Deep Trek: Science of Subsurface Habitability & Life on Mars

Deep Trek: Science of Subsurface Habitability & Life on Mars
A Window into Subsurface Life in the Solar System

Lead Team:
Vlada Stamenkovi¢ (Jez Propulsion Laboratory, California Institute of Technology), Kennda Lynch
(LLPI/USRA), Penelope Boston (N.ASA Ames), and Jesse Tarnas (Brown University).

Contact: Vlada.Stamenkovic@jpl.nasa.gov, 626-390-7631

Co-Authors:
1. Charles D. Edwards Jet Propulsion Laboratory, California Institute of Technology
2. Barbara Sherwood-Lollar University of Toronto
3. Sushil Atreya University of Michigan
4. Alexis Templeton University of Colorado
5. Anthony Freeman Jet Propulsion Laboratory, California Institute of Technology
6. Whoodward Fischer California Institute of Technology
7. Tilman Spohn International Space Science Institute
8. Chris Webster Jet Propulsion Laboratory, California Institute of Technology

9

Alberto G. Fairén

10. Jobn (Jack) Mustard

Centro de Astrobiologia (CSIC-IN'TA)
Brown University

11. Michael Mischna Jet Propulsion Laboratory, California Institute of Technology
12. Tullis C. Onstott Princeton University

13. Magdalena Rose Osburn Northwestern University

14. Thomas Kieft NMT

15. Robert E. Grimm SwRI

16.

William B. Brinckerhoff

NASA Goddard

17. Sarah Jobnson Georgetown University

18. Luther Beegle Jet Propulsion Laboratory, California Institute of Technology
19. James Head Brown University

20. Albert Haldemann ESA/ESTEC

21. Charles Cockell University of Edinburgh

22. John Hernlund ELSI, Tokyo Tech

23. Brian Wilcox JPL./ Marine Biomass

24. David Paige UCLA

25. Giuseppe Etiope Istituto Nazionale di Geofisica e 1 ulcanologia, Romay, Italy
26. Daniel Glavin NASA Goddard Space Flight Center

27. Maria-Paz Zorgano Centro de Astrobiologia (CSIC-INTA)

28. Yasubito Sekine ELSI, Tokyo Tech

29. Stalport Fabien LISA

30. Joseph Kirschvink California Institute of Technology

31. Cara Magnabosco ETH

32. Roberto Orosei Istituto Nagionale di Astrofisica

33. Matthias Grott DI.R

34. John D. Rummel Friday Harbor Partners 1.1.C

A Window into Subsurface Life in the Solar System



Deep Trek: Science of Subsurface Habitability & Life on Mars

35. Atsuko Kobayashi

36.

Fumio Inagaki

37. Janice Bishop

38.
39.
40.

Vincent Chevrier
Mary Sue Bell
Beth N. Orcutt

41. Jennifer Mclntosh

42.
43.
44.
45.
46.
47.
48.
49.
50.
51.

Katarina Miljkovic

Doris Breuer

Tomobiro Usui

Kris Zacny

Essam Heggy

Edgard G. Rivera-1alentin
Nathan |. Barba

Ryan Woolley

Oliver Warr

Mike Malaska

52. Jennifer G. Blank

53.
54.
55.
56.
57.
58.
59.
60.
o1.
62.
63.

Donald F. Ruffatto
Haley M. Sapers
Larry H. Matthies
Lewis Ward

Svetlana Shkolyar
Cedric Schmelzbach
Travis S.]. Gabriel
Ceth Parker

Hermes Hernan Bolivar-Torres
Bernadett Pal

Dirk Schulze-Makuch

64. Jorge Andres Torres Celis

65.

Akos Kereszturi

66. J. Andy Spry

67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.

Kyle Uckert

Mare A. Hesse

Rachel Harris
Apna-Catalina Plesa
Renyn Hu

Ali-akbar Agha-mobammadi
Brian D. Wade
Snebamoy Chatterjee
Patrick McGarey
Heather Valeah Graham
Shino Suzuki

Matt Schrenk

Kristopher Sherrill

Scott Howe

Rajn Manthena

Mariko Burgin

Earth-Life Science Institute, Tokyo institute of Technology
JAMSTEC

SETI Institute

Unaiversity of Arkansas

Jacobs@INAS A/ Johnson Space Center

Bigelow Laboratory for Ocean Sciences

Unaversity of Arizona

Curtin University

DIR

JAXA

Honeybee Robotics

University of Southern California

Lunar and Planetary Institute (USRA)

Jet Propulsion Laboratory, California Institute of Technology
Jet Propulsion Laboratory, California Institute of Technology
Unaversity of Toronto

Jet Propulsion Laboratory, California Institute of Technology
NASA Ames/ Blue Marble Space Institute of Science

Jet Propulsion Laboratory, California Institute of Technology
Caltech/ USC/ JPL

Jet Propulsion Laboratory, California Institute of Technology
Harvard Unipersity

NASA GSFC/USRA

ETH Zurich, Switzerland

Arizona State University

Jet Propulsion Laboratory, California Institute of Technology
Universidad Nacional Autonoma de México

CSFK KTM CS1

Technical University Berlin

Universidad Nacional Autonoma de México

Research Centre for Astronomy and Earth Sciences

SETI Institute

Jet Propulsion Laboratory, California Institute of Technology
The University of Texas at Austin

Harvard Unipersity

DIR

Jet Propulsion Laboratory, California Institute of Technology
Jet Propulsion Laboratory, California Institute of Technology
Michigan State University

Michigan Technological University

Jet Propulsion Laboratory, California Institute of Technology
NASA GSFC

JAMSTEC

Michigan State University

Jet Propulsion Laboratory, California Institute of Technology
Jet Propulsion Laboratory, California Institute of Technology
Jet Propulsion Laboratory, California Institute of Technology
Jet Propulsion Laboratory, California Institute of Technology

A Window into Subsurface Life in the Solar System

il



83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.

Kalind Carpenter
Louis Giersch
Velibor Cormarkovic
Nigel Smith

Jeffrey J. McDonnell
Joseph Michalski
Devanshu [ha
Morgan 1. Cable
Elodie Gloesener
Varun Paul
Stewart Ganlt
Sharon Kedar
Eloise Martean
Orkun Temel

Seth Krieger

Ryan Timoney

Deep Trek: Science of Subsurface Habitability & Life on Mars

Jet Propulsion Laboratory, California Institute of Technology
Jet Propulsion Laboratory, California Institute of Technology
Jet Propulsion Laboratory, California Institute of Technology
Snolab

Unaversity of Saskatchewan

Unaversity of Hong Kong

MV] College of Engineering

Jet Propulsion Laboratory, California Institute of Technology
UCLonvain

Mississippi State University

University of Edinburgh

Jet Propulsion Laboratory, California Institute of Technology
Jet Propulsion Laboratory, California Institute of Technology
Royal Observatory of Belginm

usc

University of Glasgow

LINK to List of Co-Authors & Co-Signatories:
https:/ | drive.google.com/ file/ dJ 1q0gP3kAubSt918v1MSoBvgt TIYNQE_ ¢S/ view?usp=sharing

A Window into Subsurface Life in the Solar System

il



Deep Trek: Science of Subsurface Habitability & Life on Mars

1. Motivation: Mars Subsurface, an Unprecedented Opportunity to Explore Life

One of the main drivers for planetary exploration has been the search for signs of life beyond our
planet. Mars, in particular, has been a target for orbital and landed planetary missions, but to date
these missions have focused primarily on the search for signatures of extinct, ancient life
preserved on the Martian surface.

One of the biggest lessons from forty years of Mars exploration is that the Martian surface is
currently inhospitable to life as we know it, and may have been uninhabitable since ~3.1-4 Ga.
Organics on the surface are being degraded by oxidizing radicals and bombarded by harsh radiation
to a yet-to-be-determined depth (e.g., Eigenbrode et al., 2018). Liquid water is not stable on the
Martian surface. Observations by Phoenix have shown that, for short timescales, small amounts of
metastable salty brines can form on the surface and in the shallow subsurface. However, recent
experimental work shows that such transient brines do not satisfy habitability criteria (Rivera-Valentin
et al., 2020). Our understanding of subsurface thermal gradients suggests that liquid water is
stable for long timescales at depths of kilometers. Locally, shallower liquid reservoirs are possible
if salts are present in high concentrations but with much lower water activity (Clifford et al., 2010).

In the subsurface—protected against these effects—Iliquid water is feasible, with water activity and
temperatures at habitable values, negligible ionizing radiation levels, and water-rock and gas-rock
reactions fueling subsurface Martian life. Such deep environments on Mars are likely similar to
those found in Earth’s subsurface where the majority of microbial terrestrial biomass resides.
Hence on Mars, subsurface organisms similar to the ones found in the Earth’s subsurface can
exist. This is in contrast to surface or near-surface Mars environments—including ices, hypersaline
brines, caves, or salts—where any hypothetical extant Mars microbes would require, in relation to life
as we know it, as yet unknown adaptations to their cellular physiologies in order to survive.

The Martian subsurface is one of the most promising places on Mars for life to still exist
today. Despite this, we have yet to send a dedicated mission to investigate the modern-day
subsurface habitability of Mars or to search for signs of extant subsurface life. A spectacular
scientific opportunity awaits!

2. Science Goals & Objectives

Tightly linked to MEPAG Goal I (see Section 3), we can define two science goals: (G1) quantify the
changes in modern-day subsurface habitability as a function of depth by assessing: (A) Liguid
water. existence & composition of liquid water in the subsurface, (B) Energy & nutrients: subsurface
geochemistry, lithochemistry (including isotopes and trace elements), organic chemistry, variability of
redox species as a function of depth, redox disequilibria, and sources of potential life-sustaining redox
compounds (including their size, depth locations, and undetlying production processes), and (C)
Potential for Cellular Stability: the stability of biomolecules as a function of depth. (G2) search
additionally for signs of extant subsurface life by determining (D) Biomarkers/biosignatures of
metabolic activity and their changes with depth. Mission strategies that respond to these science
goals are discussed in our companion paper “Deep Trek: Mission Concepts for Exploring
Subsurface Habitability & Life on Mars”. These science goals are also linked to seeking signs of
extinct ancient life, reconstructing climate history, the geophysical structure of the crust & human
exploration (Goals I-IV in MEPAG), but these are not discussed here (see Stamenkovic et al., 2019).

3. Community Efforts

Recently, the National Academies Committee on the Search for Life in the Universe (NAS, 2019)
recommended to “go deep” and to focus on subsurface habitability and subsurface life, with Mars as
a prominent target. This is also reflected in the recently revised MEPAG Goals Document, where a
new emphasis has been given to “Extant Life”, “Subsurface” and “Subsurface Waters”. As stated on page
10 of the new MEPAG document ‘4% Mars ever supported life, an earlier Martian biosphere nright have found
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refuge in the subsurface, where liquid water aquifers and rock-water reactions could provide all the needed bioessential
resources, similar to the deep subsurface biosphere on Earth. ...For these reasons, the subsurface should be considered
an exciting new frontier for Mars exploration, and a particularly promising target environment to address the objectives

presented in Goal I (Life).

4. Why Now?

4.1. Various Mars Data Point to a Potentially Habitable Subsurface

Intriguing data suggest active processes related to habitable environments in the Martian subsurface
today. Short-lived spikes in atmospheric methane observed at a similar time both with Mars Express
and Curiosity, a non-detection with TGO, as well as seasonal background level changes (Webster et al.,
2018, Giuranna et al., 2019; Korablev et al., 2019) are compatible with subsurface release and fast
surface destruction. There is also potential evidence for liquid water beneath the South Pole at 1.5 km
depth (Orosei et al. 2018), from Mars Express radar data, though the interpretation is controversial.
However, no past (or current) Mars mission had (or has) the capability to quantify the
potential of the Martian deep subsurface to host life today.
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Depth of “pure” water table is in
the ke to 105 of ks range. Brines can be shallower locally but then have a low water activity. (f) Water-rock reactions
produce H (eg., radiolysis, serpentinization, oxidation of ferrous silicates) that can be transformed into CHy with
Sabatier reactions. (g) Porosity & permeability decrease with depth; they help quantify the potential for deeper
groundwater. Pink denotes the depth of ~200 m above which large-scale brines seemr uncommon based on orbital radar.

4.2. An Unexplored World: The Mars Underground is a Mars 2.0

We have currently sazpled the Martian subsurface 7 sitn to no deeper than a few cms (the I#57ght mole
will hopetully reach greater depths, but without any (bio)geochemical sazpling). Orbital radar has not
been capable of sounding deeper than ~200 m except for special regions (see Section 6.1)—and
therefore has not been able to probe the common depths of groundwater at many kilometers. Gamma
Ray Spectrometers can probe =~1 m depth. This makes the subsurface of Mars an as-yet unexplored
world, which might be significantly different and more habitable than the surficial Mars explored so
far. Indeed, the difference between surface and subsurface is already evident in the drill cores from
Curiosity, which show subsurface colors distinct from a homogeneous oxidized, red surface—
indicating significant transitions in redox state and mineralogy with depth (see Fzg. 7). What is hiding
even deeper beneath the wheels of our rovers?

A Window into Subsurface Life in the Solar System 2
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4.3. Natural Next Step in the Mars Program

Mars exploration in the last two decades and currently planned missions, including Perseverance, the
ExoMars rover and Mars Sample Return (MSR), have been and will be focused on seeking signs of
ancient and extinct habitable environments and life in previously aqueous surface environments. The
ExoMars rover plans to drill in 2023 to a depth of 1-2 m and probe composition in rather loose and
altered soil and sound to ~1 m depth via neutron spectroscopy. Expansion of such exploration, as
proposed here, incorporating the study of subsurface modern habitability & extant life is a critical
extension of Mars Exploration and complementary to MSR, Perseverance & the currently studied Ice
Mapper mission concept. The scientific goals presented here also benefit the growing “Artemis”
Program in preparation for human exploration, as subsurface habitability questions are closely related
to subsurface 7 situ resource utilization.

4.4. Technology is Ready

Citing Jakosky et al. (2003), “The Martian subsurface today is generally thought to meet the environmental
requirements necessary to support life. Liguid water likely is the limiting factor and can occur at depths of hundreds of
meters to kilometers, where temperatures are warmer than at the surface. Geochenrical energy is available there through
reactions of the water with the surrounding rock or by mixing in hydrothermal systems, and terrestrial organisms, at
least, are able to take advantage of these sources of energy to support metabolism. While the deep subsurface is,
therefore, a likely place to find life, it is difficult to access for exploration.”

As we show in our companion paper “Deep Trek: Mission Concepts for Exploring Subsurface
Habitability & Life on Mars”, enabling technology has advanced rapidly during the last 17 years since
the statement above was made—enabling us to now explore the science discussed in this paper with
low-cost Small Spacecraft or New Frontiers class missions. This makes Mars subsurface
exploration with a focus on modern subsurface habitability & life not just feasible, but timely.
The mission concepts described in our companion paper have been vetted through JPL’s Team X.
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cells, comparable to ~10-60% of the total
biomass of the surface biosphere and exceeding the microbial biomass of the surface
biosphere (Magnabosco et al., 2018; Bar-On et al., 2018; Onstott et al., 2019).  On Earth, most of
this subsurface biomass is independent of surface photosynthetic CO; fixation. Rather, energy is
obtained from water-rock reactions (e.g., radiolysis, serpentinization), abiotic organic synthesis,

Fig. 2: Biomass in Earth’s subsurface. Plot of cell
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reduced forms of Fe, N, and Mn from minerals, sulfides and sulfates, and magmatic or atmospheric
gases such as CO,, CO, and HS (see Lefticariu et al., 2010, Li et al., 2016, Onstott et al., 2019, Schrenk
et al., 2013, Stevens & McKinley, 2000). As we show in Section 6.2, these ingredients exist in the
Martian subsurface in sufficiently large concentrations to sustain microbial subsurface life.

For example, radiolysis in ancient terrestrial fluids generates a closed system of redox energy
availability, producing both complementary oxidants (sulfate) (Lefticariu et al., 2010; Li et al., 2016;
Onstott et al., 2000) and reductants (Hz) (Lin et al., 2006, 2005) wherever H>O, radionuclides, and
even minor amounts of sulfides intersect. In such deep ecosystems, there is no need for any additional
nutrient input from younger fluids. Such groundwaters, which are inhabited by microorganisms,
have resided in the continental crust for billions of years with negligible surface nutrient input
(Holland et al., 2013), similar to groundwater residence times expected on Mars.

6. Biologically Sustaining Conditions & Processes in Mars’ Subsurface
Below, we discuss our current state of knowledge supporting why we think that the modern-day Mars
subsurface is a potential habitable environment.

6.1. Liquid Water at Depth

We know that liquid water is generally not thermodynamically stable on the Martian surface today due
to low temperatures and low atmospheric pressures. With depth, the temperature increases along a
local geothermal gradient, dependent on local values of heat flow and thermal conductivity. Therefore,
at a certain depth and pressure, the local temperature will be warm enough for ice to melt. Clifford et
al. (2010) calculated the cryosphere thickness—below which saturated groundwater should
exist—using average heat flow estimates of 15 and 30 mW/m” Recent models that consider both
temporal and the full 3D spatial variations in heat flow and crustal thickness suggest an average heat
flow of 2572 mW/m* (Plesa et al., 2016). Such values indicate an approximate depth to the
groundwater table of ~2-7 km in equatorial regions and 11-20 km at the poles (Fig. 3).

Grimm et al. (2017) considered the importance of subsurface tropical ice in slowing the loss of
groundwater on Mars. They concluded that H,O loss since the Hesperian of a ~60 m global equivalent
layer (GEL) of H,O (from the D/H ratio) is much less than the likely original groundwater inventory
of several hundred meters to a kilometer (Carr, 1987 and others)—supporting the existence of
groundwater globally on Mars today.

PURE WATER IS MANY KILOMETERS DEEP Fig. 3: Depth to the groundwater table (based on

I G ' simulated heat flow data from Plesa et al., 2018),
depending on surface temperature and on local heat
fluxc. For simplicity, we assume only a latitude-
dependent surface temperature model and did not
include any salts, which shift the water table, locally,
to shallower depths. We highlight typical landing
regions within X 30° latitude; here potential depths
to pure liguid water are ~2-7 kilometers. Large
potential depths of groundwater beyond £ 60° (due
to low surface temperatures and low geothermai
gradients) demonstrate that the polar regions are not

2 B 6 8 10 12 14 16 18 20 ; .. .
Groundwater Table Depth [km] ideal for liguid groundwater excploration.

Penetration depth in the Martian subsurface by the orbiting radar instruments MARSIS on Mars
Express (Jordan et al., 2009) and SHARAD on MRO (Seu et al., 2007) has been limited to depths of
~100-200 m, except for “regions with favorable subsurface conditions” containing ice or volcanic ash
(e.g., Heggy et al, 2000; Stillman & Grimm, 2011). The poles have these favorable subsurface

A Window into Subsurface Life in the Solar System 4
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conditions, but due to low surface temperatures groundwater is expected to be especially deep (Fig.
3). Nonetheless, MARSIS data were used to establish the hypothesis of the presence of perchlorate-
bearing liquid water, 20 km wide, at a depth of 1.5 km close to the South Pole (Orosei et al., 2018).

6.2. Energy & Nutrients for Subsurface Life

Essential elements needed for subsurface life exist on Mars: besides water, the essential
ingredients needed to sustain a wide diversity of microbial metabolisms in the Martian subsurface (see
Section 5) exist based on 7z sitn measurements and laboratory analysis of Martian meteorites (Stern et
al., 2015; Eigenbrode et al, 2018; Trainer et al., 2019; Lanza et al., 2016, Webster et al., 2018; Boynton
et al., 2007; Gellert et al. 2004; Ehlmann & Edwards, 2014; Lorand et al., 2005; etc.). This includes
measurements on radionuclides, oxidized and reduced forms of iron, nitrogen and manganese present
at Gale crater, perchlorates, fixed nitrogen, organics, sulfates, sulfides, and methane.

There is enough power to sustain subsurface life: The redox energy available in the Martian
subsurface is sufficient for multiple microbial metabolisms to proceed (Link et al., 2005; Onstott et
al., 2006; Carrier et al., 2020; Jones et al., 2018; Dzaugis et al., 2018; Tarnas et al., 2018) . The source
regions for Martian meteorites can produce sufficient sulfate and H via radiolysis to support
measurable concentrations of sulfate-reducing microorganisms wherever groundwater exists
(Tarnas et al., 2020). In addition to sulfate-reducing microbes, metabolisms that utilize other redox
compounds detected on Mars, including Fe®', nitrate, CO, O, Fe’*, CH, and CO (Lorand et al. 2005;
Ehlmann & Edwards 2014; Stern et al. 2015; Lanza et al. 2016; Webster et al. 2018; Trainer et al.
2019), are fully sufficient to support diverse and high-biomass microbial communities in the
subsurface. This makes the subsurface the most redox nutrient diverse, longest lived, and
continuously habitable environment on Mars.

6.3. Shielding from Radiation & Oxidants at Depth

Oxidative and ionizing radiation conditions on the surface of Mars play a role in the degradation of
macromolecular organic carbon. Chemical oxidants such as superoxides and hydroperoxyls
(presumably created by reactive decomposition of (per)chlorates, pyrite or other species) drive
oxidative damage (Davila et al., 2008; Hecht et al., 2009, Crandall et al, 2017). Not only is this oxidation
chemistry extremely destructive to living organisms (Wadsworth & Cockell, 2017), it also degrades ex
sitn organic molecules. Model-dependent estimates on the penetration depth of ionizing radiation and
oxidants, mixing in the subsurface, and the destructive effects on biomolecules, spores, and living cells
suggest that conditions to depths of ~7.5 m are harmful to life (e.g., Kminek & Bada, 2006; Dartnell
et al., 2007; Pavlov et al., 2012 and many others).

6.4. Zones of Particular Interest

Our direct, observational knowledge of the Martian subsurface is very limited. Therefore,
vertical exploration in order to begin assessing subsurface habitability with depth is a
scientific achievement at any arbitrary landing site. However, there are zones of particular interest
including: 1) places where geologically recent surface liquid groundwater release is indicated, such as
in the Athabasca and Kasei regions (e.g., Burr et al., 2002), 2) low-altitude zones that permit testing
hypotheses of a global water table, and 3) regions where hydrological models predict shallow water
table depths (Fig. 3). Additionally, recent observations of methane and oxygen at Gale crater (Webster
et al., 2018; Trainer et al., 2019) indicate active hydrological or biologic processes in the subsurface.
Faults and impact-altered zones enhance fluid mobility, permeability and the possibility of fluid ascent
from much greater depths (e.g., Ochler & Etiope, 2017). Moreover, impact-altered material has been
shown to enhance microbial subsurface life (Cockell et al., 2012). This makes fault- and impact-rich
regions appealing subsurface exploration targets. Planetary protection is addressed in a companion
white paper. We note that even a non-detection of groundwater at a local landing site allows

A Window into Subsurface Life in the Solar System 5



Deep Trek: Science of Subsurface Habitability & Life on Mars

us to better constrain global subsurface water inventories; especially in combination with
measurements of the porosity, the unaltered hydration state and the salt content with depth.

7. Mars as a Window into Subsurface Environments Across the Solar System

A common theme of Solar System exploration is that, aside from modern-day Earth, the subsurfaces
of planetary objects typically have higher habitability potential than the surface. This is the
case for modern-day (and possibly even eatly) Mars, for subsurface oceans on Europa and Enceladus,
and possibly for deep brine reservoirs on Ceres and Titan. Missions to access these compelling
scientific and astrobiological targets will thus require specific technological development,
implementation, and mission operations experienced in subsurface exploration to optimize
and maximize science return. Mars, as our closest and best understood planetary neighbor, is a
natural testbed for the initial implementation of subsurface exploration mission architectures with
high science return. This generates scientific & technological development synergy between
exploration initiatives for many planetary objects highlighted by NASA’s last Decadal Survey.

8. Conclusion

Mars’ subsurface is one of the most compelling potentially habitable environments in the Solar System
that can feasibly be explored in this coming decade. Questions such as: “Is there liguid groundwater on
Mars”, “Where and what are sources and sinks of trace gases such as methane”’, “What is the habitability of the
subsurface’, and “Are there signs of extant subsurface life?” drive our interest in subsurface exploration.

We argue that the same reactions that produce life-sustaining redox disequilibria in Earth’s deep
subsurface operate on Mars today, allowing for multiple different microbial metabolisms. Therefore,
investigating the presence or absence of subsurface water, and its chemistry, as well as mineralogy,
and redox disequilibrium with depth, including signs of life should be prioritized in this decade.

Our unparalleled knowledge regarding Mars’ crust and its geologic evolution, combined with our
enhanced understanding of Earth’s deep subsurface biosphere, and sufficient development of
technologies required to explore the Martian subsurface, place us in an unprecedented position to
investigate the present-day habitability of the Martian subsurface and its potential for extant life.

As discussed in our companion paper, such questions can be addressed by deploying sounders
for liquid groundwater and/or trace gas localizers at a small spacecraft budget ($100-300 M). The
addition of a drill bumps costs to a New Frontiers-type class and current technologies offer access to
10-100 m depth. Drilling to ~100 m is especially scientifically compelling because it provides enough
leverage in depth to set the stage for testing hypotheses on habitability at even greater depths where
liquid groundwater might be more common. Mars subsurface exploration provides a scientifically
compelling testbed for technologies that can be used in future missions to explore the subsurfaces of
other planetary objects, where liquid water & extant life might be lurking.
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