monitoring that
is separate from the analytical instruments used for analysis
of martian samples. Our specific recommendation, therefore,
is that the group(s) that make final recommendations about
SRF analytical instrumentation need to consider their capabil-
ities and throughput with respect to the CC/CK program
needs, not just martian samples.

2. What Do We Expect with Regard
to the Returned Samples?

2.1. Introduction to Jezero Crater
Jezero Crater is a Noachian-aged, 45-km diameter impact

basin located at 18.4°N, 77.7°E near Nili Fossae on the
northwestern rim of the Isidis basin (e.g., Goudge et al.,
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2015). Jezero was selected as the landing site for the Perse-
verance rover due to the geologic diversity of the rocks pres-
ent within the crater, the variety of minerals observed from
orbit, and recognition that the late Noachian/early Hesperian
age of the crater lithologies dates to a time period on Mars
that was warmer and wetter than Mars today, and hence could
have been habitable to ancient microbial life (e.g., Grotzinger
et al., 2014). Igneous units with orbital spectral signatures of
olivine and hydrated Mg carbonate are present on the crater
floor (Goudge et al., 2015). The crater has multiple sedimen-
tary fans, at least one of which is consistent with subaqueous
deposition in a lake that occupied the crater floor ~ 3.8 billion
years ago (Goudge et al., 2017). The westernmost fan is a pri-
mary target for observation and sample collection by Perse-
verance. The western fan shows variable mineralogy from
orbital visible/shortwave-infrared spectroscopy, including
Fe/Mg smectite and hydrated Mg carbonate (Ehlmann et al.,
2008; Goudge et al., 2015). Some of these carbonates are con-
centrated along the inner margin of the crater and may have
precipitated in an ancient lake margin environment (Horgan
et al., 2020). Since landing on Mars in February 2021, the
Mars 2020 Perseverance mission has tested many of the pre-
landing hypotheses, corroborated many, and provided details
about the Jezero Crater fluviolacustrine system.

2.2. Expected rock and sediment types

Returned samples collected by the Perseverance rover are
expected to include igneous and sedimentary rocks as well
as regolith (i.e., unconsolidated surface sediment) and mar-
tian atmospheric samples (empty sealed tube or headspace
gas in the sample tubes) that were collected within at least
five campaigns (Crater Floor, Fan Front, Upper Fan, Margin,
and Crater Rim). A summary of samples from the first four
campaigns is provided in the work of Herd et al. (2025). The
samples include a suite of igneous rocks from the crater
floor, which have been interpreted as olivine cumulate intru-
sive rocks and ferroan basaltic/trachy-basaltic to trachy-
andesitic lava flows with variable degrees of aqueous altera-
tion recorded, fluvial to deltaic sediments transported and
deposited from the Jezero watershed, diverse locally derived
clasts and potentially global dust in regolith samples, and
lacustrine, beach, or possibly igneous rocks from the Margin
unit (Herd et al., 2025 and references therein). Most recently,
the sample Sapphire Canyon appears to be a sedimentary
rock from the layered unit within Neretva Vallis that pre-
serves a signature of organic matter and reduction spots;
both are potential biosignatures of significant astrobiological
interest (Hurowitz et al., 2025; Murphy et al., 2025). The
Crater Rim campaign has provided access to pre-Jezero Cra-
ter rocks that potentially record habitable environments in
Noachian crust (Mayhew et al., 2025).

2.3. Expected organic materials

We speculate on the organic materials that may be present
in the returned Mars samples based on a broad organic sur-
vey of igneous and sedimentary rocks at Jezero Crater by the
Perseverance rover and a more in-depth characterization of
organic matter in sedimentary rocks and regolith by NASA’s
Curiosity rover in a different area, Gale Crater. Additional
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information is collected from martian meteorite samples and
terrestrial analog environments.

The fluorescence signatures observed by the SHERLOC
instrument on Perseverance for igneous rocks in Jezero Cra-
ter are consistent with emission either from aromatic organic
compounds containing one or two fused aromatic rings and/
or aromatic heterocycles, or from Ce®" in apatite or anhy-
drite. Currently, the inorganic hypothesis could explain two
out of the four fluorescence responses outlined by Scheller
et al. (2022) and Sharma et al. (2023). These fluorescence
phenomena and the nuances demonstrated by the spectra are
the subject of current research testing several hypotheses.
Thus far, there has been a single above-background detection
in Raman of a signal consistent with macromolecular
organic carbon in the Montpezat sample (Sharma et al.,
2023).

Additional information comes from Gale Crater, where the
Sample Analysis at Mars (SAM) instrument on the Curiosity
rover has worked to characterize organic molecules for the
past decade (Mahaffy et al., 2012). Despite their differing
paleodepositional conditions, Gale and Jezero share many
similarities, and it seems reasonable to presume that organics
at both sites—at least those due to meteoritic inputs—could
be similar. Heating rocks from Gale Crater released hundreds
of ppb of chlorinated organic compounds, mostly aromatic, at
relatively low temperature (<500°C) (Freissinet et al., 2015;
Szopa et al., 2020), sulfur-containing compounds at high tem-
perature (>500°C) (Eigenbrode et al., 2018), aromatic carbox-
ylic acids (Millan et al., 2021), and linear hydrocarbons up to
C, (Freissinet et al., 2025). Many of these compounds could
also be present in the samples from Jezero. Indeed, the chlori-
nated compounds detected at Gale Crater are thought to be
reaction products of martian perchlorates and aromatic func-
tionalized precursors, possibly benzoic acid or macromolecu-
lar carbon, present at up to ppm level (Freissinet et al., 2020).
The concurrent presence of both Na-perchlorate and suppos-
edly aromatic compounds at Jezero, under surface radiation,
should lead to similar chlorinated compounds. In a similar
chemical process, the presence of sulfate (inorganic sulfur)
and organic compounds could lead, over time, to the forma-
tion of sulfur-containing organic matter, especially within the
“sulfate-bearing unit,” the younger layer of rock above the
clay-bearing unit that is currently being explored by Curiosity
on Mt. Sharp.

The SAM instrument onboard Curiosity has also detected
inexplicably high relative abundances of CO, being released
from heated samples (Sutter et al., 2017). If this “excess”
CO, results from the oxidation of organic matter, it would
imply ppm levels or greater of TOC in the martian samples,
despite the strongly oxidizing conditions at the surface.
Indeed, the result of combustion in oxygen of the Cumber-
land samples has recently yielded measurements of 950 ug
C/g of carbon at low temperature, the majority of which is
carbonate. A high-temperature step produced 273 ug Cl/g,
with a C isotope ratio that is consistent with organic material
(Stern et al., 2022). This uncharacterized organic matter could
represent the oxidized remains of martian sources or abioti-
cally synthesized organic material (e.g., igneous, hydrother-
mal, atmospheric, or biological; (Benner et al., 2000) or
exogenous sources such as meteorites, comets, or interplanet-
ary dust particles) and be present in the form of organic salts
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(Lewis et al., 2021). It is also conceivable that the original
organic matter has been processed into kerogen-type macro-
molecular organic matter, akin to the insoluble organic matter
in meteorites. That type of macromolecular material would
be largely invisible to our rover-based instruments but more
easily characterized on Earth by using techniques such as
NMR.

The variety of minerals detected at Jezero, including sul-
fates, carbonates, and silicates, are favorable for long-term
preservation of organic matter. The reduced organic matter
may represent a large variety of chemical families: chlorine-
and sulfur-containing compounds as detected by Curiosity,
carboxylic acids they may originate from, organic salts gen-
erated via primary synthesis or by oxidation pathways,
amino acids as detected on meteoritic sources, or more
mature kerogen-like material. If preserved over geological
times at Jezero Crater’s formation, those compounds could
be detected in the returned samples.

Analyses of martian meteorites have also revealed a slew
of organic compounds present, many of which have been
confirmed as having a martian origin by analysis of the D/H
ratio of carbon-containing materials (McKay et al., 1996;
Schmitt-Kopplin et al., 2023; Sephton, 2004; Steele et al.,
2022, 2018, 2016, 2012; Thomas-Keprta et al., 2022). Anal-
ysis of 12 martian meteorites, including the Tissint meteorite
fall, has revealed a macromolecular organic material spa-
tially resolved to iron-rich minerals and aqueous alteration
processes (Steele et al., 2012). Raman and Fourier
transform-infrared spectroscopy (FTIR) spectroscopy of
martian meteorite NW-11220 also reveals an abundance of
aliphatic compounds (Goodwin et al., 2024).

2.4. Expected martian biology investigations

An important science objective identified by the interna-
tional MSR Objectives and Samples Team (iMOST) is to
“assess and interpret the potential biological history of Mars,
including assaying returned samples for the evidence of life”
(Beaty et al., 2019). To achieve this, extensive planning
related to the scientific and sample safety assessment strat-
egies of martian samples has occurred. The most recent plan-
ning documents related to these strategies are those developed
by the Sample Safety Assessment Protocol Tiger Team
(SSAP-TT) (Teece et al., 2025—this issue) and the SRP
MDT (Carrier et al., 2025—this issue).

The SCP was tasked with defining the CC/CK require-
ments necessary for the aforementioned science and safety
programs.

A central assumption in MSR is that carbon-based martian
biology is far more likely than other forms of life due to car-
bon’s utility in terrestrial biology and prevalence throughout
the solar system (e.g., Kminek et al., 2022a; Sephton and
Botta, 2008; Teece et al., 2025). Within the samples, martian
biology may exist in the forms of extant life, extinct life,
and/or prebiotic precursors, and there are plans for all forms
of martian biology to be investigated within the SRF. As ter-
restrial life is carbon-based and there is growing evidence
that similar prebiotic chemical reaction networks could have
occurred on Earth and Mars (for a review, see Sasselov
et al., 2020), minimizing and cataloging terrestrial contami-
nation should be an important priority within the SRF.
Within the MDT, a three-part life investigation strategy has
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been proposed: “1) structures of biological and martian ori-
gin, specifically geologically short-lived biomolecules (or
molecular structures with biomolecular characteristics) and
cell-like structures; 2) thermodynamically improbable distri-
butions, including elemental, molecular, and spatial, indica-
tive of a living system; and 3) changes over time that result
only from biological processes” (Carrier, et al., 2025). Com-
plementing the scientific strategy of MDT is the sample
safety assessment protocol (SSAP) proposed by the SSAP-
TT to determine whether samples are “safe” for release from
the SRF. Within the SSAP-TT proposed protocol, biological
activity would only be assessed on samples that exceed the
“abiotic baseline” established in earlier characterization steps
of the protocol (for details, see Teece et al., 2025). These sci-
entific and safety strategies necessitate a rigorous biological
CC/CK program to ensure that positive life detections within
martian samples are not of terrestrial origin (e.g., cellular
material and microbial activity).

3. What Levels of Cleanliness Did the M2020 Project
Achieve for Sample-Contacting Hardware, and How?

The level of cleanliness achieved by the M2020 mission
with respect to collected samples is relevant to our task in
two regards. First, this represents a baseline of contamination
that is likely already present within the samples that would
be returned to the SRF. In some cases, it may be pointless to
recommend SRF contamination limits that are far below
what is already known to be present. Second, it demonstrates
the technical capability to clean and verify hardware at cer-
tain levels. Here, we briefly summarize relevant information
from the M2020 project regarding their cleaning and verifi-
cation of sampling hardware.

Contamination modeling of the rover environment consid-
ered two possible sources of contamination to samples: pre-
existing contamination on sampling hardware (also known
as “initial state” contamination) and the transfer of volatiles
from other parts of the rover. Measurements of outgassing
rates from rover hardware indicated that the latter pathway
would be negligible, so the focus was primarily on initial
state contamination of sample-intimate hardware (SIH;
includes sample tubes, seals, and drill bits).

Sampling hardware was cleaned via multi-solvent sonica-
tion, then a TiN coating was applied using a 670°C plasma
nitriding process that should have further oxidized any
organic residues. Sample tubes were assembled, then a final
rinse of water isopropyl alcohol (IPA), and hexane was con-
ducted, followed by a final 24 h vacuum dry heat microbial
reduction (DHMR) heating at 150°C (Maltais et al., 2023). A
variety of analytical techniques were used to establish that the
sampling hardware surfaces met the cleanliness requirements
with residual molecular contamination levels of <1 ng/cm?
TOC and <0.3 ng/cm? for restricted Tier 1 and Tier 2 com-
pounds and met the inorganic cleanliness requirements (Mal-
tais et al., 2023), as described in more detail in Section 3.2.

3.1. Inorganic contaminants

While all the naturally occurring elements of the periodic
table can provide useful information on Mars’ geochemical
evolution, the inorganic requirements for CC/CK as applied
to M2020 focus on elements that are particularly important to
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high-priority science objectives (McLennan et al., 2012).
Because the levels of inorganic contamination that are rele-
vant to martian samples vary as a function of each element’s
abundance, they can be conveniently expressed as a fraction
of the natural concentration of each element in martian mete-
orites. Specifically, the choice was made to report contamina-
tion limits relative to the composition of a single meteorite,
Tissint, which is a depleted shergottite (Chennaoui Aoudje-
hane et al., 2012). M2020 further decided to define two dif-
ferent categories of elements with different sensitivity toward
contamination. For elements of general geochemical interest
(Fig. 2; Li, B, Mg, P, S, Cl, Sc, Mn, Co, Ni, Zn, Br, Y, Zr,
Nb, Cs, La, Ce, Eu, Gd, and Ta), they recommended a limit
of less than 1% of Tissint concentration as Earth-sourced
inorganic contamination. In contrast, elements used in geo-
chronology (K, Rb, Sr, Nd, Sm, Lu, Hf, W, Re, Os, Pb, Th,
and U) require strict CC due to the very high precision of
measurements needed to infer an age and were assigned a
limit of less than 0.1% of Tissint content (Fig. 2).

To quantify the levels of cleanliness achieved by the
M2020 project, contamination of the various sample-
contacting components was measured by using ICP-MS for
34 separate elements. The contributions of the different
mechanical parts (drill bits, teeth, seal particulate) and the
transfer of elements to the samples were then estimated via a
contamination model (Maltais et al., 2023). For most ele-
ments, the contributions of the materials to the core are at
least 10 times lower than the contamination requirements.
B, Re, U, Nd, Pb (as well as Rb and Cs, in the case of a new
drill bit and the uniform Saddleback basalt) are closer to the
contamination limit but still compliant. However, five ele-
ments (Ni, Co, Nb, Ta, and W) exceeded the contamination
requirements by more than an order of magnitude for engi-
neering reasons. For example, the estimated contribution of W
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from materials—depending on the drill bit (new or old) and
the nature of the sample (sandstone or basalt)—varies between
1.9 x 1072 and 3.1 ppm compared with the 4.1 x 10~ ppm
allowed in the core according to contamination requirements.
Elemental exceedances in the core samples are primarily due
to tungsten carbide teeth (for W, Ta, Co, and Nb), the custom
drill bit (Nb and Ni), and seal particulate (Ni).

In the case of the regolith samples, the drill bit is com-
posed of TiN and Ta. Since no tests were performed to eval-
uate contact transfer wear of TiN from the regolith bit to the
sample, two theoretical transfer amounts were considered to
determine what chemical elements might be noncompliant.
Considering 0.1 mg of TiN wear in the samples, Ta is the
only exceedance observed from other sources, namely, seal
cup gold shedding. It should be noted that characterization
of Ta transfer is still pending; for now, the calculation relies
on an estimate. With 1.0 mg of TiN wear in the sample,
which is considered a conservative upper limit for TiN wear,
U, Rb, Cs, and Sr show exceedances for a 10 g regolith sam-
ple, as does Ta.

Finally, no exceedances are observed for Pb from
sampling-related contributions, although the Gaseous Dust
Removal Tool results indicate that sampling within 0.5 m of
an abraded patch could potentially lead to an exceedance of
the Pb limit.

3.2. Organic contaminants

For Mars 2020, organic contamination of surfaces was
assessed by using GC-MS analysis of final hexane rinse for
Tier 1 compounds and FTIR, diffuse reflectance infrared
Fourier transform, and direct analysis in real time-mass spec-
troscopy to estimate TOC on surfaces. Because these techni-
ques are measuring hardware surfaces, the native units of
measurement are ng/cm’. A sophisticated contamination

D No proposed limit
H [:] General geochemistry: 1% of SNC He
. Total Organic Carbon: 10 ppb
Li | Be 0 ? B|C|[N|O|F]|Ne
0.021 I:] Geochronology: 0.1% SNC g0l 0.01
Na | Mg Al |[Si| P [S [CIl|Ar

1050 22 11 0.63
K [ Ca| Sc Ti |V |Cr|(Mn|Fe|Co| Ni |Cu|Zn|Ga|Ge | As | Se | Br | Kr
0.17 0.39 37 0.58 2.7 0.63 0.004

Rb|Sr|Y Zr |[Nb |Mo | Tc | Ru | Rh

<0.001] 0.033 | 0.14 0.21 | 0.003

Pd|Ag|(Cd|In ([Sn|[Sb |Te| I | Xe

Cs|(Ba|lLa||{Hf |Ta| W |Re | Os | Ir

<0.001 0.003 <0.001|<0.001 | <0.001 | <0.001 | <0.001

Pt |Au|Hg| Tl |Pb| Bi | Po | At | Rn

<0.001

Fr |[Ra| Ac| | Rf |[Db|Sg | Bh | Hs | Mt

Ds |Rg|(Cn|(Nh| Fl [Mc|Lv | Ts |Og

Ce | Pr [Nd|[Pm|Sm| Eu

Gd | Tb |[Dy ([Ho | Er |[Tm | Yb | Lu

0.018 <0.001

0.011 0.002 <0.001 | 0.004
Th|Pa| U [Np|Pu|Am
<0.001 <0.001

Cm|Bk|Cf |Es [Fm|Md|No | Lr

FIG. 2. Summary of inorganic contamination limits imposed by the M2020 mission. Values correspond to contamina-
tion limits (w/w) expressed in parts per million (ppm). Figure adapted from Maltais et al., 2023.
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model was developed to consider sample-accessible surface
areas, transfer coefficients, and exposure times (Katz et al.,
2018; Maltais et al., 2023). Based on that model, a limit of
<1.0 ppb (w/w) in the sample for Tier 1 compounds (the OCP
for M2020 requirement) is equivalent to <0.3 ng/cm? on the
SIH surfaces using conservative values for model parameters
(Boeder and Soares, 2020). Using this conversion, all of the
SIH that was tested met the required limit of <0.3 ng/cm*—in
other words, the Tier 1 requirements were all met. Although
many of the project reports list the measurements as “not
detectable” at a limit of <0.3 ng/cm?, in reviewing their data it
appears that real instrument detection limits for these analyses
were 0.03 ng/cm® or lower for most of the Tier 1 analytes.
Thus, contamination within the cores by most or all of the Tier
1 compounds is likely at least an order of magnitude below the
OCP limit of 1 ppb. The two exceptions to this statement are
acetic acid and glycine, with detection limits of <0.1 and <0.2
ng/em?, respectively, for which we can only say that contami-
nation was below the 1 ppb limit (Table 3).

TOC contamination was assessed via a combination of
techniques that measure organic molecules directly on surfa-
ces and respond generically to features shared by all organic
compounds (e.g., C—H bond vibrations). Converting such
measurements into concentrations is not straightforward, but
based on the M2020 team’s calibration they achieved <1.0
ng/cm? TOC for all SIH pieces and parts. Using “best esti-
mate” parameter values in the contamination model, this
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translates to 8.1 ppb TOC. Using “best conservative esti-
mate” parameter values, this translates to 13.5 ppb, slightly
above the OCP requirement of 10 ppb. Using even more
conservative parameters, the predicted contamination is up
to 38 ppb, which is still below the 40 ppb threshold require-
ment. For our purposes, it appears that 10 ppb is a suitable
order-of-magnitude estimate for TOC contamination already
in the samples. M2020 data suggest that most of the TOC
detected was likely adventitious carbon, for example, vola-
tile compounds that were transported in the gas phase and
then adsorbed onto surfaces after they were cleaned.

Tier 2 compounds were—by design—not explicitly moni-
tored. The M2020 team’s approach was to use broad-based
screening techniques, such as full-scan GC-MS, to show that
none of the detected background components (individual molec-
ular species) were approaching 25% of the total, and since TOC
was <40 ppb they could confidently predict that no single
organic compound would reach 10 ppb. Given the observation
that most of the TOC was likely volatile adventitious carbon, it
seems unlikely that any of the nonvolatile Tier 2 compounds
(i.e., other n-alkanes and polyaromatic hydrocarbons [PAHs])
were above even 1 ppb. However, that statement was not
explicitly tested and so must be taken with appropriate caution.

3.3. Biological contaminants

The Mars 2020 mission adhered to a bioburden reduction
protocol for which monitoring was conducted according to the

TABLE 3. DETECTION LimiTs FOR M2020 PROJECT CONTAMINATION SCREENING OF ORGANICS

Tube, sheaths Witness plate Swab (PE) Seals

Tier 1 compounds ng/em’ ng/cm ng/em’ ng/em’ Comments

Hexadecanoic acid <0.02 <0.08 b <0.14

Naphthalene <0.004 <0.02 — <0.03 Semi-volatile, sublimes at
room temperature

Alanine (<0.02)° <0.002 <0.007* —

Glycerol <0.004 <0.012 — <0.03

Urea <0.004 <0.003 > <0.03

Pyridine dicarboxylic <0.004 <0.003 b <0.03

acid

Glycine (<0.2)° <0.05 <0.15* —

Pyruvic acid <0.02 <0.12 b <0.14 Semi-volatile and reactive,
evaporates at room
temperature

Acetic acid <0.1 <0.1 b <0.15 Semi-volatile and reactive,
evaporates at room
temperature

DNA (pyrolysis) (<0.01)° <0.007 — (<0.1)° Associated with particu-
late contamination

N-acetyl glucosamine <0.003 <0.014 — <0.02

Dichloromethane (<0.05) — — — Volatile, rapid evaporation
at room temperature

Squalene <0.006 <0.02 — <0.04 Semi-volatile evaporates
and degrades at room
temperature

Chlorobenzene <0.02 <1.2 — <0.14 Volatile evaporates at
room temperature

Heptacosane <0.02 <0.06 — <0.14

Pristane <0.02 <0.03 — <0.14

Total organic carbon <0.1 <0.05 — <0.2

Source: “Returned Sample Contamination Control and Knowledge: Pre-Launch Review” slide deck (Personal Communication from Paul
Boeder, JP.). *Analyzed using the direct, dry polyethylene (PE) swab; "May also be detected by the direct PE swab; “Sampling dependent

on solvent removal of particles containing analyte.
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NASA standard assay outlined in the handbook for the micro-
bial examination of space hardware, NASA-HDBK-6022
(NASA, 2010). In total, assays were conducted to assess bio-
burden on ~ 10% of the spacecraft-exposed surfaces through-
out the building of the spacecraft at JPL and during
Assembly, Test, and Launch Operations (ATLO), constitut-
ing 16,881 swabs and wipes that were analyzed (Cooper
et al., 2023). Estimates of bioload across the spacecraft,
including entry, descent, and landing hardware but outside of
SIH, were initially set at <50 x 10* spores at launch. Cooper
et al. (2023) reported the final prelaunch swab and wipe tests
to indicate the number of spores at 37.3 x10* after 5745
swabs and 674 wipes.

The sample-contacting and sampling hardware were
treated to a higher standard by the mission requirement of
having to provide a less than 1 in 1000 probability of a single
microbe contaminating a sample tube. To meet this require-
ment, special aseptic protocols were developed and moni-
tored. Chen et al. (2023) outlined these protocols in detail
and estimated the probability of a single terrestrial organism
existing within a sample tube as between 1 and 2 orders of
magnitude beneath the level one requirements.

4. Recommendations for Construction, Cleaning,
and Monitoring the SRF

4.1. General considerations

It is near axiomatic that research facilities are constructed
for relatively narrow scientific goals, and different facilities
can use quite different materials both in their construction
and sample manipulation methods to achieve those goals.
For example, organic labs rely heavily on glass, ceramics,
and metals; cleaning is achieved via solvent washing or com-
bustion in O,. Inorganic labs on the other hand, particularly
trace-metal and geochronology labs, make wide use of Tef-
lon, polyethylene, epoxy, and other organic polymers, while
cleaning is generally through leaching with mineral acids.
Microbiology labs offer yet a third perspective, with an
emphasis on presterilized—and largely disposable—plastic-
ware. If needed, cleaning is typically accomplished with
detergents, followed by a sterilization step via irradiation
(UV), heat (flame, autoclave), solvents (ethanol), or other
chemical agents (e.g., bleach and hydrogen peroxide).

The unique challenge of the SRF is that it seeks to com-
bine all three of these scientific goals into a single facility,
with additional biosafety containment requirements. The
returned martian samples would be sufficiently unique and
valuable that practically any element, compound, isotope,
mineral, or morphological characteristic is of interest. The
entire periodic table could presumably be eliminated from
consideration on the basis of “potential interest,” yet we
obviously must use something to construct the SRF. Inor-
ganic materials (stainless steel, glass, etc.) would likely only
interfere with specific elements but probably would not be
easily distinguished from their martian counterparts—for
example, terrestrial silica from martian silica. In contrast,
organic polymers like Teflon would be easily recognized as
“not martian,” but because of their behavior, for example, in
pyrolysis, they have the potential to interfere with a broader
swath of organic analytes. Ultimately, while our panel dis-
cussed the pros and cons of various building materials, we
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did not reach a consensus about what materials should be
used. There was definitive agreement about certain materials
that should not be used, as detailed below.

Surface properties of the SRF materials are just as impor-
tant as their chemical compositions. Material surfaces,
including welds and joints, must be highly polished to reduce
surface area (important for adsorption of volatiles), limit
trapped particles that include biological material, and make
them easier to clean and sterilize. Electrostatic charging of
surfaces must also be well controlled, as this would deter-
mine the attraction of charged volatile species and aerosols
to the surface and the ease of removing them during clean-
ing. Any polymers used should preferably be hydrophobic to
limit interaction with water and aerosols. An electrostatic
management program should be part of the clean room
design and operation.

A second area of discussion involved the isolation of dif-
ferent analytical “tracks” into separate physical spaces or
compartments. The main point of such a scheme is to reduce
the number of contamination requirements that a given space
would be subject to, as well as provide greater flexibility in
materials and construction. For example, the “organic wing”
could be all stainless steel, while the “inorganic wing” could
be all Teflon. The primary downside to such a recommenda-
tion is that it would significantly reduce operational flexibil-
ity—for example, the ability to do inorganic analyses on
sample residues that have just been solvent extracted. Ulti-
mately, we feel there are some significant potential benefits
to the compartmentalization concept, but doing so intelli-
gently would require first defining the analytical strategy
(and sample allocation) that would be followed in the SRF.

4.2. Geochemical perspective

NASA has long-term experience with handling returned
samples (Apollo, Stardust, Hayabusa, and Hayabusa2,
OSIRIS-REx) and collected non-terrestrial material in gen-
eral, including interplanetary dust particles and meteorites.
The questions related to inorganic contamination limits in the
SRF are quite similar to those of M2020 and have already
been addressed in these previous contexts. Thus, established
and well-known procedures and materials (e.g., McCubbin
et al., 2019) can be considered as the starting point. Follow-
ing the experience of NASA JSC, limited materials should be
used for the SRF, characterized by low particle-shedding and
outgassing properties. These include specific types of glass
(e.g., Schott glass, fused silica, and borosilicate BK7), alumi-
num (e.g., 6061, 6063, and 2024), stainless steel (e.g., 304,
316, 316L), and fluorinated polyethylene (Teflon™, PTFE,
etc.) and with specific finishes (clear anodized, electropol-
ished, passivated, etc.). The list above provides some of the
most common materials. The reader is referred to McCubbin
et al (2019) for a more in-depth discussion. The SCP did not
anticipate a need to develop or invent new materials for cura-
tion. In all cases, the SRF needs to be fitted with a capability
to clean and sterilize tools and equipment that would come in
contact with the samples. The number of organic solvents
used for cleaning and sterilizing should be limited to as few
as possible. IPA was viewed as acceptable for this purpose
and unlikely to be a major analyte of interest in martian sam-
ples; however, alternatives including both fluorinated and
inorganic solvents should be considered.
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Samples and subsamples should be stored and processed in
controlled environments, including controlled temperature,
pressure, humidity, and composition of the atmospheric gas
in storage containers and laboratories. This is a key point to
safeguard the thermodynamic equilibrium of the samples and
hence their redox state and mineralogy. This aspect is particu-
larly important for deciphering the alteration processes and
pathways that occurred on Mars to produce the secondary
minerals observed today. Understanding the martian geologi-
cal history and water—-rock—gas interactions on the planet are
among the key objectives of MSR. In this regard, it is also
necessary to keep samples under gaseous nitrogen, argon, or
a synthetic martian atmosphere rather than vacuum. The
selected high-purity gas must be consistent throughout the
isolators, and the pressure must be controlled.

It seems reasonable to assume that, aside from water
vapor and possible VOCs, the majority of contaminants
would occur as particles. Therefore, particle contamination
limits have to be determined as well. Generally speaking, the
sample handling room should be expected to be class 100—
1000 (ISO 5-6), while the sample preparation room should
be class 1000 (ISO 6) with closed containers and isolators
when the sample is not being processed. These particle limits
are less stringent than those required to control biological
contamination (see Section 4.3). Potential transfer of par-
ticles from various operations, such as tube cutting, subsam-
ple sawing, and thin section polishing, also has to be taken
into account.

4.3. Biological perspective

In nature, organisms can either be alive and metabolically
active, in a dormant state (e.g., as an endospore), viable but
non-culturable (VBNC), or simply dead (Barer and Harwood,
1999; Oliver, 2010, 2005; Xu et al., 1982). Here, we define
biological contamination as including compounds or organ-
isms that confound instrument readings and/or transform, con-
sume, or produce compounds of interest. A variety of
pathways for biological contamination, which include person-
nel, surfaces, personal protective equipment and instruments,
reagents, and air, need to be controlled and monitored within
the SRF to understand the potential sources and nature of
introduced biological contamination. Personnel are the pri-
mary source of biological contamination in clean room envi-
ronments, directly affecting air, surfaces, and samples (Favero
et al., 1966). The contamination risk posed by personnel in
clean rooms is further discussed in Section 1.3.2. The case for
remotely operated sample handling and sources of contamina-
tion in clean rooms are further described in Fig. 3.

4.3.1. Biological contamination control. To minimize
biological contamination, the ideal conditions for sample
handling should be completely aseptic.' Such conditions are
commonly applied during aseptic packaging for food, bever-
age, pharmaceutical, and other industries to ensure final
products are protected from contamination and safe for
patients or consumers. To be “as aseptic as currently feasi-
ble,” the facility and operations should ar least be designed

1 . . . . .
Sterile or sterilized, free from contamination caused by bacteria,
viruses, or other microorganisms.
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FIG. 3. Biological contamination pathways. Biological
contamination in the form of living cells and cellular
components could enter the SRF through a variety of
pathways, and a detailed contamination knowledge pro-
gram should follow samples during their stay at the SRF.
Surfaces (A) can accumulate cells and biomolecules and
should be cleaned and sterilized with nonorganic biocides.
The personnel and personal protective equipment (PPE)
used by workers within the SRF are another vector of bio-
logical contamination (B). PPE should be cleaned and steri-
lized in the same manner as working surfaces. Biological
contamination may also be delivered by way of the air (C)
or reagents used for analysis within the facility (D). We,
therefore, recommend handling samples under ISO Class 3
conditions and the use of reagents that are Molecular Biology
Grade or higher for analysis. We also recommend that a
physical barrier be placed between workers and samples to
minimize biological contamination, for example, by placing
the samples in an isolator to facilitate aseptic handling.
Figure created in BioRender. Magnabosco, C. (2025)
https://BioRender.com/yywzmi0.

and operated to fulfill the regulations currently existing for
current Good Manufacturing Practice (cGMP) aseptic phar-
maceutical processing rooms and follow the biological con-
tamination limits and monitoring programs set for such
facilities, equipment, and operations (WHO, 2011). Prefer-
entially, air is sterilized through filtration and UV-C light or
hydrogen peroxide, and surfaces are cleaned and sterilized
with nonorganic biocides (disinfectants and antiseptics) to
prevent the introduction of organic compounds that could
potentially promote microbial subsistence or growth. Acti-
vated carbon molecular filtering systems in combination
with high energy particulate air filter particulate filtering sys-
tems with low molecular contaminant release were used
within the ExoMars clean rooms (Comecer, 2021). The use
of hydrogen peroxide vapor for sterilizing air and surfaces
that come into contact with samples is preferred over organic
detergents and disinfectants. Surfaces within the sample
processing cabinets should be actively sterilized with UV-C
to kill any living cells and denature some longer-chain poly-
mers such as DNA and RNA; however, the detritus from the
death of these organisms will not be removed during the
UV-C sterilization process and would accumulate over time.

The ESA ExoMars program provides a baseline for bio-
logical CC. Key components of the ExoMars Rosalind
Franklin rover were assembled in an isolator classified as
ISO 3 and Airborne Molecular Contamination (AMC)-9
(Comecer, 2021; Giuliani et al., 2009). ISO 3 has a limit of
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1000 particles >0.1 pm/m? and, therefore, is more stringent
than ISO 5, ISO 6, and cGMP Grade A designation. The
level of air molecular contamination is classified as AMC
and has been codified within ISO standard 14644-8. AMC-9
corresponds to an AMC concentration of <10 g/m">. Micro-
bial contamination in this isolator was monitored through an
online optical detection system (Laser-Induced Fluorescence
Emission), with molecular contamination monitored using
GC-MS (Comecer, 2021). Technology to achieve these lev-
els of cleanliness is also used outside the space industry for
sterile processes, large-scale pharmaceutical production, and
production within the semiconductor industry.

Based on these industry and mission cleanliness standards,
the SRF must fulfill an absolute level of cleanliness that cor-
responds to (at minimum) an isolator of ISO Class 3 particle
class and AMC-9. The samples should additionally be
handled according to procedures that prevent biological con-
tamination from contact with non-sterile air and non-sterile
surfaces. Surfaces that would be in contact with the martian
sample material are preferentially made out of bacteriostatic
materials, which are highly polished to limit crevices larger
than 1 pm, prevent dirt and cells from accumulating and
facilitate cleaning and sterilization. Avoiding electrostatic
charges should be part of the design and operation manage-
ment of the clean room, as this would strongly impact con-
tamination levels and cleaning efficacy. Furthermore, a
comprehensive CK program on biological contaminants, fur-
ther described in Section 4.3.2, should be developed and
used throughout the sample processing. Lastly, in the biolog-
ical contamination monitoring program it is also important
to consider: (i) the detection limit of the sampling procedures
(e.g., filters, plates, swabs, and wipes; dry or wet sampling)
used to monitor the cleanliness of the facility, equipment,
and operations in addition to the detection limit of the analy-
sis procedure used (see Section 3), and (ii) the frequency
(incidence rates) over a certain time span at which biological
contaminants are detected (Peacos, 2018).

4.3.2. Biological contamination knowledge. Air and sur-
face microbial contamination levels should also be continu-
ally assessed in the sample handling area during both work
and rest. Microbial cultivation plates to quantify colony-
forming units (CFU) during the isolator’s work and rest peri-
ods should be used to monitor microbial contamination. As
cultivation plates can be a source of organic contamination,
we recommend swabbing isolators but inoculating cultiva-
tion plates with these swabs in an area separated from the
samples. A zero-tolerance (no growth) requirement should
be maintained in the isolator and atmosphere supplied to the
isolator during work and rest. If microbial growth is
observed, all work in the isolators should be stopped and the
contamination sources should be assessed and removed.
Additionally, CFUs from facility controls or contaminated
samples should be identified to the species level when practi-
cal, to assist in the determination of the likely source of the
contaminant. As many viable microorganisms are not culti-
vable and, therefore, will not be detected by CFU monitoring
programs, biological CC strategies should include
biomolecule-based analysis tools for contamination
detection, such as those methods used in pharmaceutical
facilities (see Section 6.3).
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Nucleic acids in the form of DNA and RNA are essential
components of terrestrial cells. As DNA is more stable than
RNA, it can serve as a proxy for presumed contamination by
any nucleic acids and can also be sequenced as part of a CK
program (Chomczynski, 1992; Eigner et al., 1961; Jo et al.,
2023). There are numerous technologies that can be
employed to identify and sequence environmental DNA,
thereby enabling the identification of the biological source of
these fragments through various bioinformatics algorithms
and databases (Athanasopoulou et al., 2021). While quantita-
tive PCR has traditionally been used to determine the
presence of environmental DNA, new technologies and
approaches such as emulsion PCR followed by metagenomic
sequencing (Lan et al., 2017) have been able to reduce the
level of detection into the femtogram range (Abellan-
Schneyder et al., 2021; Hatzenpichler et al., 2020; Pavsic
et al., 2016). Such techniques are well developed and can be
adapted to target both intracellular and extracellular DNA
pools (Guo and Zhang, 2013; Lever et al., 2015; Sanders
et al., 2011). Nonetheless, amplification of DNA from low-
biomass samples is particularly susceptible to contamination
from the trace amounts of nucleic acids found in the kits and
buffers used to analyze them, and it is, therefore, important
that blank controls are used to distinguish the “kitome” from
the contaminating environmental DNA being examined in
the SRF (Salter et al., 2014; Stinson et al., 2019). With these
considerations in mind, we highly recommend a CK program
that includes the sequencing of air and surface samples
within the facility, paying special attention to changes in
both the quantity and composition of DNA over time (this is
further discussed in Section 5.4.2).

5. Sample-Based Contaminants of Concern
5.1. General considerations

As with the original OCP, we employed a three-part strat-
egy for developing possible contamination limits: (1) What
are the detection limits of instrumentation that are likely to
be used in the SRF? Contamination levels below those detec-
tion limits are certainly safe but would be very difficult to
verify and of questionable necessity. As has been noted pre-
viously (Summons et al, 2014), contamination does not have
to be non-detectable for reliable measurements to be
achieved. In many applications, subtraction of a well-
characterized “background” is a longstanding analytical
strategy. (2) What levels of cleanliness can plausibly be
achieved? We considered this question both for each pro-
spective contaminant in isolation and for the entire ensemble
of proposed contaminants. We have attempted to recom-
mend limits that we believe are feasible to implement in their
entirety. (3) What analyte concentrations do we expect in the
returned samples? In combination with desired signal-to-
noise (S/N) levels for analytical measurements, this provides
a rational basis for setting contamination limits that should
not interfere significantly with science objectives while
simultaneously avoiding being unnecessarily stringent.

One of the biggest dilemmas we wrestled with was the
breadth of possible sample contamination. It would also be
impossibly expensive and time-consuming for the SRP to
quantify and track every single element and compound. On
the organic side, we have adopted the approach of the OCP of
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asking for explicit monitoring of a relatively short list of com-
pounds deemed to be representative of compounds that are
particularly interesting for returned-sample science (Tier 1)
and sweeping all other compounds into the catch-all Tier 2 list
of “everything else.” For inorganic contamination, we recom-
mend adding several elements to the list of monitored contam-
inants but have left off several other elements of potential
interest because of their high utility for the SRF, for example,
iron that will be used in stainless steel.

Our panel also debated whether to recommend total in-
sample contamination limits, that is, limits that would sub-
sume contamination already present in the samples, or to
recommend additive limits just for the SRF, regardless of
what might already be present. Although the former is per-
haps more intuitive, given that analyses would sample all of
the past contamination, the latter is much simpler to under-
stand and implement. For example, the detection limits for
many organics in the clean M2020 sample tubes were near
the limits we are proposing; thus, we would not know how
much of this contamination “budget” was already used up
by M2020. Given that our understanding of the maximum
allowable contamination levels is at best only order of mag-
nitude, we did not feel that the former approach was neces-
sary and so opted for the latter (SRF-specific) limits. These
values could be converted to total in-sample limits if so
desired.

5.2. Inorganic contaminants

The SCP inorganic sub-team reviewed the inorganic con-
tamination limits previously proposed by the M2020 mission
and decided to recommend a similar strategy. Note that we
focused on solid samples and did not consider specific addi-
tional requirements that may be needed to avoid noble gas
contamination or other inorganic volatiles such as water.
This aspect should be included in future discussions.

The original inorganic contamination requirements for the
M2020 mission (i.e., sample collection and caching) were
based on a limit of 1% of the average concentration in Tis-
sint (depleted shergottite) for elements of general geochemi-
cal interest (Li, B, Mg, P, S, CI, Sc, Mn, Co, Ni, Zn, Br, Y,
Zr,Nb, Cs, La, Ce, Eu, Gd, and Ta), and of 0.1% of the aver-
age concentration in Tissint for elements used for geochro-
nology (K, Rb, Sr, Nd, Sm, Lu, Hf, W, Re, Os, Pb, Th, and
U). As mentioned earlier (Section 3.1), the M2020 mission
met the requirements for most elements and, in many cases,
achieved contamination levels several orders of magnitude
lower than the requirements. However, for elements B, Cs,
Rb, Re, Nd, U, and Pb, the contamination was expected to
be relatively close to the contamination limits, and for Nb,
Ta, Ni, Co, and W, it was expected to slightly exceed the
requirements. Similarly, M2020 does not meet contamina-
tion requirements for Sr in regolith samples. It is important
to note that several of these elements (Rb, Nd, U, Re, W,
and Pb) are involved in geochronology and thus of high sci-
entific priority. Although the presence of above-limit con-
tamination will certainly complicate those analyses, we
believe they will nevertheless still be attempted and thus are
worth further protecting.

Following a similar approach as M2020, we recommend a
contamination limit within the SRF of 1% of the average
concentration in Tissint (depleted shergottite) for Li, B, Mg,
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P, S, Cl, Sc, Mn, Co, Ni, Zn, Br, Y, Zr, Nb, Cs, La, Ce, Eu,
Gd, and Ta, and a contamination limit of 0.1% of the average
concentration in Tissint for K, Rb, Sr, Nd, Sm, Lu, Hf, W,
Re, Os, Pb, Th, and U. Regarding rare-Earth elements
(REEs), they are not all included in the list of elements as
they follow a predictable pattern. As long as selected ele-
ments in LREE (light REE), MREE (medium REE), and
HREE (heavy REE) are known, other REEs are deducible.
These contamination limits preferably apply to the entire
returned sample. However, in cases where this may be
deemed unfeasible, a viable alternative would be to ensure
that interior portions of the sample can meet the contamina-
tion limits. For example, it is common in trace element geo-
chemistry to abrade sample surfaces to reach relatively
cleaner inner material. This strategy would also be viable for
Mars samples but is relatively wasteful if the abraded/
cleaned material is discarded. The proposed limits are in
addition to those for the M2020 mission. Thus, for an ele-
ment that accumulated close to the 1% contamination limit
during M2020, and again in the SRF, a total contamination
load of close to 2% (of the average concentration in Tissint)
is theoretically possible. As discussed above, these are
order-of-magnitude estimates of allowable contamination,
and we do not believe that 1% is significantly different
from 2%.

No contamination limit was previously proposed for some
other elements (Na, Al, Si, Ca, Ti, V, Cr, Fe, Cu, Ge, Mo),
even though they will be relevant to scientific questions
stated among the scientific goals of MSR. For instance, Fe
and Mo, as redox-sensitive elements, are useful tools to
assess the redox state of the martian environment as empha-
sized in the iMOST proposed measurements list (Beaty
et al., 2019). Aluminum, Fe, Cr, and Ti have been previously
considered as “uncontrolled” for engineering reasons, yet it
is not obvious to us that abundant use of an element in the
rover or SRF necessarily means its contamination must be
totally uncontrolled. As a concrete example, a contamination
limit exists for W even though the drill bits are made of
W. Recognizing the inherent difficulties of proposing hard
limits on contamination by elements that will be used abun-
dantly, the SCP chose not to recommend formal contamina-
tion limits for these elements. Nevertheless, we do strongly
recommend limiting contamination by these elements on a
“best effort” basis, and that they be explicitly targeted as part
of the CK program.

One area of potential concern is whether Tissint (an igne-
ous rock) is a suitable benchmark for contamination in sedi-
mentary rocks and/or regolith, because of their differing
compositions. For example, alpha-particle X-ray spectrome-
ter measurements of sedimentary rocks from Gale Crater
show MgO concentrations that are 2—-5x lower than those in
Tissint glass (e.g., Berger et al., 2020; Chennaoui Aoudje-
hane et al., 2012). Using Tissint-derived contamination lim-
its for such samples might allow for contamination levels
that would interfere with measurements for certain elements.
Collected solid samples to date include both igneous and
sedimentary rocks as well as regolith (i.e., unconsolidated
surface sediment), so this is not just a hypothetical possibil-
ity. If, in the future, instruments on M2020 indicate that rela-
tive concentrations of certain elements are far below those of
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Tissint, then our proposed contamination limits may need to
be revisited.

5.3. Organic contaminants

Many of the MSR scientific objectives relate to detecting
and characterizing potential organic matter hosted within the
samples. Because we anticipate that the returned Mars sam-
ples will have relatively low organic contents, and that dis-
criminating between martian and terrestrial organic matter
will be challenging, limiting organic contamination is essen-
tial to confidently identify authentic martian organic mole-
cules. To form quantitative limits for organic contamination,
SCP considered the previous recommendations for M2020
(Summons et al., 2014), the concentrations of organic con-
tamination that M2020 achieved for MSR-relevant compo-
nents (e.g., sample tubes and seals; Boeder and Soares,
2020), and updated our understanding of the inventory of
organic molecules in martian materials (Eigenbrode et al.,
2018; Freissinet et al., 2015; Millan et al., 2021). Our result-
ing recommendations for organic contamination limits have
two components, namely, which organics to monitor and
limit, and how much of each compound to permit. We
address these two components in order.

5.3.1. Which contaminants to limit?. A principal chal-
lenge in organic CC is that there are millions of distinct com-
pounds, and we potentially care about all of them at some
level in martian rocks, yet it is physically impossible to mon-
itor all of them simultaneously. The SCP considered several
alternative solutions to this dilemma but ultimately decided
to adopt the same strategy as the OCP (Summons et al.,
2014) of using two “tiers” of priority. Accordingly, Tier 1
compounds represent a relatively small list of representative
high-priority analytes that should be explicitly monitored.
Following Summons et al. (2014), these include biomole-
cules used by terrestrial life, molecular remnants of ancient
terrestrial life (molecular fossils or organic biomarkers), and
molecules that have been detected in meteorites, in martian
materials, or may be relevant to prebiotic chemistry. This
approach of using selected compounds as representative of
entire classes of concern is analogous to the use of “indicator
species” in ecological studies or “indicator compounds” in
environmental pollution monitoring (Siddig et al., 2016;
Zhang et al., 2021). Tier 2 then encompasses all other organic
compounds not specified within Tier 1, with the expectation
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that they would not be explicitly monitored. Instead, the SRP
should use other indirect approaches to establish the likeli-
hood of meeting Tier 2 limits, such as the absence of signifi-
cant unknown peaks in multiple analytical methods. TOC is
operationally defined; we take as our definition the carbon
that is liberated by high-temperature combustion in O,
exclusive of carbonate minerals. This definition effectively
includes all compounds in both Tier 1 and 2.

In addition to this previously established structure, we rec-
ommend dividing the contaminants into two categories based
on vapor pressure: volatile and nonvolatile (or “semi-vola-
tile”). We suggest a boiling point of 200°C at 1 atm pressure
as a convenient demarcation between the two; this would
include compounds lighter than C;, n-alkane in the volatile
category. Alternatively, the EU definition of vapor pressure
>0.01 kPa at 293.15 K could be used and results in a similar
division of compounds. Our recommendation arises from the
knowledge that nonvolatile analytes must be extracted with
organic solvents, which are themselves volatile organic com-
pounds (see Section 1.3.3). Although it might be possible to
do all of the extractions with inorganic solvents (e.g., super-
critical CO,), the use of organic solvents for extraction is so
deeply ingrained that this potentially risks the credibility of
the analyses, so we think it both simpler and safer to just sep-
arate the two. In our proposed scheme, samples would have
to meet both categories of requirements during sample stor-
age and the upstream stages of handling and workup, until
the point where subsamples are separated and dedicated to
specific (volatile or nonvolatile) measurements. After that
branch in the workflow, subsamples would only have to
meet the requirements for their analytical category. We
believe this proposed categorization of organic contamina-
tion will provide important flexibility for their implementa-
tion within the SRF compared with a single umbrella of
organic contamination limits. And, if it later proves to be
unnecessary, it would be trivial to revert back into a single
category.

Table 4 presents our list of recommended Tier la (vola-
tile) compounds. The list includes low molecular weight alka-
nes (Cs—C;; m-alkanes) and aromatic compounds (BTEX
[benzene, toluene, ethylbenzene, xylene]) that are major con-
stituents of petroleum-derived products and thus common con-
taminants; a number of common laboratory and industrial
solvents (methanol, ethanol, acetone, acetonitrile, dichlorome-
thane, dichloroethane); volatile chlorinated (chlorobenzene and

TABLE 4. PROPOSED TIER 1A, VOLATILE COMPOUNDS OF CONCERN®

Compound(s)

Rationale

Cs—C, n-alkanes

Benzene, toluene, ethylbenzene, xylene*

Methanol, ethanol, acetone, acetonitrile
Dichloromethane, dichloroethene®

Chlorobenzene, dichlorobenzene”

Dimethylsulfide, thiophene, methanethiol, ethanethiol
Acetic acid, pyruvic acid

Formaldehyde, acetaldehyde

Common terrestrial contaminants, petroleum constituents, and solvents
Common petroleum constituents and solvents

Common solvents

Chlorinated solvents, possible analytes of interest in samples
Chlorinated organics previously detected on Mars

Organosulfur compounds, possible analytes of interest

Important biomolecules

Common in building materials, possible analytes of interest

“These are the “indicator” compounds we have chosen to be explicitly monitored, but we emphasize that they are representatives of entire
compound classes of potential concern. Any evidence suggesting that other related compounds are present as contaminants should lead to

them being directly addressed.
bMultiple isomers exist; treat limit as the sum of isomers.
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dichlorobenzene), and sulfur-containing (dimethyl sulfide, thio-
phene, methanethiol, ethanethiol) compounds that have been
previously detected on Mars or are of particular interest given
the detection of related compounds; two ubiquitous biomole-
cules, acetic acid and pyruvic acid; and low molecular
weight aldehydes (formaldehyde and acetaldehyde) that
are common in building materials but will be of interest
from an origins-of-life perspective in returned samples.
All, or nearly all, of these compounds should be detectable
in a single GC-MS analysis. Additional volatile com-
pounds of concern not listed in Tier la could (and should)
be explicitly monitored if they are discovered to be present
during construction of the SRF. The SRP should also con-
tinue to monitor recent results from the SAM instrument on
Curiosity, and if new organic analytes are detected in the
future, should consider whether to add them as new Tier 1
compounds. We note that not every organic compound
detected on Mars need necessarily become a Tier 1 contami-
nant. However, justification for doing so could include: (i)
different functionality or chemical properties than are cur-
rently captured by our Tier 1 list, (ii) compounds of particular
interest with respect to possible biotic origins, or (iii) com-
pounds at particular risk of contamination, for example,
because of possible use in building or cleaning materials, etc.
For compounds with multiple isomers (e.g., Xylene, dichloro-
benzene, dichloroethene), we recommend treating the limit as
applying to the sum of all isomers rather than tracking indi-
vidual isomers separately.

Virtually any organic solvent used to clean the SRF would
be a potential contaminant of concern. Even those that are
unquestionably of human origin (e.g., fluorocarbons) pose a
risk of interfering with other analytes of interest. The SCP
carefully considered whether to propose a much longer list
of solvents for Tier 1a but decided against this to preserve
flexibility for the SRP. Some solvent(s) will inevitably be
needed for cleaning, and any detection of it in samples there-
after will be assumed to be contamination. The choice of
which solvent(s) to use, therefore, requires further study. We
recommend that the solvent(s) not contain any chlorine,
given the interest in chlorinated organic molecules on Mars,
and that as few different solvents as possible be used. [IPA
has commonly been used in this role; though we are not
opposed to its use in the SRF, there was concern that it has
not been shown to be an effective solvent for large, nonpolar
(e.g., sterane or PAHs) molecules, so a second, apolar sol-
vent may be needed.
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Table 5 presents the list of proposed Tier 1b (semi-vola-
tile) compounds. The list is similar to that proposed by Sum-
mons et al. (2014), with several alterations motivated by
recently available data. The previous list included only a sin-
gle n-alkane; we recommend including all of the C,—Csq
alkanes. The representation of hydrocarbons was expanded
in both Tier la and Tier 1b categories because of their
importance as organic biosignatures in ancient rocks on
Earth and their vulnerability to contamination through perva-
sive use of petroleum-based products (French et al., 2015).
They can all be detected in the same GC-MS analysis, so
this should not entail much extra analytical effort. Pristane
and naphthalene (two-ring PAH), common petroleum hydro-
carbons, are retained from the prior list, and we recommend
adding phenanthrene, a three-ring PAH, to monitor a wider
range of PAHs. This compound class has been detected in
meteorites and martian materials and is common in petro-
leum- and combustion-products (Clemett et al., 1998; Lima
et al., 2005; Steele et al., 2012). The common lipids palmitic
acid and squalene are retained, with the addition of choles-
terol (an important human sterol) in recognition of the
increased human contact potential within the SRF. We sug-
gest adding two organosulfur compounds (benzothiophene
and dibenzothiophene) as well as benzoic acid, benzonitrile,
and oxalic acid, all of which have been recently detected in
martian samples and are susceptible to contamination from
sources such as petroleum-based products or solvents
(Eigenbrode et al., 2018; Freissinet et al., 2015; Millan et al.,
2021). We retain several important biological compounds:
amino acids (glycine, alanine), components of cell walls or
spores (N-acetylglucosamine and dipicolinic acid, respec-
tively), nucleic acid (DNA), a nitrogenous compound and
prebiotic precursor (urea), and a polyhydroxy compound
(glycerol).

The list of Tier 2 compounds includes everything that is
not included in Tier 1a or 1b. It can be divided into volatile
(Tier 2a) and semi-volatile (Tier 2b) categories as for Tier 1,
with the caveat that not all possible compounds’ boiling
points are known. Retention time on an apolar GC column
(i.e., before or after n-C,,) would serve as a suitable proxy
for boiling point. A more consequential challenge regards
how to prove that there are no organics of any type above a
certain quantitative threshold. The M2020 mission was able
to use TOC measurements for this purpose (Section 3.2). By
showing that TOC was near the Tier 2 limit, they were able
to argue that no individual compound could be above the

TABLE 5. PROPOSED TIER 1B, SEMI-VOLATILE COMPOUNDS OF CONCERN?®

Compound(s)

Rationale

C,,—C;3( n-alkanes

Pristane

Naphthalene, phenanthrene

Palmitic acid, squalene, cholesterol

Benzothiophene, dibenzothiophene

Benzoic acid, benzonitrile, oxalic acid

Alanine, glycine, N-acetylglucosamine, dipicolinic
acid, DNA, urea, glycerol

Common terrestrial contaminants, petroleum constituents
Important hydrocarbon biomarker

PAHSs, common combustion products and meteorite constituents
Common bio-lipids

Petroleum constituents, analytes of interest

Previously detected on Mars

Common biomolecules

“These are the “indicator” compounds that we have chosen to be explicitly monitored, but we emphasize that they are representatives of
entire compound classes of potential concern. Any evidence suggesting that other related compounds are present as contaminants should

lead to them being directly addressed.
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TABLE 6. BioMOLECULES INCLUDED BY OCP AsS TiER 1 CONTAMINANTS AND WHICH ARE COMMON
IN MosT FORMS OF TERRESTRIAL LIFE

Contaminant class Chemistry Cellular component
Nucleic acid DNA Information storage polymer for all terrestrial life®
Spores Dipicolinic acid Primary polymer for bacterial spore coat formation

N-acetylglucosamine Primary monomer in bacterial peptidoglycan and fungal cell walls
While there are many amino acids used by terrestrial life, glycine is the

simplest stable amino acid found in proteins

Leucine is typically the most abundant amino acid found in meteorites and

in terrestrial proteins (Fountoulakis and Lahm, 1998)

Cell walls

Amino acids Glycine
Leucine

Lipids Palmitic acid
Squalene

Short-chain carboxylic  Acetic acid

Common fatty acid in bacteria and eukaryotic cells
Important in formation of lipids, found in human skin
Important molecule in central metabolism, lipid, and amino acid anabo-

acids lism, and a fermentation product

Polyhydroxy compound  Glycerol
Hydroxy carboxylic acid Pyruvic acid

Primary structural component of lipids
Primary metabolite of central metabolism

“There are also DNA-based and RNA-based viruses; however, viruses are cellular parasites that require a living cell to provide the ener-
getic processes and synthesis pathways to allow replication, and while a virus’s dependence on a DNA-based host for replication places
these entities as nonliving matter, they are still a potential source of biological contamination.

limit. However, without the ability to “bake” the entire SRF
to get rid of cleaning solvents, it may not be possible to
achieve very low TOC measurements (see below), and thus
the same type of argument may not be viable. We do not
have any specific recommendation for how to achieve proof
of Tier 2 limits and acknowledge that it could be challenging
to meet. A possible (less conservative) alternative could be
to formulate the requirement as “no analytes detectable by a
combination of specified analytical techniques,” such as GC-
MS, LC-MS, and FTIR. This would require further evalua-
tion to pick the right combination of techniques and still
leaves some ambiguity about how such analyses should be
conducted to prove that there is nothing detectable.

We recommend retaining the concept of TOC contamina-
tion for archived samples and for subsamples subjected to
VOC analysis. Without solvents in use, it can be imple-
mented in the same way as for the M2020 sample handling
hardware. For subsamples subjected to solvent extraction,
placing limits on TOC contamination no longer makes sense;
they have literally been immersed in an organic liquid. We,
therefore, recommend modifying the requirements to target
“solvent-extractable, nonvolatile organic carbon” and “non-
extractable, nonvolatile organic carbon.” The former is
effectively an extraction blank and can be measured using
standard solvent extraction techniques, with the solvent (and
any volatile analytes) removed by evaporation and the resi-
due burned or measured by FTIR, etc. The latter type of
TOC limit is intended for pyrolysis-based analyses, NMR,
and other methods that characterize kerogen-associated
organic matter. In effect, this limit would represent every-
thing remaining in a blank (or sample) after the solvent-
extractable fraction is removed. This residual organic carbon
is analogous to a kerogen blank, and it could contribute
contamination-derived products to subsequent pyrolysis
experiments. We use the term “kerogen” here to denote any
non-extractable, non-hydrolyzable organic material regard-
less of origin or composition.

5.3.2. How much of these contaminants to allow?. The
SCP took as a starting point for our discussion the original
quantitative limits proposed by the OCP (Summons et al.,

2014) and the achieved Mars 2020 cleanliness of the STH
(Boeder and Soares, 2020). Those limits were well above
state-of-the-art instrument detection limits at the time,
because it was deemed technically infeasible to reduce con-
tamination to below detection limits. Instrument detection
limits have only improved in the ensuing nine years, and
thus we conclude that this would still be an infeasible basis
for establishing contamination limits. The OCP limits were
instead obtained by estimating the analyte concentrations
that might be plausibly observed in the samples given the
best available data at the time and setting contamination lev-
els roughly 100-fold lower. Here we have followed that
same approach, updating expectations of analyte concentra-
tions based on more recent Mars-based data. That resulted in
us recommending identical limits for volatile components
but 10-fold lower limits for semi-volatile compounds.

OCP adopted a quantitative limit of 1 ng/g (1 ppb) of each
Tier 1 compound based on measured concentrations in mete-
orites and martian materials and the detection limits for
survey-type analyses that have a broad analytical window
rather than more targeted, sensitive analytical methods with
lower detection limits (Summons et al., 2014). The Tier 2
limit was set at a 10-fold higher level of 10 ng/g (10 ppb) rela-
tive to the Tier 1 compound limits. OCP set a TOC limit of
40 ng/g (40 ppb) based on reported TOC values in martian
materials, detection limits for measuring TOC, and to ensure
an additional protective cap on molecular contamination with-
out directly monitoring all compounds (Summons et al.,
2014).

Mars 2020 met these requirements recommended by OCP,
so a conservative assumption would be that the returned sam-
ples would already contain organic contamination at the level
of the M2020 contamination requirements by the time they
arrive at the SRF. However, Mars 2020 achieved contamina-
tion cleanliness levels that were significantly lower than the
required limits recommended by OCP. Specifically, the Tier
1 compounds were below detection on the interior surfaces of
the sample tubes and seals (Boeder and Soares, 2020). Thus,
the returned samples could contain even lower levels of
organic contamination than the conservative assumption.
This success presumably reflects the greater ease of limiting
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recontamination by nonvolatile organics that do not travel in
the gas phase. Based on the reported analytical detection lim-
its of the methods (Maltais et al., 2023, Supp table E-1) used
to monitor and quantify organic contamination for the Mars
2020 SIH, we estimate that the returned samples likely con-
tain Tier 1 compound concentrations that are at least an order
of magnitude lower than the Mars 2020 requirements at the
time of their arrival at the SRF.

Based on these considerations, the SCP recommends the
same quantitative limits that OCP proposed for the volatile
organics category (Tier 1a: <1 ng/g [1 ppb], Tier 2a: <10 ng/g
[10 ppb], and TOC: <40 ng/g [40 ppb]). For the semi-volatile
components, recent martian data suggest that analyte concen-
trations may be lower than was previously expected; and as
discussed above, the data indicates that the rover SIH was suc-
cessfully cleaned to 0.1 ppb or better. Accordingly, the SCP
recommends a semi-volatile limit for Tier 1b compounds of
<0.1 ng/g [0.1 ppb], an order of magnitude lower than previ-
ous. The recommended Tier 2b limit is still set at 10x higher
than Tier 1b compounds (Tier 2b: <1 ng/g [1 ppb]), consistent
with the previous quantitative relationship between Tier 1 and
Tier 2 recommended by OCP. We further recommend a limit
on solvent-extractable, nonvolatile organic carbon (aka “bitu-
men”) of <10 ng/g [10 ppb] for the semi-volatile category.
This is 10-fold higher than the Tier 2b limit. We considered
proposing the same fourfold ratio as between TOC and Tier 2a
(volatiles) but decided that was unnecessarily strict given that
the extractable, semi-volatile blank is quite likely to be divided
among dozens, if not hundreds, of trace compounds, none of
which would exceed the Tier 2b limit.

We recommend a limit of <100 ng/g [100 ppb] for non-
extractable, nonvolatile organic carbon (aka “kerogen”)
based on recent estimates of kerogen content in martian sam-
ples. These estimates range from ~ 1 to 500 mg organic car-
bon/g (Stern et al., 2022 and included references), such that
our proposal of 100 ng/g [100 ppb] is on the order of 1% of
the expected kerogen concentrations in returned samples
containing low to moderate organic concentrations (e.g.,
~10 mg organic carbon/g), assuming that most of the
organic carbon is in the form of kerogen.

5.4. Biological contaminants

The original OCP was tasked with recommending separate
contamination limits for organics and living cells but chose not
to separate them. In large part, this was because it was “. . .not
currently possible to reliably and easily distinguish organics in
living and non-living matter using molecular methods” (Sum-
mons et al., 2014) and the fact that the most sensitive assays
for cells of any type involve the detection of organic biomole-
cules. Implicit in this argument was the assumption that any
viable cells present on the sampling hardware would be very
unlikely to multiply, because the rover and sampling hardware
would be in very cold environments. The M2020 project fur-
ther implemented a sterilization procedure that involved
DHMR to yield a predicted <1 viable cell per tube, satisfying
Planetary Protection as well as contamination concerns.

Compared with M2020, the situation for the SRF is mark-
edly different. Preventing contamination within the SRF
requires the handling, separation, and analysis of returned
samples within an environment that must be protected
against an enormous background of terrestrial organic
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carbon (Tait et al., 2022) and cannot be completely sterile
with humans working in it (Sections 1.3.5 and 4.3). In
returned martian samples, our ability to distinguish
terrestrial-based biological contamination from indigenous
material conclusively is also of the highest priority, given
that such findings are critical to our ability to determine the
likelihood of past or present life on Mars, as well as directly
tied to PP objectives (Clark et al., 2021; Kminek et al.,
2022a). Growth of terrestrial microbes on the samples within
the SRF poses a potentially dire risk to both objectives
through the presence of cells, production of biomarkers, and
transformation of the chemical nature or structure of returned
samples within a relatively short time. Thus, the recommen-
dation of this committee is that contamination by viable
organisms must be explicitly and seriously considered, and
we recommend a multilayered approach. First, we recom-
mend retaining all the previous Tier 1 biomolecules, most of
which now have lower (<0.1 ppb) limits. Second, we recom-
mend implementing new, highly sensitive assays for three
biomolecules (lipopolysaccharide [LPS], adenosine triphos-
phate [ATP], and f5-glucan) that can be detected at sub-parts-
per-trillion (<1 ppt) levels. Third, we recommend working
under at least ISO-3/AMC-9 conditions with a contamination
monitoring program. Such a program should include stand-
ard culturability assays that, despite their many limitations,
provide an important baseline for viable cellular contamina-
tion given the presence of humans (and their microbiomes)
in the SRF, as detailed in Section 4.3. Fourth, we recom-
mend maintaining sample storage and laboratory conditions
that are inhospitable to growth, as detailed in Section 1.3.5.
Notably, we have not proposed specific DNA- or RNA-
sequencing-based limits, though they will be invaluable for
CK; the rationale for this decision is presented in Sec-
tion 5.4.2. Biological contamination recommendations are
detailed below.

5.4.1. Biomolecules covered under Tier 1a and 1b
limits. All the biomolecules originally proposed by the
OCP (Table 6) remain on our list of recommended Tier 1
contaminants. Most of them fall within the “nonvolatile” cat-
egory and thus have new, lower limits of <0.1 ng/g in the
sample. Our expectation is that transfer of these components
will primarily be in the particulate phase as cells or cellular
debris, and thus they remain an effective means of monitor-
ing contamination by materials that could confound our
search for martian life. Although there are other biomole-
cules that can now be monitored with higher sensitivity, we
recommend retaining all the compounds listed by the OCP
as part of the CK program. As these compounds have been
explicitly monitored throughout the entire MSR campaign,
they would offer us the best opportunity at understanding the
origins of any potential future contamination.

Two of the compounds—acetic acid and pyruvic acid—
appear on the Tier la volatiles list and are thus subject to
higher <1.0 ppb limits. There is some ambiguity here
because they could also be described in their anionic form
(acetate ion, pyruvate ion) and would then be nonvolatile
and subject to lower (<0.1 ppb) limits. The acidic form is
more relevant at low pH (< ~4.5), whereas the anionic form
is more relevant at circum-neutral pH, including within cells.
We recommend retaining the acidic form on the Tier 1a list
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for three reasons: (i) consistency with the prior OCP
approach, (ii) because of relatively high detection limits for
these compounds, we do not know whether the M2020 sam-
pling hardware was cleaned to <0.1 ppb levels, and (iii)
because of concern about the possible transport within the
SRF of either acetic acid or pyruvic acid as a volatile.

5.4.2. Special considerations for DNA. In addition to the
Tier 1 status of DNA, the panel strongly recommends the
implementation of an active environmental DNA monitoring
program that tracks the presence of nucleic acids, along with
their sequence and identity, to help identify the source of the
contamination of these DNA sequences (e.g., human micro-
biome, fungi, and skin cells). When changes to the SRF DNA
baseline are observed, we recommend a cessation of activities
followed by the identification and remediation of contamina-
tion sources. These recommendations correspond to a “no
change in the SRF DNA baseline” contamination limit.

5.4.3. Special category biological contaminants. In con-
sidering whether certain materials should be subjected to
lower detection thresholds for the Special category contami-
nants, the committee considered that such analyses must be
rapid, reasonably affordable, and viable within the limita-
tions of SRF containment (Tait et al., 2022). To address this,
we looked to solutions used within the pharmaceutical indus-
try, where biological contamination of cleanroom facilities
can lead to harmful and dangerous consequences. Here, a
number of rapid, signal-enhancing methods that rely on the
bio-active properties of certain organic compounds for detec-
tion have been developed. We, therefore, propose the addi-
tion of a third category of (organic) contamination limits for
these bio-active compounds: LPS, f-glucan, and ATP, all at
<1 pg/g [<1 ppt] in sample.

5.4.3.1. Lipopolysaccharide. LPS is a polymer that
plays an important role in stabilizing the outer membrane of
Gram-negative bacteria (GNB). Given that life-threatening
infections are caused by GNB, it is no surprise that the
human immune system has evolved to recognize LPS as a
marker for infection, even at single-molecule concentrations
to activate a nonspecific inflammatory response (Guha and
Mackman, 2001). The response to LPS is conserved across
many animal species, including amoebocytes from the horse-
shoe crab (Limulus polyphemus). Clotting upon exposure to
LPS in these amoebocytes is the basis for the amoebocyte
lysate (LAL) assay, which can detect LPS at sub-pg/mL lev-
els (Levin et al., 1970).% Notably, gram-positive bacteria
(GPB) lack LPS and are, therefore, not detected through the
LAL assay. Teichoic acids (TA), on the other hand, are
found in the cell wall of GPB and can account for up to 50%
of a GPB cell’s dry weight (Dos Santos Morais et al., 2022),
which makes it an attractive compound for GPB contamina-
tion monitoring. Quantification of cell wall TA is typically
performed by using polyacrylamide gel electrophoresis
(Pollack and Neuhaus, 1994); however, the biological

2Gram—positive bacteria (GPB) release components of peptidoglycan,
which can similarly activate a cellular response (IL-12 response);
however, this has not been developed into a common detection
method for cleanliness (Hessle et al., 2005).
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contamination subgroup was unable to identify a rapid and
commercially available TA assay and, therefore, decided not
to recommend a specific TA contamination limit. Based on
these findings, we recommend that GNB LPS contamination
is actively monitored using the LAL assay and that GPB
contamination is monitored using the results of DNA-based
CK programs and the ATP assays described below. If a com-
mercial TA assay becomes available in the near future, this
would likely be a preferable alternative.

5.4.3. 2. f-glucan. Fungi have been identified as a major
biological contaminant in JSC clean rooms (Regberg et al.,
2018). The presence of fungal cells can confound organic
analyses and has the potential to alter martian samples.
Therefore, a stringent fungal contamination monitoring pro-
gram is strongly recommended. f-glucan is a polysaccharide
that is found in the cell walls of fungi, cereals, and bacteria
and can be detected at pg/mL concentrations using a modi-
fied LAL assay (Obayashi et al., 1995).

5.4.3.3. Adenosine triphosphate. ATP is the energy cur-
rency of all terrestrial cells and can be used as an indicator
of biological cleanliness and active cells. Preventing micro-
bial activity should be an essential priority of the SRF CC
program, as active organisms can dramatically transform the
chemical nature or structure of returned samples within a rel-
atively short time. Bioluminescent ATP assays utilize the
enzyme luciferase to catalyze an ATP-dependent reaction and
produce light. These assays can detect ATP at sub-pg/mL
concentrations and are beginning to be used to monitor hospital
cleanliness due to their sensitivity, ease of use, and speed (van
Arkel et al., 2021). Additionally, the cultivation-free nature of
ATP assays enables users to monitor a much wider range of
active and viable cells than standard cultivation assays.

5.4.4. Culturability. While the methods described above
are highly sensitive to the presence of detectable cellular materi-
als, cultivation remains one of the most established ways to
identify the presence of certain microorganisms in the environ-
ment and is capable of detecting a single viable cell under
appropriate conditions (Austin, 2017; Houpikian and Raoult,
2002). This committee, therefore, recommends that the proto-
cols employed include microbial assays for culturable cells on
surfaces and air within the SRF (as described in Sections 4.3
and 6.3.2), with a specific limit of <1 culturable cell per sample.
Nonetheless, as most environmental microorganisms cannot be
cultivated, cultivation assays can only assess the presence of a
subset of contaminating microorganisms within the SRF envi-
ronment (Fisher et al., 2017; Kehe et al., 2021; Oliver, 2005;
Pace, 1997; Stewart, 2012). The committee, therefore, recom-
mends using both cultivation-dependent and cultivation-
independent methods to monitor biological contamination and
activity, further described in Sections 4.3.2 and 6.3.

6. Strategies for Detecting and Characterizing
Contamination (Under Containment)

6.1. Inorganics

The returned samples will be of geological nature: they
consist of drill cores of rocks and minerals that formed in
igneous or sedimentary settings on Mars, and loose regolith
samples (NASA, 2023). With respect to detecting and
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characterizing inorganic contamination, it is thus straightfor-
ward to turn to the best practices of sample curation and CC/
CK of previous geologic sample return missions. These are,
in particular, the procedures developed for the curation of
the ~380 kg of lunar material brought back during the
Apollo era (McCubbin et al., 2019), as well as the proce-
dures established for the curation and sampling of the ~5 g
sample returned from asteroid Ryugu in the Hayabusa2 mis-
sion (Abe, 2021), and the 120 g sample of asteroid Bennu
brought back by OSIRIS-REx in 2023 (Lauretta et al.,
2024).

All these samples are (or will be) handled and stored in
specialized curation facilities with ISO-certified controlled
environment (temperature, pressure, humidity) and cleanli-
ness requirements (level of airborne particulates, specific
building materials, sterilization protocols). To assess and
characterize potential inorganic contamination, CC/CK
requires that all materials in contact with the samples are
monitored, analyzed, documented, and archived for future
reference. This includes the sample tubes, parts of the sam-
pling device, and the witness plates and tubes employed dur-
ing spacecraft construction and sampling on Mars, as well as
any lab-based sample manipulation tools, lab construction
materials, air filters, glove boxes, desiccators, and airborne
molecular and particulate contaminants regularly collected
within them. Sampling and analysis of airborne molecular
and particulate contaminants follow protocols developed
for the semiconductor industry (ISO 14644-8 and ISO
14644-10). Other materials may be analyzed (after steriliza-
tion, if needed) by laser ablation inductively coupled plasma
mass spectrometry, electron microprobe analysis, and scan-
ning electron microscope/energy dispersive X-ray for their
inorganic elemental (and isotopic) composition.

6.2. Organic compounds

The detection of organic compounds indigenous to
returned martian samples will be of critical importance in the
search for evidence of ancient life and will require highly
sensitive and selective analytical techniques and relevant
controls to constrain residual contamination in the samples
and possible artifacts introduced during the mission (Sum-
mons et al., 2014). The most effective means to ensure that
Earth-sourced contamination can be convincingly distin-
guished from martian material in the MSR samples are: (i)
limit terrestrial contamination through a stringent program of
CC, especially of materials and molecular species of astro-
biological interest, as detailed in Section 5.3; and (ii) imple-
ment a comprehensive CK program that makes it possible to
characterize terrestrial contamination sources throughout the
various mission phases of the MSR campaign (Fig. 4).

The interior surfaces of the M2020 sample tubes and seals
are the most contamination-sensitive elements of the mission
and were cleaned using a multistep, high-precision solvent
(sonication in isopropanol and acetone) rinsing process and
150°C for 24 h vacuum bakeout (Boeder and Soares, 2020).
After cleaning, the sample tubes were protected from partic-
ulate contamination (<0.15 mm dia.) by the fluid mechanical
particle barrier until their use on Mars. These SIH CC meas-
ures were necessary to meet the key biological (each tube
has a >99.9% probability of being free of any viable Earth-
source organism) and organic cleanliness (each sample has
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<10 ppb TOC and <1 ppb of any Tier 1 compound) require-
ments (Boeder and Soares, 2020). Analyses of the final sol-
vent rinses of the M2020 SIH using FTIR spectroscopy and
GC-MS techniques did not identify any Tier 1 compounds
above the analytical detection limits of the instruments.
Based on experimental test results and molecular transport
modeling, the final organic cleanliness of a returned 15 g
rock core was also estimated to be 8.1 ppb TOC and 0.7 ppb
of Tier 1 compounds (Boeder and Soares, 2020).

To track potential contamination exposure of the sample
tubes post-launch, the M2020 rover carries five flight witness
tube assemblies (WTAs) with a TiN mesh particle trap con-
taining an assembly of 12 polished gold witnesses and 2 alu-
minum getter foils, designed to passively capture vapor-
deposited and particulate contaminants (Moeller et al.,
2021). One of these flight witnesses, called the bit carousel
WTA (hereafter WB1), was activated by puncturing a her-
metically sealed foil on Earth during ATLO prior to placing
the WTA in the bit carousel and then subsequently sealed
after landing on Mars on Sol 120 to provide CK during the
early phases of the mission. The remaining four ordinary
WTAs (WB2, WB3, WB4, and WBS) are all identical and
will be exposed and sealed periodically during the surface
mission to capture any evolution of the contamination envi-
ronment (Moeller et al., 2021). WB2 was activated and
sealed on Sol 499, and WB3 was activated and sealed on Sol
586. Based on a review of the CK strategy by the MCSG
and M2020 project science, and community input received
during the Mars 2020/ MSR Sample Depot Science Commu-
nity Workshop held in September 2022, a recommendation
was made to place WB3 in the first depot, “Three Forks,”
and retain all other WTAs in the Rover Cache (Czaja et al.,
2023). The Perseverance rover also has a second type of con-
trol sample, which is externally accessible to the drilling
mechanism on the Rover in the form of the Drillable Blank
Assembly (DBA). The main benefit of the DBA is to witness
any sample contamination associated with the coring pro-
cess. The one-time-use DBA consists of a baked SiO,
ceramic brick (FS-120) that is hermetically sealed inside a
canister with a titanium foil top. The corer can puncture
through the foil and collect a sample of the FS-120 material
inside using the same methods as acquiring a martian sam-
ple. In addition to the M2020 flight spare sample tubes and
other hardware, several flight spare DBAs were also
archived and will be available for future CK testing.

To ensure that the scientific integrity of the returned sam-
ples is maintained throughout curation and sample alloca-
tion, planning for the SRF must include a rigorous CC/CK
program. In addition to the flight witness materials that
would be available for investigation (including the round-
trip OS flight witnesses and an M2020 WTA and/or DBA),
additional controls would be needed to document potential
sample contamination inside the SRF during sample process-
ing. These include not only witness plates but also trapping
of VOCs from facility air using adsorbents, swabs of surfa-
ces, and used air filters. Sampling within the SRF should be
deployed at regular time intervals to document any changes
in the contamination environment, and with a variety of ana-
lytical techniques to detect potential contaminants beyond
those listed as explicit Tier 1 compounds (e.g., Dworkin
et al., 2018; Maltais et al., 2023). Multiple techniques are
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FIG. 4. Contamination control and contamination knowledge are required for all phases of the Mars Sample Return
campaign to preserve the scientific integrity of the samples and reconstruct the contamination and alteration history of

the samples throughout the course of the mission.

required to identify a range of organic compound classes
with different molecular weights and volatilities, and with
appropriate detection limits depending on the amount of sur-
face area available for analysis (Summons et al., 2014). Spe-
cial attention is also required for the preservation of
instrumental data from this CK monitoring plan; simple
tables of abundance are not sufficient. Future scientists will
very likely want access to raw chromatograms, spectra, tun-
ing and calibration files, etc.

A further challenge regards using the measured concentra-
tion data from air filters or witness plates to determine a con-
tamination level in a solid sample. This requires knowledge
of volatile or particulate adsorption efficiency differences
between the witness plate substrate and the solid sample, and
other variables. Given these uncertainties, the organic abun-
dance results from witness plates are often used qualitatively
rather than quantitatively; nevertheless, they are critical for
documenting which compounds could represent contamina-
tion. Although perfect witness materials for the returned
samples do not exist, additional procedural controls will be
needed in the SRF to accurately track and measure organic
contamination exposure of the returned samples during proc-
essing. Ideally, an organically clean and simple synthetic
material (e.g., the DBA flight spare FS-120) could be col-
lected and sealed using an M2020 flight-like corer and adapt-
ive caching assembly (ACA). The sealed FS-120 core could
then be processed using the same steps as a martian core
sample, from headspace gas extraction, tube opening, core
extraction, and preliminary examination. Portions of the

FS-120 core could then be analyzed directly or solvent
extracted, and the extracted residues analyzed for organic
contamination using a variety of instruments available in the
SRF. The organic concentrations in the processed and
exposed FS-120 core could then be determined from the
mass of the extracted sample (e.g., ppm or ppb). In addition
to providing valuable information about potential contamina-
tion during the martian sample core extraction and process-
ing, the results from this process blank would also provide a
valuable procedural control for the analyses that will be
included in the Sample Safety Assessment (Kminek et al.,
2022a). Potential cross-contamination between a martian
sample and the process blank could be mitigated by process-
ing the samples in different lines and/or cleaning the isola-
tors between samples and controls.

6.3. Terrestrial cells and molecules of biological origin

Detection methods for biological contamination generally
fall within three classes: (1) visualization of intact cells and/
or cellular components (2) growth of organisms and cellular
activity assays, (3) detection of biomolecules.

6.3.1. Visualization of intact cells and/or cellular compo-
nents. The field of microbiology began after the invention
of the microscope, and microscopy continues to be an
essential tool in the study of microorganisms today. Cur-
rently, there are several different kinds of microscopic
techniques to study intact cells or even cellular components.
First and foremost, light and fluorescence microscopy,
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which enable differentiation of living and dead microbial
cells in an environmental sample (Boulos et al., 1999), have
generally acquired much popularity in environmental micro-
biology (Emerson et al., 2017). At the same time, fluores-
cence in situ hybridization methods can link cellular activity
with taxonomic information (Amann and Fuchs, 2008;
Pernthaler et al., 2001) and are used to determine many dif-
ferent aspects of microbial communities, from tagging
rRNA (Amann et al., 1990), mRNA (Pernthaler and Amann,
2004), and even specific genomic regions of microorgan-
isms or viruses (Barrero-Canosa et al., 2017). On the other
hand, (ultra)structural information of microorganisms is
usually achieved from different types of electron micros-
copy (Rachel et al., 2010); however, light microscopy and
electron microscopy both necessitate a certain concentration
of biological entities in the sample or extended periods of
scanning the sample area. In many laboratory and environ-
mental settings, microscopy-suitable concentrations of cells
are easily achieved; however, some natural ecosystems are
naturally low in biomass, for example, drinking water or
desert soil. If the sample matrix is water, microorganisms
can be concentrated by using a variety of different filtering
techniques to facilitate light and electron microscopy. Water
samples are additionally amenable to particle counting tech-
niques such as flow cytometry and biofluorescent particle
counters (e.g., Ichijo et al., 2022), although autofluorescent
minerals and nonspecific staining can result in overestimates
of biomass (Veal et al., 2000). Other matrices like soil, sedi-
ment, or sludge need specific preparation protocols even if
the biomass is high, to avoid interference of components of
the matrix with the imaging technique or flow cytometry for
cell enumeration (Kallmeyer et al., 2008; Morono et al.,
2013). Hence, light microscopy techniques have so far only
been applied as qualitative measures for bioburden monitor-
ing in cleanrooms (Moissl et al., 2008) and have not
achieved a level at which quantitative measurements of such
environments are possible. On the other hand, particle coun-
ters have been used to monitor particle loads in cleanrooms
and estimate the particle load within potable water on the
ISS (e.g., Behrens et al., 2022; Comecer, 2021; Ichijo et al.,
2022); however, SRF-specific sample preparation and moni-
toring protocols using this approach would require develop-
ment and validation.

Additional technical hurdles will need to be addressed if
biological contamination monitoring requires the identification
of contaminant terrestrial cells within martian soil/sediment
samples due to the (presumably) low number of contaminant
cells introduced in the SRF and the interference of the martian
sample mineralogical matrix. Rather than traditional micros-
copy, advanced techniques that supplement microscopy
methods with the detection of chemical signatures and biomo-
lecules can improve the biological signal-to-noise within com-
plex samples. Two enabling and minimally destructive
technologies are FTIR spectromicroscopy (Wenning and
Scherer, 2013) and Raman spectromicroscopy/microspectro-
scopy (Jarvis and Goodacre, 2004). While Raman spectromi-
croscopy can be applied to samples in aqueous solutions, the
high infrared activity of water molecules usually requires des-
iccation of samples for FTIR spectromicroscopy. In contrast,
the high laser frequency of Raman spectromicroscopy can
result in the destruction of biological material, while FTIR
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does not damage the material in this way (Holman et al.,
2009). Based on the large screening area, its high sensitivity,
and enabling downstream analyses via its nondestructive
nature, FTIR microspectroscopy bears a great potential for
detection of cells, cellular material, and biomolecules in
returned martian samples and, with the aforementioned
microscopy caveats in mind, can additionally be used in SRF
biological contamination monitoring.

6.3.2. Growth of organisms and cellular activity
assays. Cultivation of microorganisms for bioburden
monitoring has been the gold standard of Planetary Protec-
tion since the advent of Mars exploration during the Viking
mission (Moissl-Eichinger et al., 2012; Venkateswaran
et al.,, 2014). A significant focus of this work is toward
spore-forming microorganisms that are resistant to high tem-
peratures and can be identified via a heat-shock selection
process followed by cultivation on plates, commonly
referred to as the “spore assay.” This screening has been per-
formed for all NASA’s and ESA’s missions that are destined
to Mars, enabling thorough comparability of the cleanliness
of spacecraft and the creation of a rich database. The applica-
tion of selective media to enrich for extremophiles or anae-
robes (La Duc et al., 2007; Probst et al., 2010; Stieglmeier
et al., 2009) has additionally led to the cultivation of micro-
organisms usually not captured via the standard spore assay
and further broadens the diversity of cultivable microorgan-
isms from highly contamination-controlled cleanroom envi-
ronments where spacecraft are built.

Transferring the standard spore assay, defined media, and
the existing knowledge of known cleanroom strains to CC of
samples retrieved from Mars would enable an easily execut-
able bioburden measure. Such a measure would be highly
sensitive for living microorganisms that can grow under the
defined conditions, since a single viable cell can be sufficient
for successful cultivation. At the same time, taxonomically
identified isolates can be compared against other isolates
from previous space missions to identify bioburden patterns
as a function of the activity of engineers and scientists.
Nonetheless, as previously discussed (Section 4.3.2), the
majority of microorganisms cannot be cultivated under
defined laboratory conditions, missing over >99% of
microbial species in cultivation assays (Amann et al.,
1990; Tyson and Banfield, 2005). Moreover, the bioburden
determined via the standard spore assay does not show any
correlation with biodiversity assessed through 16S rRNA
gene sequencing or bioburden measured via 16S rRNA
quantitative PCR (Cooper et al., 2011), necessitating
molecular methods in addition to cultivation and imaging
for CC.

6.3.3. Detection of biomolecules. A general microbial
survey using cultivation-dependent methods must be accom-
panied by molecular analysis to determine the bioburden and
microbial diversity in the cleanroom facility and on sample
devices. The constantly improving molecular methods pro-
vide valuable insights into the structure and function of
VBNC microorganisms (Quince et al., 2017). A DNA-based
microbial survey of the cleanroom facilities requires the
samples to be collected and handled by using appropriate
aseptic techniques to avoid further contamination from
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external sources. It is anticipated that cleanroom samples
would contain very few microorganisms, which makes it
necessary to concentrate any material to a level at which
cells, cell debris, and biomolecules can be detected. Air sam-
pling on a membrane and surface swabs are the standard col-
lection techniques used in the NASA and ESA planetary
protection programs (Cooper et al., 2011; La Duc et al.,
2012; Probst et al., 2011, 2010). Sample collection can also
be augmented with additional concentration techniques such
as filtration or centrifugation and additional amplification
techniques such as cultivation, depending on the type of
sample and the target microorganisms (Luhung et al., 2021).
Once the material is concentrated or amplified, DNA extrac-
tion can be performed. A number of available commercial
DNA extraction kits and customized extraction protocols
have been optimized for low-biomass samples to maximize
DNA yield and purity (Jiang et al., 2015; Maixner et al.,
2022). Since any subsequent DNA-based method is biased
toward the type of DNA extraction method applied, it is rec-
ommended to use a combination of methods to achieve the
best quantification and capture of the greatest diversity of
organisms in a sample (e.g., Cooper et al., 2011; Wang et al.,
2021).

PCR followed by DNA sequencing is still the most com-
monly used molecular technique to identify and classify
microbial species present in a sample. PCR can target and
amplify specific genomic regions, such as the 16S rRNA
gene for bacteria/archaea or the 18S rRNA gene and ITS
region for fungi (Loos et al., 2021; Yeh et al., 2021). Ampli-
fied PCR products can be quantified by using a variety of
techniques, for example electrophoresis, UV spectrometry,
or fluorometric methods (Nielsen et al., 2008; Robin et al.,
2016). Quantitative PCR (qPCR) and digital PCR (dPCR)
combine DNA amplification with quantification and can pro-
vide rapid estimates of specific microbial group abundances
(Abellan-Schneyder et al., 2021; Zhu et al., 2020). Despite
their sensitivity, PCR analyses are subject to various biases,
including the overestimation of microbial abundance due to
multiple 16S rRNA gene copies in one bacterial genome
(Louca et al., 2018), or underestimation of microbial abun-
dance due to the inability of conventional 16S rRNA gene
primers to capture entire clades of organisms (Brown et al.,
2015; Eloe-Fadrosh et al., 2016). Untargeted metagenomic
analysis using shotgun next-generation sequencing can over-
come these biases (Quince et al., 2017; Thomas and Segata,
2019) and produce a more representative view of microbial
contaminants in cleanrooms; however, the low biomass pres-
ent in cleanroom facilities challenges the metagenomic anal-
ysis workflow and may require DNA amplification steps
such as random whole-genome amplification (MDA, multi-
ple displacement amplification) of, for example, single cells
before library preparation and sequencing (Hatzenpichler
et al.,, 2020; Yilmaz et al., 2010). Another promising
amplification-based technique that can produce single-cell or
metagenomic libraries for DNA sequencing from only a few
femtograms of biomass is emulsion PCR (Lan et al., 2017).
The implementation of these approaches will help cleanroom
facilities to obtain a broad overview of the structure and
function of the microorganisms entering the facility and
greatly aid in CC/CK programs.
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Specific sample preparation and DNA sequence analysis
protocols can additionally help identify whether contaminat-
ing biomolecules are derived from living or nonliving mat-
ter, information that is critical given the disproportionately
high impact that living cells could have on sample integrity
for analysis (Mahnert et al., 2015; Weinmaier et al., 2015).
One of the most commonly used fluorescent dyes to deter-
mine cell viability is propidium iodide (PI). PI is a fluores-
cent DNA intercalating agent that can only penetrate
compromised membranes of dead cells (Boulos et al., 1999).
Propidium monoazide (PMA), a derivative of PI, is a photo-
reactive DNA intercalating dye that prevents enzyme-based
amplification of DNA (e.g., PCR) within membrane-
compromised (dead) cells and, therefore, is selective for
amplification and sequencing of viable cells, since the DNA
of PMA-tagged cells can no longer be amplified due to a
steric hindrance of the DNA polymerase in binding (Fitti-
paldi et al., 2012; Nocker et al., 2007). On the other hand,
extracellular DNA can be selectively assessed through the
application of a sample wash step and centrifugation (Lever
et al., 2015). (Meta)genomic data can additionally enable in
silico detection of modern and so-called “ancient DNA,”
since highly fragmented cell-free DNA accumulates damage
patterns over time (Orlando et al., 2021). This ancient DNA
will include the exogenous DNA remnants of dead cells in
the cleanroom facility. Although these biomolecular contam-
ination methods are highly sensitive and specific, it is impor-
tant to note that the analysis of low-biomass samples can be
challenging due to the potential for contamination during
processing, low DNA yield, and the need for sensitive detec-
tion methods (Section 4.3.2). Careful experimental design,
controls, and appropriate replication are crucial to ensure the
reliability and validity of results obtained from such surveys.

7. Summary and Conclusions

Through the analysis of (i) the previously proposed limits
and rationale of the OCP, (ii) cleanliness levels achieved for
sampling hardware by the M?2020 mission, (iii) recent
improvements in analytical technology and detection limits,
(iv) updated information regarding the organic content of
martian samples (e.g., from the SAM instrument on the Curi-
osity rover and laboratory analyses of martian meteorites),
and (v) information about the composition and geologic con-
text of samples being collected by the Perseverance rover for
return to Earth, the SCP developed a set of terrestrial biologi-
cal, organic, and inorganic contamination limit recommenda-
tions for martian samples during their residence inside the
SRF (Table 1). These limits reflect an amount of contamina-
tion that could be added to the sample during its residency in
the SRF rather than a total in-sample contamination limit,
and they were established following the SCP’s major
findings:

e Living and nonliving contamination should not be
treated as equivalent in the SRF. The OCP treated liv-
ing and dead organisms as equivalent with respect to
contamination. Because of the potential for growth of
terrestrial microbes in the SRF, a renewed focus on
avoiding contamination by viable organisms is war-
ranted for this step of the MSR campaign.
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e We recommend further investigation of cold (<—20°C)
sample storage and handling. Unless absolute sterility
inside the SRF can be guaranteed, sample storage con-
ditions should be designed and maintained to inhibit
cellular growth and activity.

e Working conditions within the SRF should, at a mini-
mum, reflect the state of the art and best practices
within fields with microbial cleanliness standards.
Microbial cleanliness standards have been established
for a variety of scientific and industrial applications,
such as biologically sensitive applications in the phar-
maceutical industry.

e We recommend using expected analyte concentrations
as a basis for setting contamination limits, that is, with
contamination limited to, at most, <1% of expected
signals. It remains impractical to achieve sample
cleanliness levels that are below detection limits for all
(or even most) instrumentation.

e We adopt a similar approach as OCP in defining a lim-
ited list of organic contaminants of highest priority
(Tier 1) and including everything else in a second list
(Tier 2) with higher allowable levels. We differ from
OCP in recommending separate treatment of volatile
(boiling point, BP <200°C) versus nonvolatile contam-
inants, to accommodate the extensive use of organic
solvents within the SRF. TOC requirements have thus
been modified to reflect volatility and solubility.

e We support the same approach as M2020 in using the
Tissint meteorite to guide inorganic concentration lim-
its; however, we note that several of the elements that
were not explicitly limited for M2020 (Fe, Cr, Mo, Al,
Si) are of significant geochemical interest, and so best
efforts should be made to limit contamination by these
elements.

e We recommend several new, highly sensitive assays
of biomolecules as specific means to test for terrestrial
life. These assays are for LPS, f-glucan, and ATP.

e We strongly recommend the implementation of an
active environmental DNA monitoring program that
tracks the presence of nucleic acids, along with their
sequence and identity. When changes to the SRF DNA
baseline are observed, we recommend a cessation of
activities followed by the identification and remedia-
tion of contamination sources. These recommenda-
tions correspond to a “no change in the SRF DNA
baseline” contamination limit.

e The SCP did not explicitly consider requirements that
may be needed to avoid noble gas contamination or
other inorganic volatiles such as water. These consid-
erations should be included in future discussions.

The SCP also identified several areas that warrant further
investigation:

Contingency plans for equipment failure (Section 1.3.1).
Remotely operated sample handling (Section 1.3.2).
Sample storage (Section 1.3.5).

Integration of the CC/CK program with martian sam-
ple analysis (Section 1.3.6).

5. Construction, cleaning, and monitoring programs
within the SRF (Section 4.2).

el
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6. Noble gas or other inorganic volatile contamination
limits (Section 5.2).

Finally, it is essential that the SRF’s CC/CK program con-
tinues to develop in coordination with the latest mission find-
ings and analytical methods on Earth. A robust and
comprehensive CC/CK program would have significant and
lasting impacts on our ability to conduct sample science
investigations throughout the lifetime of the sample.

Acknowledgments

The authors gratefully acknowledge the many members
of the Mars exploration community who contributed to our
work in a variety of ways, including in a series of online pre-
sentations and via emailed responses to questions. Mark
Anderson, Paul Boeder, and Michael Calaway helped us to
understand the findings of M2020 CC and relevant analytical
developments. We benefited significantly from comments
on early findings and review of a first draft of this document
by members of the MCSG. The decision to implement Mars
Sample Return will not be finalized until NASA’s comple-
tion of the National Environmental Policy Act (NEPA) pro-
cess. This article is being made available for planning and
information purposes only. Any use of trade, firm, or prod-
uct names is for descriptive purposes only and does not
imply endorsement by the U.S. Government.

Author Disclosure Statement

No competing financial interests exist.

Funding Information

A portion of this work was carried out at the Jet Propulsion
Laboratory, California Institute of Technology, under a con-
tract with NASA (contract number SONMO0018D0004).

References

Abe M. Chapter 12—The JAXA planetary material sample
curation facility. In: Sample Return Missions. (Longobardo
A. ed) Elsevier; 2021; pp. 241-248; doi: 10.1016/B978-0-12-
818330-4.00012-4

Abellan-Schneyder I, Schusser AJ, Neuhaus K. ddPCR allows
16S rRNA gene amplicon sequencing of very small DNA
amounts from low-biomass samples. BMC Microbiol 2021;
21(1):349; doi: 10.1186/s12866-021-02391-z

Allton J. 25 years of curating moon rocks. 1994. Available
from: https://curator.jsc.nasa.gov/lunar/Inews/Injul94/hist25
.htm [Last accessed: June 1, 2023].

Amann R, Fuchs BM. Single-cell identification in microbial
communities by improved fluorescence in situ hybridization
techniques. Nat Rev Microbiol 2008;6(5):339-348; doi: 10
.1038/nrmicro1888

Amann R, Krumholz L, Stahl DA. Fluorescent-oligonucleotide
probing of whole cells for determinative, phylogenetic, and
environmental studies in microbiology. J Bacteriol 1990;
172(2):762-770; doi: 10.1128/jb.172.2.762-770.1990

Athanasopoulou K, Boti MA, Adamopoulos PG, et al. Third-
generation sequencing: The spearhead towards the radical
transformation of modern genomics. Life (Basel) 2021;12(1):
30; doi: 10.3390/1ife12010030


http://dx.doi.org/10.1016/B978-0-12-818330-4.00012-4
http://dx.doi.org/10.1016/B978-0-12-818330-4.00012-4
http://dx.doi.org/10.1186/s12866-021-02391-z
https://curator.jsc.nasa.gov/lunar/lnews/lnjul94/hist25.htm
https://curator.jsc.nasa.gov/lunar/lnews/lnjul94/hist25.htm
http://dx.doi.org/10.1038/nrmicro1888
http://dx.doi.org/10.1038/nrmicro1888
http://dx.doi.org/10.1128/jb.172.2.762-770.1990
http://dx.doi.org/10.3390/life12010030

Downloaded by MPI Sonnensystemforschung MPI 359 from www.liebertpub.com at 10/23/25. For personal use only.

26

Austin B. The value of cultures to modern microbiology. Antonie
Van Leeuwenhoek 2017;110(10):1247-1256; doi: 10.1007/
$10482-017-0840-8

Barer MR, Harwood CR. Bacterial viability and culturability.
Adv Microb Physiol 1999;41:93-137; doi: 10.1016/s0065-
2911(08)60166-6

Barrero-Canosa J, Moraru C, Zeugner L, et al. Direct-gene-
FISH: A simplified protocol for the simultaneous detection
and quantification of genes and rRNA in microorganisms.
Environ Microbiol 2017;19(1):70-82; doi: 10.1111/1462-
2920.13432

Beaty DW, Grady MM, McSween HY, et al.; International
MSR Objectives and Samples Team (iMOST). The potential
science and engineering value of samples delivered to earth
by mars sample return. Meteorit & Planetary Scien 2019;
54(81):667-671; doi: 10.1111/maps.13232

Behrens D, Schaefer J, Keck CM, et al. Application of biofluor-
escent particle counters for real-time bioburden control in
aseptic cleanroom manufacturing. Applied Sciences 2022,
12(16):8108; doi: 10.3390/app12168108

Benner SA, Devine KG, Matveeva LN, et al. The missing
organic molecules on mars. Proc Natl Acad Sci U S A 2000;
97(6):2425-2430; doi: 10.1073/pnas.040539497

Berger JA, Gellert R, Boyd NI, et al. Elemental composition
and chemical evolution of geologic materials in gale crater,
mars: APXS results from bradbury landing to the vera rubin
ridge. JGR Planets 2020;125(12):¢2020JE006536; doi: 10
.1029/2020JE006536

Boeder PA, Soares CE. Mars 2020: Mission, Science Objectives
and Build. In: Systems Contamination: Prediction, Control,
and Performance 2020 SPIE. SPIE; 2020; p. 1148903; doi:
10.1117/12.2569650

Boulos L, Prévost M, Barbeau B, et al. LIVE/DEAD"
BacLight™: Application of a new rapid staining method for
direct enumeration of viable and total bacteria in drinking
water. J Microbiol Methods 1999;37(1):77-86; doi: 10.1016/
S0167-7012(99)00048-2

Brown CT, Hug LA, Thomas BC, et al. Unusual biology across
a group comprising more than 15% of domain bacteria.
Nature 2015;523(7559):208-211; doi: 10.1038/nature14486

Calaway MJ, Fries MD. Adventitious Carbon on Primary Sam-
ple Containment Metal Surfaces. The Woodlands, TX; 2015.

Carrier BL, Sefton-Nash E, Graham H, et al. Mars Sample
Return (MSR) Sample Receiving Project (SRP) Measurement
Definition Team (MDT) Final Report. Astrobiology 2025.

Chen F, Ly C, Mikellides I, et al. Mars 2020 mission biological
return sample contamination control approach and verifica-
tion. Astrobiology 2023;23(8):862-879; doi: 10.1089/ast
.2022.0048

Chennaoui Aoudjehane H, Avice G, Barrat J-A, et al. Tissint
Martian meteorite: A fresh look at the interior, surface, and
atmosphere of mars. Science 2012;338(6108):785-788; doi:
10.1126/science.1224514

Chomczynski P. Solubilization in formamide protects RNA from
degradation. Nucleic Acids Res 1992;20(14):3791-3792.

Clark BC, Kolb VM, Steele A, et al. Origin of life on mars:
Suitability and opportunities. Life (Basel) 2021;11(6):539;
doi: 10.3390/1ife11060539

Clemett SJ, Chillier XDF, Gillette S, et al. Observation of indig-
enous polycyclic aromatic hydrocarbons in ‘giant’ carbona-
ceous antarctic micrometeorites. Orig Life Evol Biosph 1998;
28(4-6):425-448.

SESSIONS ET AL.

Comecer. Pre-Travel Cleanroom Quarantine for a Trip to Mars:
Building an Isolator. 2021. Available from: https://www
.cleanroomtechnology.com/news/article_page/Pre-travel _
cleanroom_quarantine_for_a_trip_to_Mars_Building_an_
isolator/177207 [Last accessed: December 5, 2023].

Compton D. Where No Man Has Gone Before: A History of
Apollo Lunar Exploration Missions. 1989. Available from:
https://history.nasa.gov/SP-4214/contents.html [Last
accessed: June 1, 2023].

Cooper M, Chen F, Guan L, et al. Planetary protection imple-
mentation and verification approach for the mars 2020 mis-
sion. Astrobiology 2023;23(8):825-834; doi: 10.1089/ast.2022
.0046

Cooper M, La Duc MT, Probst A, et al. Comparison of innova-
tive molecular approaches and standard spore assays for
assessment of surface cleanliness. Appl Environ Microbiol
2011;77(15):5438-5444; doi: 10.1128/AEM.00192-11

Czaja AD, Zorzano M-P, Kminek G, et al. Report of the science
community workshop on the proposed first sample depot for
the mars sample return campaign. Meteoritics & Planetary
Science 2023;58(6):885-896; doi: 10.1111/maps.13981

Day JMD, Maria-Benavides J, McCubbin FM, et al. The poten-
tial for metal contamination during apollo lunar sample cura-
tion. Meteorit & Planetary Scien 2018;53(6):1283-1291; doi:
10.1111/maps.13074

Dos Santos Morais R, Gaiani C, Borges F, et al. Interactions
microbe-matrix in dairy products. In: Encyclopedia of Dairy
Sciences, 3rd ed. (McSweeney PLH, McNamara JP eds) Aca-
demic Press: Oxford; 2022; pp. 133-143; doi: 10.1016/B978-
0-08-100596-5.23004-7

Dworkin JP, Adelman LA, Ajluni T, et al. OSIRIS-REx contam-
ination control strategy and implementation. Space Sci Rev
2018;214(1):19; doi: 10.1007/s11214-017-0439-4

Ehlmann BL, Mustard JF, Murchie SL, et al. Orbital identifica-
tion of carbonate-bearing rocks on mars. Science 2008;
322(5909):1828-1832; doi: 10.1126/science.1164759

Eigenbrode JL, Summons RE, Steele A, et al. Organic matter
preserved in 3-billion-year-old mudstones at gale crater, mars.
Science 2018;360(6393):1096-1101; doi: 10.1126/science
.aas9185

Eigner J, Boedtker H, Michaels G. The thermal degradation of
nucleic acids. Biochim Biophys Acta 1961;51(1):165-168;
doi: 10.1016/0006-3002(61)91028-9

Eloe-Fadrosh EA, Ivanova NN, Woyke T, et al. Metagenomics
uncovers gaps in amplicon-based detection of microbial diver-
sity. Nat Microbiol 2016;1:15032; doi: 10.1038/nmicrobiol
2015.32

Elsila JE, Callahan MP, Dworkin JP, et al. The origin of amino
acids in lunar regolith samples. Geochim Cosmochim Acta
2016;172:357-369; doi: 10.1016/j.gca.2015.10.008

Emerson JB, Adams RI, Romdn CMB, et al. Schrodinger’s
microbes: Tools for distinguishing the living from the dead in
microbial ecosystems. Microbiome 2017;5(1):86; doi: 10
.1186/s40168-017-0285-3

Favero MS, Puleo JR, Marshall JH, et al. Comparative levels
and types of microbial contamination detected in industrial
clean rooms. Appl Microbiol 1966;14(4):539-551; doi: 10
.1128/am.14.4.539-551.1966

Fisher RA, Gollan B, Helaine S. Persistent bacterial infections
and persister cells. Nat Rev Microbiol 2017;15(8):453-464;
doi: 10.1038/nrmicro.2017.42


http://dx.doi.org/10.1007/s10482-017-0840-8
http://dx.doi.org/10.1007/s10482-017-0840-8
http://dx.doi.org/10.1016/s0065-2911(08)60166-6
http://dx.doi.org/10.1016/s0065-2911(08)60166-6
http://dx.doi.org/10.1111/1462-2920.13432
http://dx.doi.org/10.1111/1462-2920.13432
http://dx.doi.org/10.1111/maps.13232
http://dx.doi.org/10.3390/app12168108
http://dx.doi.org/10.1073/pnas.040539497
http://dx.doi.org/10.1029/2020JE006536
http://dx.doi.org/10.1029/2020JE006536
http://dx.doi.org/10.1117/12.2569650
http://dx.doi.org/10.1016/S0167-7012(99)00048-2
http://dx.doi.org/10.1016/S0167-7012(99)00048-2
http://dx.doi.org/10.1038/nature14486
http://dx.doi.org/10.1089/ast.2022.0048
http://dx.doi.org/10.1089/ast.2022.0048
http://dx.doi.org/10.1126/science.1224514
http://dx.doi.org/10.3390/life11060539
https://www.cleanroomtechnology.com/news/article_page/Pre-travel_cleanroom_quarantine_for_a_trip_to_Mars_Building_an_isolator/177207
https://www.cleanroomtechnology.com/news/article_page/Pre-travel_cleanroom_quarantine_for_a_trip_to_Mars_Building_an_isolator/177207
https://www.cleanroomtechnology.com/news/article_page/Pre-travel_cleanroom_quarantine_for_a_trip_to_Mars_Building_an_isolator/177207
https://www.cleanroomtechnology.com/news/article_page/Pre-travel_cleanroom_quarantine_for_a_trip_to_Mars_Building_an_isolator/177207
https://history.nasa.gov/SP-4214/contents.html
http://dx.doi.org/10.1089/ast.2022.0046
http://dx.doi.org/10.1089/ast.2022.0046
http://dx.doi.org/10.1128/AEM.00192-11
http://dx.doi.org/10.1111/maps.13981
http://dx.doi.org/10.1111/maps.13074
http://dx.doi.org/10.1016/B978-0-08-100596-5.23004-7
http://dx.doi.org/10.1016/B978-0-08-100596-5.23004-7
http://dx.doi.org/10.1007/s11214-017-0439-4
http://dx.doi.org/10.1126/science.1164759
http://dx.doi.org/10.1126/science.aas9185
http://dx.doi.org/10.1126/science.aas9185
http://dx.doi.org/10.1016/0006-3002(61)91028-9
http://dx.doi.org/10.1038/nmicrobiol.2015.32
http://dx.doi.org/10.1038/nmicrobiol.2015.32
http://dx.doi.org/10.1016/j.gca.2015.10.008
http://dx.doi.org/10.1186/s40168-017-0285-3
http://dx.doi.org/10.1186/s40168-017-0285-3
http://dx.doi.org/10.1128/am.14.4.539-551.1966
http://dx.doi.org/10.1128/am.14.4.539-551.1966
http://dx.doi.org/10.1038/nrmicro.2017.42

Downloaded by MPI Sonnensystemforschung MPI 359 from www.liebertpub.com at 10/23/25. For personal use only.

SRF CONTAMINATION PANEL FINAL REPORT

Fittipaldi M, Nocker A, Codony F. Progress in understanding
preferential detection of live cells using viability dyes in
combination with DNA amplification. J Microbiol Methods
2012;91(2):276-289; doi: 10.1016/j.mimet.2012.08.007

Fountoulakis M, Lahm H-W. Hydrolysis and amino acid com-
position analysis of proteins. J Chromatogr A 1998;826(2):
109-134; doi: 10.1016/S0021-9673(98)00721-3

Freissinet C, Glavin DP, Archer PD, et al. Long-chain alkanes
preserved in a Martian mudstone. Proc Natl Acad Sci U S A
2025;122(13):2420580122; doi: 10.1073/pnas.2420580122

Freissinet C, Glavin DP, Mahaffy PR, et al. Organic molecules
in the sheepbed mudstone, gale crater, mars. J Geophys Res
Planets 2015;120(3):495-514; doi: 10.1002/2014JE004737

Freissinet C, Knudson CA, Graham HV, et al. Benzoic acid as
the preferred precursor for the chlorobenzene detected on
mars: Insights from the unique cumberland analog investiga-
tion. Planet Sci J 2020;1(2):41; doi: 10.3847/PSJ/aba690

French KL, Hallmann C, Schoon PL, et al. Reappraisal of hydro-
carbon biomarkers in archean rocks. Proc Natl Acad Sci U S A
2015;112(19):5915-5920; doi: 10.1073/pnas.1419563112

Giuliani M, Amerio E, Lobascio C, et al. Contamination control
approach for ExoMars Mission. 2009. Available from: http://
esmat.esa.int/Materials_ News/ISMEQ09/pdf/6-Contamination/
S8%20-%20Giuliani.pdf

Goodwin A, Schroder C, Bonsall E, et al. Abiotic origin of
organics in the Martian regolith. Earth Planet Sci Lett 2024;
647:119055; doi: 10.1016/j.eps1.2024.119055

Goudge TA, Milliken RE, Head JW, et al. Sedimentological evi-
dence for a deltaic origin of the western fan deposit in Jezero
Crater, mars and implications for future exploration. Earth
Planet Sci Lett 2017;458:357-365; doi: 10.1016/j.epsl.2016
.10.056

Goudge TA, Mustard JF, Head JW, et al. Assessing the mineral-
ogy of the watershed and fan deposits of the Jezero Crater
Paleolake system, mars. JGR Planets 2015;120(4):775-808;
doi: 10.1002/2014JE004782

Greczynski G, Hultman L. Impact of sample storage type on
adventitious carbon and native oxide growth: X-ray photo-
electron spectroscopy study. Vacuum 2022;205:111463; doi:
10.1016/j.vacuum.2022.111463

Grotzinger JP, Sumner DY, Kah LC, et al.; MSL Science Team.
A habitable fluvio-lacustrine environment at yellowknife bay,
gale crater, mars. Science 2014;343(6169):1242777; doi: 10
.1126/science.1242777

Guha M, Mackman N. LPS induction of gene expression in
human monocytes. Cell Signal 2001;13(2):85-94; doi: 10
.1016/S0898-6568(00)00149-2

Guo F, Zhang T. Biases during DNA extraction of activated
sludge samples revealed by high throughput sequencing.
Appl Microbiol Biotechnol 2013;97(10):4607-4616; doi: 10
.1007/s00253-012-4244-4

Hatzenpichler R, Krukenberg V, Spietz RL, et al. Next-genera-
tion physiology approaches to study microbiome function at
the single cell level. Nat Rev Microbiol 2020;18(4):241-256;
doi: 10.1038/541579-020-0323-1

Herd CDK, Bosak T, Hausrath EM, et al. Sampling mars: Geo-
logic context and preliminary characterization of samples col-
lected by the NASA mars 2020 perseverance rover mission.
Proc Natl Acad Sci U S A 2025;122(2):¢2404255121; doi: 10
.1073/pnas.2404255121

Hessle CC, Andersson B, Wold AE. Gram-positive and gram-
negative bacteria elicit different patterns of pro-inflammatory

27

cytokines in human monocytes. Cytokine 2005;30(6):
311-318; doi: 10.1016/j.cyto.2004.05.008

Holman H-YN, Wozei E, Lin Z, et al. Real-time molecular
monitoring of chemical environment in obligate anaerobes
during oxygen adaptive response. Proc Natl Acad Sci U S A
2009;106(31):12599-12604; doi: 10.1073/pnas.0902070106

Horgan B, Anderson RB, Dromart G, et al. The mineral diver-
sity of Jezero Crater: Evidence for possible lacustrine carbo-
nates on mars. Icarus 2020;339:113526; doi: 10.1016/j.icarus
.2019.113526

Houpikian P, Raoult D. Traditional and molecular techniques
for the study of emerging bacterial diseases: One laboratory’s
perspective. Emerg Infect Dis 2002;8(2):122-131; doi: 10
.3201/eid0802.010141

Hurowitz JA, Tice MM, Allwood AC, et al. The detection of a
potential biosignature by the perseverance rover on mars. In:
56th Lunar and Planetary Science Conference Lunar and
Planetary Institute: The Woodlands (Texas), United States.
2025; p. 2581.

Ichijo T, Uchii K, Sekimoto K, et al. Bacterial bioburden and
community structure of potable water used in the interna-
tional space station. Sci Rep 2022;12(1):16282; doi: 10.1038/
s41598-022-19320-3

International Atomic Energy Agency. Radioisotope Handling
Facilities and Automation of Radioisotope Production. TEC-
DOC Series 1430. International Atomic Energy Agency:
Vienna; 2005.

Jarvis RM, Goodacre R. Discrimination of bacteria using
surface-enhanced raman spectroscopy. Anal Chem 2004;
76(1):40-47; doi: 10.1021/ac034689¢

Jiang W, Liang P, Wang B, et al. Optimized DNA extraction
and metagenomic sequencing of airborne microbial commun-
ities. Nat Protoc 2015;10(5):768-779; doi: 10.1038/nprot
.2015.046

Jo T, Tsuri K, Hirohara T, et al. Warm temperature and alkaline
conditions accelerate environmental RNA degradation. Envi-
ronmental DNA 2023;5(5):836-848; doi: 10.1002/edn3.334

Kallmeyer J, Smith DC, Spivack AJ, et al. New cell extraction
procedure applied to deep subsurface sediments. Limnology
& Ocean Methods 2008;6(6):236-245; doi: 10.4319/lom
.2008.6.236

Katz I, Anderson MS, White LM, et al. Mars 2020 Sample
Cleanliness Molecular Transport Model. In: Systems Contam-
ination: Prediction, Control, and Performance 2018. SPIE;
2018; pp. 73-88; doi: 10.1117/12.2319857

Kehe J, Ortiz A, Kulesa A, et al. Positive interactions are com-
mon among culturable bacteria. Sci Adv 2021;7(45):
eabi7159; doi: 10.1126/sciadv.abi7159

King EA. . Moon Trip: A Personal Account of the Apollo Pro-
gram and its Science. University of Houston, 1989

Kminek G, Benardini JN, Brenker FE, et al. COSPAR sample
safety assessment framework (SSAF). Astrobiology 2022a;
22(S1):S186-S216; doi: 10.1089/ast.2022.0017

Kminek G, Meyer MA, Beaty DW, et al. Mars Sample Return
(MSR): Planning for returned sample science. Astrobiology
2022b;22(S1):S1-S4; doi: 10.1089/ast.2021.0198

La Duc MT, Dekas A, Osman S, et al. Isolation and characteri-
zation of bacteria capable of tolerating the extreme conditions
of clean room environments. Appl Environ Microbiol 2007,
73(8):2600-2611; doi: 10.1128/AEM.03007-06

La Duc MT, Vaishampayan P, Nilsson HR, et al. Pyrosequenc-
ing-derived bacterial, archaeal, and fungal diversity of


http://dx.doi.org/10.1016/j.mimet.2012.08.007
http://dx.doi.org/10.1016/S0021-9673(98)00721-3
http://dx.doi.org/10.1073/pnas.2420580122
http://dx.doi.org/10.1002/2014JE004737
http://dx.doi.org/10.3847/PSJ/aba690
http://dx.doi.org/10.1073/pnas.1419563112
http://esmat.esa.int/Materials_News/ISME09/pdf/6-Contamination/S8%20-%20Giuliani.pdf
http://esmat.esa.int/Materials_News/ISME09/pdf/6-Contamination/S8%20-%20Giuliani.pdf
http://esmat.esa.int/Materials_News/ISME09/pdf/6-Contamination/S8%20-%20Giuliani.pdf
http://dx.doi.org/10.1016/j.epsl.2024.119055
http://dx.doi.org/10.1016/j.epsl.2016.10.056
http://dx.doi.org/10.1016/j.epsl.2016.10.056
http://dx.doi.org/10.1002/2014JE004782
http://dx.doi.org/10.1016/j.vacuum.2022.111463
http://dx.doi.org/10.1126/science.1242777
http://dx.doi.org/10.1126/science.1242777
http://dx.doi.org/10.1016/S0898-6568(00)00149-2
http://dx.doi.org/10.1016/S0898-6568(00)00149-2
http://dx.doi.org/10.1007/s00253-012-4244-4
http://dx.doi.org/10.1007/s00253-012-4244-4
http://dx.doi.org/10.1038/s41579-020-0323-1
http://dx.doi.org/10.1073/pnas.2404255121
http://dx.doi.org/10.1073/pnas.2404255121
http://dx.doi.org/10.1016/j.cyto.2004.05.008
http://dx.doi.org/10.1073/pnas.0902070106
http://dx.doi.org/10.1016/j.icarus.2019.113526
http://dx.doi.org/10.1016/j.icarus.2019.113526
http://dx.doi.org/10.3201/eid0802.010141
http://dx.doi.org/10.3201/eid0802.010141
http://dx.doi.org/10.1038/s41598-022-19320-3
http://dx.doi.org/10.1038/s41598-022-19320-3
http://dx.doi.org/10.1021/ac034689c
http://dx.doi.org/10.1038/nprot.2015.046
http://dx.doi.org/10.1038/nprot.2015.046
http://dx.doi.org/10.1002/edn3.334
http://dx.doi.org/10.4319/lom.2008.6.236
http://dx.doi.org/10.4319/lom.2008.6.236
http://dx.doi.org/10.1117/12.2319857
http://dx.doi.org/10.1126/sciadv.abi7159
http://dx.doi.org/10.1089/ast.2022.0017
http://dx.doi.org/10.1089/ast.2021.0198
http://dx.doi.org/10.1128/AEM.03007-06

Downloaded by MPI Sonnensystemforschung MPI 359 from www.liebertpub.com at 10/23/25. For personal use only.

28

spacecraft hardware destined for mars. Appl Environ Micro-
biol 2012;78(16):5912-5922; doi: 10.1128/AEM.01435-12

Lan F, Demaree B, Ahmed N, et al. Single-cell genome
sequencing at ultra-high-throughput with microfluidic droplet
barcoding. Nat Biotechnol 2017;35(7):640-646; doi: 10
.1038/nbt.3880

Lauretta DS, Connolly HC, , Jr, Aebersold JE, et al.; the OSIR-
IS-REx Sample Analysis Team. Asteroid (101955) Bennu in
the laboratory: Properties of the sample collected by OSIRIS-
REx. Meteorit & Planetary Scien 2024;59(9):2453-2486;
doi: 10.1111/maps.14227

Lever MA, Torti A, Eickenbusch P, et al. A modular method for
the extraction of DNA and RNA, and the separation of DNA
pools from diverse environmental sample types. Front Micro-
biol 2015;6:476.

Levin J, Tomasulo PA, Oser RS. Detection of endotoxin in human
blood and demonstration of an inhibitor. J Lab Clin Med 1970;
75(6):903-911; doi: 10.5555/uri:pii:0022214370901897

Lewis JMT, Eigenbrode JL, Wong GM, et al. Pyrolysis of oxa-
late, acetate, and perchlorate mixtures and the implications
for organic salts on mars. JGR Planets 2021;126(4):
¢2020JE006803; doi: 10.1029/2020JE006803

Lima ALC, Farrington JW, Reddy CM. Combustion-derived
polycyclic aromatic hydrocarbons in the environment—a
review. Environ Forensics 2005;6(2):109—-131; doi: 10.1080/
15275920590952739

Loos D, Zhang L, Beemelmanns C, et al. DAnIEL: A user-
friendly web server for fungal ITS amplicon sequencing data.
Front Microbiol 2021;12:720513.

Louca S, Doebeli M, Parfrey LW. Correcting for 16S rRNA
gene copy numbers in microbiome surveys remains an
unsolved problem. Microbiome 2018;6(1):41; doi: 10.1186/
s40168-018-0420-9

Luhung I, Uchida A, Lim SBY, et al. Experimental parameters
defining ultra-low biomass bioaerosol analysis. NPJ Biofilms
Microbiomes 2021;7(1):37-11; doi: 10.1038/s41522-021-
00209-4

Lunar and Planetary Science Institute. Apollo Next Generation
Sample Analysis Program (ANGSA). 2023. Available from:
https://www.Ipi.usra.edu/ANGSA [Last accessed: June 1, 2023].

Mabhafty PR, Webster CR, Cabane M, et al. The sample analysis
at mars investigation and instrument suite. Space Sci Rev
2012;170(1-4):401-478; doi: 10.1007/s11214-012-9879-z

Mahnert A, Vaishampayan P, Probst AJ, et al. Cleanroom main-
tenance significantly reduces abundance but not diversity of
indoor microbiomes. PLoS One 2015;10(8):e0134848; doi:
10.1371/journal.pone.0134848

Maixner F, Mitterer C, Jager HY, et al. Linear polyacrylamide
is highly efficient in precipitating and purifying environmen-
tal and ancient DNA. Methods Ecol Evol 2022;13(3):
653-667; doi: 10.1111/2041-210X.13772

Maltais TR, Boeder P, Soares C, et al. An accounting of con-
tamination control requirements, implementation, and verifi-
cation of the sample tubes for the Mars 2020 mission and
future return sample science. Astrobiology 2023;23(8):
846-861; doi: 10.1089/ast.2022.0049

Mayhew LE, Ravanis E, Quantin-Nataf C, et al. Strategic
Approach and First Results from the Jezero Crater Rim Cam-
paign. In: 56th Lunar and Planetary Science Conference The
Woodlands (Texas), United States. 2025; doi: https://www
.hou.usra.edu/meetings/lpsc2025/pdf/2718.pdf

SESSIONS ET AL.

McCubbin FM, Herd CDK, Yada T, et al. Advanced curation of
astromaterials for planetary science. Space Sci Rev 2019;
215(8):48; doi: 10.1007/s11214-019-0615-9

McKay DS, Gibson EK, Thomas-Keprta KL, et al. Search for
past life on mars: Possible relic biogenic activity in Martian
meteorite ALH84001. Science 1996;273(5277):924-930; doi:
10.1126/science.273.5277.924

McLane JC, King EA, Flory DA, et al. Lunar receiving labora-
tory. Science 1967;155(3762):525-529; doi: 10.1126/science
.155.3762.525

McLennan SM, Sephton MA, Allen C, et al. Planning for mars
returned sample science: Final report of the MSR End-to-End
International Science Analysis Group (E2E-iSAG). Astrobi-
ology 2012;12(3):175-230; doi: 10.1089/ast.2011.0805

Millan M, Teinturier S, Malespin CA, et al. Organic molecules
revealed in Mars’s Bagnold dunes by curiosity’s derivatiza-
tion experiment. Nat Astron 2021;6(1):129-140.

Moeller RC, Jandura L, Rosette K, et al. The Sampling and
Caching Subsystem (SCS) for the scientific exploration of
jezero crater by the mars 2020 perseverance rover. Space Sci
Rev 2021;217(1):5; doi: 10.1007/s11214-020-00783-7

Moissl C, Bruckner JC, Venkateswaran K. Archaeal diversity
analysis of spacecraft assembly clean rooms. Isme J 2008;
2(1):115-119; doi: 10.1038/ismej.2007.98

Moissl-Eichinger C, Rettberg P, Pukall R. The first collection of
spacecraft-associated microorganisms: A public source for
extremotolerant microorganisms from spacecraft assembly
clean rooms. Astrobiology 2012;12(11):1024-1034; doi: 10
.1089/ast.2012.0906

Morono Y, Terada T, Kallmeyer J, et al. An improved cell sepa-
ration technique for marine subsurface sediments: Applica-
tions for high-throughput analysis using flow cytometry and
cell sorting. Environ Microbiol 2013;15(10):2841-2849; doi:
10.1111/1462-2920.12153

Murphy AE, Uckert K, Hand KP, et al. Spatially resolved com-
plex organic matter detected in an Ancent River. In: 56th
Lunar and Planetary Science Conference The Woodlands
(Texas), United States. 2025.

NASA. Handbook for the Microbial Examination of Space
Hardware. NASA Technical. 2010.

NASA. Perseverance Rover Mars Rock Samples. 2023. Avail-
able from: https://mars.nasa.gov/mars-rock-samples [Last
accessed: December 5, 2023].

Nielsen K, Mogensen HS, Hedman J, et al. Comparison of five
DNA quantification methods. Forensic Sci Int Genet 2008;
2(3):226-230; doi: 10.1016/j.fsigen.2008.02.008

Nittler LR. OSIRIS-rex cold curation questions. ExXMAG Docu-
met 2023.

Nocker A, Sossa-Fernandez P, Burr MD, et al. Use of propi-
dium monoazide for live/dead distinction in microbial ecol-
ogy. Appl Environ Microbiol 2007;73(16):5111-5117; doi:
10.1128/AEM.02987-06

Obayashi T, Yoshida M, Mori T, et al. Plasma (1 - 3)--D-Glu-
can measurement in diagnosis of invasive deep mycosis and
fungal febrile episodes. Lancet 1995;345(8941):17-20; doi:
10.1016/S0140-6736(95)91152-9

Oliver JD. Recent findings on the viable but nonculturable state
in pathogenic bacteria. FEMS Microbiol Rev 2010;34(4):
415-425; doi: 10.1111/j.1574-6976.2009.00200.x

Oliver JD. The viable but nonculturable state in bacteria.
J Microbiol 2005;43 Spec No:93-100.


http://dx.doi.org/10.1128/AEM.01435-12
http://dx.doi.org/10.1038/nbt.3880
http://dx.doi.org/10.1038/nbt.3880
http://dx.doi.org/10.1111/maps.14227
http://dx.doi.org/10.5555/uri:pii:0022214370901897
http://dx.doi.org/10.1029/2020JE006803
http://dx.doi.org/10.1080/15275920590952739
http://dx.doi.org/10.1080/15275920590952739
http://dx.doi.org/10.1186/s40168-018-0420-9
http://dx.doi.org/10.1186/s40168-018-0420-9
http://dx.doi.org/10.1038/s41522-021-00209-4
http://dx.doi.org/10.1038/s41522-021-00209-4
https://www.lpi.usra.edu/ANGSA
http://dx.doi.org/10.1007/s11214-012-9879-z
http://dx.doi.org/10.1371/journal.pone.0134848
http://dx.doi.org/10.1111/2041-210X.13772
http://dx.doi.org/10.1089/ast.2022.0049
http://dx.doi.org/https://www.hou.usra.edu/meetings/lpsc2025/pdf/2718.pdf
http://dx.doi.org/https://www.hou.usra.edu/meetings/lpsc2025/pdf/2718.pdf
http://dx.doi.org/10.1007/s11214-019-0615-9
http://dx.doi.org/10.1126/science.273.5277.924
http://dx.doi.org/10.1126/science.155.3762.525
http://dx.doi.org/10.1126/science.155.3762.525
http://dx.doi.org/10.1089/ast.2011.0805
http://dx.doi.org/10.1007/s11214-020-00783-7
http://dx.doi.org/10.1038/ismej.2007.98
http://dx.doi.org/10.1089/ast.2012.0906
http://dx.doi.org/10.1089/ast.2012.0906
http://dx.doi.org/10.1111/1462-2920.12153
https://mars.nasa.gov/mars-rock-samples
http://dx.doi.org/10.1016/j.fsigen.2008.02.008
http://dx.doi.org/10.1128/AEM.02987-06
http://dx.doi.org/10.1016/S0140-6736(95)91152-9
http://dx.doi.org/10.1111/j.1574-6976.2009.00200.x

Downloaded by MPI Sonnensystemforschung MPI 359 from www.liebertpub.com at 10/23/25. For personal use only.

SRF CONTAMINATION PANEL FINAL REPORT

Orlando L, Allaby R, Skoglund P, et al. Ancient DNA analysis.
Nat Rev Methods Primers 2021;1(1):1-26; doi: 10.1038/
s43586-020-00011-0

Osterhout JT, Farley KA, Wadhwa M, et al. Helium leak rate
measurements of flight-like mars 2020 sample tubes. Astrobi-
ology 2024;24(1):36-43; doi: 10.1089/ast.2023.0002

Pace NR. A molecular view of microbial diversity and the bio-
sphere. Science 1997;276(5313):734-740; doi: 10.1126/
science.276.5313.734

Pavsic J, Zel J, Milavec M. Digital PCR for direct quantification
of viruses without DNA extraction. Anal Bioanal Chem
2016;408(1):67-75; doi: 10.1007/s00216-015-9109-0

Peacos P. Using Contamination Rates For Environmental Moni-
toring Trending-It’s Not Just For Clean Rooms. 2018. Avail-
able from: https://www.americanpharmaceuticalreview.com/
Featured-Articles/347267-Using-Contamination-Rates-For-
Environmental-Monitoring-Trending-It-s-Not-Just-For-
Clean-Rooms/ [Last accessed: November 16, 2023].

Pernthaler A, Amann R. Simultaneous fluorescence in situ
hybridization of mRNA and rRNA in environmental bacteria.
Appl Environ Microbiol 2004;70(9):5426-5433; doi: 10
.1128/AEM.70.9.5426-5433.2004

Pernthaler J, Glockner F-O, Schonhuber W, et al. Fluorescence
in Situ Hybridization (FISH) with rRNA-Targeted Oligonu-
cleotide Probes. In: Methods in Microbiology. Marine Micro-
biology. Academic Press; 2001; pp. 207-226; doi: 10.1016/
S0580-9517(01)30046-6

Pollack JH, Neuhaus FC. Changes in wall teichoic acid during the
rod-sphere transition of bacillus subtilis 168. J Bacteriol 1994;
176(23):7252-7259; doi: 10.1128/jb.176.23.7252-7259.1994

Probst AJ, Facius R, Wirth R, et al. Recovery of bacillus spore
contaminants from rough surfaces: A challenge to space mis-
sion cleanliness control. Appl Environ Microbiol 2011;77(5):
1628-1637; doi: 10.1128/AEM.02037-10

Probst AJ, Vaishampayan P, Osman S, et al. Diversity of anaer-
obic microbes in spacecraft assembly clean rooms. Appl
Environ Microbiol 2010;76(9):2837-2845; doi: 10.1128/
AEM.02167-09

Quince C, Walker AW, Simpson JT, et al. Shotgun metagenom-
ics, from sampling to analysis. Nat Biotechnol 2017;35(9):
833-844; doi: 10.1038/nbt.3935

Rachel R, Meyer C, Klingl A, et al. Chapter 3 - Analysis of the
ultrastructure of archaea by electron microscopy. In: Methods
in Cell Biology. Electron Microscopy of Model Systems.
(Miiller-Reichert T, ed.) Academic Press; 2010; pp. 47-69;
doi: 10.1016/S0091-679X(10)96003-2

Regberg AB, Burton AS, Castro CL, et al. Microbial ecology of
the johnson space center meteorite curation lab and associ-
ated infrastructure. In: 49th Lunar and Planetary Science
Conference Woodlands, Texas. 2018; pp. 2056.

Righter K, Lunning NG, Nakamura-Messenger K, et al. Cura-
tion planning and facilities for asteroid Bennu samples
returned by the OSIRIS-RExX mission. Meteorit & Planetary
Scien 2023;58(4):572-590; doi: 10.1111/maps.13973

Robin JD, Ludlow AT, LaRanger R, et al. Comparison of DNA
quantification methods for next generation sequencing. Sci
Rep 2016;6(1):24067; doi: 10.1038/srep24067

Sakamoto K, Takano Y, Sawada H, et al.; The Hayabusa2 Pro-
ject Team. Environmental assessment in the prelaunch phase
of hayabusa?2 for safety declaration of returned samples from
the asteroid (162173) Ryugu: Background monitoring and
risk management during development of the sampler system.

29

Earth Planets Space 2022;74(1):90; doi: 10.1186/s40623-
022-01628-z

Salter SJ, Cox MJ, Turek EM, et al. Reagent and laboratory con-
tamination can critically impact sequence-based microbiome
analyses. BMC Biol 2014;12(1):87; doi: 10.1186/512915-
014-0087-z

Sanders R, Huggett JF, Bushell CA, et al. Evaluation of digital
PCR for absolute DNA quantification. Anal Chem 2011;
83(17):6474-6484; doi: 10.1021/ac103230c

Sandford SA, Bajt S, Clemett SJ, et al. Assessment and control of
organic and other contaminants associated with the stardust sam-
ple return from comet 81P/Wild 2. Meteorit & Planetary Scien
2010;45(3):406-433; doi: 10.1111/j.1945-5100.2010.01031.x

Sasselov DD, Grotzinger JP, Sutherland JD. The origin of life
as a planetary phenomenon. Sci Adv 2020;6(6):eaax3419;
doi: 10.1126/sciadv.aax3419

Scheller EL, Hollis JR, Cardarelli EL, et al. Aqueous alteration
processes in Jezero Crater, Mars—implications for Organic
Geochemistry. Science 2022;378(6624):1105-1110; doi: 10
.1126/science.abo5204

Schmitt-Kopplin P, Matzka M, Ruf A, et al. Complex carbona-
ceous matter in Tissint Martian meteorites give insights into
the diversity of organic geochemistry on mars. Sci Adv 2023;
9(2):eadd6439; doi: 10.1126/sciadv.add6439

Sephton MA, Botta O. Extraterrestrial organic matter and the
detection of life. Space Sci Rev 2008;135(1-4):25-35; doi: 10
.1007/s11214-007-9171-9

Sephton MA. Organic matter in ancient meteorites. Astronomy
& Geophysics 2004;45(2):2.8-2.14; doi: 10.1046/j.1468-
4004.2003.45208.x

Sharma S, Roppel RD, Murphy AE, et al. Diverse organic-
mineral associations in Jezero Crater, Mars. Nature 2023;
619(7971):724-732; doi: 10.1038/s41586-023-06143-z

Siddig AAH, Ellison AM, Ochs A, et al. How do ecologists select
and use indicator species to monitor ecological change? Insights
from 14 years of publication in Ecological Indicators. Ecol
Indic 2016;60:223-230; doi: 10.1016/j.ecolind.2015.06.036

Slyuta E. CHAPTER 3-The Luna Program. In: Sample Return
Missions. (Longobardo A., ed.) Elsevier; 2021; pp. 37-C78;
doi: 10.1016/B978-0-12-818330-4.00003-3

Steele A, Benning LG, Wirth R, et al. Organic synthesis associ-
ated with serpentinization and carbonation on early mars. Sci-
ence 2022;375(6577):172-177; doi: 10.1126/science.abg7905

Steele A, Benning LG, Wirth R, et al. Organic synthesis on
mars by electrochemical reduction of CO2. Sci Adv 2018;
4(10):eaat5118; doi: 10.1126/sciadv.aat5118

Steele A, McCubbin FM, Fries MD. The provenance, formation,
and implications of reduced carbon phases in Martian meteor-
ites. Meteorit & Planetary Scien 2016;51(11):2203-2225;
doi: 10.1111/maps.12670

Steele A, McCubbin FM, Fries M, et al. A reduced organic car-
bon component in Martian basalts. Science 2012;337(6091):
212-215; doi: 10.1126/science.1220715

Stern JC, Malespin CA, Eigenbrode JL, et al. Organic carbon
concentrations in 3.5-billion-year-old lacustrine mudstones of
mars. Proc Natl Acad Sci U S A 2022;119(27):e2201139119;
doi: 10.1073/pnas.2201139119

Stewart EJ. Growing unculturable bacteria. J Bacteriol 2012;
194(16):4151-4160; doi: 10.1128/jb.00345-12

Stieglmeier M, Wirth R, Kminek G, et al. Cultivation of anaero-
bic and facultatively anaerobic bacteria from spacecraft-


http://dx.doi.org/10.1038/s43586-020-00011-0
http://dx.doi.org/10.1038/s43586-020-00011-0
http://dx.doi.org/10.1089/ast.2023.0002
http://dx.doi.org/10.1126/science.276.5313.734
http://dx.doi.org/10.1126/science.276.5313.734
http://dx.doi.org/10.1007/s00216-015-9109-0
https://www.americanpharmaceuticalreview.com/Featured-Articles/347267-Using-Contamination-Rates-For-Environmental-Monitoring-Trending-It-s-Not-Just-For-Clean-Rooms/
https://www.americanpharmaceuticalreview.com/Featured-Articles/347267-Using-Contamination-Rates-For-Environmental-Monitoring-Trending-It-s-Not-Just-For-Clean-Rooms/
https://www.americanpharmaceuticalreview.com/Featured-Articles/347267-Using-Contamination-Rates-For-Environmental-Monitoring-Trending-It-s-Not-Just-For-Clean-Rooms/
https://www.americanpharmaceuticalreview.com/Featured-Articles/347267-Using-Contamination-Rates-For-Environmental-Monitoring-Trending-It-s-Not-Just-For-Clean-Rooms/
http://dx.doi.org/10.1128/AEM.70.9.5426-5433.2004
http://dx.doi.org/10.1128/AEM.70.9.5426-5433.2004
http://dx.doi.org/10.1016/S0580-9517(01)30046-6
http://dx.doi.org/10.1016/S0580-9517(01)30046-6
http://dx.doi.org/10.1128/jb.176.23.7252-7259.1994
http://dx.doi.org/10.1128/AEM.02037-10
http://dx.doi.org/10.1128/AEM.02167-09
http://dx.doi.org/10.1128/AEM.02167-09
http://dx.doi.org/10.1038/nbt.3935
http://dx.doi.org/10.1016/S0091-679X(10)96003-2
http://dx.doi.org/10.1111/maps.13973
http://dx.doi.org/10.1038/srep24067
http://dx.doi.org/10.1186/s40623-022-01628-z
http://dx.doi.org/10.1186/s40623-022-01628-z
http://dx.doi.org/10.1186/s12915-014-0087-z
http://dx.doi.org/10.1186/s12915-014-0087-z
http://dx.doi.org/10.1021/ac103230c
http://dx.doi.org/10.1111/j.1945-5100.2010.01031.x
http://dx.doi.org/10.1126/sciadv.aax3419
http://dx.doi.org/10.1126/science.abo5204
http://dx.doi.org/10.1126/science.abo5204
http://dx.doi.org/10.1126/sciadv.add6439
http://dx.doi.org/10.1007/s11214-007-9171-9
http://dx.doi.org/10.1007/s11214-007-9171-9
http://dx.doi.org/10.1046/j.1468-4004.2003.45208.x
http://dx.doi.org/10.1046/j.1468-4004.2003.45208.x
http://dx.doi.org/10.1038/s41586-023-06143-z
http://dx.doi.org/10.1016/j.ecolind.2015.06.036
http://dx.doi.org/10.1016/B978-0-12-818330-4.00003-3
http://dx.doi.org/10.1126/science.abg7905
http://dx.doi.org/10.1126/sciadv.aat5118
http://dx.doi.org/10.1111/maps.12670
http://dx.doi.org/10.1126/science.1220715
http://dx.doi.org/10.1073/pnas.2201139119
http://dx.doi.org/10.1128/jb.00345-12

Downloaded by MPI Sonnensystemforschung MPI 359 from www.liebertpub.com at 10/23/25. For personal use only.

30

associated clean rooms. Appl Environ Microbiol 2009;
75(11):3484-3491; doi: 10.1128/AEM.02565-08

Stinson LF, Keelan JA, Payne MS. Identification and removal
of contaminating microbial DNA from PCR reagents: Impact
on low-biomass microbiome analyses. Lett Appl Microbiol
2019;68(1):2-8; doi: 10.1111/lam.13091

Sugahara H, Takano Y, Karouji Y, et al.; Hayabusa2 project
team. Amino acids on witness coupons collected from the
ISAS/JAXA curation facility for the assessment and quality
control of the Hayabusa2 sampling procedure. Earth Planets
Space 2018;70(1):194; doi: 10.1186/s40623-018-0965-7

Summons RE, Sessions AL, Allwood AC, et al. Planning con-
siderations related to the organic contamination of Martian
samples and implications for the mars 2020 rover. Astrobiol-
0gy 2014;14(12):969-1027; doi: 10.1089/ast.2014.1244

Sutter B, McAdam AC, Mahaffy PR, et al. Evolved gas analyses
of sedimentary rocks and eolian sediment in gale crater, mars:
Results of the curiosity rover’s sample analysis at mars instru-
ment from Yellowknife Bay to the Namib Dune. JGR Planets
2017;122(12):2574-2609; doi: 10.1002/2016JE005225

Szopa C, Freissinet C, Glavin DP, et al. First detections of
dichlorobenzene isomers and trichloromethylpropane from
organic matter indigenous to mars mudstone in gale crater,
mars: Results from the sample analysis at mars instrument
onboard the curiosity rover. Astrobiology 2020;20(2):
292-306; doi: 10.1089/ast.2018.1908

Tait KT, McCubbin FM, Smith CL, et al. Preliminary Planning
for Mars Sample Return (MSR) Curation Activities in a Sam-
ple Receiving Facility (SRF). Astrobiology 2022;22(S1):
S57-S80; doi: 10.1089/ast.2021.0105

Teece BL, Beaty DW, McDonnell G, et al. The abiotic back-
ground as a central component of a sample safety assessment
protocol for sample return. Astrobiology 2025.

Thomas AM, Segata N. Multiple levels of the unknown in
microbiome research. BMC Biol 2019;17(1):48; doi: 10
.1186/512915-019-0667-z

Thomas-Keprta KL, Clemett SJ, Gibson EK, et al. Indigenous
carbon-rich matter associated with unusual aqueous alteration
features in Nakhla: Complex formation and preservation his-
tory. Geochim Cosmochim Acta 2022;320:41-78; doi: 10
.1016/j.gca.2021.12.010

Thomas-Keprta KL, Clemett SJ, Messenger S, et al. Organic
matter on the earth’s moon. Geochim Cosmochim Acta 2014;
134:1-15; doi: 10.1016/j.gca.2014.02.047

Tyson GW, Banfield JF. Cultivating the uncultivated: A com-
munity genomics perspective. Trends Microbiol 2005;13(9):
411-415; doi: 10.1016/j.tim.2005.07.003

van Arkel A, Willemsen I, Kluytmans J. The correlation
between ATP measurement and microbial contamination of
inanimate surfaces. Antimicrob Resist Infect Control 2021;
10(1):116; doi: 10.1186/s13756-021-00981-0

Veal DA, Deere D, Ferrari B, et al. Fluorescence staining and
flow cytometry for monitoring microbial cells. J Immunol
Methods 2000;243(1-2):191-210; doi: 10.1016/S0022-
1759(00)00234-9

Venkateswaran K, Vaishampayan P, Benardini JN, et al. Depo-
sition of extreme-tolerant bacterial strains isolated during dif-
ferent phases of phoenix spacecraft assembly in a public
culture collection. Astrobiology 2014;14(1):24-26; doi: 10
.1089/ast.2013.0978

Wang X, Howe S, Deng F, et al. Current applications of absolute
bacterial quantification in microbiome studies and decision-

SESSIONS ET AL.

making regarding different biological questions. Microorgan-
isms 2021;9(9):1797; doi: 10.3390/microorganisms9091797

Weinmaier T, Probst AJ, La Duc MT, et al. A viability-linked
metagenomic analysis of cleanroom environments: Eukarya,
prokaryotes, and viruses. Microbiome 2015;3(1):62-14; doi:
10.1186/s40168-015-0129-y

Wenning M, Scherer S. Identification of microorganisms by
FTIR spectroscopy: Perspectives and limitations of the
method. Appl Microbiol Biotechnol 2013;97(16):7111-7120;
doi: 10.1007/s00253-013-5087-3

WHO. WHO Good Practices for Research and Development
Facilities of Pharmaceutical Products. WHO Technical
Report Series. WHO; 2011.

Wright IP, Russell SS, Boyd SR, et al. Xylan: A potential con-
taminant for lunar samples and Antarctic meteorites. Lunar
and Planetary Science Conference Proceedings 1992;22:
449-458.

Xu H-S, Roberts N, Singleton FL, et al. Survival and viability
of nonculturableescherichia coli andvibrio cholerae in the
estuarine and marine environment. Microb Ecol 1982;8(4):
313-323; doi: 10.1007/BF02010671

Yeh Y-C, McNichol J, Needham DM, et al. Comprehensive
single-PCR 16S and 18S rRNA community analysis validated
with mock communities, and estimation of sequencing bias
against 18S. Environ Microbiol 2021;23(6):3240-3250; doi:
10.1111/1462-2920.15553

Yilmaz S, Allgaier M, Hugenholtz P. Multiple displacement
amplification compromises quantitative analysis of metage-
nomes. Nat Methods 2010;7(12):943-944; doi: 10.1038/
nmeth1210-943

Zhang S, Gitungo S, Dyksen JE, et al. Indicator compounds repre-
sentative of Contaminants of Emerging Concern (CECs) found
in the water cycle in the United States. Int J Environ Res Public
Health 2021;18(3):1288; doi: 10.3390/ijerph 18031288

Zhu H, Zhang H, Xu Y, et al. PCR past, present and future. Bio-
techniques 2020;69(4):317-325; doi: 10.2144/btn-2020-0057

Address correspondence to:
Brandi L. Carrier

NASA Jet Propulsion Laboratory
California Institute of Technology
4800 Oak Grove Drive

MS 321-630

Pasadena

CA 91109-8001

USA

E-mail: bcarrier @jpl.nasa.gov

Submitted August 2, 2025
Accepted September 7, 2025
Associate Editor: Sherry L. Cady

Abbreviations Used

ACA = adaptive caching assembly
AMC = airborne molecular contamination
ATLO = Assembly, Test, and Launch Operations
ATP = adenosyl triphosphate
BTEX = benzene, toluene, ethylbenzene, xylene
CC = contamination control



http://dx.doi.org/10.1128/AEM.02565-08
http://dx.doi.org/10.1111/lam.13091
http://dx.doi.org/10.1186/s40623-018-0965-7
http://dx.doi.org/10.1089/ast.2014.1244
http://dx.doi.org/10.1002/2016JE005225
http://dx.doi.org/10.1089/ast.2018.1908
http://dx.doi.org/10.1089/ast.2021.0105
http://dx.doi.org/10.1186/s12915-019-0667-z
http://dx.doi.org/10.1186/s12915-019-0667-z
http://dx.doi.org/10.1016/j.gca.2021.12.010
http://dx.doi.org/10.1016/j.gca.2021.12.010
http://dx.doi.org/10.1016/j.gca.2014.02.047
http://dx.doi.org/10.1016/j.tim.2005.07.003
http://dx.doi.org/10.1186/s13756-021-00981-0
http://dx.doi.org/10.1016/S0022-1759(00)00234-9
http://dx.doi.org/10.1016/S0022-1759(00)00234-9
http://dx.doi.org/10.1089/ast.2013.0978
http://dx.doi.org/10.1089/ast.2013.0978
http://dx.doi.org/10.3390/microorganisms9091797
http://dx.doi.org/10.1186/s40168-015-0129-y
http://dx.doi.org/10.1007/s00253-013-5087-3
http://dx.doi.org/10.1007/BF02010671
http://dx.doi.org/10.1111/1462-2920.15553
http://dx.doi.org/10.1038/nmeth1210-943
http://dx.doi.org/10.1038/nmeth1210-943
http://dx.doi.org/10.3390/ijerph18031288
http://dx.doi.org/10.2144/btn-2020-0057
mailto:bcarrier@jpl.nasa.gov

Downloaded by MPI Sonnensystemforschung MPI 359 from www.liebertpub.com at 10/23/25. For personal use only.

SRF CONTAMINATION PANEL FINAL REPORT

31

Abbreviations Used (Cont.)

c¢GMP = Good Manufacturing Practice
CFU = colony forming units
CK = contamination knowledge
DBA = Dirillable Blank Assembly
DHMR = dry heat microbial reduction
dPCR = digital polymerase chain reaction
ESA = European Space Agency
ExoMars = a Mars rover mission scheduled for launch
in 2020
EU = European Union
FTIR = Fourier transform-infrared spectroscopy
GC/MS = gas chromatography-mass spectrometry
GNB = gram-negative bacteria
GPB = gram-positive bacteria
ISAS = Institute of Space and Astronautical Science
IPA = isopropyl alcohol
JAXA = Japan Aerospace Exploration Agency
JSC = NASA Johnson Space Center
LAL = amoebocyte lysate
LC/MS = liquid chromatography-mass spectrometry
LPS = lipopolysaccharide
MSR = Mars Sample Return
OCP = Organic Contamination Panel
MDA = multi-displacement amplification
NASA = National Aeronautical and Space
Administration

NMR = nuclear magnetic resonance
PAHSs = polyaromatic hydrocarbons
PCR = polymerase chain reaction
PI = propidium iodide
PIXL = planetary instrument for X-ray lithochemistry,
an instrument on the M-2020 mission
PMA = propidium monoazide
PP = planetary protection
PPE = personal protective equipment
gPCR = quantitate polymerase chain reaction
REE = rare Earth elements
SAM = Sample Analysis at Mars, an instrument on
the Curiosity rover
SCP = Sample Receiving Facility (SRF)
Contamination Panel; Sample Receiving
Facility Contamination Panel
SHERLOC = Scanning Habitable Environments for
Raman and Luminescence, an instrument
on the M-2020 mission
SIH = sample-intimate hardware
SRF = Sample Receiving Facility
SRP = Sample Receiving Project
TA = teichoic acids
TOC = total organic carbon
VBNC = viable but non-culturable
VOC = volatile organic carbon
WTAs = witness tube assemblies




