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Abstract—A method for evaluating the probability of a Viable
Earth Microorganism (VEM) contaminating a sample during
the sample acquisition and handling (SAH) process of a po-
tential future Mars Sample Return mission is developed. A
scenario where multiple core samples would be acquired us-
ing a rotary percussive coring tool, deployed from an arm on
a MER class rover is analyzed. The analysis is conducted in a
structured way by decomposing sample acquisition and han-
dling process into a series of discrete time steps, and break-
ing the physical system into a set of relevant components. At
each discrete time step, two key functions are defined: The
probability of a VEM being released from each component,
and the transport matrix, which represents the probability of
VEM transport from one component to another. By defining
the expected the number of VEMs on each component at the
start of the sampling process, these decompositions allow the
expected number of VEMs on each component at each sam-
pling step to be represented as a Markov chain. This formal-
ism provides a rigorous mathematical framework in which to
analyze the probability of a VEM entering the sample chain,
as well as making the analysis tractable by breaking the pro-
cess down into small analyzable steps.
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1. INTRODUCTION

Probabilistic round-trip-contamination analysis (PRA), the
probability that a Martian sample is contaminated by a Viable
Earth Microorganism (VEM) and is then returned to earth
during a sample return mission, is of critical importance for a
potential future sample return mission. Calculating the prob-
ability of a VEM entering into the sample chain is inherently
difficult, due to the many components of any sample and han-
dling system, and the corresponding complexity of the sam-
pling and handling sequence. This paper assumes a potential
future sample return mission which would not deploy a com-
pletely sterile system. Instead it is assumed that critical com-
ponents of the system (such as the handling system) would be
sterile, but other components such as the rover body would be
cleaned to a reduced, but not sterile, level of microorganisms.
A non-sterile rover would drastically decrease the cost of a
potential future mission.

The analysis framework developed here was built while con-
sidering an example of an end-to-end sample and handling
chain: The Integrated Mars Sample Acquisition and Handling
(IMSAH) system concept, currently being developed to pro-
vide a possible path forward for a future Mars cashing mis-
sion [1]. The IMSAH system includes the complete process
of obtaining a rock core sample using a Sample Acquisition
Tool (SAT) mounted on a MER class rover, and preparing
the samples for potential return to Earth by encapsulating and
storing them in a return canister. The IMSAH system concept
would consist of a rover arm, referred to as the Tool deploy-
ment device (TDD), an arm mounted rotary-percussive coring
tool (SAT), and a Sample Handling, Encapsulation and Con-
tainerization (SHEC) subsystem.

The goal of this paper is twofold: first, to develop an analysis
method for evaluating the PRA of the IMSAH system. This
involves analyzing the IMSAH process, providing all possible
contamination pathways that a VEM could enter core sam-
ple, and evaluating the probability of each of these pathways.
Secondly, by creating a rigorous framework for PRA anal-
ysis, the limitations and gaps in the current particle release
and transport models are considered to provide a road map
forward for refining contamination estimates. Because of the
limited modeling analysis conducted on some contamination
pathways in this paper, the developed analysis framework is
the primary product, as opposed to the presented PRA con-
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These 12 steps are further broken down by each component
interaction in Figure 6. Illustrations of various IMSAH sam-
pling steps are shown in Figure 7.

3. MOVEMENT ANALYSIS FRAMEWORK

The MoVEMenT framework, which stands for Markovian
VEM Transport, has been created specifically to provide a
complete description of all contamination pathways in a sam-
ple and handling (SAH) system, while making PRA analysis
tractable by breaking the analysis into small discrete steps.

MoVEMenT decomposes the sample and handling (SAH)
process into a set of discrete steps or operations, and also
breaks the physical SAH system into a set of relevant com-
ponents. This requires two inputs from the user: a complete
description of all steps in the SAH process and a complete list
of relevant components (or component groups) of the SAH
system (see Section 2).

MoVEMenT requires two definitions from the user: a list of
the n relevant components C = {Ci}ni=1 of the SAH system,
and a description of each step, Sk , of the SAH process. For
example, the IMSAH system (Sec. 2) has n = 14 relevant
component groups, and 10 discrete steps, in the SAH process.

Significant to the MoVEMenT framework, one of the com-
ponent groups of the SAH system is the sample itself. For
IMSAH, component C14 = sample area. The goal of MoVE-
MenT is then to estimate the expected number of VEMS on
each component after each discrete step Sk of the SAH pro-
cess. Let:

Ek (Vi) = E [number of V EMs on Ci after step Sk]
(1)

For example, after 10 steps of the IMSAH process, E10 [V14]
is the expected number of VEMS on the core sample. With a
well designed and cleaned SAH system, the expected number
of VEMS on the sample area should always be significantly
less than one, i.e., Ek [V14] << 1. In this case, the expecta-
tion can then be interpreted as the probability that the sample
(C14) has been contaminated with at least one VEM. This
interpretation is slightly conservative, but becomes exact as
Ek [V14]→ 0.

MoVEMenT uses a temporal Markovian decomposition for
estimating Ek [Vi]. Simply, it is assumed that the number of
VEMS on any component Ci at the end of SAH step Sk, only
depends on the distribution of VEMS over the components
set C at the end of step Sk−1.

The movement of VEMS between the components in set C
during step Sk components of the SAH system components at
each SAH step is assumed to be modeled by two independent
phenomena. First for a VEM to move from component Ci to
Cj a VEM carrying particle needs to be released from com-
ponent Ci. The probability of a VEM being released from

component Ci during step Sk is:

Pk (Ri) = P

 a V EM carrying particle is
released from component Ci

during Sk

 (2)

Note that this document will use the “number of VEMS” and
the “number of particles carrying VEMS” interchangeably.
This is due to the assumption that the expected number of
VEMS on any given particle within the size-range of interest
(0-300 µm) is << 1. For example even for a 300 µm parti-
cle, there is only a 0.0053 chance it contains a VEM (Section
4). The probability of VEM release from a given component
will need to be modeled in an appropriate way. Section 5
discusses and models different release mechanisms including
vibration, wind, and tribioletric charging.

After a VEM carrying particle has been released from compo-
nent Ci, the particle is potentially able to contaminate com-
ponent Cj . The particle transport model is encapsulated in
the probability:

Pk (Tij) = P

(
a released particle from Ci is
transported to Cj during Sk

)
(3)

It is assumed that if a particle reaches a new component Cj ,
that it will adhere to that component with probability 1. This
assumption could be relaxed in the future if required.

The estimated number of VEMS on any component can now
be written in terms of the expected distribution of VEMS on
all components at the end of the previous sample and handling
step Sk−1

Ek [Vj ] = (1− Pk(Rj))Ek−1 [Vj ] + (4)∑N
i=1 Pk(Tij)Pk(Ri)Ek−1 [Vi]

For convenience, this can be written as a standard Markov
chain:

Ek[V ] = AkEk−1 [V ] , (5)

where V = [V1, ..., VN ]T , and:

Ak = [(Ak)ij ] =

{
1− Pk(Ri) + Pk(Tii)Pk(Ri) if i = j

P (Tij)Pk(Ri) else
(6)

Writing the expectation of the contamination of each compo-
nent as a Markov chain (5) has several advantages. First, it
allows for verification that all of the component probabilities
Pk(Ri) and Pk(Tij) are self consistent. In short, the rows of
the matrix [Tij ] and the matrix Ak should sum to 1. Check-
ing this for self consistency will eliminate many overlooked
probabilities and typographical errors. Furthermore, as the
expectation at several steps Sk of the sampling process are
executed, it should be verified that

∑
(Ek[V ]) =

∑
(Ek′ [V ]),

∀ k, k′ ∈ 1, ...,K, that is the total expected number of VEMs
remains constant.

Also, many useful properties of Markov chains can be utilized
in the final analysis of the sample contamination pathways.
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Figure 7. Selected IMSAH concept sequence steps: a) The rover is in state S1, stationary in front of the rock. b)-d) shows part
of S2, where the SAT picks up the core bit. S5 is shown from e)-f) where the SAT to the rock. f)- Start of the coring

For instance, the composition of multiple transition kernels
Ak will give the contribution of contaminates in the sample
from each component source. For example, in the IMSAH
concept system, after 10 sampling steps, the columns of the
composition:

A′ = A10A9...A2A1 (7)

will give the expected destinations (or source) of a contami-
nate from (to) each component.

The remaining work in this document will approach estimat-
ing the various probabilities Pk(Ri) and Pk(Tij) associate
with each sampling and handling step Sk. While this MoVE-
MenT framework does not make this further analysis any eas-
ier, it provides a method to analyze all of these problems
on their own and then integrate them in a reliable way. If
it is difficult to ascertain some of the probabilities Pk(Ri)
and Pk(Tij), then the sensitivity of the final expectations to
these probabilities can be analyzed in a straightforward way
by considering intuitive metrics like analyzing the change in
the columns of A′.

4. INITIAL CONTAMINATION LEVELS

The initial contamination level for IMSAH system compo-
nents were assumed to either be dirty at a 300 VEMs/m2

level, or sterile. The 300 VEMs/m2 level is assumed as an
approximation for fallout in a class 100K clean room. For this
contamination level, a distribution of corresponding particle
sizes and an estimate of the number of VEMs per particle is
defined from [2] and [3].

In [3] the particle size distribution is based on data obtained

with a Pentagon sampling device for particles smaller than
10 µm. The particle size distribution was then extended by
scaling the MIL-STD-1446 distribution to fit the spore data
for the spore-per-particle model derived in [2].

The final particle size distribution and the number of VEMS
per particle are given in Figure 8. This 300 VEMs/m2 level
of contamination will be used for all non-sterilized parts in
the analysis.
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