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1. Motivation 
Access to the Martian subsurface offers an unprecedented opportunity to search for the "holy 
grail" of astrobiology—evidence of extinct and possibly even extant life on Mars—a journey 
started by the Viking landers more than four decades ago. Analyzed samples would also deliver 
the puzzle pieces needed to help complete our understanding of how the Martian climate, its 
carbonates, and its volatile inventories changed over time and may have impacted, or may have 
been impacted by, life.  

Evidence from orbiters and rovers suggests a once “warmer and wetter” Mars [e.g., 
Grotzinger & Milliken, 2012] and recent results from the MAVEN mission demonstrated that a 
significant fraction of the Martian atmosphere was lost early in the planet’s history [Jakosky et al., 
2017]. As its atmosphere thinned, the flux of harmful radiation reaching the Martian surface would 
have increased and the surface temperatures would have cooled well below the freezing point of 
water. Consequently, the cryosphere would have thickened and stable groundwater would have 
moved to greater depths below the surface. Therefore, if Mars ever had life (regardless whether it 
emerged on or below the surface), then it should have followed the permafrost/groundwater 
interface to progressively greater depths where stable liquid water can exist. There, shielded from 
seasonal and diurnal temperature effects as well as from harmful effects of ionizing radiation, it 
could have been sustained by hydrothermal activity, radiolysis, and rock/water reactions. Hence, 
the subsurface represents the longest-lived habitable environment on Mars. Therefore, in 
comparison to the surface, our chances of finding signs of extinct life are much greater in deep, 
protected, self-sustaining subsurface habitats that putative organisms might have inhabited [e.g., 
Michalski et al., 2017]. 

If extant life exists on Mars today, then the most likely place to find evidence of it is at 
depths of a few hundred meters to many kilometers, where groundwater could persist despite 
today’s low geothermal gradients [Clifford et al., 2010; Grimm et al., 2017]. Moreover, while the 
preservation of molecular biosignatures on Mars is debated, the consensus is that detection at 
depths greater than a few meters is favored because of the shielding from harmful radiation [e.g., 
Kminek and Bada, 2006; Pavlov et al., 2016].   

Additionally, accessing information in the Marian subsurface (geochemical, geophysical, 
and astrobiological) to obtain subsurface profiles of the D/H, 18O/16O, carbonate content, organics, 
pH, volatiles, redox conditions, porosity, permeability, temperature, and stratigraphy—unaffected 
by atmospheric processes or solar/cosmic radiation—will enable us to much better constrain the 
environment for life over geological timescales, i.e., the time-dependent variation of water loss, 
climate, volcanism, and tectonic processes.  

Therefore, the exploration of the full potential of extinct or extant life on Mars and its 
environmental context over the last few billion years requires accessing the deep subsurface, 
and the collection of samples—starting a few meters below the surface but ideally reaching the 
putative modern day stable water table at hundreds of meters to kilometers depth.  
 
We now have the capability to achieve this goal, specifically due to (a) recent technological 
advances, (b) an improved understanding of the local variability of Martian environments, and 
(c) increasing commercial, international, and human opportunities on Mars (see Figure 1): 
a) technological advancements in miniaturization, automation, data processing, sensor-driven 

adaptation, fault protection and recovery, and instrumentation for chemical characterization of 
soluble, gaseous, and solid compounds can make in situ deep subsurface exploration and wide 
high resolution subsurface sounding for volatiles down to a few km of depth feasible,  
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b) latest scientific results on the 3D diversity of Martian surface and, increasingly, subsurface 
environments facilitate more rigorous landing site selection and the correlation of local results 
within a global context, and,  

c) emerging commercial, international, and human opportunities on Mars enable out-of-the box 
approaches: commercial collaboration opportunities through, e.g., SpaceX, could provide 
flights to Mars every 2 years, possibly as early as 2022; growing international interest in Mars 
exploration by the Emirates, India, China, and Japan in the early 2020s can broaden 
international collaborations; and NASA’s & SpaceX’s plans of sending humans to Mars in the 
2030s call for mapping Martian resources and the astrobiological potential of the subsurface. 
 

 
Figure 1: Three aspects that make vigorous Mars subsurface exploration feasible today: 1) 
Technological advancements in drilling & sounding—driven by miniaturization, automation, 
increased computational speed, sensor-driven adaptation, and in situ analysis have significantly 
reduced power, size, and mass footprints and created new tools for subsurface exploration [Chu 
et al., 2014; Davé et al., 2013; Grimm, 2003; Zacny, 2007a; b; Zacny et al., 2008; Zacny et al., 
2016], 2) New scientific achievements, from mapping of aqueous minerals, active gullies, 
recurring slope lineae, ice and water deposits (showing water-equivalent hydrogen as background 
color and ice-exposing new impacts) allow us to know better where and how to drill [Dundas et 
al., 2014; Ehlmann and Edwards, 2014; Ojha et al., 2014; Rummel et al., 2014; Stuurman et al., 
2016; Wang et al., 2013]; this scientific progress will be improved by ExoMars TGO, which will 
help to localize potentially biologically relevant zones of interest such as methane seeps, and 3) 
commercial, international, and human opportunities [Wooster et al., 2007; Hoffman, 2015, 2016] 
create a powerful paradigm shift and out-of-the-box opportunities for the search for life on Mars. 

We are ready to start exploring the Martian subsurface now: from sounding to drilling

Drilling &
In Situ Analysis

Sounding 3D Mars 
Science

Commercial, 
International, & 
Human Interests

• Commercial collaboration opportunities through, e.g., 
SpaceX who aim to provide flights to Mars every 2 years, 
possibly as early as 2022.

• Growing international interest in Mars exploration with 
Emirates, India, China, and Japan joining NASA and ESA in 
Mars exploration in the early 2020s.

• NASA’s aim to send humans to Mars beyond the 2030s 
calls for mapping of Martian subsurface resources (e.g., 
water, methane, oxidants, clathrates) and human hazards, 
and the exploration of the only potential modern-day habitat 
which is the Deep Subsurface.

Drilling/In Situ Analysis
• MEMS & Miniaturization of instruments
• Increase in processors computational speeds
• Drilling automation
• Instruments can be brought to the samples 
• Sensor-driven on the fly efficiency adaptation 
• Low-power Logging While Drilling (LWD)
• Measurement-While Drilling (MWD)
• Instrumented Drillbits (for CH4 & H2O)
• AutoGopher Rotary-Ultrasonics
• Foro-type borehole lasers
• Wire line/Inchworm approaches
• CoiledTubing
• Pneumatic based excavation
• EM Hammer mole (hammering inside)
• CRUX Drill w. Neutron spectrometer
• Down Hole Magnetometry
• Redox Electrodes
• SmallSat penetrators
• BFR Penetrator/Drill
• And many more…

Sounding
• Flux chambers as in terrestrial seepage detection 
• SNMR (e.g., Schlumberger CMR/MRX)
• MEMS, Miniaturization of instruments (e.g., 

seismometers)
• Increase in processor computational speeds
• SmallSats for outgassing monitoring such as GHGSats
• SmallSat bistatic radar air/ground (RAX/RainCube

Combos)
• CubeSats enable low-frequency sounding 
• CubeSats telecom and data processing enhancements
• CubeSats agile science operations
• And many more…

1.	New	Technology

3.	Commercial,	International,	and	Human	
Opportunities

2.	New	Science

MINERALOGY

ACTIVE GULLIES

RSL

ICE/WATER

All 4 images from Rummel et al. (2014)
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2. Past and current efforts towards deep subsurface access 
So far, strictly scientific motivations for Mars subsurface exploration have taken a back seat to 
exploration of the Martian surface. The most recent studies and workshops on Mars Drilling (>10 
meters) date back to 2000/2004 [Blacic et al., 2000; Miller et al., 2004]. These studies 
recommended that progress in autonomy, mass reduction, and in situ measurements as well as 
candidate instrument types are required to make deep drilling and Mars subsurface exploration 
feasible. Since then great progress has been made enabling us to now identify mission concepts 
and instrumentation that would be necessary to achieve Mars subsurface access [see Figure 1, 
Sections 3-4, and Chu et al., 2014; Davé et al., 2013; Grimm, 2003; Zacny, 2007a; b; Zacny et al., 
2008, 2016].  

Missions including ESA’s ExoMars rover in 2020, NASA’s Insight in 2018 and Mars 2020 
will soon begin our exploration of the very shallow subsurface. To date, NASA has no plans of 
pursuing sampling at depths greater than ~10 cm. The Mars 2020 mission will collect shallow 
samples (~6 cm) for potential return to Earth.  

In the report “Mars Exploration 2009-2020” [McCleese, 2003], a subsurface mission to 
find extant life was identified as a high risk but necessary mission in the 2020 timeframe, and as 
NASA begins to consider future human exploration of Mars and in situ resource utilization 
[Hoffman, 2015; 2016], opportunities to develop systems with greater capabilities to explore the 
Martian subsurface are emerging and gaining support within the NASA community. Beaty [2015] 
recommends in the report “Scientific Objectives for the Human Exploration of Mars Science 
Analysis Group” a focus on strategies to access the subsurface. In the report “Mars Science Goals, 
Objectives, Investigations, and Priorities: 2015”, this recommendation is extended by additionally 
calling for global screening related to subsurface habitability [Hamilton et al., 2015].   
 
3. Specific technologies or recent scientific developments that make a compelling case for 

accessing the Mars subsurface 
Deep subsurface mission concepts can capitalize on recent technological efforts aimed at 
advancing miniaturization, automation, data processing, sensor-driven adaptation, and fault 
protection and recovery technology. Such progress allows adaptive and automated deep drilling in 
various soils and simultaneous in situ analysis (see Section 4). It also enables CubeSat or SmallSat 
obiters/helicopters/planes to monitor greater surface areas for small-scale seeps, fissures, or 
subsurface volatiles with smaller footprints and costs than typical orbital missions allowing access 
to sites that rovers cannot reach.  

Next to this game-changing technological progress, our expanded understanding of the 
Martian surficial and sub-surficial variability will facilitate mission planning, specifically site 
selection by providing better a priori subsurface information (see Figure 1). For example, high-
resolution orbital images have already provided numerous examples of locations with natural 
entrances into the Martian subsurface, such as lava tubes, ice caves, or even highly fractured terrain 
that could be gas (e.g., methane) seeps [e.g., Boston et al., 2011; Oehler and Etiope, 2017].  
 The recent entrance of the private sector into the space exploration arena could also enable 
faster and deeper access to the subsurface. For example, a variant of the Dragon space capsule 
(SpaceX) could be refitted to SpaceX’s BFR transporters planned to launch to Mars as a low-cost, 
large-capacity, near-term, Mars lander that is well suited for deep drilling missions due to its ability 
to accommodate a long drill string and to provide ample payload space for sample processing and 
analysis [Heldmann et al. 2017].  
 



Mars Subsurface Access: From Sounding to Drilling 

 

Predecisional information, for planning and discussion only 4 

 
4. Autonomous deep drilling technology and sample collection 

The technologies for terrestrial subsurface 
resource characterization and extraction are 
already developed for harsh environments 
(low/high temperature and the high shocks that 
the equipment could be subjected to during 
launch, landing, and drilling operation). 
Continual advancements in drilling, completion, 
and rig technology from the oil, gas and water 
service industries have enabled significant 
progress to be made in addressing the specific 
issues of Martian subsurface characterization 
(via seismic, electromagnetic and ground-
penetrating radar, in addition to other techniques, 
including potentially gravity gradiometry), 
remote drilling, and borehole stability. Also, 

significant progress has been made in clean drilling and avoiding/detecting contamination in drill 
cores of ancient rocks on Earth [e.g., French et al., 2015] and additional enhancements in life-
compatible drilling technologies might be expected to follow from the International Continental 
Scientific Drilling Program (ICDP)’s growing interest in life-inspired drilling [Kieft et al., 2015]. 
Next generation drills, like WATSON [Eshelman et al., 2017] currently deployed in terrestrial 
cryoenvironments could be deployed from a Curiosity size rover and penetrate the subsurface to 
approx. 1 km depth (see Figure 2).  
 
5. Recommendations 
• Support the development and field testing of technologies for automated drilling in bedrock to 

depths of hundreds of meters to kilometers. 
• Support the development of sample collection techniques from depths below the radiation-

processed regolith and down to the water table for astrobiological analysis. 
• Support development for sampling material from special subsurface regions (i.e., water or ice) 

to meet all Planetary Protection requirements. 
• Support the development of technologies for access and exploration of existing underground 

spaces (e.g., lava tubes, caves). 
• Support the development and miniaturization of low-cost subsurface sounding technologies 

for determining the subsurface volatile, clathrate, and fluid inventories—such as but not 
limited to electromagnetic, ground-penetrating radar, and seismic. 

• Support theoretical, computational, experimental, laboratory, and field work on terrestrial 
analogs that facilitates a better understanding of the Mars subsurface diversity (geophysical, 
geochemical, geological, hydrological, and potentially biological) from local to global 
scales—such as the local potential to sustain liquid water and redox-rich environments. 

 
References 

• Blacic, J. D., et al., (2000), Los Alamos National Laboratory, 1-86. 
• Boston, P. J. et al., (2001), Astrobiology, 1, 25-55. 
• Clifford, S. M., et al., (2010), JGR, 115(E7), doi:10.1029/2009je003462. 

Figure 2: WATSON drill with integrated 
Mars2020 Sherlock instrument could be used 
to penetrate 1 km depth. 



Mars Subsurface Access: From Sounding to Drilling 

 

Predecisional information, for planning and discussion only 5 

• Davé, A., et al., (2013), Astrobiology, 13(4), 354-369, doi:10.1089/ast.2012.0911. 
• Dundas, C. M., et al.,  (2014), JGR, 119(1), 109-127, doi:10.1002/2013je004482. 
• Ehlmann, B. L., and C. S. Edwards, (2014), Annual Review of Earth and Planetary Sciences, 42(1), 

291-315, doi:10.1146/annurev-earth-060313-055024. 
• French K., et al., 2015. PNAS 112, 5915–5920, doi:10.1073/pnas.1419563112. 
• Grimm, R. E., (2003), Journal of Geophysical Research, 108(E4), doi:10.1029/2002je001882. 
• Grimm, R.E. et al., (2017) J. Geophys. Res. Planets, 122, 94–109, doi:10.1002/2016JE005132. 
• Grotzinger, J. P. and R.E. Milliken, (2012), Sedimentary Geology of Mars, 1-48. 
• Heldmann, J. L. et al., (2017). Acta Astronaut., 141, doi:10.1016/j.actaastro.2017.10.002. 
• Kieft, T., et al., (2015), Sci Drill, 19, 43-53. 
• Kminek, G., and J. Bada, (2006), EPSL, 245(1-2), 1-5, doi:10.1016/j.epsl.2006.03.008. 
• Jakosky, B. M. et al., (2017), Science 355, 1408–1410. 
• Michalski, J.R. et al., (2017) Nature Geoscience, 11, doi.org/10.1038/s41561-017-0015-2. 
• Oehler, D., and Etiope, G., (2017), Astrobiology, 17,	1233-1264, doi:10.1089/ast.2017.1657. 
• Ojha, L., et al., (2014), Icarus, 231, 365-376, doi:10.1016/j.icarus.2013.12.021. 
• Rummel, J. D., et al., (2014), Astrobiology, 14(11), 887-968, doi:10.1089/ast.2014.1227. 
• Stuurman, C. M., et al., (2016), GRL, 43(18), 9484-9491, doi:10.1002/2016gl070138. 
• Wang, A., et al., (2013), Icarus, 226(1), 980-991, doi:10.1016/j.icarus.2013.07.020. 
• Wooster, P. D., et al., (2007), doi:10.1555/mars.2007.0002. 
• Zacny, K., (2007a), The Mars Journal, 3, 1-11, doi:10.1555/mars.2007.0001. 
• Zacny, K., (2007b), The Mars Journal, 3, 42-56, doi:10.1555/mars.2007.0004. 
• Zacny, K., et al., (2008), Astrobiology, 8(3), 665-706, doi:10.1089/ast.2007.0179. 
• Zacny, K., and Y. Bar-Cohen, (2010), Badescu (ed), Springer. 

 

Selected Conference Abstracts & Proceedings 
• Beaty, D., et al. (2015), MEPAG: (MEPAG HSO-SAG), 1-5, see: 

https://www.nasa.gov/sites/default/files/atoms/files/hso_summary_presentation_ezworkshoptagg
ed.pdf. 

• Chu et al., (2014), AMS, 14-16 May 2014, NASA GSFC, see: 
http://esmats.eu/amspapers/pastpapers/pdfs/2014/chu.pdf. 

• Eshelman E., et al., (2017), LPSC, Abstract 2326. 
• Hoffman, S. (2015), Briefing for First Landing Site/Exploration Zone Workshop for Human 

Missions to the Surface of Mars, 19 pp., see, https://mepag.jpl.nasa.gov/reports/HLS2 briefing 
27Oct15  ICEWG v2.pdf. 

• Hoffman, S., et al., (2016), "Mining" Water Ice on Mars, 86 pp., see: 
https://www.nasa.gov/sites/default/files/atoms/files/mars_ice_drilling_assessment_v6_for_public
_release.pdf. 

• McCleese, D., (2003), 26 pp., see, https://mepag.jpl.nasa.gov/reports/3336_Mars_Exp_Strat.pdf. 
• Hamilton et al., (2015), Mars Science Goals, Objectives, Investigations, and Priorities, 1-74, see: 

https://mepag.jpl.nasa.gov/reports/MEPAG%20Goals_Document_2015_v18_FINAL.pdf. 
• Miller, S. L., et al., (2004), Space 2004 Conference and Exhibit, AIAA 2004-6048, 1-15, found at 

https://arc.aiaa.org/doi/abs/10.2514/6.2004-6048. 
• Pavlov et al., (2016), LPSC, Abstract 2577. 
• Zacny et al., (2016), ASCE Earth and Space Conference, April 11-15, 2016, Orlando, FL, see: 

https://ascelibrary.org/doi/abs/10.1061/9780784479971.027. 


