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Executive Summary

The Time-Temperature Tiger Team (T4) was chartered by NASA and ESA to evaluate the potential for degradation or
alteration of the Mars Sample Return (MSR) samples if they are exposed to temperatures between +30 and +60 °C,
and to what extent this alteration may reduce the scientific value of the samples. Thirteen scientists were selected to
represent scientific disciplines expected to be most affected by sample heating. Team expertise helped in understanding
whether exposing samples to temperatures between +30 and +60 °C poses risk to the sample integrity and, therefore,
to future scientific investigations.

Key processes identified were as follows: the release of volatiles by desorption and sublimation and release from
condensed phases (interiors, decomposition, dehydration); chemical reactions including gas-gas and gas-solid;
deliquescence of hygroscopic salts; acid/base interactions (potential for extreme pH conditions); aqueous redox
reactions, isotopic exchange (aqueous phases, minerals, gases, organic phases); condensation and freezing (in the after-
heating cooling phase); and interactions with the sample tube materials. There is potential for multiple interactions and



overlapping effects.

For inorganic materials and their records, over both long time scales (hours to days) and short time scales (minutes to
hours), no temperature excursion above +30 °C could be accommodated without loss of science. There would be some
robust constituents (feldspars, quartz, pyroxenes, etc.) that are unaffected but also less robust constituents (salts,
phyllosilicates, radicals, etc.) that would be affected across all temperature ranges <60 °C.

For organic materials, in particular organic biosignatures, the risks reflect that preservation is reliant on a number of
processes, and a change in one component within a sample tube can affect another. For organic materials, over long
timescales of hours to days no temperature excursion above +30 °C could be accommodated without loss of science,
but over shorter time scales (minutes to hours), raising the temperature to 40 °C could be manageable without major
disruption to science, whereas temperatures above 40 °C would lead to significant losses.

The consideration of these findings by the MSR team will help to maintain the fidelity of samples returned from Mars
in the future and maximize scientific return when analyzed in Earth laboratories.

1. Introduction

Mars Sample Return (MSR) has been a top priority of the planetary science community for decades due to its potential
to significantly advance our understanding of Mars, our solar system and beyond, including in diverse disciplines such
as astrobiology, geology, geochemistry, and many others. The joint NASA-ESA MSR Campaign intends to collect
samples of Mars rocks, regolith, and atmosphere and return them to Earth. Once samples have arrived in Earth
laboratories, they would be subjected to analytical procedures that provide unprecedented levels of sensitivity, accurcy,
and resolution. MSR is a multi-agency effort, and the first stage of the campaign is underway with the NASA
Mars2020 Perseverance rover mission collecting and caching samples on the surface of Mars. Future stages will
involve the collection of cached samples and the planned return of samples in the 2030s.

1.1. Temperature and Mars Sample Return
Each individual Mars 2020 (M2020) sample tube has an interior diameter of 1.3 cm and a maximum possible core
length of 7.6 cm, which gives each a maximum capacity of 10 cm® of sample material (Moeller et al., 2021). An intact

core of unaltered basalt (0 = 3.0 g cm™) fully occupying the tube would weigh ~30 g; porous rocks, fragmented
samples, or regolith could fully occupy the tube with as little as ~10 g of solid sample; and tubes only partially filled
could contain even less.

At certain times during the MSR Campaign, there is a possibility of the maximum allowable temperature, as defined
by mission requirements, being violated for the Returnable Sample Tube Assemblies (RSTAs; Fig. 1). To minimize
heating while exposed to sunlight, the tube surfaces are coated with a white “paint” to reduce thermal absorptivity.
However, white paint was not applied to portions of the tube involved in tube manipulation. The heterogeneity in
coating color will cause the tube to experience uneven heating. The modeled worst-case heating (WCH) of a sample
tube cached at Jezero Crater is shown in Fig. 1 (Novak et al. 2022). The thicker end of the tube will achieve the highest
temperatures, because of the unpainted surface present.

The maximum calculated temperature for the upper portion of the tube that is used for sample tube manipulation is
+53.4 °C. However, the temperature of the tube will be significantly lower in much of the cylindrical portion that holds
the sample, where the temperature increase will only be to about +30 °C in the modeled WCH. It remains unclear how
tube temperature relates to sample temperature for different potential sample types and orientations inside the tube.
These calculations also assume that no heat is transferred to the ground; in the more realistic scenarios described below
there are operational parameters that could limit the maximum level of heating. To provide more realistic sample
temperature estimates, additional thermal modeling of the sample temperature inside the cached tubes will be required
now that the collected sample compositions and cached locations in the Three Forks depot are known.
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FIG. 1 Worst-case heating of an empty sample tube cached at Jezero Crater based on M2020 modeling (Novak et al. 2022). Approximately 25%
of the tube could exceed 40°C but significant portions of the tube remain at <35 °C. It is unclear how tube temperature relates to the temperature
of the collected sample for different potential sample types.

Based on the analysis by the Returned Sample Science Board (RSSB, 2018), M2020 accepted a requirement that no
single point on any single sample would reach a temperature in excess of +60°C (with the possible exception of the
outer 1 mm of cored samples during drilling due to frictional heating). While cached on the ground, the sample tubes
will be subject to diurnal solar radiation. This will cause the temperature of the samples to increase during the day and
decrease during the night. Whether the requirement will be met was assessed by worst-case modeling of the
temperature of the samples when exposed to diurnal heating on the martian surface while cached (see Fig. 2).
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FIG. 2 Graphic illustration of the closed form thermal model used by Redmond et al. (2017) to model the temperature of the sample tubes in
response to exposure at the martian surface.

With regard to the quantitative modeling described in the previous section, several factors that relate to the heat flux
need to be considered. There are three primary aspects related to how the sample tubes are cached that affect their
temperature: i) the thermal inertia of the substrate, ii) the albedo of the ground, and iii) the ground slope (which affects
the solar insolation). Each of the three aspects can have an effect of about +5 °C on the sample temperature. Taking
advantage of all three factors would result in reducing the overall sample temperature by about 15 °C. The three
aspects of sample cache location are under operational control and cannot be predicted in advance. Thermal modeling



has, therefore, typically taken the approach of assuming the worst-case scenario.

For a sand-rich location, the ground would have a lower thermal inertia and, therefore, would be a poor heat sink and
would reach a higher peak ground temperature. However, thermal contact with the tube may be better. For a rock-rich
location, there would be poor thermal contact, a higher thermal inertia, a lower peak ground temperature, and a better
heat sink opportunity. In modeling sample tube temperature, previous work (Redmond et al. 2017) ignored thermal
conduction into the ground, in large part because of uncertainties in heat flow between the tube and the sample, and the
tube and the ground. However, for ground that has a high thermal inertia (TI = 350 J m™ K~! s™), the effect of heat
loss to the ground could reduce tube temperature by up to 10°C (relative to a theoretical hovering tube). For a fine-
grained ground that has a low thermal inertia (TI = 220 J m™> K™' s7#), the effect of heat loss to the ground could be
about -5°C. Thus, sample tubes cached on rock (or rocky regolith) rather than on sand (or soil) could experience an up
to 5°C lower temperature.

Higher ground albedo would result in lower ground temperatures but also increased reflected solar flux on the tube.
The tubes will experience higher temperatures on higher-albedo ground than on lower-albedo ground. Overall, it has
been estimated that higher ground albedo will increase the temperature of the tube by up to 5°C (Redmond et al.,
2017).

Modeling shows, as expected, that the effect of north- vs. south-facing ground slope is strongly latitude-dependent
(Redmond et al., 2017). There is greater heating for the tubes placed along contour rather than perpendicular to the
contour, but the difference is minimal. At the latitude of Jezero Crater (18.4 N), the south-facing slopes experience
about 5-10°C lower temperatures than north-facing equivalents. In summary, placing the tubes perpendicular to
contour on south-facing slopes would minimize heating.

1.2. Temperature and Returned Samples

The primary purpose of the MSR Campaign is to bring a diverse collection of scientifically selected martian samples to
Earth for scientific investigation. A tenet of sample science is to avoid exposing the samples to novel environments
prior to sample analysis. Therefore, the temperature history of the collected samples should not be outside of what was
experienced on Mars before collection. The expected and unavoidable temperatures experienced by the samples are
provided in Table 1. An example of an unavoidable temperature excursion is that experienced by a sample core
boundary as it is being drilled. Given that thermal alteration at this boundary is already anticipated and that the
transient heating is localized, it is not considered here. All considerations of loss of science owing to temperature
excursions experienced following pickup and delivery to the Mars Ascent Vehicle (MAV) must be placed in the
context of what unavoidable temperature changes have already been experienced.

TABLE 1. Range of estimated upper-temperatures likely to be experienced in a worst-case scenario, along with associated durations, by MSR
samples (D. Beaty personal communication). Note that the higher temperature excursions are expected to be very transient, and the daily mean is
expected to be only a few °C above the temperature of the martian surface.

Phase Duration Sample Temperature Range (°C)
Pre-collection Eons -20 to +10

Cached in M2020 Years -65 to +10

Cached on Surface Years +5 to +53

Transfer to Orbiting Sample (OS) Months +30 to +53

Mars Ascent Vehicle (MAV) launch Minutes +30



OS Orbit Weeks -60 to -40

Capture, Containment, and Sterilization Hours

Return Cruise 2 Years -40
Pre-Entry, Descent and Landing (EDL) Days -40

EDL Minutes -40 to +25
Recovery Hours <430
Curation Years <+25

Beyond inevitable temperature and time encounters, there are existing temperature requirements (L.1.5), which are
expressed as follows:

o “The external temperature of the RSTAs over the allowable sample region as defined by D-101383
"Returnable Sample Tube Assembly (RSTA) Definition Document" shall be maintained below an Allowable
Flight Temperature (AFT) of -20 °C except for periods of unavoidable operational transients for which the
AFT is 430 °C.”

o Note 1: A temperature history estimate based on ground and/or flight validated thermal models will be
provided for transients during which the temperature is expected to exceed -20 °C. Accuracy goal is £ 5 °C
when above -20 °C.

e Note 2: Transients which exceed +30 °C will be managed in the context of each Project’s specific temperature
requirements and be subject to review and approval by the MSR Program.

The above requirement statement is based on the long-standing conclusion that it is manageable to science for the
RSTA temperature to be increased to as much as +30 °C. With regard to Temperature and Time Tiger Team
deliberations, we assumed, conservatively, that the sample temperature equals the RSTA temperature. However, as per
Note 2, the implementation engineers have identified several operational intervals during which it may be necessary to
carry out an engineering step that results in a transient thermal event that heats the samples above this threshold.

Note 2 also states that requests to exceed +30 °C will be reviewed and discussed prior to a request for waiver approval.
Waiver requests to exceed the temperature maximum of +30°C may involve different temperatures and different
durations in the sample handling pathways as MSR moves forward. This report is intended to provide a response,
grounded across the range of fields of relevant returned sample science, to inform upcoming decisions related to the
sample temperature requirements for the MSR Program. The focus of this report is primarily on the science loss that
would occur due to these temperature excursions, without specific implications for implementation.

1.3. The Temperature-Time Tiger Team

The Temperature-Time Tiger Team (T4) was chartered by NASA and ESA to grovide some assessment of the possible
loss of science for the returned samples if such heating between +30 and +60 “C for different amounts of time were to
occur. The Statement of Task for the Temperature Time Tiger Team included the following questions:

e A question of highest priority is “how serious are the consequences to the highest priority science objectives
(as provided in the International MSR Objectives and Samples Team - iMOST - report) of raising the sample
temperature to values in the range of +30 to +40 °C and +40 to +50 °C for various amounts of time?”

e A question of medium priority is “how serious are the consequences of further raising the sample temperature
to values in the range of +50 to +60 °C?



This team consisted of 13 scientists, who were selected based on their scientific background to represent the scientific
disciplines that are expected to be the most affected if such heating were to occur. The team sought to understand
whether exposing the MSR samples to temperatures between +30 and +60 °C will pose any risk to the sample integrity
and, therefore, to future scientific investigations.

This publication is written and edited to accurately represent the information that was provided to MSR Campaign
leadership on 1*' March 2022, in response to the NASA/ESA charter and Statement of Task to T4 (Kminek and Meyer,

unpublished two-page memorandum, 20" Dec 2021). How the information was used for decision support, advances in
mission progress and scientific knowledge, and changes in Campaign architecture, since March 2022 postdate T4 and
are all almost entirely outside the scope of this publication.

1.4. Science at risk in the 30 to 60 °C temperature range

The Tiger Team deliberated the potential science represented by the samples, the susceptibility of potential science to
changes in temperature, and established a consequence-based risk-matrix to inform the review of potential waiver
requests.

Most types of damage to the scientific value of samples are caused by a combination of time and temperature, so both
variables were considered. To assist their deliberations, the Tiger Team made a number of practical assumptions:

e  That there was no need to consider temperatures above +60 °C.

e  The total scientific usefulness of the MSR samples will be a composite of multiple lines of scientific inquiry,
but for the purpose of this analysis, it would be most helpful to focus on the sectors of science most impacted
by exposure to elevated temperatures over time.

The science risk associated with Mars sample temperature excursions above the currently established 30 °C upper-limit
requirement varies and depends on both MSR objectives and sample type. An examination of mission objectives in the
context of sample types allows for the identification and analysis of science risk related to the sample exposure to

temperatures in the range of 30 to 60 °C as a function of time.

A total of seven top-level objectives have been defined for MSR, and the corresponding sample types required to meet
these objectives have also been established (International MSR Objectives and Samples Team (iMOST) report; Beaty
et al. 2019).

In this section, iMOST science objectives and corresponding sample types are reviewed as a starting point for the
evaluation of sample materials (components) and measurements that may be compromised if samples are heated
between 30 °C < T < 60 °C (and for how long) and their impact on achieving corresponding iMOST science
objectives.

This report considers the potential impact that would result from raising sample temperature to a range of +30 to +40
°C and a temperature range of +40 to +50 °C as a function of time. This report also considers the consequences of
further raising the sample temperature to a range of +50 to +60°C. For each sub-objective, the IMOST report describes
the objective's intent and importance along with the sample type needed to meet the sub-objective (Table 2).

TABLE 2. Summary of Objectives and Sub-Objectives for MSR Identified by iMOST:

Obj. # Objective description

1 Interpret the primary geologic processes and history that formed the martian geologic record, with an
emphasis on the role of water.

Intent: To investigate the geologic environment(s) represented at the M2020 landing site, provide definitive
geologic context for collected samples, and detail any characteristics that might relate to past biologic
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processes

Characterize the essential stratigraphic, sedimentologic, and facies variations of a sequence of martian
sedimentary rocks.

Intent: To understand the preserved martian sedimentary record.
Importance: Basic inputs into the history of water, climate change, and the possibility of life.

Samples: A suite of sedimentary rocks that span the range of variation.

Understand an ancient martian hydrothermal system through study of its mineralization products and
morphological expression.

Intent: To evaluate at least one potentially life-bearing “habitable” environment

Importance: Identification of a potentially habitable geochemical environment with high preservation
potential.

Samples: A suite of rocks formed and/or altered by hydrothermal fluids.

Understand the rocks and minerals representative of a deep subsurface groundwater environment.
Intent: To evaluate definitively the role of water in the subsurface.
Importance: May constitute the longest-lived habitable environments and a key to the hydrologic cycle.

Samples: Suites of rocks/veins representing water/rock interaction in the subsurface.

Understand water/rock/atmosphere interactions at the martian surface and how they have changed with time.
Intent: To constrain time-variable factors necessary to preserve records of microbial life.
Importance: Subaerial near-surface processes could support and preserve microbial life.

Samples: Regolith, paleosols, and evaporites.

Determine the petrogenesis of martian igneous rocks in time and space.
Intent: To provide definitive characterization of igneous rocks on Mars.
Samples: Diverse suites of ancient igneous rocks.

Importance: Thermochemical record of the planet and nature of the interior.

Assess and interpret the potential biological history of Mars, including assaying returned samples for the
evidence of life.

Intent: To investigate the nature and extent of martian habitability, the conditions and processes that supported

or challenged life, how different environments might have influenced the preservation of biosignatures and
created nonbiological “mimics,” and to look for biosignatures of past or present life.

Assess and characterize carbon, including possible organic and pre-biotic chemistry.
Importance: Any biologic molecular scaffolding on Mars would likely be carbon-based.

Samples: All samples collected as part of Objective 1.

Assay for the presence of biosignatures of past life at sites that hosted habitable environments and could have
preserved any biosignatures.

Importance: Provides the means of discovering ancient life.

Samples: All samples collected as part of Objective 1.



23 Assess the possibility that any life forms detected are alive or were recently alive.
Importance: Planetary protection, and arguably the most important scientific discovery possible.

Samples: All samples collected as part of Objective 1.

3 Quantitatively determine the evolutionary timeline of Mars.

Intent: To provide a radioisotope-based time scale for major events, including magmatic, tectonic, fluvial, and
impact events, and the formation of major sedimentary deposits and geomorphological features.

Importance: Quantification of martian geologic history.

Samples: Ancient igneous rocks that bound critical stratigraphic intervals or correlate with crater-dated
surfaces.

4 Constrain the inventory of martian volatiles as a function of geologic time and determine the ways in which
these volatiles have interacted with Mars as a geologic system.

Intent: To recognize and quantify the major roles that volatiles (in the atmosphere and in the hydrosphere)
play in martian geologic and possibly biologic evolution.

Importance: Key to understanding climate and environmental evolution.

Samples: Current atmospheric gas, ancient atmospheric gas trapped in older rocks, and minerals that
equilibrated with the ancient atmosphere.

5 Reconstruct the processes that have affected the origin and modification of the interior, including the crust,
mantle, core, and the evolution of the martian dynamo.

Intent: To quantify processes that have shaped the planet's crust and underlying structure, including planetary
differentiation, core segregation, and state of the magnetic dynamo, and cratering.

Importance: Elucidate fundamental processes for comparative planetology.

Samples: Igneous, potentially magnetized rocks (both igneous and sedimentary) and impact-generated
samples.

6 Understand and quantify the potential martian environmental hazards to future human exploration and the
terrestrial biosphere.

Intent: To define and mitigate an array of health risks related to the martian environment associated with the
potential future human exploration of Mars.

Importance: Key input to planetary protection planning and astronaut health.

Samples: Fine-grained dust and regolith samples.

7 Evaluate the type and distribution of in-situ resources to support potential future Mars exploration.

Intent: To quantify the potential for obtaining martian resources, including use of martian materials as a
source of water for human consumption, fuel production, building fabrication, and agriculture.

Importance: Production of simulants that will facilitate long-term human presence on Mars.

Samples: Regolith.

For the purposes of this report, as defined by the Statement of Task provided to the Temperature-Time Tiger Team by
the NASA and ESA Mars Sample Return Program, MSR Objectives 1 and 2 have been designated as highest priority
(IMOST, 2018; Beaty et al., 2019), namely:

e  Objective 1. Geological environment(s): Interpret the primary geologic processes and history that formed the
martian geologic record, with an emphasis on the role of water.



o Objective 2. Life: Assess and interpret the potential biological history of Mars, including assaying returned
samples for the evidence of life.

The intent of objective 1, as described in the iMOST report, is to investigate the geological environment(s) of the
landing site, provide definitive geologic context for collected samples, and detail any characteristics that might relate
to past biologic processes.

The intent of objective 2 is to investigate the nature and extent of martian habitability, the conditions and processes
that supported or challenged life, how different environments might have influenced the preservation of biosignatures
and created nonbiological “mimics,” and to look for biosignatures of past or present life.

Objectives 1 and 2 are divided into sub-objectives. For each of the sub-objectives, the iMOST report describes both the
objective's intent and importance along with the sample type needed to meet the sub-objective.

The importance of understanding sample exposure to the +30 to +60 °C temperature range links directly to meeting the
MSR mission objectives and is evaluated on a Mission Risk Consequence Criteria scale (Table 3).

TABLE 3. Mission Risk Consequence Criteria.

Level Description Definition Criteria

4 High Significant reduction in mission return  Acquires significant science (or objectives) but does
not achieve minimum mission success per project
Level-1 requirements

3 Moderate Moderate reduction in mission return Achieves minimum mission but does not achieve
baseline success per project Level-1 requirements

2 Low Small reduction in mission return Achieves baseline mission success per project Level-
1 requirements

1 Very Low Minimal reduction in mission return Only minor loss of mission science (or objectives)

Heating may affect sample materials through a significant number of different processes including (Table 4):

TABLE 4. The different processes, initiated by changes in temperature, which may affect samples.

Process Effects on sample materials
Physical integrity changes May, among other effects, result in a loss of stratigraphic information (Obj. 1.1).
Hydration and dehydration May impact the ability to evaluate the role of water in the environment (Obj. 1.3) and

trigger reactions that alter carbon chemistry (Obj. 2.1).

Changes in redox state May impact the ability to characterize Mars “oxidants” (Obj. 1.4) and trigger reactions
that alter carbon chemistry (Obj. 2.1).

Isotopic fractionation Would broadly impact both objectives 1 and 2.

Organic alteration May be induced by direct heating or in combination with changes in water availability
(e.g., hydration, #2 above) which may broadly affect objective 2.

The iMOST defined MSR sample types and their components are considered. The impact of sample heating depends
on sample type (Tables 5 and 6) and ultimately their temperature sensitive mineral and chemical abundances (Table 7).
The iMOST report concluded that a carefully selected suite of different sample types would allow MSR objectives to
be achieved and identified the specific sample types needed to meet MSR objectives (Table 5).



TABLE 5. Sample types needed to meet MSR objectives.

Sedimentary Hydrothermal Deep-Subsurface ~ Sub-Aerial Igneous Volatile- Other
Bearing
Stratigraphy Vent Distal Leaching/ Soil/Paleosol Diverse Clay- Orientated
Range Alteration Collection  minerals Samples
Sedimentation Hydrated
Minerals
Lithification Chemistry Fluid Chemistry Precipitated Ancient Clay- Impact Melts
W/Mineralogy Evolution Minerals Crust mineral-
Range Free Dune
Material
Weathering Stratal Coatings or LavaFlow Fluid Impact Breccias
Relationships Rinds Inclusions
Grain Age Model Redox Basalts Highly Rocks
Compositions Conditions W/Trapped
Shocked Fluid Inclusions
Rock
Clastic Rocks ~ Late Stage Ultramafic Shocked Rock
w/Impact Melt
Diagenetic Igneous
Pockets or Veins
Processes Rock W/
Basaltic
Igneous Host
Stream Hydrothermally
Channel
Altered Impact
Breccia
Lithified
Aeolian

Each of these sample types map onto mission objectives (Table 6), and impact of time/temperature excursions on these
samples can be examined in the context of their chemical and mineralogical compositions (Table 7).

TABLE 6 Potential significance of heating MSR sample types. Effect of heating to 60 °C - Likely Insignificant (Grey) to Potentially Significant
(White). Sample types: 1) Sedimentary; 2) Hydrothermal; 3) Water-rock interaction materials; 4) Regolith/Dust; 5) Paleosols; 6) Evaporites; 7)
Igneous materials; 8) Atmospheric gases; 9) Trapped gases; 10) Atmosphere-equilibrated minerals; 11) Impact generated materials.

iMOST Objective Intent Physical Hydration/ Redox Isotope Organic
Integrity

Understand, Characterize or Assess Dehydration State Fractionation  Alteration

1.1 Sedimentary record 1 1 1 1 1



1.2 Habitable environment

1.3 Role of subsurface water

1.4 Biosignature preservation

1.5 Petrogenesis

2.1 Carbon

2.2 Presence of biosignatures

2.3 Extant life

3 Event time history (Radioisotope)

4 Volatiles geologic/biologic

evolution

5 Planet interior

6 Environmental hazards

7 In-situ resource utilization

45,6

1234567

1234567

1,234,5,6,7

8,9,10

7,11

456

1234567

1234567

1,234,5,6,7

8,9,10

7,11

456

1234567

1234567

1,2345,6,7

8,9,10

7,11

456

1234567

1234567

1234567

8,9,10

7,11

45,6

1234567

1234567

1234567

8,9,10

7,11

Returned samples are expected to include a range of material types, including minerals and some amorphous inorganic
materials. Some returned materials may contain preserved biosignatures. Table 7 shows a summary of the potential
sampled materials and the potential effects of alteration of those samples if heated to ~60 °C. Detailed descriptions of

potential processes for the various materials are provided below.

TABLE 7 Materials and potential effects of heating to ~60 °C. Greater number of check marks indicate progressive significance, while question

marks designate uncertainty.

Material Types physical integrity hydration/ oxidation isotopic
/reduction fractionation

dehydration

carbonates v v v v tovvYS

sulfates v vV oV v VoV

sulfides v v IS ?

chlorides v JtovV v ?

nitrates v YIS v VL4



phosphates v v Vv v
phyllosilicates v N v v
anhydrous silicates v v v
amorphous silica v v v v
oxides (magnetite, hematite, v v v
silica, opaline silica,

manganese oxide, etc.)

Amorphous materials Vv v ? ?
Organics v v N4 ?
perchlorate/ IS

chlorate

YWiking “oxidants” v 244

ncludes possible presence of chlorite, hypochlorite, trapped oxygen

1.5. Risk to MSR mission requirements/objectives

In summary, there are potential risks to MSR objectives if temperatures of the samples are raised before analysis back
on Earth. These risks are present for the two high priority objectives: namely geological environment(s) and biology.
Examples of susceptible information would include loss of information about modern/recent Mars that is currently
preserved in the form of radical species, strong oxidants, modern atmospheric gases, and exogenic oxidized mineral
phases near the surface. Paleoenvironmental records could also be lost in the form of specific mineral phases and their
spatial arrangement, isotopic ratios, and fluid/gas inclusions. Raising temperatures also has the potential to affect
organic biosignatures in the form of biomarkers, isotopic ratios, and textures.

The approach used by the team was to draw on mineralogical and geochemical data available from the following

Sources:

Studies of terrestrial analogues of the martian surface. These provide information on textures and mineral
associations that allow understanding of the processes that created these phase assemblages. It is important to
predict whether these mineral textures will survive sample return.

Experimental studies of phase transformations in chemical systems that are thought to be relevant to processes
on the martian surface. These provide information on temperature ranges and reaction rates that may take
place within the containers during sample return.

Experimental studies of microbial survivability set onboard the International Space Station (ISS). These
studies provide valuable insight into organismal resistance to temperature changes under Mars simulated

Geochemical and isotopic experimental studies on relevant analogue samples, especially for volatile species
such as hydrogen that may be affected by heating up to 60 °C.
Spectroscopic data obtained from orbiting spacecraft, which identify mineral species present on the martian

[ ]
[ ]
conditions.
[ ]
[ ]
surface.
[ ]

Direct observations made by the Viking, Mars Exploration Rovers (MER), Phoenix Mars Lander (PHX), Mars



Science Laboratory (MSL), and M2020 missions that provide evidence of minerals and mineral behavior on
the martian surface.

The team used these data to explore the effects of temperatures between +30 and +60 °C and their impact on samples
that would limit future scientific investigations. The team considered generic processes initiated by heating and then
the consequences of those processes on the physical and chemical constituents of samples.

2. Processes

2.1. Temperature and time

When samples are collected and transported back to Earth, any chemical modifications that take place will reduce the
fidelity of the samples’ records of Mars. While temperature is important, it must be considered alongside time because
these two variables can be somewhat interchangeable. The rates of many chemical reactions double with every 10 °C
increase in temperature. The breaking of carbon-carbon bonds occurs naturally in Earth’s subsurface at temperatures
close to 100 °C over many years but similar effects can be achieved at 300 °C in the laboratory at durations of days, or
at 500 °C for durations of seconds or less. The accessibility of chemical consequences in days at higher temperatures
rather than millions of years at lower temperatures has allowed experimentally derived predictions about organic
preservation for different types of Mars analogues (Tan and Sephton 2020; Tan et al. 2021; Tan and Sephton 2021).
Other variables that increase the rate of reactions include concentration of the reactants, physical state (e.g., surface
area), and the presence of catalysts. In addition, water is a key component when considering organic matter. The
presence of water can suppress the thermal metamorphism of organic matter, and its repressive effects have been
recognized in Earth rocks (Price 1993) and fragments of extraterrestrial organic-rich asteroids presented in the
meteorite collection by carbonaceous chondrites (Sephton et al. 2000).

2.2. Physical and chemical processes

When samples are heated, physical and chemical processes are initiated, and these processes include transformation of
condensed phases (minerals, amorphous, and organic compounds), the release of volatiles from different sources,
reactions between gases and condensed phases, as well as aqueous reactions and phase transformations that are
enabled by the formation of liquid water and brines. These processes are described below.

Oxidation-reduction (redox) reactions could occur during many of the listed processes, and such redox interactions
also are listed and described in Table 8. Synergistic processes also occur and involve multiple linked transformations.

TABLE 8. Redox processes that could proceed during heating of samples.

Process Notes and consequences

Decomposition of H,0,; 2H,0, — O, + 2H,0 Proceeds in the gas phase, on the mineral surface, and in
aqueous solution. Complete loss of H,0, is likely.

H,0,, 0,, O; + ferrous Fe — ferric species Proceeds on the mineral surface and in aqueous solution
(with aqueous Fe). Release of H* in reaction with O,.
Release of hydroxyl radicals in rection with H,O,. Loss of
oxidants.

H,0,,0,, 0, + sulfide S — sulfate + H* Proceeds in the gas phase with H,S, on the sulfide mineral
surface, and in aqueous solution with aqueous H,S and/or

HS'. Release of H* in solution. Loss of H,0, etc.

H,0,, O,, O; + organic compounds (CH,, etc.) — H,0, Loss of H,0,, O,, O;, trace organic gases; a minor loss of
CO, other organic compounds.



Nitrate + Fe?* in solution — ferric species + ammonium (+ 10 aqueous phase. Loss of nitrate.
minor N, and NOx gas)

Nitrate + sulfide S in solution — sulfate + ammonium or In aqueous phase. Loss of nitrate.

N,
Nitrate + organic matter — CO,, N, Loss of nitrate and organics.

Chlorate + ferrous Fe — ferric species In aqueous phase. Loss of chlorate.

Chlorate + sulfide S — sulfate In aqueous phase. Loss of chlorate.

Chlorate + organic matter — CO,, chloride In aqueous phase. Loss of organics and chlorate.

Mn oxides + organic matter — Mn®* and Mn>* species, MnO may not interact below 60 °C.

o,

Decomposition of  oxychlorine compounds (e.g., Perchlorates and chlorates are stable at 60 °C.

perchlorates) Hypochlorite, CIO™ ion, decomposes at ~50 °C or lower
depending on cation type and water availability.
Decomposition results in generation of active chlorine
compounds. Organic compounds, especially amines, are
subject to attack.

Ferric iron + sulfide —> ferrous iron + sulfate Loss of sulfide, generation of sulfuric acid

Ferric iron + organics — ferrous iron + CO, This reaction may not proceed fast below 40-60 °C but
could be biomediated.

2.2.1. Processes during heating

2.2.1.1. Physical arrangements, architectures and fate of inclusions

Increasing the temperature of a sample can lead to a change in the physical arrangement and architecture of
constituents. Heating of some minerals can deform or destroy fluid inclusions (Fig. 3). Carbonates, sulfates, chlorides,
and other minerals that precipitate from aqueous solutions can entrap fluid inclusions as they grow in a container.
Nitrates, perchlorates, and phosphates tend to be too finely crystalline for fluid inclusions to be detected or studied. As
the host mineral may stretch or flow due to temperature (and/or pressure), fluid inclusion shapes and arrangements can
indicate the amount of deformation of the host mineral. Carbonates, sulfates, and chlorides are sensitive in different
ways to increases in temperature. Calcite, gypsum, and halite are known to alter slightly, altering fluid inclusion shapes
and volumes during heating (Goldstein and Reynolds, 1994; Roedder, 1984). The temperatures at which most
carbonates and chlorides stretch are higher than +60 °C on Earth and are typically noticed as temperatures approach
~90 °C. In contrast, gypsum and related sulfates may begin to deform at relatively lower temperatures, especially in
the ~40 - 60 °C range. The structural deformation of fluid inclusions has been witnessed mainly in these minerals after
being buried in the subsurface at elevated temperatures for millions of years.

Evidence of stretching includes primary fluid inclusions with: (1) shapes not consistent with crystal habit, (2) rounded
corners, (3) inconsistent liquid:vapor ratio in an inclusion population within a growth band (or other fluid inclusion
assemblage), and (4) elongated or necked shapes (e.g., Goldstein and Reynolds, 1994). Shorter time periods (hours-



days) of exposure to temperatures of ~60 °C (while minerals are prepared in laboratories) has not yielded such
stretching. Regardless, this stretching of fluid inclusions is not known to alter chemical or organic compositions of
included materials. It does negatively affect some analyses that rely on volume of liquid:gas, such as homogenization
microthermometry, which would be used to determine parent water temperatures.

Halite and other chloride minerals are likely to be returned from Mars and may act as good potential repositories for
martian biosignatures (e.g., Benison, 2019). On Earth, halite flows plasticly when placed under high temperatures and
pressures, especially when buried at depths of greater than ~ 2,000 m below the surface. In these conditions,
temperatures are at, or higher than, 60 °C for millions of years. However, even at temperatures of ~60 °C for long
geological time spans, halite can be well-preserved, as indicated by unaltered primary fluid inclusions that contain
microorganisms and organic compounds. In addition, halite tends to insulate heat, so that, at temperatures greater than
~ 60 °C, only the other edges of the crystals show signs of slight alteration (stretched fluid inclusions) or clear halite.
Unaltered fluid inclusions remain in crystal interiors.

FIG. 3. Primary fluid inclusions in the ~260 million year-old Permian Opeche Shale from ~2500 m depth in the subsurface of North Dakota
(Image: K. Benison). Rounded corners and consistent vapor:liquid ratio suggest slight stretching due to temperatures slightly higher than 60 °C
for millions of years. Liquid composition, organic compound composition, and imaging of microorganisms was still possible from these fluid
inclusions.

Gypsum and some other sulfate minerals dehydrate to less hydrated forms (i.e., gypsum dehydrates to bassanite and
anhydrite). As a result, fluid inclusions are destroyed, but solid inclusions are preserved. Some solid inclusions
preserved may include microbial cells and solid organic compounds. Sulfide minerals, found in association with some
chemical sediments, are easily oxidized, which leads to a change chemical composition and crystal or grain size. For
example, pyrite oxidizes to hematite, and native sulfur can oxidize to a sulfate mineral. Besides yielding byproducts
such as acids and brines, these oxidation processes commonly decrease crystal sizes, which results in a powdered
product. Phyllosilicates deform by stretching and shrinking during hydration and dehydration, respectively.

2.2.1.2. Thermal maturation and mineral structure transformation

Amorphous and semi-amorphous compounds are very abundant in martian materials. For instance, amorphous and
semi-amorphous compounds have been recognized in Mars Science Laboratory (MSL) X-ray diffraction data (Bish et
al., 2013), and heating may increase the crystallinity of those phases and produce additional abundances of similar
material by dehydration of crystalline hydrous phases. No major effects on crystallization of silicates (e.g., semi-
amorphous clay-like phases) are expected at even 50-60 °C because of the slow diffusion rate. Thermal structuring of
non-silicate phases (e.g., ferric hydroxides) could be notable at 50-60 °C (e.g., Cornell et al., 1989; Cornell and

Schwertmann, 1996). The occurrence of ferric OH-bearing phases in martian near-surface materials within 10°-10°
years could have led to a structural maturation. In such a case, a short-time heating of them up to 60 °C could not lead
to further major/complete conversion of semi-crystalline hydroxides/oxyhydroxideso Fe,O, (hematite or maghemite).

Some structural maturation of condensed organic matter is possible. Although thermal structural transformation of
some crystalline phases is also conceivable, the major transformation of crystalline phases would involve loss of



volatiles (e.g., dehydration).

2.2.1.3. Release of volatiles

The amount of sorbed gases in the martian materials (mainly adsorbed on surfaces of solids but possibly also absorbed
within solids) depends on the time of day, location, season, grain size, and mineralogy of the samples. Low
temperature favors adsorption of gases on mineral surfaces. Winter- and night/morning-sampled, fine-grained (soil),
and phyllosilicate-rich materials would contain the highest amounts of adsorbed gases. Major sorbed gases are likely
CO, and H,0O, and minor species are N,, Ar, O,, H,0,, and O;. In sealed containers, an establishment of gas-adsorbed

gas equilibration is likely to occur during heating episodes that exceed several minutes. Because the heating could
cause an additional supply of volatiles (e.g., through salt dehydration), surfaces of heated samples may contain even
more sorbed volatiles (mostly water) than at the surface of Mars. Desorbed reactive gases (H,O, CO,, O,, H,0,, and

O;) could be involved in chemical reactions and be at least partially consumed during heating episodes. Other released
volatiles will be preserved in cooled returned samples and available for laboratory investigations.

One source of volatiles that is not expected for samples returned from the Mars2020 cache, owing to the latitude of
sampling, but may be important for future missions at higher latitudes, is the presence of frozen water. Winter-,
night/morning-, and in shade-sampled materials may contain water ice (frost). The fraction of frost could be higher in
fine-grained (soil) materials rich in phyllosilicates. Sublimation of ice occurs after any increase in temperature of
samples. Captured ice could sublimate to the atmosphere befre and/or during sealing a container. In either case, no
direct action of water ice is expected at temperatures between +30 °C and + 60 °C. The majority of martian inorganic
materials are not subjected to any significant sublimation below 60 °C. However, sublimation of condensed low
molecular weight organic compounds (e.g., alkanes) could be significant, especially at temperatures above ~40 °C.

The amount of interlayer water in phyllosilicates (e.g., in smectites) depends on temperature and relative humidity.
Neither Viking nor MSL/SAM data indicate release of interlayer water from phyllosilicates below 60 °C. This is
consistent with desiccation of martian clay minerals exposed during several Ga to dry surface environments.
Therefore, the effect of thermal release of interlayer water from phyllosilicates is likely minor. Note that clay mineral
hydration-dehydration cycles are possible in containers if water will initially be released from hydrated salts. It is not
clear how many volatiles could be released upon heating to 40-60 °C of amorphous silicates, though Viking and SAM
data do not indicate a major release. The release of volatiles from micro-cracks, structural defects, and gas/fluid
inclusions in solid inorganic phases is possible, but the release is likely minor compared to possible loss of volatiles
through structural thermal decomposition of solids.

Structural decomposition and related devolatilization of martian solid phases mainly include dehydration of salts
(sulfates, chlorides, carbonates, perchlorates, and nitrates) (e.g., Fig. 4). Dehydration of hydrated
oxides/oxyhydroxides (amorphous silica, etc.) is less likely below 60 °C. Some structural decomposition of organic
compounds is also possible, for example, release of low-molecular weight compounds (CH,, etc.) from warmed

macromolecular organic matter (polymers). Mobilization of H and O by structural dehydroxylation of OH-bearing
silicates is not expected within the temperature range of interest (30 °C < T < 60 °C) (Velbel and others, 2022).
However, other OH-bearing phases (e.g., Fe sulfide tochilinite, some metal hydroxides such as ferric hydroxides) may
dehydrate.

The process of heating a sample within a closed container that contains hydrated sulfates or other hydrous phases may
cause partial or complete dehydration. The evolved water vapor will alter the partial pressure of water vapor (pH,0) in

the container. The degree to which the water vapor pressure increases will be a function of (i) what hydrate is present
(for example, kinetically persistent kieserite (MgSO,-H,O) would have little effect, while conversion of epsomite

(MgSO,7H

20) to hexahydrite (MgSO,4-6H,O) would release Hy0), (ii) the amount of dehydrating phase, (iii) other hydrates in the sample that may buffer this increase in
pH,O by rehydrating (e.g., existing starkeyite, MgSO4-4H»O, hydrating to hexahydrite), and (iv) a larger proportion of the gas phase within the container. With a limited gas
volume, pH»O will rise, and further dehydration will be suppressed because of a HyO(g)-hydrate equilibration. With a larger gas volume, a larger proportion of the hydrated

compounds will dehydrate before equilibrium is achieved, and more water vapor will be contained in the container’s atmosphere. The rate and extent of dehydration will depend
on the permeability of the sample. Loosely packed regolith will have a much larger surface area in contact with the atmosphere. The surface layers of core samples may have
already been disturbed by heating and abrasion during drilling. The interaction of a solid core with the atmosphere in the sample tube will be limited to the surface of the core

during reasonably short exposures. The surface at the end of the solid core may be exposed to the higher temperature atmosphere created at the end of the tube during sample



sealing. The sample cores may also have different hydration levels along their length that reflect the hydration level below the martian surface.

An appreciation of the potential effects of temperature change on dehydration of minerals can be provided by
numerical assessments. For example, gypsum and bassanite have been reported in martian surface materials. Up to
25% gypsum has been observed in Curiosity-collected samples (Rampe et al., 2022). By making some assumptions, it
is possible to calculate the relative humidity of the atmosphere within a gypsum-bearing sample tube for various

heating temperatures. For our example assessment, we made the following assumptions: i) 1300 mm® sample tube
volume, ii) 13 mm X 76 mm maximum sample dimension, iii) volume of gypsum present in the sample, iv) the percent
of gypsum that dehydrates and to what phase (bassanite).

With the known composition and density of gypsum, it is possible to calculate the number of moles of water vapor that
are released for given amounts of gypsum. The water pressure in a saturated volume as a function of temperature is
known, and when using this, it is possible to calculate the percentage saturation of H,O within the volume (relative

humidity, RH) in the sample tube surrounding the sample that is created by gypsum dehydration. For example, if one
assumes (i) 50% success in retrieving core material (this leaves a significant volume of headspace to accommodate
pH,0), (ii) 1% volume of gypsum exists in the entire core volume, (iii) only 1% or 5% of this gypsum actually

dehydrates (which is likely to take place on the surface of the core), then the following % water saturations (relative
humidity) can be calculated (Table 9).

TABLE 9. Relative humidity of the atmosphere within a gypsum-bearing sample tube for various heating temperatures.

Temperatures (°C) 1% reaction 5% reaction
0 Saturated Saturated
5 Saturated Saturated
10 Saturated Saturated
20 Saturated Saturated
30 78% RH Saturated
40 47% RH Saturated
50 29% RH Saturated
60 18% RH 91% RH

Gypsum dehydrates when the relative humidity is less than approximately 40% over the temperatures of interest here.
Above 40%, RH gypsum is stable. Therefore, the calculated atmosphere within the sample tube becomes saturated
with water vapor with only a very small amount of gypsum dehydrated. However, the atmosphere will not reach total
saturation because, as gypsum dehydrates, the relative humidity will rise until it reaches approximately 40% at which
point the gypsum is in equilibrium with the water vapor in the sample tube and no further dehydration will occur.
Small amounts of gypsum dehydration on grains surfaces may cause disaggregation of the core sample and loss of
textural details.

On a fast cooling, this very small amount of water vapor will condense as water or ice. This volume may be calculated.
It is possible that the water vapor could rehydrate any bassanite that was created by gypsum dehydration. If



gypsum/bassanite are the only hydrous phases, any pH,O created will not be high enough to cause deliquescence of

any halite or epsomite but may cause the deliquescence of other materials that are prone to deliquescence below a RH
of 40%, as outlined below.

A similar numerical assessment can be performed for epsomite. If epsomite is present in the sample, it will dehydrate
more readily than gypsum, but the equilibrium vapor pressure created will again arrest further dehydration of
epsomite. At 50 °C, epsomite, hexahydrite, and a brine exist with a relative humidity of 85% (Chipera and Vaniman
2007). This is a high enough humidity to cause deliquescence of many other salts. Assuming (i) 50% sample retrieval,
and (ii) 1% epsomite by volume of which 1% or 5% is converted to hexahydrite, saturations can be calculated (Table
10).

TABLE 10. Relative humidity of the atmosphere within an epsomite-bearing sample tube for various heating temperatures.

Temperatures (°C) 1% reaction 5% reaction
0 Saturated Saturated

5 Saturated Saturated
10 83% RH Saturated
20 45% RH Saturated
30 26% RH Saturated
40 15% RH 76% RH

50 9% RH 47% RH

60 6% RH 30% RH

In this scenario, at approximately 35 °C, epsomite (and 1% reaction) will be in equilibrium with H,O(g) at 83% RH in

the sample tube and hexahydrite (Chipera and Vaniman, 2007). Once the atmosphere above the sample is saturated
with respect to water vapor, the possibility exists for a small amount of brine to exist, given the assumptions for the
calculation of how much epsomite exists in the sample and what % of this is exposed to the atmosphere in the tube.
With additional heating, more epsomite will dehydrate, and the relative humidity will increase until, at about 50 °C,
when a mixture of epsomite, hexahydrite, and brine will coexist in three-phase equilibrium. If all the epsomite is
consumed before this triple point is reached, then hexahydrite will be in equilibrium with the H,O(g). If all the

epsomite is not consumed, additional heating will result in a two-phase (binary) equilibrium mixture of magnesium
sulfate brine and epsomite.
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FIG. 4. Stability fields of Mg sulfates and deliquescence conditions (black curves) of other species (Chipera and Vaniman, 2007).

The extent to which these reactions take place is dependent on how exposed the magnesium sulfate is to the sample
tube atmosphere. The volume of material that is dehydrated and any possible brine that is created would be quite small
in a sealed container.

If other sulfates such a pickeringite or mirabilite are present, they may dehydrate and increase the relative humidity of
the sample tube atmosphere to the point where lower hydrated sulfates may deliquesce to form brine. This effect is
limited by the volume of sulfate involved as well as the available atmosphere within the sample tube. Amorphous
hydrated sulfate material will release water vapor into the sample tube atmosphere. This material, which has most
likely been exposed to the martian atmosphere, will likely contain less H,O than gypsum or epsomite, and the effect on

the sample tube atmosphere will be lessened.

With so many unknown factors controlling the partial pressure of water vapor within the sample container, it is
impossible to be specific about the effects different maximum heating temperatures will have. Some of these processes
may already have taken place at temperatures below 30 °C.

In summary, the dehydration of hydrous phases within the sealed sample tube (and possible creation of very small
amounts of liquid H,O on subsequent cooling) could be limited by the increase in pH,O of the small volume of

atmosphere contained in a sample tube. This arrests further dehydration.
2.2.1.4. Reactions between gases and condensed phases

Gas-gas type reactions

Both warming and corresponding release of volatiles to the gas phase (Table 7) could lead to gas-gas type chemical
reactions. The rate of gas-gas reactions exponentially increases with temperature, and yields of high-temperature
reactions increase because of higher partial pressure of gases in higher-temperature containers. Some redox gas-gas
type reactions (e.g., O, + H,; CO, + H,) are sluggish at the considered temperatures, while interactions of strong

gaseous oxidizers (05, H,0,, O,, N oxides) with reduced species (e.g., H,S, CH, and other volatile organic
compounds) are expected. In addition, hydrogen peroxide (H,O,) readily thermally decomposes to O, and H,O
(2H,0, — 2H,0 + O,). The reaction could be catalyzed by compounds of transition metals (e.g., MnO,). It follows
that H,0, may not survive heating because of this and heterogeneous redox reactions (Table 8).

Gas-solid chemical reactions

The gas-solid type chemical reactions during heating could include interactions of major chemically active headspace
gases (CO,, H,0, O,) and multiple redox reactions that include strong minor oxidants released to the gas phase from



materials surfaces (H,0,, O,), as listed in Table 8. Any prolonged heating will cause complete consumption of these

oxidants in reactions with reduced mineral phases, mainly ferrous, sulfide, and organic compounds. Reactions with
relatively abundant Fe sulfides (pyrrhotite, pyrite) in martian materials could be mainly responsible for consumption of
strong gaseous oxidants. Moisture on sulfidesurfaces strongly accelerates the oxidation that affects both sulfide sulfur
and ferrous iron.

Gas-liquid exchange reactions
CO, gas is present in the sampled martian atmosphere and may be released from a potential fluid phase if it reacts with

carbonates. Fluids may be acidic and corrosive due to the dissolution of acid-sulfate minerals or oxidation of sulfides
and/or ferrous compounds (Table 8). If such acidic fluids contact carbonates, the latter should undergo at least some

dissolution. Dissolved inorganic carbon (DIC) includes carbonate ions (CO3'2), bicarbonate (HCO;") and carbonic acid
(H,COs5), whose relative abundance is a function of fluid pH. At lower pH, carbonic acid rapidly converts to aqueous
CO,, which is the dominant form of inorganic carbon. Aqueous CO, exsolves from the fluid as CO, gas. An additional
DIC source may be oxidation of CH, and/or organic molecules.

The solubility of CO, in pure water decreases by a factor of ~3 as temperature is raised from +5 °C to +60 °C (Fig.
5a). Salinity and alkalinity play an additional role in constraining the exact solubility. Exsolution of CO, gas from the

fluid may lead to an increase in the pH of the residual fluid, an increase in the headspace pressure of the sample
container, as well as a decrease of the pH of other fluids in which CO, dissolves.
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FIG. 5. (a) CO, solubility in water as a function of salinity (x-axis) and temperature (y-axis). In this model, pCO, was held constant at a log
fugacity of -3.5, and pH was set to 5. Aqueous DIC is expressed as HCO,". (b) NH," speciation as a function of pH and temperature, with salinity

(molarity of NaCl) set to 1 mol/kg. The initial concentration of NH," was set to 1 yM. Dissolved NH," decreases with increasing pH and
temperature due to conversion to NH;, which is volatile. Models were generated in Geochemist’s Workbench, using the Phase2 module and the

standard thermodynamic database.

Clay mineral-bound or organic-bound ammonium (NH,") that is released into fluids during thawing may convert into
ammonia (NH;) gas if the fluid has an alkaline pH (see Section 2.1.1.4) (Fig. 5b). The pKa of the reaction NH," = NH,

+ H" is 9.2 at 25 °C and standard pressure, but it shifts to lower pa values with increasing temperature (Li et al. 2012).
At 50 °C, the pKa is below 9, and at 100 °C it is below 8. Hence more reduced nitrogen could be lost from a heated

sample. The conversion from NH," to NH; occurs instantaneously. The loss of NH; gas can induce large isotopic



fractionations, rendering the residual NH,* enriched in BN/MN (00 = 42 %o at 25 °C, Li et al. 2012), and hence this

process may hinder accurate reconstructions of the original 8'°N composition of the sample prior to heating.

Radical-initiated reactions

Radiation-induced formation of radical species in martian surface materials, including reactive oxygen species (ROS),
has long been anticipated (Zent and McKay 1993). The results of the Viking Biology Experiments have been
extensively linked to several hypotheses that invoke the presence, and perhaps long-term stabilization, of various types
of radicals. Perturbation of collected Viking samples from ambient temperatures along with an increase in water
availability drove decomposition of organics that were added to the samples. Similarly, organics that may be present
and persevered through physical segregation or other means would potentially be vulnerable to attack if redistribution
of water occurs due to sample heating. While dynamic formation of radicals may be most prevalent on the uppermost
surface of Mars resulting from solar ultraviolet (UV) irradiation, ionizing radiation in the form of Galactic Cosmic
Rays and Solar Energetic Particles penetrate to the meter scale, which can result in the formation and low-temperature
preservation of radical species.

The UV-induced formation of reactive oxygen Mars analogs has been demonstrated with superoxide (O,) shown to be
thermally stable (in the absence of water) with a 10% population reduction after heating to 100 °C for 1 hr, while other
radical species including O™ and O; do not survive (Yen et al., 2000). In fact, superoxide is the source of the oxygen
release observed in the Viking Gas Exchange experiment. It may be possible for it to survive heating in the 50-60 °C
range or above during MSR and remain preserved. However other ROS, including O™ and O;, are unlikely to survive

short-term elevation to 50 °C, or even the current 30 °C MSR upper temperature limit requirement. In addition to UV
formation of ROS, the formation of superoxide in gamma-irradiated Mars-Phoneix analogs has been demonstrated
along with a corresponding formation of H,O, and hydroxyl radicals (‘OH) upon wetting (Georgiou et al., 2017).

Formation of perhydroxyl radicals would also be expected as a result of wetting (Yen et al., 2000).

Redistribution of water within the RSTA upon heating may initiate reactions of radicals with preserved organic
species, with perhaps carboxylic acids being most vulnerable to ROS attack. In addition to the formation of ROS, the
presence of active chlorine-bearing species is expected in Mars samples that contain perchlorate. These species,

including ClO", would react with organic compounds through various mechanisms, some of which include the
generation of radical intermediates. In the case of active chlorine compounds, amino acids and other amines would be
partially vulnerable to attack (Quinn et al., 2013). Based on the results of the Viking Biology experiments, in which
excess organics were added to the martian samples, total decomposition of organics would be expected to be limited to
no more than ppm levels (Zent and McKay 1993).

2.2.1.5. Aqueous processes

Aqueous processes may or may not occur during heating. They are more likely to occur if water ice was present in the
samples. Abundant water-rich salts (e.g., CaCl,:6H,0, Ca and Mg perchlorates) could also favor formation of brines

through deliquescence. Aqueous processes are less likely in core samples of igneous and dense sedimentary rocks
collected in summer, at mid-day, and in sun-exposed environments. Upon heating, partial pressure (p) of H,0O(g) in the

head space would increas due to sublimation of the frost (if it was present), and/or decomposition of hydrated solids
(e.g., salts). At a certain temperature and partial pressure of H,O(g), liquid water may condense to form the liquid

phase. Initial condensation of liquid water, if any, is expected in pores, cracks in mineral grains, and grain boundaries,
in which pH,O could be elevated locally.

Salt deliquescence

Deliquescence occurs through absorption of water vapor by hygroscopic salts. Increase in relative humidity in water-
rich samples during heating can cause deliquescence of some salts. Because of heating of hydrous phases, pH,O and

RH in sealed containers could be higher than on Mars, and this would increase the chance of deliquescence. If water
ice is not sampled (a likely event), deliquescence could be the main process that causes the formation of an aqueous
(briny) phase in the sample tubes. The formation of brines through deliquescence is more likely in interior parts of



samples (e.g., at grain boundaries and close pores where humidity could be higher than in the container headspace).
The martian salts that could be affected by deliquescence (Fig. 6) are chlorides, perchlorates, and chlorates of Ca, Mg,

and Na (e.g., Brass et al., 1980; Davila et al., 2010; Gough et al., 2011, 2014, 2016; Fischer et al., 2014, 2016; Nuding
et al., 2014; Zorzano et al., 2009; Wang et al., 2019; Primm et al., 2017; Toner and Catling, 2018).
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FIG. 6. Deliquescence phase boundaries of some Mars-related salts (Wang et al., 2019). The deliquescence occurs at higher RH (to the right-
hand side of the phase boundaries).

At ~+25 to +45 °C, deliquescence of CaCl,"4H,O occurs at RH > ~15-20% (Wang et al., 2019; Gough et al., 2016)
(Fig. 6). Antarcticite, CaCl,"6H,0, dehydrates to CaCl,-4H,0 and then to CaCl,-2H,O at elevated temperature and/or

lower RH (Fig. 7). Above 45 °C, deliquescence of CaCl,-2H,O occurs at RH > 2-4% (Gough et al., 2016), though
larger deliquescence RH values (~15%) are reported based on experimental data.
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FIG. 7. Stability diagram of the CaCl,-H,O system (Gough et al., 2016). T: Temperature; TE: eutectic temperature; RH: relative humidity; DRH:

deliquescence relative humidity; ERH: efflorescence relative humidity.

Bischofite (MgCl,-6H,0,) can convert to liquid at elevated RH and temperature (e.g., Davila et al., 2010; Primm et al.,

2017; Wang et al., 2019). At 25 °C, the conversion occurs at RH > ~33%. The same or slightly lower RH (~33-25 %)
is likely needed for deliquescence at 25-60 °C (Primm et al., 2017) (Figs. 8) and 9), though bishopite dehydrates to
MgCl,-4H,0 at these temperatures at RH < 6% (Xu et al., 2021) (Fig. 9).
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FIG 8. Stability diagram of Mg chlorides at Mars-related conditions (Primm et al., 2017). T: Temperature; TE: eutectic temperature; RH: relative
humidity; DRH: deliquescence relative humidity; ERH: efflorescence relative humidity.
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Eutectic temperature of water with Ca perchlorate is among the lowest among possible martian salts (198 K), and the
deliquescence of hydrated Ca perchlorate Ca(ClO,),"4H,0 occurs at 30-60 °C if RH > 10-20%, respectively (Wang et

al., 2019) (Fig. 6). Lower deliquescence RH is needed at T > +25 to +60 °C. At 0 °C, Mg(ClO,),"6H,0 is subjected to
deliquescence at RH > ~40% (e.g., Gough et al., 2011). At temperatures up to 60 °C, the deliquescence HR is 30-35%
(Fig. 6).

At 0 to +50 °C, NaClO,H,O is subjected to deliquescence at RH above ~51-38%, respectively (Fig. 10).
Deliquescence of NaClO, occurs at RH > ~38% and T > ~50 °C and slightly changes with temperature (Figs. 6 and

10). In even moderately water-bearing samples, deliquescence of perchlorates of Ca, Mg, and Na, and chlorides of Ca
and Mg is likely upon heating of samples up to 30-0 °C. Note that deliquescence of these hygroscopic salts could
maintain RH in a container that will buffer HR at a low level (e.g., 30-40%) that does not allow deliquescence of less
hygroscopic salts discussed below.

Chlorates could be affected by deliquescence as well. Toner and Catling (2008) evaluated the stability of chlorates
with respect to delinquency and found that Mg(ClO,),"6H,O is much more deliquescent (RH > 20%) than

Mg(CIO,),"6H,0 (RH > 40.1%) at 25 °C.
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Magnesium and iron (Fe®* and Fe®") sulfates require higher RH for deliquescence in the considered temperature range
(Fig. 6). The deliquescence of these salts is less likely, especially in water-deficient samples with a large headspace.
Meridianiite (MgSO,'11H,0) is only stable at sub-freezing temperatures, though epsomite (MgSO,-7H,0) is subjected
to deliquescence at ~30-50 °C if RH > 85-90 % (Figs. 4, 6, and 11). Epsomite dehydrates to hexahydrite
(MgSO,-6H,0) above ~50 °C. Hexahydrite is subjected to deliquescence at HR > 85% at 50 °C and at HR > 80 % at

70 °C. Fig. 11 illustrates a possibility of sequential thermal dehyration of Mg sulfates if HR is less than ~80%:
MgSO,7TH,0 — MgS0O,-6H,0 — MgSO,-4H,0. The higher the HR, the higher the temperature of dehydration of a

Mg sulfate salt.
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FIG. 11. Experimental and calculated deliquescence humidities (solid line) and hydration—dehydration equilibrium humidities in the system
MgSO,-H,0 (Steiger et al., 2011). (7), MgSO,*7H,0; (6), MgSO,*6H,0; (4), MgSO,4H,0; (1) MgSO, 'H,0.

Processes that include brines
Chemical interactions of brines with other materials of heated samples can alter the affected materials and brines. One

possible interaction is cation (Ca®*, Na*, K*, etc.) exchange between clay minerals and brines. As an example,
interaction of Ca-bearing clay minerals with Mg-sulfate rich brine includes Ca-Mg ion exchange, formation of Ca
sulfates, and incorporation of Mg to the clay structure (Wilson and Bish, 2012). Such interactions could have occurred
during the diagenesis (e.g., Bridges et al., 2015) of martian clay minerals and are likely in heated brine-bearing
samples. Another process is dissolution of solid and/or amorphous phases in contact with brines. The latter process is
important in the case of low-pH[mz1] brines (next section).

The composition of brines depends on the amount and composition of salts in samples, temperature, and RH in
containers. The lower the RH, the higher the salinity of brines and the higher relative concentration of high-solubility
salts, such as perchlorates and bromides. Solubility of bromides is comparable with that of perchlorates (Marion et al.,
2009, 2010), and they all could be mobilized (e.g., through deliquescence) and deposited through evaporation and
freezing in a similar manner.

Bromine is a trace element in martian materials, and bromides likely exist as admixtures in chlorides. Bromides Ca,

Mg, and Na are more soluble in water than corresponding chlorides. The bromide ion (Br) is preferentially
concentrated in brines that approach salt-water eutectic compositions due to freezing or evaporation. Therefore,
bromine could be preferentially mobilized through freezing/thawing and evaporation of brines at low RH. The
Opportunity rover data and corresponding chemical equilibrium models for brines suggest preferential occurrence and

mobility of Br™ in cold near-eutectic brines at the Meridiani Planum (Marion et al., 2009). Near-eutectic brines that

could form in heated martian samples through deliquescence or water vapor condensation would be enriched in Br'.
Existence of corresponding brines at low RH implies preferential mobility and re-deposition of bromide(s). At low-RH
aqueous conditions in heated containers, high solubility of bromides (e.g., CaBr,) suggests higher mobility than

chlorides and sulfates of Ca, Mg, and Na. The expected aqueous mobilization, mobility, and re-deposition of bromides
during heating and subsequent freezing of samples will moderately affect the science goals related to martian water
history.

Physical processes include migration of brines and subsequent re-deposition of salts. Migration of brines in a gravity
field may not be a concern because of low gravity and the overall water-deficient nature of samples. However,
migration in humidity and/or temperature gradients is likely to occur and cause preferential accumulation of first brines
and then salts in veins and at the surfaces exposed to the container atmosphere. Analogous processes are common on
Earth (Bing et al., 2015) and could lead to accumulation of salts on the surfaces of soil. These processes occur in salt-
bearing terrestrial soils in arid areas and are responsible for accumulation of salts (mostly Mg sulfates) in salt-rich
carbonaceous chondrites in the meteorite collection (Gounelle and Zolensky, 2001). Several freezeimz2]-thaw cycles
during the sample journey to Earth could contribute to brine migration and re-deposition of salts through efflorescence
(liquid to crystalline solid transition).

Acid-generating reactions

If an aqueous fluid develops within the sample, several reactions may occur subsequently that can lower the pH of this
fluid. These reactions include mineral dissolutions and/or redox interactions.

The mineral jarosite ((K,Na,H,O)Fe,(SO,),(OH),) has been detected on Mars and may be present in potential samples.
Jarosite forms in acidic environments (pH < 3), where dissolved ferric iron (Fe**) and sulfate (SO}'), bisulfate (HSO,’

), as well as cations such as K* or Na*, are freely available. For example, jarosite has been described from acid mine
drainage sites on Earth (e.g., Hudson-Edwards 1999). It can be classed as an evaporite mineral that is readily soluble in
liquid water. The most soluble variety is the hydronium (H;O") endmember (Alpers et al. 1989). If the dissolving fluid
has an elevated pH (> 3 at standard pressure and temperature), where jarosite would be unstable, the mineral may



convert into other iron oxy-hydroxides and release protons into solution: KFe,(SO,),(OH), = FeO(OH) + K" + 2SO42'

+ 3H" (Smith et al. 2006). Hence, the dissolution of jarosite not only increases the salinity (see above) but the acidity
of a fluid as well.

Another important process that can generate acidity is the oxidation of sulfide minerals and sulfide species in solution
(e.g., H,S, HS"). On Earth, these reactions are typically coupled to O, reduction via the reaction FeS, + 7/2 O, + H,0

— Fe* + 28042_ + 2H" (e.g., Dos Santos et al. 2016). However, under anoxic conditions, Fe** (see details below) and
NOj; can act as oxidants instead of O, (Hayakawa et al., 2013; Moses et al., 1987), though oxidation of Fe* by O, is

needed to form Fe’* in the solution at the first place. On Mars, other species such as H,0, and C10,* could also serve

as oxidants (Lasne et al. 2016). In either case, sulfuric acid is generated from the oxidized sulfide, and the pH of the
resulting solution can be very low (below 2), depending on the total amount of sulfide (pyrrhotite, pyrite) oxidized and

the buffering capaciy of other minerals and gases in the environment. Fe** is abundant on the surface of Mars and may

act as a sulfide oxidant if it is mobilized in acidic liquid water. Reaction rate of Fe*-sulfide interaction has been shown
to increase if temperature is raised from 20 to 70 °C (Boogerd et al., 1991). Significant sulfide oxidation thus occurs

within a few hours. Even on Earth, where pyrite oxidation is ultimately linked to O,, Fe** is an important intermediate

oxidizing agent, especially in subsurface O,-depleted environments (Moses et al. 1987). Hence, Fe**-driven sulfide

oxidation on Mars is a plausible scenario, and the increasing reaction rate with increasing temperature increases the
risk of sulfuric-acid generation in sample containers. However, the latter process could be limited because of

deficiency of strong oxidants (O,, H,0,, Fe’*, nitrate) compared to sulfide minerals.

Nitrate has been detected in the martian surface materials (Stern et al., 2015), and while on Earth the reaction between
nitrate and sulfide is usually biologically catalyzed, it may also proceed abiotically, though at much slower rates
(Hendrix et al., 2022). The effects of temperature on the reaction between nitrate and sulfide are yet to be determined;
however, it is likely that elevated temperature enhances the reaction rate, like what has been described for the reaction
between nitrate and ferrous iron (Summers and Chang, 1993). Here, an increase in temperature from 20 to 60 °C raises
the reaction rate by several orders of magnitude with significant reduction occurring on timescales of minutes to hours.
If the same is true for the nitrate-sulfide reaction, and if significant amounts of both substrates are present in the
martian samples, then a significant amount of acidity may be generated through this process.

Thermal decomposition of martian materials explored by the SAM instrument on the MSL suggests formation of HCI
(g) upon heating beyond ~25 to 30 °C (Clark et al., 2020). HCI is a strong acid. Therefore, the released HCI could
affect aqueous phase and solid samples. With or without an aqueous phase, the presence of HCl (g) and H,O (g) in the

headspace will cause some alteration of the exposed carbonate surfaces and formation of corresponding (mainly Ca)
chlorides.

Alkalinity-generating reactions

Some alkalinity may be generated if formed acidic fluids described above react with silicate materials and carbonates.
Carbonates have a strong pH-buffering capacity. However, additional reactions can occur, independent of the initial
acidity of the fluid. Even at neutral pH, aqueous fluids, which are generated more abundantly with increasing
temperature of the sample (see above), may react with silicate materials and generate alkalinity over timescales of
weeks to months (Gislason and Eugster 1987), and the rate of the reaction increases slightly with temperature.
Volcanic glass and fine-crystalline volcanic rock, in particular rocks of mafic and ultramafic composition, can act as a
strong base, that is,they absorb protons and release cations into solution during water-rock reactions (Garrels and
Mackenzie 1967). The pH of the resulting solution may be as high as 9 or 10, especially if it is associated with
subsequent evaporation of the fluid and precipitation of carbonate minerals.

A related reaction is serpentinization, that is, the reaction between water and olivine and pyroxene minerals. This
reaction can proceed at temperatures as low as 30 °C if given sufficient time (on the order of months), and
serpentinization of ferrous minerals can lead to the formation of abiotic H, and, possibly CH, (Neubeck et al. 2011),

but may not produce these gases at considered temperatures and time of heading (McCollom and Donaldson 2016).
The pH of fluids involved in serpentinization can reach high pH values of 9-11 (Moody 1976; Holm et al. 2015),



though water deficiency in sample containers would limit these processes.

Aqueous redox reactions

As noted before for some acid-generating reactions, redox processes are expected to occur because the modern martian
surface is oxidized, whereas igneous rocks and some subsurface sediments may have formed under anoxic conditions.
Physical mixing between modern (or relatively recent) oxic surface materials and anoxic subsurface materials may,
therefore, lead to chemical disequilibrium, which can drive reactions and ultimately obliterate specific environmental
and biological signatures. Importantly, this may include signatures of past and present (or recent) surface conditions.
The major oxidizing agents to consider are radical species, O,, H,0,, ferric iron, sulfate, oxychlorine compounds,

including perchlorate, and minor nitrate as well as manganese oxides. Major reductants are likely to be ferrous iron,
sulfide, organic matter, as well as trace levels of CH,, H, (see above), or ammonium (see above) that may be released

from the sample. Reactions between some of these reagents are of concern, because they may destroy certain phases
(e.g., organic matter or sulfides becoming oxidized), alter isotopic compositions, and/or generate acidity (see above),
which may further impact the integrity of the sample.

As an example, we consider the reaction between martian nitrate (Stern et al. 2015) and ferrous iron. Under aqueous

anoxic conditions, nitrate may spontaneously react with Fe** and convert to nitrite and then to ammonium with the
reaction accelerated by an increase in temperature (Summers and Chang 1993). Hence, a significant amount of the

original nitrate may be lost as it reacts with ferrous iron.(mz3] The ferrous iron ion (Fe**) could be derived from ferrous
clay phases or from primary mafic silicates and sulfides (pyroxene, olivine, amphibole, pyrrhotite) that are contained in
the sample. Isotopic effects (see also next section) of these reactions have so far not been investigated, but they are
likely to be significant, given the large isotopic effects associated with biological nitrate reduction. Hence, any efforts
of constraining the primary N isotopic composition of the ammonium-bearing organic matter, ammoniated clay
minerals and primary nitrate deposits could be compromised. Losing nitrates from the sample may further impact our
ability to reconstruct atmospheric processes on Mars that lead to the formation of nitrates in soils.

Reactive oxygen species and radicals that are informative of photochemical reactions on Mars may be lost from the
sample if they react with reductants such as ferrous iron, sulfide sulfur, ammonium, organic matter, H,, or CH,. Hence,

our ability to measure these radicals after the sample has been returned to Earth may be severely impacted.

Sulfates can theoretically be reduced to elemental sulfur or sulfide, coupled to the oxidation of organic matter, H, or
CH,. However, on Earth, these reactions are typically catalyzed by microbes, because the abiotic reaction rate is very

low below 100 °C (Machel 2001). Significant abiotic sulfate reduction, also known as thermochemical sulfate
reduction, only occurs at temperatures in excess of 150 °C (Ohmoto and Lasaga 1982) and is therefore not relevant for
this study. Manganese oxides have also been detected on Mars (Lanza et al. 2014; Arvidson et al. 2016), and they, too,

may undergo reduction if they are brought into contact with aqueous Fe?*, H,, CH,, or sulfides (HS", H,S). Abiotic

reduction of Mn** to Mn** and Mn?* can occur on timescales of hours at room temperature (Johnson et al. 2016).
Hence, primary Mn oxides may be lost from the samples.

Isotopic exchange reactions

Even if phases are not entirely lost from the record during sample storage, it is possible for them to undergo isotopic
exchange reactions and thus lose some primary environmental information. For example, the dissolution of sulfate

minerals may homogenize their stable isotope ratios (8**S, A**S, A*S). Similarly, oxygen isotope ratios (8'*0, 8 '’0)

of various salts and hydrated oxides (Mn**, Fe**) may undergo homogenization upon prolonged heating in aqueous
media. For hydrous iron oxides, for example, isotopic exchange occurs rapidly and is therefore considered to reach
equilibrium with the new fluid phase almost instantaneously (Bao and Koch 1999). The isotopic composition of

primary atmospheric CO, gas (8"C) may become homogenized with that of carbonates if the latter undergo (partial)

dissolution. Isotopic equilibration between aqueous and gaseous inorganic carbon is reached on timescales of hours at
room temperature, limited by diffusion kinetics (Zhang et al. 1995).

2.2.1.6. Interactions with container materials



Given the coating of the container with titanium nitride (TiN), there might be some concern about contamination of
nitrogen and possibly even titanium in the sample. Titanium nitride is almost insoluble in liquid water, but corrosion of
TiN by sulfuric acid has been demonstrated (Chyou et al. 1993). For samples where sulfuric acid generation is a
possibility (e.g., samples containing soluble acid sulfate salts or oxidizable sulfides), some corrosion of TiN needs to
be considered. As more sulfuric acid is expected to be generated with increasing temperatures (see above), the
prolonged heating of the sample containers could enhance corrosion intensity. A consequence of such corrosion would
be the release of N and Ti into the sample, which may hinder accurate analyses of primary Ti and N abundances and
isotopic compositions. The magnitude of this effect would depend on the sample’s original Ti and N contents, as well
as on the length of time for which the container is exposed to acid attack.

2.2.2. Processes after heating

Cooling of heated samples will lead to sorption of gases that are either survived or produced in chemical reactions that
occur at elevated temperatures. Deposition of sublimated organic compounds is expected after lowering the
temperature. Therefore, those organic compounds will not be lost but could condense in different locations (including
walls) in the container.

High relative humidity in the head space maintained during cooling of water-rich samples could cause incorporation of
H,0(g) into the interlayer space of clay minerals (e.g., saponite, montmorillonite, kaolinite). The process is more

efficient in a liquid water-rich environment. The incorporation of H,O into the interlayer space of phyllosilicates would
compete with other processes that affect the amount of H,O present, including absorption, condensation, and hydration
of solid phases (mainly salts), which could occur more rapidly.

Rates in chemical reactions exponentially decrease as temperature decreases. Rapid cooling of water-poor samples to
temperatures below 0 °C would mainly preserve mineralogy that was formed at elevated temperatures.

Cooling of water-rich samples may cause condensation of H,O(g) followed by formation of water ice. If an aqueous

phase existed at the highest temperature, more water would condense. The decrease in temperature will decrease the
H,0(g)/H,O(1) and H,0(g)/H,O(ice) ratios. Water would predominantly condense on colder materials in the container

(Fig. 1) and may sink to lower levels by the gravitational force. A rapid cooling would lead to condensation of water
rather than formation of hydrated phases (e.g., salts) from which water was initially released. Later, if the temperature
remains above freezing point, new-formed hydrated salts (e.g., Ca-, Mg-chlorides and Mg-, Ca-, Na-sulfates) will
equilibrate with the H,O(g) in the head space and with aqueous phase, if it is present.

If an aqueous phase exists during heating, subsequent cooling and freezing of brines will cause precipitation of salts
(carbonates, sulfates, and halogenides). As noted above, newly precipitated salts may differ from original salt hydrates.
Physical-chemical modeling of freezing of martian water solutions (e.g., Marion and Kargel, 2008; Marion et al.,
2009; Toner and Catling, 2015) suggests precipitation in the following sequence, Ca sulfates and/or Mg/Ca carbonates,
Mg sulfates, Na chloride(s), Mg chlorides/perchlorates, Ca chlorides, perchlorates, and bromides. As temperature
decreases, the salinity and chloride/sulfate ratio in the remaining diminishing volume of brines increases. In originally
water-rich samples, migration of brines enriched in high-solubility salts (Ca/Mg chlorides, bromides and perchlorates)
and corresponding re-deposition of salts is possible well below 0 °C. In water-poor samples, the salts could be
deposited near the places where the salts experienced deliquescence and were dissolved by liquid water during heating.
In such samples, salt materials will not be lost, though aqueous alteration of silicates and other phases during higher-
temperature periods would modestly change the composition of precipitated salts. In water-rich samples (e.g., soil with
abundant hydrated salts and water ice), the salt composition could be more chemically altered during the heating-
cooling episode(s). Salts, especially high-solubility chlorides, perchlorates, and bromides will be deposited in places
where brines migrated. In both cases, the composition of salts will be more altered in cases of prolonged (months) and
high-temperature (40 to 60 °C) warming.

Fluid inclusions can be formed as a secondary phase (“secondary fluid inclusions”) when exposed to volatiles. These
secondary fluid inclusions can contain various liquid and gaseous phases. Ancient chemical sediments and diagenetic
features commonly host both primary and secondary fluid inclusions in the same crystals. However, petrographic
criteria have been established to distinguish them from one another (e.g., Goldstein and Reynolds, 1994). On Earth,
secondary fluid inclusions most commonly form during burial. In the case of Mars return samples, any secondary fluid
inclusions may be the result of diagenetic events on Mars and/or due to heating and exposure to volatiles within



sample tubes.

Redox reactions are much less efficient than they are at higher temperatures. Rates of redox reactions increase with
increasing temperature, and oxidants may be completely consumed at high temperatures.

2.3. Synergistic effects

Each RSTA is a closed system, and water evolved from hydrous phases is not only lost from its host phases but will be
retained in the closed system as vapor that may condense and catalyze mineral-water reactions and even hydrate other
phases. Reactions that would be catalyzed by molecular water or consume and incorporate the water’s elements and
isotopes into newly formed reaction products include oxidation-reduction of any redox-sensitive element that would be
the desired measurement for any number of other iMOST Investigation Strategies. Consequently, any measurable
attribute of the sample that would be changed by being exposed to free molecular water in the RSTA would be
compromised by the water evolving from any phases that even partially dehydrate in the 30 to 50°C range for more
than a limited duration of time. Timescales for individual mineral and amorphous phases likely to occur in samples
from Mars are reported in the literature discussed below.

3. Inorganic compounds

Numerous iMOST investigation strategies and their supporting samples and measurements (iMOST, 2018; Beaty et
al., 2019) refer to mineral groups (e.g., carbonate, evaporite, clay minerals, etc.), mineral properties (e.g., hydrated,
hydrous, etc.), and broad categories of reaction types (e.g., dehydration, oxidation, hydrothermal, etc.). Specific
minerals in these groups are expected to contain evidence of paleoenvironments, potentially habitable niches, and the
geologic context of life-science observations, and many are likely host phases for morphological and molecular
biosignatures. The occurrences of these minerals individually and as phases in mneral assemblages, and the
abundances and isotopes of H and O in their structural molecular water, and C and S in their anionic groups, constrain
the ranges of temperature and the solute composition (e.g., pH) of the aqueous solutions from which they formed.
Microscopic studies of mineral habits (crystal shape), fluid inclusions, spatial associations, and textures are indicative
of reaction relationships, paragenetic assemblages, and temporal sequences of reactions of mineral formation and
alteration. All these types of information are crucial to meeting iMOST objectives of characterization of paleofluids
and paleoenvironmental conditions conducive to past habitability and preservation of potential biosignatures. The
iMOST report made the case for more than 200 anticipated measurement types for a wide range of landing-site
geologies iIMOST, 2018; Beaty et al., 2019).

3.1. Hydrated minerals at risk of heating events

Hydrous/"hydrated" minerals in general, or one or more specific hydrous salt-mineral groups, or phyllosilicates and
other hydrous silicates (examples shown in Fig. 12) are host phases of volatiles and may eentent contain redox-
sensitive (including mixed valence) elements. They are explicitly stated as phases to be sought for analytical studies of
isotopy, dehydration/hydration, polymorphs, transitions, and redox state of carbon, hydrogen, nitrogen, oxygen,
phosphorous, and sulfur (CHNOPS) elements and first row transition elements (FRTE) in support of high-priority
iMOST Objectives 1 and 2 (and most other iMOST Objectives), Sub-objectives, Investigation Strategies (Table 11),
and Measurement types. Explicit callouts in iMOST Objectives 1 and 2 by mineral type (e.g., sulfate, carbonate,
phyllosilicate, clay mineral), stable isotopes of elements hosted by such minerals (especially H, O, C, and S), genesis
(e.g., evaporite, diagenesis, weathering), or host material (e.g., soil/paleosol) are included and underlined in
Supplemental Table S1. Many more measurement-sample pairs are referred to implicitly, by seeking evidence of
specific processes (e.g., diagenetic alteration of sedimentary deposits) rather than specific minerals; these are also
underlined, but only some of these are included in Supplemental Table S1; many more are in the iMOST report
(iIMOST, 2018; Beaty etl., 2019).
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FIG. 12. Crystal structure diagrams of minerals that contain scientifically important volatile and oxidation-reduction (redox)-sensitive elements
(O, H, S, Fe): (left) sulfate minerals gypsum (Gp) (CaSO,-2H,0) and anhydrite (Anh) (CaSO,) (drawn using ATOMS), (right) the smectite-group
clay mineral, montmorillonite (~ CaO'ZS(Al(Mg,Fez")Z(Si,Al)4010(0H)2-nHZO). (modified from Poppe et al., 2001; modified from Grim, 1962).
H,0(+) — so-called “structural water” — includes molecular H,O that is part of the mineral’s structure (for example, in gypsum) and hydroxyl
(OH) that is part of the mineral’s structure (for example, in montmorillonite). Both structural H,O and structural OH can be removed from the
structure by, for example, heating, with dehydration and dehydroxylation evolving molecular water and producing a different mineral. H,O(-)

includes molecular water sorbed at any mineral’s surface and molecular water weakly bound to exchangeable interlayer cations in some common
and widespread clay minerals (for example, montmorillonite). See Velbel and Zolensky (2021), footnote 1.

EIC’s NOTE TO THE COPY EDITOR: Please reduce the row-spacing height in Table 11 to reduce its overall size in
the published article. Thanks, Sherry

Table 11. Summary of high-priority iMOST sample-related investigation strategies calling for analyses of hydrous minerals.

Investigation Strategies (IS) for Objectives 1 and 2

IfObjective 1 Geological Interpret the primary geologic processes and history that formed
environment(s) the martian geologic record, with an emphasis on the role of
water.
Sub-Obj. 1.1 Sedimentary System Characterize the essential stratigraphic, sedimentologic, and
facies variations of a sequence of martian sedimentary rocks.

Why is this objective | A key input into quantifying and interpreting the history of water on Mars, search for life.
critical?

IS1.1B Investigate sediment diagenesis, including the processes of cementation, dissolution,




authigenesis, recrystallization, oxidation/reduction, and fluid-mineral interaction

IS 1.1C Investigate the mechanisms by which sediment is/was generated on Mars, by understanding
the weathering and erosional processes.
Sub-Obj. 1.2 Hydrothermal Understand an ancient martian hydrothermal system through

study of its mineralization products and morphological

expression.

Why is this objective
critical?

A key input into interpreting the history of water on Mars; search for life.

IS1.2D Determine the age of the hydrothermal system and the duration and rate of water flow.

IS1.2E Investigate the possibility of post-depositional modification/fluids and interpret those
processes.

Sub-Obj. 1.3 Deep subsurface | Understand the rocks and minerals representative of a deep
groundwater subsurface groundwater environment.

Why is this objective
critical?

A key input into interpreting the history of water on Mars, search for life.

IS1.3A Interpret the morphologic features and minerals resulting from groundwaters in igneous and
sedimentary host rocks to understand the extent of groundwaters, their transport, and their
episodicity.

IS1.3B Determine the physical-chemical conditions of water-rock interaction and assess habitability.

IS 1.3C Determine the source of fluids and abiotic or biotic reactions governing mineral precipitation.

IS1.3D the absolute time-evolution of the groundwater system and chemical reactions.

Sub-Obj. 1.4 Subaerial Understand water/rock/atmosphere interactions at the martian

surface and how they have changed with time.

Why is this objective
critical?

A key input into interpreting the history of water on Mars, search for life.




IS 14A Investigate weathered materials such as soils, paleosols, weathering rinds or rock coatings to
investigate the duration and nature of past climates and both ancient and modern habitable
surface environments.

IS14B Assess the history of surface water at the site, including the chemistry, source, and longevity
of the waters, and their role in the formation of wetlands, ponds, and springs.

IS 1.4C Assess the diagenetic history of the site, including the chemistry and redox state of past
near-surface waters and groundwaters, how water sources may have interacted, and how
they have changed through time.

IS 14D Determine sediment provenance and transport history.

Sub-Obj. 1.5 Igneous terrane Determine the petrogenesis of martian igneous rocks in time and

space.

Why is this objective
critical?

Key input into the mechanisms for formation of igneous rocks and the evolution of Mars on a
planetary scale

IS 1.5A Determine the compositional and textural diversity of igneous rocks and the time-resolved
geological processes which relate them to each other and to martian meteorites.
Objective 2 Life Assess and interpret the potential biological history of Mars,
including assaying returned samples for the evidence of life.
22 Biosignatures-ancient Assay for the presence of biosignatures of past life at sites that

hosted habitable environments and could have preserved any
biosignatures.

Why is this objective
critical?

The search for life is one of the driving objectives for Mars exploration in general, and
sample studies are an essential component of astrobiology strategy.

Which are the most
important samples?

All of the samples collected as part of Objective 1 are of interest.

IS 2.2A

Characterize aspects of the environment that are conducive to the preservation or degradation
of biosignatures.




IS 2.2F Identify any chemical evidence of life that is different from that specified above.

Secondary minerals (alteration products of various paleoenvironmental chemical reactions of aqueous solutions with
pre-existing minerals) observed by orbital spectroscopy of Jezero crater were among the main criteria used to select
the M2020 landing site (Grant et al., 2018). The first Earth year of Perseverance rover operations at Jezero crater has
already yielded provisional identifications of all the aforementioned mineral groups. Minerals including gypsum,
monohydrated Mg-sulfate, polyhydrated Mg-sulfate, unspecified carbonate, and smectite-group clay minerals have
been tentatively identified in Jezero crater from Perseverance SuperCam Visible and Near InfraRed (VisNIR)
spectroscopy (Mandon et al., 2021). Planetary Instrument for X-ray Lithochemistry (PIXL) data lend additional
support to the occurrence of Ca-S-rich surface crust or cement (Schmidt et al., 2021).[Mz4][VM5][MS6]

Most of the minerals listed in the preceding paragraphs are known to be heat-sensitive upon heating to above their
formation temperatures. A sample is heat-sensitive if heating to above its formation temperature changes the
attribute(s) of one or more of the minerals or other amorphous solid phases that must be measured to implement and
inform the corresponding iMOST investigation strategy. The deleterious effects of heating a sample to sterilization
temperatures (sterilization sensitivity) for a variety of measurable attributes were explored in depth by Velbel and
others (2022) and are illustrated for this report in Fig. 13. iMOST investigation strategies and their associated saples
and measurements are revisited here for their sensitivity to heat within the temperature range of concern to this study
(30 to 50° C).
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FIG. 13. Phase transition temperatures for MSR Campaign-relevant minerals and amorphous materials. The dashed lines indicate the range of
temperatures of concern to this study. H,O(+) and H,O(-) are defined in Figure 12. Modified by B. Marty after Gooding (1992) and Neal (2000)

for, and adapted for this report from, Velbel and others (2022).

3.2. Deleterious effects on hydrous minerals owing to dehydration and rehydration

Dehydration causes loss of information important for interpretation of the sample’s paleoenvironment, the potential
habitability of the paleoenvironmental, the preservation potential of potential biosignatures, and the geologic context
of life-science observations. Specific categories include phase change (loss of knowledge of pristine mineral



occurrence on Mars) with corresponding loss of information about thermodynamic stability and metastable persistence
of the water’s as-sampled host mineral, loss of molecular water from the as-sampled host mineral and addition of that
water to other pases in the closed system of the sealed RSTA with corresponding information degradation and loss in
other phases (“sharing water” — blurring of stable isotope differences between different minerals). Rock fabric may be
disrupted by volume change during (i) dehydration and rehydration of salt hydrates and (ii) expansion of swelling clay
minerals, causing degradation and loss of microscopic and spatially resolved (host phase-specific) microanalytical
observations of mineral habit (crystal shape), associations, paragenetic assemblages, pseudomorphism, textures
indicative of reaction relationships, and fluid inclusions, with corresponding loss of information about temporal
sequences of reactions and host environments, and loss of stable H and O isotopes of molecular water hosted in the as-
sampled hydrous sulfates, eliminating the possibility of spatially resolved in situ microanalyses of phase- and grain-
/crystal-specific water abundance and stable H and O isotopes.

Rehydration would redistribute water molecules and their isotopes from their as-sampled host phase to other phases in
the closed RSTA system, with similar loss of information. With the possible exception of very finely crystalline clay
minerals such as smectite (Bish and Duffy, 1990), mobilization of H and O by dehydroxylation of OH-bearing
minerals (e.g., phyllosilicates) is not expected within the temperature range of interest (30 to 50 °C) (Kawano and
Tomita 1991, Gooding, 1992; Huang et al., 1994; Frost et al., 2000; Neal, 2000; Che et al., 2011).

3.3. Sulfates

All the first 15 samples of fluviolacustrine sedimentary rocks analyzed as bulk drill-fine powders by MSL’s Chemistry
and Mineralogy (CheMin) X-ray diffractometer (XRD) at Gale Crater contain at least one hydrated sulfate mineral
(Rampe et al., 2020). Sulfate minerals were not spectroscopically detected from orbit at Jezero Crater (Ehlmann et al.,
2008a; Goudge et al., 2015; Horgan et al., 2020) or mentioned specifically by advocates for landing and operating the
M?2020 rover in Jezero Crater (Golombek et al., 2012; Grant et al., 2018). Nevertheless, sulfates are expected in Jezero
crater. Literature supporting such expectations is cited where specific groups of minerals are discussed below.

3.3.1. Ca-sulfates

3.3.1.1. Ca-sulfates and iMOST objectives

The probable occurrence of hydrous Ca-sulfates in returned Mars samples is anticipated based on the following
observational evidence:

e  (a-sulfates occur in at least some individual meteorites from each of the abundant groups of meteorites from
Mars — shergottites, nakhlites, and chassignites (SNCs; see review by Velbel, 2012, references therein, and
more recent references). Some may be part of the meteorite’s mineral inventory on Mars (martian), but many
are demonstrably terrestrial (formed by terrestrial weathering after the meteorite’s fall). Ambiguity about this
mineral group’s origin in meteorites from Mars is one reason for the MSR Campaign.

e At least one of the Ca-sulfates gypsum (CaSO,-2H,0O; Figure 12), bassanite (CaSO,-0.5H,0), and anhydrite

(CaSO,, anhydrous; Figure 12) has been detected and quantified in 12 (80%) of the first 15 samples of

fluviolacustrine sedimentary rocks analyzed as bulk drill-fine powders by MSL’s CheMin XRD at Gale Crater
(Rampe et al., 2020).
e  Unspecified sulfate minerals have been detected from orbital Mars Global surveyor (MGS) Thermal Emission
Spectrometer (TES) data in the Jezero watershed and Jezero crater (Salvatore et al., 2018).
o Bassanite has been detected by Compact Reconnaissance Spectrometer for Mars (CRISM) orbital
spectroscopy in the North Polar dunes of Mars (Parente et al., 2022).
Recent data from Perseverance instruments in Jezero crater include the following:
o Gypsum has been tentatively identified from early SuperCam VisNIR spectroscopy (Mandon et al.,
2021).
o  Early PIXL data lend additional support to the occurrence of a Ca-S-rich mineral and intermixed Ca-
and Mg-sulfates occurring as a surface crust or cement (Schmidt et al., 2021; Meslin et al., 2022).
o SHERLOC-WATSON Raman spectroscopic detections of a widely distributed sparsely abundant Ca-
S-rich mineral in the Guillaume target (Scheller et al., 2022).

The MSR Campaign science to be built upon analyses of these minerals: High-priority iMOST Objectives, Sub-
Objectives, Investigation Strategies, and associated Measurement types — 1.I1B, 1.2E, 1.3B, 1.3C, 1.3D, 14A, 14B,



14C, 1.5A,2.2A,2.2F.

Paleoenvironmental conditions of the water, such as the thermodynamic activity of the solvent water («¢H,O) and the

saturation state of the aqueous solution from which the Ca-sulfates initially precipitated with respect to the precipitated
salt mineral, can be determined from equilibrium chemical thermodynamics. The temperature and pre-precipitation
natural history of the solvent water can be inferred from the stable H and O isotopes of the Ca-sulfate minerals
precipitated from that water. Two thirds (66%) of the first 15 samples of fluviolacustrine sedimentary rocks analyzed as
bulk drill-fine powders by MSL’s CheMin XRD at Gale Crater contain two or more of the Ca-sulfates (Rampe et al.,
2020). Textural (microscopic) observations and associatedpatially resolved isotope microanalysis of intact samples
containing more than one Ca-sulfate mineral would be required to establish (from crystal habits, cross-cutting or
superposition relationships, or pseudomorphic replacement) whether the multiple Ca-sulfates coexist in the sample
because they formed at the same time, formed initially as one that was then consumed by a reaction that formed the
other, or formed completely independently of one another. Evolving paleoenvironmental conditions of the long-absent
aqueous solutions can be inferred in support of establishing the context within which potential biosignatures in
associated rocks may have been incorporated and preserved.

3.3.1.2. Ca-Sulfates - Deleterious effects of heating to (30 °C <T < 50 °C)

Dehydration
In a vacuum oven with pH,O maintained at ~0.7 Pa, the onset and completion of gypsum dehydration to bassanite

(sub-mm coarse silt to fine sand size natural White Sands, New Mexico, U.S.A.) occur after tens and hundreds of
hours, respectively, at 297 K (24 °C) and after ~ 1 hour and several tens of hours, respectively, at 323 K (50 °C)

(Vaniman et al., 2008). An apparent Arrhenius activation energy calculated from their experiments (19.9 kcal mol™, 83

kJ mol™) permits interpolation (Table 12) of the experimental results of Vaniman et al. (2008) from the range of their
experimental temperatures (24 °C < T < 50 °C) to temperatures in the range considered in this study (30 °C < T < 50
°C). Temperatures of 30 °C for less than several days are unlikely to induce gypsum dehydration, whereas granular
gypsum is unlikely to persist intact for longer than a few tens of hours at 50 °C, possibly within the range of concern
for this study (Table 12). In Western Australia, gypsum occurs at the surface as large (up to ~10 cm) bottom-growth
crystals, as well as in smaller crystals and as re-worked sand and silt. There, it has been exposed to temperatures of 50
°C over several days at a time, and has remained as gypsum (Benison et al., 2007).

Estimated amount of water evolved

The amount of molecular water that could be released by complete dehydration of gypsum to bassanite in fluvio-
lacustrine sedimentary rock samples from Jezero crater after the RSTA is sealed can be estimated. The preliminary
estimate here uses the weight % of water in gypsum (~21 wt.%), (Mz7][vM8]the maximum known abundance of gypsum
detected in similar rocks by CheMin at Gale crater (7 wt%; Rampe et al., 2020), estimated densities of sedimentary
rock types from uncompacted mudstone through compacted mudstone and moderately porous mafic sandstone to low-

porosity mafic sandstone (2.0 — 2.8 g/cm®), and the volume of a nominal cylindrical sample in an RSTA (dimensions

1.3 cm diameter, 8.1 cm length = ~8 cm’® not including a nominal 25% margin; Moeller et al., 2021). From these
values and assumptions, complete dehydration of the gypsum in mudstones and mafic sandstones to bassanite would
evolve ~250 — 350 mg of water into other phases in the sealed, closed-system RSTA. Higher proportions of gypsum in
the rock would yield higher abundances; the recently acquired CheMin sample Zechstein hit a gypsum-rich vein that
was not exposed at the surface and contained 25% gypsum (Rampe et al. 2022). Complete dehydration of the vein
gypsum in Zechstein would evolve ~610 — 850 mg of water into other phases in the sealed, closed-system RSTA.

Rehydration
Rehydration of sub-mm (coarse silt to medium sand grain size) bassanite to gypsum by vapor over H,O ice can begin

in ~1 hour and proceed approximately one-third of the way to completion in ~10 hours at 271 K (Vaniman et al.,
2008). Vaniman et al. (2008) performed similar experiments at 243 K and 223 K. An apparent Arrhenius activation

energy calculated from their experiments (9.6 kcal mol™, 40 kJ mol') permits extrapolation of the experimental results
of Vaniman et al. (2008) over the range of the experimental temperatures (-50 °C < T < -2 °C) to temperatures in the
range considered in this study (30 °C < T < 50 °C; Table 12 herein). Bassanite would be fully rehydrated to gypsum on
a timescale on the order of one day in the closed-system RSTA by water of hydration evolved from any mineral in the



RSTA that dehydrates over the temperature range of interest to this study. On this basis, the hydration states of Ca-
sulfates are expected to differ as a consequence of heating such samples particularly in the 40 °C < T < 50 °C range.
These timescales are in the same range (hours to days) estimated for room-temperature laboratory conditions by Tosca
et al. (2021). The ability to perform the science investigations described in the preceding paragraph on Ca-sulfates
would be impaired by mobilization of water molecules between host phases during heating in the same temperature
range.

Gypsum and perhaps bassanite are excellent and most likely candidates to contain fluid inclusions that could reflect
fluid compositions at the time of crystal growth. These inclusions will be lost during any dehydration/rehydration
process. Also, these fluid inclusions would likely be 100% filled if they are trapped at surface pressures and
temperatures. As such, significant increases in temperature will cause expansion of any high-density brines that they
contain, and that may cause the rupture of the fluid inclusion (especially in gypsum that has an excellent cleavage). It
should be noted that halite (NaCl) is a more robust host for fluid inclusions and examples exist on Earth of
Precambrian halites with unaltered fluid inclusions.

Gypsum and bassanite convert to anhydrite at around 50 °C. The exact temperature is variable, depending on the exact
composition of the solution (if the minerals are in it) and mineral phase (Hill 1937). The reactions seem to proceed on
timescales of months. Gypsum (Langevin et al. 2005) and bassanite (Wray et al. 2010) have been detected on the
martian surface, and it has been hypothesized that they may contain trapped organic matter (Aubreyt al. 2006).
Therefore, the stability of these minerals during the sampling process needs to be considered.

The effects of temperatures between ~6 °C < T < 30 °C on the preservation of martian gypsum and the scientifically
useful attributes it preserves (e.g., phase stability/metastability, H and O isotopes, fluid inclusions) can be extracted
from Ca-sulfate abundances in X-ray diffraction results from Curiosity’s CheMin instrument. The daily temperature
cycle inside CheMin ranges from ~6 to 30 °C (Vaniman et al., 2018). During the 150 sols in which a suite of five
gypsum-bearing samples were analyzed, daily surface temperatures around Curiosity increased from -12 to 10 °C and
maximum air temperature increased from around -17 to -5 °C; the temperature inside CheMin cycled diurnally
between 7 and ~30 °C throughout this interval (Vaniman et al., 2018). Gypsum- and anhydrite-rich and bassanite-free
sample Oudam was initially analyzed four times over 37 sols. It is important to note that Vaniman et al. (2018) only
used the first night of analysis, within a few hours of sample delivery into CheMin, to estimate the initial
gypsum:bassanite ratio. This is too short a period for significant transition of gypsum to bassanite. Evidence to
corroborate this assumption is in their analysis of the sample Oudam, which had 3.3% gypsum and no bassanite in the
first night of analysis. Bassanite was first seen in Oudam at very low abundance (0.1%) after 4 sols inside CheMin and

was still forming from gypsum at least 8 sols into the set of analyses (Vaniman et al., 2018). By the 37™ sol, no
gypsum was detected and the Ca-sulfates in the sample consisted entirely of bassanite and anhydrite. The prompt, first-
sol analysis raises the possibility that all bassanite detected by the CheMin XRD (Rampe et al., 2020, and references
therein) may have been formed prior to the XRD measurements after many sols in Curiosity’s onboard environment
and may thus preserve at best only minimal information about conditions of the pre-acquisition sample and the sample
site (Vaniman et al., 2018).

The Ca-sulfate assemblage in this sample changed from its as-sampled gypsum-anhydrite assemblage at the
temperatures of the CheMin sampling depth (2 — 6 cm) and the local relative humidity when acquired to an artificial
bassanite-anhydrite assemblage in 37 sols when stored in CheMin at temperatures fluctuating between ~6 to 30 °C
(Vaniman et al., 2018). This is at the short end of the timescales for gypsum dehydration to bassanite at higher
tmperatures determined by Ritterbach and Becker (2020). The hydrous phase and the Ca-sulfate phase assemblage
present after 37 sols between ~6 to 30 °C were artefacts of the temperatures inside CheMin, and 75% of the molecular
water in the sample on the sol of acquisition was lost from the solid sample— along with it the H and O isotope
information about the fluid from which the gypsum formed.

Timescales of deleterious effects

The timescales of deleterious effects on the fidelity of Ca-sulfates subject to heating are available in the literature
(Vaniman et al. 2008) and tabulated below (Table 12).

TABLE 12. Estimated timescales of gypsum dehydration and bassanite rehydration in Mars sedimentary rock samples (Vaniman et al. 2008).

Reaction Details Units 10 20 30 40 50



°C °C °C °C °C
Dehydration vacuum oven pH,O ~0.7 Pa,
t to complete dehydration
Gypsum to anhydrite ~ CaSO,2H,0 — CaSO, + 2H,0 days 67 20 7 2 1
hours 1616 485 158 55 20
Rehydration vapor over H,O ice,
tfromn=~02to~1.8
Bassanite to gypsum CaSO,05H,0 + 15H,0 — days 6 3 2 1 1
CaSO,2H,0
hours 133 74 43 26 16
Dehydration vacuum oven pH,O ~0.7 Pa, Units 10 20 30 40 50
°C °C °C °C °C
t to complete dehydration
Gypsum to anhydrite ~ CaSO,2H,0 — CaSO, + 2H,0 days 67 20 7 ) 1
hours 1616 485 158 55 20
Rehydration vapor over H,O ice,
tfromn=~02to~1.8
Bassanite to gypsum CaSO,0.5H,0 + 1.5H,0 ~ days 6 3 2 1 1
CaSO,2H,0
hours 133 74 43 26 16

Notice that dehydration of gypsum is much (> ~4x) slower than rehydration of bassanite to gypsum below 30 °C, but
nearly equal at 50 °C. Heating in the range of concern to this study could change the proportions of gypsum and

bassanite in a heated sample in a matter of hours.

3.3.2. Mg-sulfates

Considerations of Mg-sulfates are similar to Ca-sulfates in some ways, but there are many more hydrous Mg-sulfates
(MgSO, -nH,0) with a much larger range of hydration states; kieserite, n = 1; sanderite, n = 2; starkeyite, n = 4;
pentahydrite, n = 5; hexahydrite, n = 6; epsomite, n = 7; and the recently discovered meridianiite, n = 11 (Peterson and

Wang, 2006; Peterson et al., 2007).

3.3.2.1. Mg-sulfates and iMOST objectives



The probable occurrence of hydrous Mg-sulfates in returned Mars samples is anticipated based on the following
observational evidence:

e  Mg-sulfates occur in at least some individual meteorites from each of the abundant groups of meteorites from
Mars — shergottites, nakhlites, and chassignites (SNCs; see Wentworth et al., 2005; the review by Velbel
(2012) and references therein; and more recent references such as Stopar et al., 2013). Some may be part of the
meteorite’s mineral inventory on Mars (martian), but many are demonstrably terrestrial (formed by terrestrial
weathering after the meteorite’s fall), and/or aqueously mobilized and re-deposited during museum storage as
are Mg-sulfates in curated carbonaceous chondrite meteorites (Gounelle and Zolensky, 2001). Ambiguity
about this mineral group’s orgin in meteorites from Mars is one reason for the MSR Campaign.

L The Mars Express orbiter’s OMEGA spectrometer detected kieserite (monohydrate) and polyhydrated Mg-
sulfates at numerous localities on Mars (Gendrin et al., 2005).

e  The former presence of Mg-sulfate was inferred from the morphological crystallography of euhedral moldic
secondary porosity imaged by MER Opportunity’s Microscopic Imager (MI) in ancient sedimentary rocks
exposed in the walls of Eagle crater in Meridiani Planum (Herkenhoff et al. 2004; McLennan et al. 2005). It
was inferred that the euhedral moldic pores formed by selective dissolution of a former, euhedral mineral of
preferential solubility relative to the rest of the sediment (Squyres et al. 2004; Herkenhoff et al. 2004;
McLennan et al. 2005). Motivated by this finding, a targeted search for terrestrial environments with
conditions suitable for the formation of such a mineral was undertaken and succeeded — a terrestrial
counterpart was discovered and named meridianiite (Peterson and Wang, 2006; Peterson et al., 2007). (See the
review by Velbel, 2018.)

o The Mars Reconnaissance Orbiter (MRO) CRISM spectrometer detected kieserite and polyhydrated Mg-
sulfates in the proposed operations area of MSL Curiosity (Milliken et al., 2010). The ubiquitous and abundant
amorphous material detected by the CheMin XRD instrument in the fluvio-lacustrine strata of Gale crater may
include amorphous Mg- and Fe-sulfates (Rampe et al., 2020).

o Unspecified sulfate minerals have been detected from orbital MGS TES data in the Jezero watershed and
Jezero crater (Salvatore et al., 2018).
o Chipera et al. (2023) documented the first definitive case for the occurrence on Mars of starkeyite

(MgSO,[14H,0), a specific hydration state among Mars’ environmentally and climatically relevant hydrous

Mg-sulfate minerals, and co-occurring amorphous hydrous Mg-sulfate, using CheMin to determine crystal
structure. CheMin can distinguish the hydrous Mg-sulfates from one another from their crystal structures and
has at last encountered a specimen in Gale crater with sufficiently abundant hydrous Mg-sulfate to exceed the
detection limit of XRD. Chipera et al. (2023) thoroughly interpreted the occurrence of both of the Mg-sulfate
phases detected, especially starkeyite. The manuscript follows its thorough characterization of starkeyite and
co-occurring amorphous Mg-sulfate with excellent discussions of how such a mineral can be fundamental to
constraining environmental (climatic) conditions and their history on Mars when the mineral is preserved in its
as-sampled state in sample material from a well-characterized context. Chipera et al. (2023) also pointed out
several aspects of their findings that are relevant to Mars Sample Return (MSR).

L Although Mg-sulfates were not detected from orbit at Jezero crater (see numerous references in Velbel and
others, 2022), minerals including both monohydrated and polyhydrated Mg-sulfate, some intermixed with Ca-
sulfate, have been tentatively identified in Jezero crater from early Perseverance SuperCam VisNIR
spectroscopy (Mandon et al., 2021; Meslin et al., 2022).

The MSR Campaign science to be built upon analyses of these minerals: High-priority iMOST Objectives, Sub-
Objectives, Investigation Strategies and associated Measurement types —1.1B, 1.2E, 1.3B, 1.3C, 1.3D, 14A, 14B,
14C, 1.5A,2.2A, 2.2F.

Paleoenvironmental conditions of the water such as the thermodynamic activity of the solvent water and the saturation
state of the aqueous solution from which the Mg-sulfates initially precipitated with respect to the precipitated salt
mineral can be determined from equilibrium chemical thermodynamics. The temperature and pre-precipitation natural
history of the solvent water can be inferred from the stable H and O isotopes of the Mg-sulfate minerals precipitated
from that water. Textural (microscopic) observations and associated spatially resolved isotope microanalysis of intact
samples containing more than one Mg-sulfate mineral would be required to establish (from crystal habits, cross-cutting
or superposition relationships, or pseudomorphic replacement) whether the multiple Mg-sulfates coexist in the sample
because they formed at the same time, formed initially as one that was then consumed by a reaction that formed the
other, or formed completely independently of one another. Evolving paleoenvironmental conditions of the long-absent
aqueous solutions can be inferred in support of establishing the context within which potential biosignatures in



associated rocks may have been incorporated and preserved. Furthermore, the relative ease with which hydrous Mg-
sulfates can take on or evolve water molecules may, if hydration numbers of sulfates formed by surface-atmosphere
exchange can be preserved in the samples, enable isotope analyses of the waters of hydration to characterize the
influence of surface-atmosphere exchange on the present Mars water cycle.

3.3.2.2. Mg-sulfates - Deleterious effects of heating to (30 °C <T < 50 °C).

Mg sulfates are present in the martian soil, which has a relatively uniform composition over the planet, and were first
suggested from elemental data obtained by the Viking missions (Clark et al. 1982).

Dehydration

Dehydration and rehydration of hydrous magnesian sulfates at a variety of temperatures and relative humidities,
including many relevant to Mars, have been studied experimentally (e.g., Chipera and Vaniman, 2007; Wang et al.,
2009a, 2011; Chou et al., 2013) (see also Figs. 4 and 11). Of specific relevance to this study, Wang et al. (2011)
performed experiments at three temperatures for each of eight dehydration and rehydration reactions. All eight
reactions were investigated at 21 °C, and seven at 50 °C; relative humidities ranged from <<0.1% to 100%.

Estimated amount of water evolved by dehydration

The amount of molecular water that could be released by complete dehydration of hydrous Mg-sulfates in fluvio-
lacustrine sedimentary rock samples from Jezero crater after the RSTA is sealed cannot be estimated as for gypsum,
because crystalline Mg-sulfates were not detected (and therefore were not quantified) by CheMin at Gale crater
(Rampe et al., 2020), although X-ray amorphous Mg-sulfates cannot be ruled out. However, most hydrous Mg-sulfates
contain higher proportions of water than gypsum (from 23 wt.% for sanderite to 51% for epsomite), so a few wt.% of a
hydrous Mg-sulfate in a Perseverance core could produce an appreciable fraction of the amount of water gypsum
would evolve. The work on Mg Ni-sulfate concretions (Rampe et al. 2020) may be informative regarding crystalline
vs. amorphous Mg-sulfates (Vaniman, written communication, Feb. 13, 2022). The drill sample at Mojave2 did not
target a concretion, but when the CheMin mineralogy is compared with the Alpha Particle X-Ray Spectrometer
(APXS) data from drill tailings, it appears that enough of such concretion material was collected that a Mg,Ni-sulfate
phase would have been detected if it was crystalline. This means that the Mg-Ni sulfate is either amorphous or a
mixture of crystalline sulfates that were individually below the CheMin detection limit (Vaniman, written
communication, Feb. 13, 2022).

Rehydration

Rehydration of large desiccated amorphous Mg-sulfate (n = 1.2) pseudomorphs after hexahydrite (itself
pseudomorphic after epsomite; Vaniman and Chipera, 2006) reaches 4% of the eventual total weight gain of
rehydration in 1 hour at 297 K (25 °C) and 100% RH (Vaniman and Chipera, 2006). The experimental rehydration
time for amorphous hydrous Mg-sulfate to epsomite reported by Vaniman and Chipera (2006) is slightly (2-4 times)

shorter than that determined by Wang et al. (2011), which suggests near-convergence at a dehydration time of ~10°-10"
hours at 50 °C. These timescales are at the low end of the range (hours to days) estimated for room-temperature
Iboratory conditions by Tosca and MSPG2 (2021). The hydration states of Mg-sulfates are known to vary to a much
greater degree than the Ca-sulfates upon heating to 30 °C < T < 50 °C. The ability to perform the science
investigations described in the preceding paragraph on Mg-sulfates could be impaired by heating in the same T range
for hours or more.

Mineral habit (crystal shape - recall the story of the discovery of meridianiite, above), associations, paragenetic
assemblages, and textures indicative of reaction relationships and temporal sequences of reactions, and O, S, and H
isotope systematics of each paragenesis, are the solid-phase memory of the system’s thermal and chemical history.
Corresponding memory may exist ephemerally in hydrous Mg-sulfates on Mars and persist in recognizable form in the
RSTA if temperature stays between 30 °C — 40 °C for less than three hours, or between 40°C — 50°C for less than one
hour. Otherwise, all these memories will be lost in hours, like tears in the rain.

Timescales of deleterious effects

Wang et al. (2011) fit Arrhenius equations to experimental data. Interpolated times-to-completion in the range of
interest to this study (30 °C < T < 50 °C) were calculated from the equations of Wang et al. (2011). Salient results
(Table 13) include:



Dehydration of epsomite (7 water molecules per formula unit = pfu) to amorphous material (2 waters pfu; Wang et al.,

2011) at r.h. <<0.1 evolves five molecules of water pfu of Mg-sulfate.

MgSO0,-7H,0 — MgS0,2H,0 + 5H,0

This reaction under these conditions is complete in ~28 min at 30 °C, ~6 min at 40 °C, and ~1 min at 50 °C. At higher
relative humidity (RH = 11%), epsomite dehydrates to starkeyite in 36 days at 30 °C, 9 days at 40 °C, and 2 days at 50

°C.

Rehydration of starkeyite to hexahydrite or epsomite at any T of concern to this study takes 6-10 times longer at 59-
64% RH than at 100% RH.

Table 13. Estimated timescales of hydrous Mg-sulfate dehydration and rehydration (Wang et al. 2011).

Reaction Time to completion at
RH (%) Units 30°C 40 °C 50 °C

Dehydration
Epsomite to starkeyite MgSO,7H,0 — MgSO,-4H,0 + 3H,0 11 days 36 9 2
Epsomite to amorphous MgSO,-7H,0 — MgS0O,-2H,0 + SH,0 <<0.1 min 28 6 1
Rehydration
Starkeyite to hexahydrite MgSO,-4H,0 + 2-3H,0 — MgSO,-6- 100 hours 52 26 14
or epsomite 7H,0
Kieserite to hexahydrite MgSO,H,0 + 5-6H,0 — MgSO,6- 100 days 5 4 3
or epsomite 7H,0
Amorphous to MgSO,2H,0 + 4-5H,0 — MgSO,-6- 100 hours 36 16 8
hexahydrite or epsomite 7H,0
Starkeyite to hexahydrite MgSO,4H,0 + 2-3H,0 — MgSO,-6- 59-64 days 8 5 4
or epsomite 7H,0

hours 188 126 86
Starkeyite to hexahydrite MgSO,4H,0 + 2-3H,0 — MgSO,-6- 73-75 days 4 3 2
or epsomite 7H,0

hours 100 61 38
Starkeyite to hexahydrite MgSO,4H,0 + 2-3H,0 — MgSO,-6- 100 hours 33 17 9

or epsomite

7H,0

RH: Relative humidity.



Notice that dehydration of epsomite to amorphous material is nearly 30x faster at 50 °C than at 30 °C. Heating in the
range of concern to this study could release additional water vapor to the closed-system RSTA internal atmosphere that
could (1) rehydrate bassanite present at the time of sampling and thereby change the proportions of gypsum and
bassanite in the heated sample in a matter of hours and (2) hydrate previously dry interlayers in smectite-group clay
minerals (see section 3.8 below).

3.3.3. Fe-sulfates

3.3.3.1. Fe-sulfates and iMOST objectives

Data on dehydration of ferric and ferrous sulfates are available in the literature (Wang et al., 2019) and presented in
Fig. 6. The probable occurrence of jarosite in returned Mars samples is anticipated based on orbital and in situ
observations, including:

o K-Fe-sulfate occurs in at least some individual meteorites from each of the abundant groups of meteorites
from Mars — shergottites, nakhlites, and chassignites (SNCs; see review by Velbel, 2012, references therein,
and more recent references). Some may be part of the meteorite’s mineral inventory on Mars (martian), but
many are demonstrably terrestrial (formed by terrestrial weathering after the meteorite’s fall). Ambiguity about
this mineral group’s origin in meteorites from Mars is one reason for the MSR campaign.

e  Jarosite has been detected and quantified in 12 (80%) of the first 15 samples of fluviolacustrine sedimentary
rocks analyzed as bulk drill-fine powders by MSL’s CheMin XRD at Gale Crater (Rampe et al., 2020).

L Unspecified sulfate minerals have been detected from orbital MGS TES data in the Jezero watershed and
Jezero crater (Salvatore et al., 2018).

e Jarosite has recently been reported in Jezero Crater from orbital spectroscopic data (Dundar et al., in review).

The MSR Campaign science to be built upon analyses of these minerals: High-priority iMOST Objectives, Sub-
Objectives, Investigation Strategies and associated Measurement types — 1.1B, 1.2D, 1.3A, 1 4A, 1. 4B, 1.4C, 1.5A.

Potassium jarosite — KFe3+3(SO4)2(OH)6 — is a member of the alunite sulfate mineral group. As a host mineral for K, it

contains a long-lived radioactive isotope of K. Measurements of isotopes, including the decay product of “’K, enable
K-Ar and especially Ar-Ar geochronology of jarosite. Jarosite forms by weathering and diagenesis (near-surface-
ambient to subsurface conditions) and is therefore a promising and powerful tool for determining when it formed,
constraining the age of its host rock and the paleoenvironmental conditions that existed at the time the jarosite
precipitated on Mars. Jarosite is typically hydroxylated, with h bound in its crystal structure. It is not expected to
dehydroxylate at temperatures of concern to this study (30 °C < T < 50 °C).

3.3.3.2. Fe-Sulfates - Deleterious effects of heating to (30 °C <T <50 °C)

Dehydration and rehydration
In terrestrial laboratories jarosite loses little (Frost et al., 2005) or no (Chen, 2018) mass as H,O at the proposed

temperatures (30 °C < T < 50 °C), but that which is lost may be adsorbed (adventitious) terrestrial water vapor. For this
reason, most noble gas laboratories intentionally heat terrestrial and meteoritic samples overnight at around 100-200
°C to drive off adsorbed terrestrial (contaminant) atmospheric gases. However, the adsorbed gases on returned samples
would be martian, not terrestrial contaminants, so any heating at any time after sample acquisition could redistribute or
remove the low-temperature fraction of this component. The noble gas record would likely not be compromised, and
the derived Ar-Ar chronology for processes that occurred at low temperatures on Mars would likely be correct.
Timescales of loss of adsorbed martian water from Fe-sulfates are seconds to minutes.

3.4. Nitrates
Nitrate has been detected on the martian surface (Stern et al. 2015). Under aqueous anoxic conditions, this nitrate may

spontaneously react with Fe** and convert to nitrite and on to ammonium with the rate of reaction increasing
dramatically with temperature (Summers and Chang 1993). Hence, a significant amount of the original nitrate may be
lost as it reacts with ferrous iron. The ferrous iron could be derived from ferrous clay minerals or from primary mafic
minerals (pyroxene, olivine, amphibole) that are contained in the sample. Isotopic effects of this reaction have so far
not been investigated, but they are likely to be significant, given the large isotopic effects associated with biological



nitrate reduction. Hence, any efforts of constraining the primary N isotopic composition of the sample (including
specific phases) could be compromised.

Nitrate may also assist the oxidation of sulfides either directly or indirectly using Fe** and either biologically or
abiotically, with the latter occurring at slower rates (Hendrix et al. 2022).imz91iMs10] Sulfide oxidation would lead to
the formation of sulfuric acid, which could significantly lower the pH of the solution. For example, in acid rock
drainage on Earth the presence of sulfuric acid creates pH values around 2. The extent of this effect depends on the
abundance of sulfide in the sample and on the buffering capacity of the remaining mineral assemblage. It needs to be
verified what the influence of increasing temperature would be, but it likely enhances the abiotic reaction between
nitrate and sulfides, similar to that which has been described for the reaction between nitrate and ferrous iron
(Summers and Chang 1993).

3.5. Carbonates
3.5.1. Mg-carbonates

3.5.1.1. Mg-carbonates and iMOST objectives

The probable occurrence of hydrous Mg-carbonates in returned Mars samples is anticipated based on the following
observational evidence:

o Orbital spectroscopy has detected properties consistent with Mg-carbonate magnesite (MgCO;), which is

anhydrous; however, the orbital spectra are also consistent with magnesite + hydromagnesite (Calvin et al.,
1994; Ehlmann et al., 2008b; Horgan et al., 2020; Scheller et al., 2021).

e  Unspecified carbonate has been tentatively identified in the Jezero crater from early Perseverance SuperCam
VisNIR spectroscopy (Mandon et al., 2021).

The MSR Campaign science built upon analyses of these minerals: High-priority iMOST Objectives, Sub-Objectives,
Investigation Strategies and associated Measurement types —1.1B, 1.1C, 1.2D, 1.2E, 1.3A,14A, 14B, 14C, 2.2A,
2.2F.

Hydrous Mg-carbonate minerals include hydromagnesite [Mgs(CO;)4(OH),4H,0], nesquehonite [Mg(HCO;)
(OH)-2H,0 = MgCO4-3H,0], lansfordite (MgCO, 5H,0), artinite [Mg,(CO,)(OH),-3H,0], pokrovskite [Mg,(CO;)
(OH),], and dypingite [Mgs(CO;)4(OH),'5H,0]. Hydrous Mg-carbonates are sparsely distributed on Earth (Scheller et

al., 2021) and occur naturally in cold climates in which dehydration kinetics are slow (Jull et al., 1988; Velbel et al.,
1991; El-Shenawy et al., 2020) and in evaporitic lakes (Coshell et al., 1998; Russell et al., 1999). Hydrous carbonates
contain H and O as structural water, and some also contain hydroxyl. Some hydrous Mg carbonates could be present in
martian materials (Scheller et al. 2021) and may decompose to release H,O.

El-Shenawy et al. (2020) explored the formation mechanism(s) of two previously identified generations (Antarctica
and Houston) of terrestrial-weathering produced nesquehonite, which formed on the surface of the LEW 85320
ordinary chondrite. El-Shenawy et al. (2020) combined newly acquired carbon and oxygen isotopic data from recently
extracted mineral samples with previously published data from decades ago (Gooding et al., 1988; Jull et al., 1988;
Grady et al., 1989) and with oxygen isotope composition of melted ice from the Lewis Cliff Ice Tongue (the parent
water of LEW carbonates) to produce the first nesquehonite-water oxygen isotope thermometer. From this, El-
Shenawy et al. (2020) estimated the formation temperature of nesquehonite and observed a characteristic isotopic trend
in both of the two generations consistent with formation of nesquehonite in the two generations by evaporation of
water and coherent carbon isotope exchange between the parent liquid and the atmospheric CO,. This mechanism has

been shown to be directly applicable to interpretation of Mars meteorite carbonates and carbonate formation on Mars.

3.5.1.2. Mg-carbonates - Deleterious effects of heating to (30 °C <T <50 °C)

Dehydration and rehydration

In a pure nitrogen atmosphere, both hydromagnesite and nesquehonite powder (grain size unspecified) begin to lose
structural water at 313 K (40 °C) and 307 K (34 °C), respectively (Ren et al., 2014). Morgan et al. (2015) heated



nesquehonite to two temperatures, the lower of which was 50 °C. Under flowing dry CO, and N, (gas-flushed open
system), nesquehonite decomposed completely in < 160 min (Morgan et al., 2015). The pH,O in the RSTA will be

crucial to the fate of these hydrous carbonate phases. If another phase in the RSTA acts as a sink for water evolved
from a dehydrating hydrous salt, the dehydrating salt may completely decompose quickly. On the other hand, if
another phase in the RSTA is simultaneously decomposing and evolving water rapidly enough to raise pH,O in the

RSTA, the nesquehonite would decompose more as slowly as pH,O approached 0.04 atm, the condition at which
nesquehonite would persist indefinitely (Morgan et al., 2015). Nesquehonite persistence would also be prolonged
beyond 160 min if temperature were lower than 50 °C. An apparent Arrhenius activation energy (16 kcal mol”, 68 kJ
mol™!) was calculated for this study by way of the work of Morgan et al. (2015); it is between the activation energies of
the last two steps of nesquehonite dehydration (~37 kJ mol! and ~128 kJ mol") as determined by Ren et al. (2014).

Estimated amount of water

The amount of molecular water that could be released by complete dehydration of hydrous Mg-carbonates in fluvio-
lacustrine sedimentary rock samples from Jezero crater after the RSTA is sealed cannot be estimated as for gypsum,
because no Mg-carbonates, hydrous or anhydrous, were detected (and therefore quantified) by CheMin at Gale crater
(Rampe et al., 2020).

Timescale of deleterious effect

The Arrhenius activation energy calculated from experiments (Morgan et al., 2015) permits extrapolation from the
range of their experimental temperatures (50 °C < T < 100 °C) to temperatures in the range considered in this study
(30 °C < T < 50 °C) (Table 14). At 30 °C, nesquehonite would persist >10 hrs in a dry (pH,O = 0) closed-system

RSTA. Nesquehonite persistence would decrease as temperature rises to 50 °C, at which it would take approximately
two hours to allow complete dehydration.

Mineral habit (crystal shape), associations, paragenetic assemblages, and textures indicative of reaction relationships
and temporal sequences of reactions, and O, C, and H isotope systematics of each paragenesis (for example, the
paragenetic sequence preserved in the morphology of hydrous Mg-carbonates formed by Antarctic weathering and
continued post-recovery alteration; Jull et al., 1988; Velbel et al., 1991; Velbel, 2014; El-Shenawy et al., 2020), are the
solid-phase memory of the system’s thermal and chemical history. Corresponding memory may exist ephemerally on
Mars but, as with the onboard dehydration of gypsum in CheMin discussed above, will be lost by episodes of heating
above 25 °C.

Table 14. Estimated timescales of nesquehonite dehydration (Morgan et al. 2015).

Reaction Time to completion at

Units 10 °C 20°C  30°C 40°C 50°C

Dehydration "Dry" - Paar environmental
chamber, no water vapor, t to
complete dehydration - Rietveld
scale 0% of initial value

Nesquehonite to poorly MgCO,;-3H,0 — MgCO; + 2H,0 hours 88 33 13 5 2
crystalline anhydrous
Mg-carbonate

Notice that dehydration of nesquehonite to amorphous material is at least six times faster at 50 °C than at 30 °C
(Morgan et al. 2015). Heating in the range of concern to this study could release additional water vapor to the closed-
system RSTA internal atmosphere that could (1) rehydrate bassanite and/or any of several less-hydrated Mg-sulfates



present at the time of sampling and thereby change the proportions of hydrous sulfates in the heated sample in a matter
of hours and (2) hydrate dry interlayers in smectite-group clay minerals (see section 3.8).

3.5.2. Ca-carbonates

At near-freezing temperature, low-temperature pseudomorphs of carbonate (ikaite, vaterite) are favored, and these
phases transition into calcite or aragonite at elevated temperatures. There is an upper temperature limit of +12 °C for
ikaite stability, but a strong dependence on the fluid composition.

3.6. Chlorides

Halogenides (chorides, bromides, fluorides) are present in martian materials, and chlorides are the most abundant.
Depending on RH, hydrated chlorides of Na, Ca, and Mg could partially or completely dehydrate below and within the
+30 to +60 °C range (e.g., Davila et al., 2010; Gough et al., 2019). Hydrohalite, NaCl-2H,0, is stable below ~265 K

and typically forms through freezing of Na-Cl bearing solutions (e.g., Marion and Kargel, 2008) and can form through
hydration of NaCl by H,O (g) well below 0 °C (Wise et al., 2012). Heating of martian samples above 0 °C suggests

complete conversion of hydrohalite to halite:

NaCl-2H,0 — NaCl + 2H,0[MZ11] (g).

MgCl,-12H,0 and then MgCl,-8H,0 dehydrate to bischofite (MgCl,"6H,0) before the temperature reaches ~0 °C
(Davila et al., 2010; Primm et al., 2017) (Fig. 8). At 30-60 °C, dehydration of MgCl,6H,0 to MgCl,-4H,O occurs at

RH < ~3% (30 °C) and HR < ~6 (60 °C), (Xu et al., 2021) (Fig. 9). It follows that bischofite could survive the heating
of returned samples if RH is maintained in the ~3-30 % range (e.g., by dehydration of less thermally stable salts such
as perchlorates, hydrohalite, etc.). Note that deliquescence of MgCl,-6H,O in this temperature range occurs at RH >

30% (Fig. 9).

Experimental data (e.g., Gough et al., 2019) suggest dehydration of CaCl,-6H,O (antarcticite) to CaCl,-4H,0O between

284 K and 255 K at RH of 2.9%, with warmer temperatures also expected to cause dehydration. This dehydration
occurred in the order of minutes, once conditions were favorable. Dehydration of CaCl,-4H,0 to CaCl,-2H,0 occurs at

RH < 15-18%, depending on the temperature (Gough et al., 2016; Wang et al., 2019). At T > 45 °C, CaCl,-2H,0 is the

stable phase at RH < ~5% (Fig. 7) or at HR < ~15% (Fig. 14) that could coexist with the corresponding brine at RH of
3-5% (Fig. 7) or at RH of ~15% (Fig. 14). At ~25-45 °C, CaCl,-4H,0 is subjected to deliquescence at RH > 18-20%

(Wang et al., 2019; Fig. 6), RH > 5-15%, (Gough et al., 2016, Fig. 7), and at RH > 15-27% (Fig. 14). In summary,
CaCl,4H,0 present in samples at ~30 °C would dehydrate upon further heating in the range 30-60 °C, primarily if

single digit RH values are present.
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FIG. 14. Phase diagram CaCl,-H,O as a function of temperature and relative humidity. The area with red lines corresponds to liquid phase.
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Even without dehydration, chloride minerals could undergo viscous deformations due to heating. On Earth, halite-rich
deposits flow when exposed to moderate - high temperatures over millions of years. Deeply buried chloride deposits
deform into salt diapirs. However, halite at 30 - 60 °C does not undergo such deformation in the suggested time scale.

Heating of chloride (e.g., halite, NaCl) crystals may affect fluid inclusions in them (see Section 2.2.1.1). As
temperatures approach ~60 °C, the outer portion of crystals may start to alter, resulting in stretched fluid inclusions.
But the inner portions of crystals could retain original textures, preserving fluid inclusions. At long-term halite
exposure to temperatures of ~90 °C, the outer parts of a crystal could alter to a clear, inclusion-free halite, and the
innermost parts of the crystals have slightly stretched fluid inclusions. Shorter time exposure (hours and minutes) up to
~60 °C, as seen in preparation of halite thin sections, does not seem to alter halite and fluid inclusions.

3.7. Perchlorates

The results of evolved gas analysis experiments by the Sample Analysis at Mars instrument onboard the MSL rover
suggest perchlorate is likely in the form of Ca-perchlorate at Gale Crater (Glavin et al., 2013). Clark et al. (2020)
provided information on thermal decomposition and HCI+O,+H,O formation upon heating of martian samples that

contain perchlorate/chlorate salts. At the Phoneix landing site, both magnesium and calcium perchlorate may be
present (Kounaves et al., 2014). Other perchlorate salts may exist, but here we focus on the potential phase transitions
and decomposition of relevant hydrates of Ca(ClO,), and Mg(ClO,),.

We assume that a brine phase will not be sampled, since deliquescence is not likely to actively occur at Jezero crater
area. Therefore, the efflorescence phase transition (brine recrystallizing into a solid) is unlikely. These salts may be
hydrated when sampled, however, and so dehydration is a potential concern.

For calcium perchlorate, the likely stable phase in the shallow subsurface is the tetrahydrate (Ca(ClO,),"4H,0). This

salt can dehydrate at any temperature provided the RH is sufficiently low. As seen in Fig. 15 (Martin-Torres et al.,
2015), although the temperature range of interest in this report (+30 to +60 °C) is even warmer than what is plotted
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here, a slight extrapolation shows that dehydration of the tetrahydrate at these elevated temperatures is only expected if
the RH of the sample is less than 0.1%. Consistent with these theoretical results, Gough et al. (2019) performed
dehydration experiments on Ca(ClOy4),"4H,0O and found that dehydration of hydrated Ca(ClO,), to the anhydrous

phase only occurred at temperatures at or above 25 °C at RH < 1%. At these temperatures, dehydration took minutes to
hours. Waters of hydration of Ca(ClO,), may be rapidly lost at temperatures above 25 °C if humidity is less than 1%

RH.
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FIG. 15. Phase diagram of Ca-perchlorate (Martin-Torres et al., 2015). Crossing the theoretical dehydration phase transition
boundary (green dotted line) requires very low RH values, especially at higher temperatures.

For magnesium perchlorate, data suggest that the stable form on Mars would be Mg(ClO,),:6H,0 (Robertson and

Bish, 2011). Environmental XRD experiments found no evidence of dehydration of this hexahydrate until the
temperature was raised to at least 323 K. The dehydration kinetics depended on the RH and temperature. As an
example, dehydration of the hexahydrate to the tetrahydrate took about 500 minutes at 90 °C and 2% RH. Exposure to
the +30 to +60 °C temperature range on the timescale of hours or less is unlikely to affect the hydration state of
Mg(ClO,),.

Decomposition of perchlorate salts can occur at elevated temperatures. The SAM Evolved Gas Analyzer observed the
major release of molecular oxygen from oxychlorine salts between 200 and 500 °C (Sutter et al., 2017). Thermal
decomposition can start below these temperatures, however. When a hydrated perchlorate salt is heated, two possible
types of reactions can take place. First, the salt may dehydrate (see above), leaving an anhydrous salt which can
decompose to chloride and molecular oxygen. Alternatively, the water contained in the crystalline structure may
hydrolyze the salt, leaving perchloric acid, water vapor, and a hydroxide or oxide product. The former occurs at higher
temperatures, the latter at more moderate temperatures (Marvin and Woolaver, 1945). Calcium perchlorate appears to
be stable in terms of either decomposition process below 200 °C. Hydrated magnesium perchlorate is more susceptible
to hydrolysis, and this decomposition can begin to occur at temperatures just higher than 30 °C. Below 90 °C the
extent of the reaction can be considered minor, with <5% decomposition (Marvin and Woolaver, 1945). Therefore,
only negligible thermal decomposition of perchlorate salts will occur in the temperature range of +30 to +60 °C,
although the detection of magnesium oxide or hydroxide products could suggest that some decomposition occurred
during sample tube heating.

3.8. Phyllosilicates

3.8.1. Phyllosilicates and the iMOST objectives



Hydrous (and hydroxylated) phyllosilicates — including smectite-group clay minerals (Figure 12), vermiculite, and
pillared (fixed-hydroy-interlayered) counterparts (“pedogenic” chlorite), and non-clay mineral phyllosilicates — are
expected to occur in returned Mars samples based on the following evidence:

o Pre-terrestrial iddingsite (a mostly amorphous clay mineraloid of broadly smectitic composition formed by
aqueous alteration of, mainly, olivine) occurs in almost all nakhlites (see review by Velbel, 2012, references
therein, and more recent references). Iddingsite is part of the meteorite’s mineral inventory on Mars (martian;
formed before the meteorite’s arrival at Earth).

e  X-ray amorphous material is abundant (15-73 wt%) and more abundant than crystalline phyllosilicate (mean
12 wt%, maximum ~30 wt%; Rampe et al., 2020; Tu et al., 2021) in CheMin XRD analyses of fluvio-
lacustrine sedimentary rocks at Gale crater. X-ray amorphous (non-crystalline) material compositionally
similar to smectite may constitute a substantial fraction of the amorphous material (Rampe et al., 2020).

e  Smectite-group clay minerals and a few non-smectite-group phyllosilicates have been identified in more than
2/3 of first 30 drillhole fines samples of fluviolacustrine sedimentary rocks analyzed as bulk powders by
MSL’s CheMin XRD at Gale crater (Tu et al., 2021).

o Unspecified clay- and other phyllosilicate minerals have been detected from orbital MGS TES data in the
Jezero watershed and Jezero crater (Salvatore et al., 2018).

e  Smectites have been spectroscopically detected at Jezero crater (Ehlmann et al., 2008a; Goudge et al., 2015;
Horgan et al., 2020).

o Smectite-group clay minerals have been tentatively identified in Jezero crater from early Perseverance
SuperCam VisNIR spectroscopy (Mandon et al., 2021).

The MSR Campaign science built upon analyses of these minerals: High-priority iMOST Objectives, Sub-Objectives,
Investigation Strategies and associated measurement types — 1.1B, 1.2E, 1.3A, 1.3B, 1.3C, 1.3D, 14A, 14C, 14D,
1.5A,2.2A, 2 .2F.

Smectite-group minerals have been detected in more than half of the 30 samples from the Mt. Sharp stratigraphic
succession at Gale crater discussed by Tu et al. (2021). The oxidation state of Fe, Mn, and other first-row transitions
elements (FRTE) in clay minerals records the oxidation-reduction state of the environment in which the clay minerals

formed. A complex trioctahedral mostly Fe’*-bearing (but mixed Fe-valence, and with Fe** substitution for some
tetrahedral Si) ferric (sic) saponite smectite has been identified in small amounts of crystalline and interstratified
material in the iddingsite of the Lafayette nakhlite (Bridges et al., 2015). CheMin data from samples acquired low in

the Gale crater stratigraphic succession were well-matched by a well-characterized trioctahedral Fe**-dominated mixed

-valence ferrian saponite terrestrial analog (Treiman et al., 2014). Nontronite (dioctahedral Fe“—bearing smectite)
occurs in at least one sample as indicated by SAM EGA data (Tu et al., 2021). Smectite-group clay minerals in
samples from Jezero crater should be expected to preserve scientific information in the form of Fe, Mn, and other
FRTE redox state about the redox conditions of the depositional (Hurowitz et al. 2017) or groundwater diagenetic
(Rampe et al. 2017) environments within which they formed. Therefore, preservation of FRTE oxidation states in
smectite-group clay minerals should be a high priority.

3.8.2. Phyllosilicates - Deleterious effects of heating to (30 °C < T <50 °C)

Very few and minor deleterious consequences are expected between +30 °C and +50 °C, but the loss of rare
occurrences of interlayer molecular water that does occur (as predicted from thermodynamics by Bish et al., 2003)
would be a loss of a rare science opportunity. Loss of OH from phyllosilicates is not expected at the proposed
sterilization temperatures (Velbel and others, 2022).

Regarding loss of molecular (interlayer) water (as distinct from structural hydroxyl): Collapsed smectite — that has lost
most interlayer H,O because of low humidity conditions — is the only smectite observed when using the CheMin

instrument (Tu et al., 2021). Mars-relevant smectite-group minerals that lose a few weight % of their molecular
interlayer water (out of a total of >20 wt%) over the temperature range of interest considered in this study (30 °C < T <
50 °C) include saponite (a trioctahedral smectite) (Kawano and Tomita, 1991), nontronite (a dioctahedral smectite),

and Fe-smectite (Frost et al., 2000; “The term nontronite is used for dioctahedral smectites when Fe>* is >3 mol% and
when theayer charge originates from the tretrahedral sheet.” Frost et al., 2000, p. 64), but this only matters if there is
interlayer molecular water to lose in martian 2:1 layer-charged phyllosilicates. Che-Min XRD data from Gale crater



suggest very little molecular water associated with interlayer cations (e.g., Vaniman et al., 2014, 2018; Bristow et al.,
2015; Sutter et al., 2017; Tu et al., 2021), although a few samples at Gale crater evolved water between 100 °C and
300 °C in Curiosity’s SAM instrument; this was interpreted as interlayer water (Sutter et al., 2017). SAM analyses
begin at 125°C (Mahaffy et al., 2012), so there is no knowledge from SAM of mass changes in clay minerals and other
phyllosilicates in the temperature range of interest to this study. Given the considerable scientific value interlayer water
H and O isotopes would have for characterizing ancient aqueous solutions and recent atmospheric water vapor with
which smectite interacted (iMOST 2018; Beaty et al., 2019), appropriate caution would require anticipating that such
minor interlayer water that may persist in the clay minerals of some sedimentary-rock samples might be partially
depleted or lost during heating to the range of interest of this study. Hydroxylated cation-OH "pillars" in the interlayer
sites of 2:1 pillared (hydroxy-interlayered) phyllosilicates (as in “pedogenic chlorite”; Sawhney, 1958, 1960 a,b) may
occur in a few samples (e.g., 1 of ~30 at Gale crater; Tu et al., 2021) but are generally not evolved below ~300-400°C
(Sawhney, 1960a).

However, it must be noted that there may be little or no interlayer (exchangeable) molecular water in martian smectite
now at Mars’ present sample-able surface (Vaniman et al., 2014, 2018; Bristow et al., 2015; Sutter et al., 2017; Tu et
al., 2021) and, thus, at the time of sample acquisition. The previous paragraphs’ facts and inferences are for samples
consisting entirely of clay minerals. However, samples from Mars (especially sedimentary rocks) are mixtures of many
minerals and amorphous phases.

Experience with dehydration of hydrous sulfates during sample acquisition, transfer to the MSL onboard CheMin
XRD instrument, and analysis demonstrate the need to consider hydrous sulfates as internal sources of molecular water
in the closed system within each M2020 RSTA after its sealing. “It is evident from CheMin analyses of gypsum that
the act of sampling and analysis can produce mineral transformations through dehydration. The transformation of
gypsum to bassanite is clearly observed in CheMin XRD analyses. To relate observations within CheMin to
mineralogy in situ, adjunct data are needed from thermal sensors within CheMin as well as data from the Rover
Environmental Monitoring Station (REMS) Ground Temperature Sensor. ChemCam analyses of surface hydrogen
abundances in veins and SAM evolved gas analyses support these interpretations. Multiple instrumentation is of great
importance for sample analyses on Mars. In situ analyses and documentation will be even more important when
returning martian samples to Earth. Simple dehydration is not the only process that must be considered; reactions
between hydrous phases may also be driven by changes in temperature and relative humidity (e.g., cation exchange
reactions between clay minerals and Mg-sulfates in the absence of free-liquid H,O, accompanied by formation of

gypsum or bassanite where thin skins of water may have formed; Wilson and Bish 2011). Broader concerns such as
this, and the limitations in ability to fully prevent any such transformations, are a concern recognized in sample return
strategies for Mars. For the return of samples to Earth, encapsulation and monitoring of thermal history may not
prevent mineral transformations but will provide a basis for unraveling such processes (Mars Exploration Planning
Group - MEPAG 2008). Bringing mutable phases out of their “comfort zone” in situ provides new understanding of
what transformations are likely. The CheMin experience with gypsum dehydration on Mars provides another empirical
data point on the long path toward sample return from Mars to Earth.” (Vaniman et al., 2018, p. 1018-1019)

Beginning upon drilling, and continuing during sample acquisition, transfer to Perseverance’s onboard adaptive
caching assembly (ACA), hermetic sealing, and post-sealing storage within and RSTA, each sample acquired by
M?2020 rover Perseverance will be exposed to temperature and relative humidity different from each sample’s natural
pre-sampling conditions. The interlayer hydration state of clay minerals and other similar phyllosilicates will likely
change in response to the changes in temperature. “Orbital spectral data suggest that smectites at the martian surface
are dehydrated, and these in sifru measurements likely confirm this hypothesis ... however the relative humidity inside
CheMin is lower than the martian surface ... and therefore some uncertainty remains.” (Tu et al., 2021, p. 25). “The
potential prevalence of collapsed smectites observed by CheMin suggests planned samples collected by Perseverance
from smectite-bearing terrains in Jezero may also have collapsed smectite. These samples would have to be kept under
desiccating conditions after collection and return to Earth to prevent hydration and cation exchange, which is critical to
sample preservation. Similarly, samples that contain hydrated minerals (e.g., gypsum) will need to be kept under
specific temperature and relative humidity conditions to prevent dehydration. This may be difficult to achieve within
the sample tubes after collection and caching on the martian surface. Diurnal and temperature fluctuations may cause
the dehydration of some phases and the adsorption of H,O by others, like smectite.” (Tu et al., 2021, p. 28).

It is more likely that clay minerals will serve as sinks rather than sources of water in the multiphase closed-system
RSTA (Tu et al., 2021).



3.8.3. Estimated capacity for incorporation of water

The amount of molecular water that could be released by complete dehydration of gypsum in fluvio-lacustrine
sedimentary rock samples from Jezero crater after the RSTA is sealed has been discussed above. Complete dehydration
of the gypsum in mudstones and mafic sandstones evolves ~250 — 350 mg of water into other phases — likely including
clay-mineral interlayer sites — in the sealed, closed-system RSTA. Higher proportions of gypsum in the rock would
yield higher abundances of water.

The smectite clay minerals in a polymineralic sample could acquire interlayer water, introduced as water of
dehydration evolved from co-occurring minerals (e.g., hydrous sulfates) in the (sealed, closed-system) RSTA. The
amount of molecular water that could be incorporated into the smectite-group clay-mineral fraction of fluvio-lacustrine
sedimentary rock samples from Jezero crater after the RSTA is sealed can be estimated. The preliminary estimate here
uses the weight % of interlayer water in hydrated smectites; 7 — 18 wt.%, depending on whether the specific smectite is
dioctahedral or trioctahedral, its layer charge and structural siting of the charge-producing ions, and the interlayer
cation(s) (most of which are not well-constrained by CheMin data). Other terms include the maximum known
abundance of clay minerals in similar rocks by CheMin at Gale crater (34 wt%; Tu et al., 2021), and the same
estimated densities of sedimentary rock types and volume of a nominal cylindrical sample in an RSTA used in the
counterpart calculations for gypsum above. From these values and assumptions, complete hydration of interlayer sites
of smectite-group clay minerals in mudstones and mafic sandstones could incorporate ~400 — 1,400 mg of water from
dehydration of gypsum and other phases in the sealed, closed-system RSTA.

Such post-acquisition interlayer water would compromise the pre-acquisition state of the smectite. Addition of

interlayer water would facilitate closed-system in-RSTA redox reactions of structural (octahedral) Fe** and Mn** and
the electron donors and electron acceptors involved. The loss of information about FRTE oxidation state in the
smectites would not be compensated for by the closed-system-sourced interlayer water recording the
equilibrium/steady-state relative humidity and change in mass (abundance) and stable H and O isotopes of molecular
interlayer water sourced from other phases in the RSTA between sealing and opening the RSTA (cf Tosca et al., 2021).

The smectite clay minerals in a polymineralic sample could acquire interlayer water, introduced as water of
dehydration evolved from co-occurring minerals (e.g., Mg-sulfates) in the (sealed, closed-system) sample RSTA. Such
post-acquisition interlayer water would compromise the pre-acquisition state of the smectite — for example, facilitating

closed-system in-RSTA redox reactions of structural (octahedral) Fe?* and Mn?* and the electron donors and electron
acceptors involved. The loss of information about FRTE oxidation state in the smectites would not be compensated for
by the closed-system-sourced interlayer water recording the equilibrium/steadystate relative humidity and change in
mass (abundance) and stable H and O isotopes of molecular interlayer water sourced from other phases in the RSTA
between sealing and opening the RSTA (cf. Tosca et al., 2021).

3.8.4. Timescale of deleterious effect

Experimentally determined interlayer diffusion coefficients of deuterated water (HDO) in damp pellets of Li-
montmorillonite (Cebula et al., 1981) and of tritiated water (HTO) in compacted pellets of Ca- and Na-bentonite (Choi
and Oscarson, 1996) are within approximately one order of magnitude or less of the tracer- or self-diffusion
coefficients for diffusion of solvated cations and molecular water through water and unconsolidated sediment (Li and
Gregory, 1974).

The effective diffusion coefficients of HDO in saturated compacted pellets of Na-bentonite were determined both
parallel and perpendicular to the oriented fabric of the clay-mineral platelets at four temperatures of direct relevance to
this study (25°C, 40°C, 50°C, and 60°C; Suzuki et al., 2004). All effective HDO diffusion coefficients are within one
order of magnitude or less of the tracer- or self-diffusion coefficients for solvated-cation diffusion and molecular water
through water and unconsolidated sediment (Li and Gregory, 1974). The D, values increase (diffusion becomes faster)

by ~2.2x - 2.7x from 25 to 60°C (Suzuki et al., 2004).

Structural expressions of changes (interlayer expansion or contraction) upon clay-mineral interlayer-cation water of
solvation can be measured in < 1 s at cryo-TEM conditions (Whittaker et al., 2019).

At a diffusion coefficient of D = 1 x 10 cm?* s (the upper limit for interlayer diffusion in and through compact clay-



rich materials), water (evolved from any source, alone or as water of cation solvation) would diffuse along and through
grain boundaries or through a water-saturated (micro)porous medium and penetrate up to a few hundred microns in an
hour. However, at diffusion coefficients for molecular and Knudsen diffusion in unsaturated microporous media (e.g.,
Mars-dry sandstones, unconsolidated regolith, and, especially, mudstones consisting by definition of intrinsically small

discrete crystallites and particles) with D = 1 x 103to 1 x 10° cm? 5! (Lerman, 1979; Reinecke and Sleep, 2002),
molecular water vapor would penetrate the entire radius of the sample core in minutes to seconds.

Rehydration of dehydrated interlayers in smectites is slower than dehydration (e.g., Huang et al., 1994). Consequently,
rehydration of smectites like those examined by CheMin on Mars (Tu et al., 2021) may have to overcome a kinetic
barrier to initial prising open of interlayer sites at the edges of the dry smectite crystallites. However, once initiated,
diffusion of water from the newly expanded edge to the interior of the crystallite would likely be rapid (9 min at 40°C;
Huang et al., 1994) and limited only by the availability of molecular water.

3.9. Amorphous material

X-ray amorphous material is abundant (15-73 wt%) and more copious than crystalline phyllosilicate (mean 12 wt%,
maximum ~30 wt%; Rampe et al., 2020; Tu et al., 2021) in CheMin XRD analyses of fluvio-lacustrine sedimentary
rocks at Gale crater. Some X-ray amorphous material may consist of volcanic glass, some of amorphous hydrated
silica and ferric O-bearing phases, some of non-crystalline smectite-precursors, and some of amorphous hydrous
sulfates or hydrous carbonates. Metal-sulfate phases may be either amorphous or mixtures of crystalline sulfates that
were individually below the CheMin detection limit. Durations of dehydration and rehydration reactions vary (Table
15). Dehydration of epsomite to amorphous material is nearly 30x and 6x faster at 50 °C and 40 °C (respectively) than
at 30°C. Dehydration of nesquehonite to amorphous material is more than 6x and 2x faster at 50 °C and 40 °C
(respectively) than at 30°C. Rehydration of amorphous material to starkeyite or epsomite is more than 4x and 2x faster
at 50 °C and 40 °C (respectively) than at 30 °C. Mobilization of water vapor among (evolution from or incorporation
into) nearby amorphous and hydrated phases will be substantially accelerated, and timescales of deleterious effects
substantially shorter (< to <<10 hrs), at T > 30 °C, with potentially severe consequences for the closed-system contents
of the RSTA and associated loss of science.

Table 15. Dehydration and rehydration reactions and their times to completion (from Tables 13 and 14).

Reactions Time to completion at

Units 30°C 40°C 50°C
Dehydration
Epsomite to amorphous MgSO,-7H,0 — MgS0O,-2H,0 + 5H,0 min 28 6 1
Nesquehonite  to  poorly MgCO;-3H,0 — MgCO; + 3H,0 hours 13 5 2
crystalline anhydrous Mg-
carbonate
Rehydration
Amorphous to hexahydrite or MgSO,-2H,0 + 4-5H,0 — MgSO,-6-7H,0  hours 36 16 8
epsomite
Starkeyite to hexahydrite or MgSO,-4H,0 + 2-3H,0 — MgSO,-6-7H,0  hours 33 17 9

epsomite




3.10 Summary on Inorganic Materials

Inorganic materials expected in many to-be-returned Mars samples constitute a system rich in metastable volatile-
bearing phases. Heating could overprint the entire inventory of volatile-hosting minerals and amorphous materials in
the as-sampled phase assemblage in the RSTA with an equilibrium-in-the-tube assemblage. This is unlikely by design
in the expected (Table 1) multi-years of onboard caching on Mars. However, thermal deterioration of important
measurable properties of samples is likely at a range of shorter-duration heating episodes. Many, though not all,
additional known or possible higher-temperature excursions (30 °C < T < 50 °C) are identified and their durations
described in Table 1.2. These include temperature excursions to higher than 30 °C (30 °C < T < 50 °C) during drilling
the core (less than ten minutes), sealing the RSTA (less than twenty minutes), depot caching (years), transfer to the
Orbiting Sample (OS) (months), and sterilization or other thermal excursions during sealing in the OS (hours).

If one volatile-redistribution process happens on the timescale of the transient heating-cooling episode, other phases
may be affected. Such effects would follow from mass transfer from a dehydrating hydrous mineral to the chamber
atmosphere and then from the tube atmosphere to an initially less-hydrous or anhydrous but potential hydratable
material, such low-hydration-state Ca- or Mg-sulfates (Vaniman et al., 2018) or carbonates, or the Mars-dry as-
sampled interlayers of smectite-group clay mineral at Gale crater (Vaniman et al., 2018; Tu et al., 2021). At diffusion
coefficients for molecular and Knudsen diffusion in unsaturated microporous media (e.g., Mars-dry sandstones,
unconsolidated regolith, and, especially, mudstones consisting by definition of intrinsically small discrete crystallites

and particles) of D =1 x 1073 to 1 x 10-0 cm? s™! (Lerman, 1979; Reinecke and Sleep, 2002), molecular water vapor
would penetrate the entire radius of the sample core in minutes to seconds. Such mass transfer could continue until
either the clay-mineral interlayer sites are fully saturated (which depends in part on the abundance of clay minerals in
the sample), or the dehydrating hydrous mineral is fully exhausted of its water. Either end-state would have changed
the distribution of water molecules and their isotopes from their as-sampled state on Mars — the state in which the
sample preserves evidence of the Mars conditions under which it formed — to a no-longer-Mars state, an RSTA closed
system at a hitherto not experienced temperature and vapor pressure. This is potentially a serious loss of iMOST-
anticipated measurable properties.

Most of the phenomena identified in this section as deleterious to high-priority iMOST science objectives are critical at
thermal-excursion (30 °C < T < 50 °C) durations of days, and some are critical at durations of hours or even minutes
(e.g., hydrous Mg-sulfate dehydration in minutes; Mg-sulfate rehydration and hydrous Mg-carbonate dehydration in
hours). Furthermore, because the volatiles are mobile as vapor in the closed-system RSTA, a fast change in a critical
sample property of a phase evolving or consuming volatiles may likely affect other phases in the tube. Phases in the
sample that will be especially vulnerable to volatiles evolved by others are those that were “dry” at Mars surface
conditions but are exposed to higher-than-Mars-surface-ambient vapor evolved by the rapidly dehydrating co-existing
phase in the closed-system RSTA. This is especially true for samples of regolith and samples of porous sedimentary
rock.

Higher-temperature excursions (30 °C < T < 50 °C) during drilling the core (less than ten minutes), sealing the RSTA
(Iess than twenty minutes), depot caching (years), transfer to the OS (months), MAV launch (minutes), sealing-brazing
and sterilization in the OS (months), and Entry Descent and Landing (EDL) at Earth (tens of minutes) (durations from
Table 1) would impose new thermal conditions on the phases inside the RSTA and cause corresponding losses of
scientific information and value.

The Statement of Task provided to the Temperature-Time Tiger Team by the NASA and ESA Mars Sample Return
Program designated MSR Objectives 1 and 2 (iMOST, 2018; Beaty et al., 2019) as highest priority. These include:

e sub-objective 2.2 — biosignature-ancient — of the iMOST Level 1 Objective 2 — Life — and

e  four of the five sub-objectives of the iMOST Level 1 Objective 1 — Interpret the primary geologic processes
and history that formed the martian geologic record, with an emphasis on the role of water — on which
Objective 2 depends

Almost all investigation strategies in sub-objectives of iMOST Objective 2 — the carbon and life objective — identify
“(s)amples listed from environments listed in Objective 1 that contain” carbon or organic matter, or “(a)ll samples
collected as a part of Objective 1” as being sought for advancing the iMOST investigation strategies. There are 73
iMOST-identified measurement types in Objective 1. Of these, at minimum 38 (listed in supplemental Table S1) would
very likely be compromised if the sample materials to be measured are modified by transient episodic heating to the
temperature range of concern to this study (30°C < T < 50°C). In conclusion, most of the potential investigations in



both two highest-priority Objectives would be compromised or irreversibly damaged and lost to highest-priority
science if the volatiles hosted in even one inorganic phase in the RSTA are mobilized between 30°C < T < 50°C and
induce “far-field” effects on other phases elsewhere in the RSTA closed system.

The matter of how conditions in a heating RSTA atmosphere affect organic molecules and potential biosignatures —
directly or in tandem with changes in the inorganic phases — is addressed in the next section.

4. Organic Materials

4.1. Impacts of temperature on organic matter

There is a strong motivation for limiting the heating of samples to avoid sample degradation induced by instantaneous
temperature excursions above a certain level. Additionally, even for samples that have been exposed to higher
temperatures there is still a significant science benefit to limiting further exposure to higher temperatures because
chemical reaction rates for the samples inside the closed environment of the tubes are directly tied to temperature.

4.2. Thermal effects

Organic matter in returned samples may be hosted in several forms (Fig. 16), and each will have a different
susceptibility to modification by elevated temperature. Volatiles can be present as free gases in pore spaces. Volatiles
can be adsorbed on the surfaces of minerals or organic matter. Semi volatiles (liquids at ambient temperature and
pressure) can also be present in pore spaces or on mineral or organic matter surfaces. High molecular weight organic
matter (e.g., like terrestrial kerogen or insoluble organic matter in chondritic meteorites) takes the form of clasts
intermixed with, or coated on, minerals. More complex hosting styles also exist, and organic materials may be
occluded within i) other organic matter (Watson et al. 2010) or ii) closed mineral voids (Steele et al., 2012).

Volatiles sorbed Volatiles free
on surfaces in pore spaces

Semi-volatiles on
mineral surfaces

Semi-volatiles

gl 4 s

organic matter

Temperature susceptibility
Free volatiles

End members Sorbed volatiles
* Free methane (with direct access to the atmosphere) Semi-volatiles

cannot be quantitively retained, even with liquid N, Occluded semi-volatiles
* Kerogen can be degraded, but not volatilized Non-volatiles

FIG. 16. Carbon based compounds and their hosting by rocks.

Rock types are highly variable in both their porosity and permeability, but all pores on the outside of a fresh core or
fragmented rock will have access to the atmosphere and increased volatile loss from their host phases. Adsorbed
volatiles can be lost from their host phases more gradually as they equilibrate with the surrounding free gases.



Eventually, all volatiles can be redistributed from their host phases. Semi-volatiles can be lost from their host phases
by evaporation when subjected to heat or agitation by fluid flow. At terrestrial room temperature and pressure, the
process can lead to the loss from their host phases of semi volatiles up to octadecane (n-C,) or phenanthrene (Sephton

et al., 2001), although it must be noted that temperature and pressure are different on Mars relative to Earth’s surface.
Higher molecular weight organic matter is relatively immovable. Yet some information can still be lost at relatively
low temperatures. The three-dimensional (tertiary and quaternary) structure of proteins is determined by weak bonds
that are sensitive to heat and proteins denature above 40 °C.

4.3. Thermochemical effects

Organic matter in returned samples may be juxtaposed with other materials, and the assemblage can initiate chemical
reactions. Higher temperatures would lead to faster chemical reaction rates and, therefore, greater sample alteration
and chemical degradation the longer they are exposed to higher temperatures. One of the compounding factors for

organic compound preservation is the presence of strong oxidants, such as Mn oxides, H,0, and ClO, inthe martian

surface. Such reactions are strongly temperature dependent and result in the unrecoverable loss of organic compounds
(see Section 2.2, and Table 8). Hydrocarbons are expected in the samples and are known to be destroyed by oxidation.
For example, the peroxide destruction of aliphatic hydrocarbons at 60 °C is 16x faster than at 30°C (oxidation of

hexadecane is 300 vs. 4800 M's! respectively; Koreck et al. 1972). To minimize chemical alteration of the sample,
both the maximum and average temperature should be as low as reasonably possible. The rate of destruction is based
on the concentration of oxidant, organic, and temperature (Fig. 17).
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FIG. 17. Temperature impacts on reaction rates. Example decomposition rates of two classes of plausible martian organic compounds from
hydrogen peroxide (Koreck et al. 1972). Reactions are assumed to occur in aqueous inclusions or films, and hydrogen peroxide concentration
range (0.05-0.14 ppm or 1.5-4.1 uM ) is taken from those observed in the analogous Atacama desert environment (Navarro-Gonzalez et al.
2003). Reactions are based on the physical or gas contact of solutes with brine, and this particular reaction will effectively stop below the brine
freezing point. Alkane reactions are assumed to be pseudo first order as the SAM/Curiosity detection of ~10 ppm (~40 nM for hexadecane)
alkanes is much lower than the hydrogen peroxide concentration. The PAH concentration was taken from martian meteorite ALH 84001 (1 ppm
or about 6 yM for chrysene; Becker et al. 1997).

For the organic matter-perchlorate oxidative degradation reaction, the influence of the relative abundance of chemical
reactants has been studied, and there is a critical ratio (>9.6) above which where the amount of reduced organic matter
is too great and simply exhausts the oxidant (Royle et al. 2018).

Carboxyl carbon is susceptible to dissolved inorganic carbon exchange reactions (Filipe et al., 2005). Hydrogen
isotope exchange reactions (likely with H in water) may begin at the higher end of the +30 °C to +60 °C temp range,
especially for tertiary carbon centers. Moreover, increased water activity and lowered pH, both effects induced by
heating of inorganic materials as described above, can promote the cleavage of ester linkages in organic compounds



(Speight 2017). Stereochemical rearrangements (enantiomer changes from less stable to more stable forms; racemic
amino acids, etc.) are also initiated by increases in temperature, and the record contained within organic architectures
can be degraded.

5. Microorganisms

The MSR Campaign is not designed as a life-detection mission, and planned handling of the samples is not conducive
to maximum preservation of biological material. However, an opportunity exists that the returned samples may still
contain terrestrial contaminants or putative martian life, which will be also targeted by Sample Safety Assessment.

Chemically reactive minerals that have been detected on Mars may change the microenvironments within the sampled
core. For example, several minerals in martian samples could dehydrate (Sections 2.2.1.3 and 3.1). As explained
above, different types of sampled material may exhibit different levels of susceptibility to alteration due to the heating
intervals that will occur during the drilling, sealing of the core tube(s), storage on Mars, and transport of samples at the
surface of Mars. The tubes containing material that has significantly changed due to maximum heating to 60 °C may
release enough moisture to damage potentially present biological material. Changes in temperature due to diurnal
variations and mission operations will cause freezing and thawing of the core samples. The freeze-thaw process in
hydrated biological material can physically damage nucleic acids by shearing due to ice crystals formation.
Additionally, the freeze-thaw process may form transient microenvironments with various concentrations of dissolved
solutes released from the surrounding mineral matrix. Such microenvironments may increase or decrease the pH of the
solution (Section 2.2.1.5). Changes in pH could damage cells; for example, lowering pH may cause acid depurination,
while more alkaline pH could influence hydrolysis of sugar phosphate backbone. Further oxidative damage by metal

ions, for example, the release of Fe?* in microenvironments, could lead to a reaction in which Fe?* and H,0, will react

(Table 8; Section 2.2.1.5), form OH ion and hydroxyl radicals, and promote oxidative damage of nucleic acids is a
possibility, as in Fenton reaction. Other metal ions, such as Cu, could react similarly in these conditions (Burg and
Meyerstein, 2012).

If, for most of the time, temperature variations are kept at a lower possible scale, this means that less water structurally
trapped in minerals would be released so that the freeze-thawing process might be less damaging to terrestrial or
hypothetical martian organisms. A valuable example or organismal resistance to temperature changes in Mars
simulated conditions had been observed in desiccated extremophiles set as experiments on board of the International
Space Station (ISS) (Rabbow et al., 2012, Wassmann et al., 2012, Onofri et al., 2015). In particular, the ESA-
EXPOSE-E remained in space for 1.5 years and exposed astrobiology-relevant samples to simulate martian surface
conditions (tray 2). Data on temperature, solar ultraviolet (UV), and cosmic radiation were measured every 10 s. The
mission temperature (measured by six temperature sensors) fluctuated between -21.71 °C and 42.95 °C, most of the
time temperature fluctuations were between —15 to 20 °C and 40 °C. Once a high-temperature excursion of 59.61 °C to
61 °C for about an hour was recorded (Fig. 18; Rabbow et al., 2012). The martian conditions in the carriers of the tray
2 were simulated by low-pressure martian-like atmosphere and quartz filters used to cut extreme UV radiation. Below
the radiation exposed carriers, an additional set of carriers were kept in the dark.

The ADAPT I, PROTECT, and LIFE experiments were performed to test the effects of martian surface conditions on
microorganisms (Rabbow et al., 2012). The ADAPT I experiment exposed spores of a UV resistant Bacillus subtilis
strain to space and simulated Mars conditions (Wassmann et al., 2012). The PROTECT experiment exposed
endospores of Bacillus pumilus and B. subtilis to the same conditions (Horneck et al., 2012). The LIFE experiment
exposed cryptoendolithic microorganisms from Antarctica to Mars-like conditions (Onofri et al., 2015). All three
experiments had the same set of organisms set in dark conditions.
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FIG. 18. Temperature variations during the EXPOSE-E mission as averaged from the measurements of the six temperature sensors (from
Rabbow et al., 2012).

The ADAPT I revealed that spores of the UV-resistant strain of B. subtilis, kept in the dark martian atmosphere and
subjected to thermal stresses, were not affected by these conditions. The PROTECT dark experiment revealed that
endospores of a different strain of B. subtilis and B. pumilus exhibited 70/75% survival. During the LIFE experiment,
the Antarctic cryptoendolithic black fungi Cryomyces antarcticus and C. minteri showed low survival in Mars dark
conditions (measured 60 % of undamaged cells). However, desiccated Antarctic rock colonized by cryptoendolithic
communities were exposed to space and simulated martian conditions. More than 70% of undamaged cells were
reported, and the two organisms able to grow after the experiments were identified as Stichococcus sp. (green alga) and
Acarospora sp. (lichenized fungal genus) (Onofri et al. 2015; Scalzi et al., 2012)

Within the ESA-EXPOSE-E, another interesting experiment contained a natural phototroph’s biofilm with
cyanobacteria and algae; the biofilm was augmented with akinetes of Anabaena cylindrica and vegetative cells of
Nostoc commune and Chroococcidiopsis. In space-exposed dark experiments, two algae (Chlorella and Rosenvingiella
spp.), a cyanobacterium (Gloeocapsa sp.) and two bacteria associated with the natural community survived. Among
the augmented organisms, cells of A. cylindrica and Chroococcidiopsis survived, but no cells of N. commune. The best
survival results have been obtained in dark conditions simulated in space (Cockell et al., 2011). These results indicate
that some of the extremophiles exhibit good resistance after being exposed to dark martian simulated atmospheric
conditions and subjected to temperature fluctuations from -15/20 to 40 °C (up to 61 °C) and dehydrated, during 559-
day exposure on the ISS.

The EXPOSE-R2 ISS facility exposed (BIOMEX experiment, 2014-2016) samples to dark Mars simulated conditions.
The cyanobacterium Chroococcidiopsis, mixed with martian regolith simulant, showed 0.01-0.04% viability based on
colony forming units (Billi et al., 2019). Under the same conditions, C. antarcticus showed about 50% viability
(Onofri et al., 2019). Temperature oscillations are shown in the literature (Fig. 19; Rabbow et al., 2017).
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FIG. 19. The temperature profiles from October 23,2014. to February 2, 2016. for ISS EXPOSE-R2 (from Rabbow et al., 2017).

Microorganisms and organic compounds within fluid inclusions in chemical sediments or diagenetic phases may be
insulated from maximum temperatures by their host mineral. Terrestrial halite, in particular, has proven to preserve
unaltered microorganisms in fluid inclusions for hundreds of millions of years at burial depths with estimated
temperatures up to ~60 °C (Lowenstein et al 2011; Roedder 1984; Benison 2019).

Currently, these data are the closest analogs to the conditions that the core samples on Mars are set to experience until
they are returned to Earth. A time span of 1.5 years is much shorter, and the organisms are preselected as potentially
resistant and desiccated to avoid freeze-thaw damages. Based on current data, we know that most terrestrial organisms
would not survive heating-cooling conditions +30 to +60 °C for an extensive period. However, the data collected from
ISS experiments conducted on some of the most resistant extremophiles indicate that we cannot dismiss a possibility
that some very resistant extremophiles, terrestrial or putative martian, could survive the conditions of sample retrieval
procedures planned for the MSR campaign. Once the organisms die, decomposition of the organics takes place, and
the rate of degradation is governed by the processes outlined above.

Additional knowledge of the temperature limits for microorganisms is provided by analogue environments on Earth
such as Antarctica. The Antarctic Dry Valleys are considered reliable analogues of Mars; fossilized cryptoendolithic
communities, including algae, fungi, and bacteria, have been described in sedimentary rocks (Wierzchos and Ascaso
2002). These fossils resisted in recognizable morphological shape to freeze-thawing cycles (possibly from 25 to -50
°C), rehydrated cyclically by melting snow (Nienow and Friedmann, 1993), making possible the hypothesis of their
conservation if they exist in the subsurface of Mars.

It is widely reported in the literature that most mesophilic microorganisms in metabolically active state are killed or
could resist a few seconds to 60 °C, but it must be taken into account that very few microorganisms are in vegetative
status at activity of water less than or just above 0.70, thus at RH lower than 70% are very likely unable to activate
microorganisms (Grant, 2004). Our calculations above reveal that dehydration of gypsum could result in 40% RH in
the tube, which on its own is not enough for activating microorganisms with terrestrial-like metabolism. At low RH
(e.g., <30%), there is some faint possibility of life preservation, decreasing with increasing temperature, but
preservation of morphological biosignatures is more likely. In any case, putative microorganisms surviving in Mars
conditions should be very resistant and in dormant state (e.g., spores).

6. The consequence-based risk-matrix

The Tiger Team deliberated the potential science represented by the samples, the susceptibility of potential science to
changes in temperature, and established a consequence-based risk-matrix to inform the review of potential waiver
requests.

For inorganic materials and the records they represent, over both long time scales (hours to days) and short time scales
(minutes to hours), no temperature excursion above 30 °C could be accommodated without loss of science (Fig. 20).
While there will be some robust constituents (feldspars, quartz, pyroxenes, etc.) that are unaffected, there will also be



some less robust constituents (salts, phyllosilicates, strong gaseous oxidants, radicals, etc.) that are affected across all
temperature ranges <60 °C.

Processes 30-40°C | 40-50°C | 50-60°C
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Physical Structures
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FIG. 20. A consequence-based risk-matrix displaying the impact on science, related to inorganic and organic materials, of temperatures in the
range of +30 °C to +60 °C for samples returning from Mars. Note that the relationship between science impact and temperature is not linear.

For organic materials and, in particular, potential organic biosignatures, the risks reflect that preservation is reliant on a
number of processes and change in one component within a sample tube can lead to effects on another (Fig. 21).

Organic
degradation

Radicals — | Oxidants

FIG. 21. The multiple processes that are initiated by rising temperatures can affect organic-based records either alone or in combination.

For organic materials and the records that they represent over long time scales (hours to days), no temperature
excursion above 30 °C could be accommodated without loss of science (Fig. 20), but over short time scales (minutes to
hours) raising the temperature to 40 °C could be manageable without major disruption to science, while temperatures



above 40 °C would lead to significant losses.
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Appendix A

Abbreviations and acronyms used in this report.
Ab:zfgli;trir?n / Definition
ACA Adaptive Caching Assembly
AFT Allowable Flight Temperature
ALH Allan Hills, Antarctica (a meteorite recovery area)
APXS Alpha Particle X-Ray Spectrometer (aboard MSL rover Curiosity)
CheMin Chemistry and Mineralogy (XRD instrument aboard MSL rover Curiosity)
CHNOPS Efaer;aon, hydrogen, nitrogen, oxygen, phosphorous, sulfur (important elements for
CRISM Compact‘ Reconnaisgance Imaging Spectrometer for Mars (aboard Mars

Reconnaissance Orbiter)

DRH Deliquescence relative humidity
EDL Entry, Descent, and Landing
EGA Evolved Gas Analyzer (one instrument in the MSL SAM tool)
ERH Efflorescence relative humidity
ESA European Space Agency
FRTE First-row transition elements
iIMOST International MSR Objectives and Samples Team
ISS International Space Station
LEW Lewis Cliff, Antarctica (a meteorite recovery area)
M2020 Mars 2020 (NASA mission)




MAV

Mars Ascent Vehicle

MEPAG Mars Exploration Planning and Analysis Group

MER Mars Exploration Rovers (NASA mission)

MGS Mars Global Surveyor

MSL Mars Science Laboratory (NASA mission)

MSPG2 Mars Sample Return Science Planning Group Phase 2

MSR Mars Sample Return

NASA National Aeronautics and Space Administration

NEPA National Environmental Policy Act

OMEGA Observatoire pour la Mineralogie, I'Eau, les Glaces et 1'Activite (spectrometer on
ESA Mars Express orbiter)

oS Orbiting Sample

pfu Per formula unit

PHX Phoneix Mars Lander (NASA mission)

PIXL Planetary Instrument for X-ray Lithochemistry

REMS Rover En\_/irqnmental Monitoring Station (weather instruments aboard MSL
rover Curiosity)

RH Relative humidity

ROS Reactive oxygen species

RSSB Return Sample Science Board

RSTA Returned Sample Tube Assembly

SAM Sample Analysis at Mars (three instruments aboard MSL rover Curiosity)

SHERLOC Scann'ing Hgbitable Environments with Raman & Luminescence for Organics &
Chemicals (instrument aboard M2020 rover Perseverance)

SNC Shergottite, nakhlite, chassignite ‘(names of the three groups of the most abundant
and longest-studied Mars meteorites)

SuperCam VisNIR spectrometer aboard M2020 rover Perseverance

T4 Temperature-Time Tiger Team

TE Temperature, eutectic

TEM Transmission electron microscope

TES Thermal Emission Spectrometer

TI Thermal inertia




uv Ultraviolet
VisNIR Visible and near-infrared spectroscopy
Wide Angle Topographic Sensor for Operations and eNgineering (supports
WATSON SHERLOC)
WCH Worst-case heating
XRD X-ray diffraction
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