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Guide to Sessions 
 

Tuesday, November 5, 2019 
 

8:00 a.m. NCKRI Exhibit Hall Registration 

8:30 a.m. NCKRI Classrooms A & B Conference Introduction 

9:00 a.m. NCKRI Classrooms A & B Overview and General 

11:05 a.m. NCKRI Classrooms A & B Lightning Talks for Poster Presentations and Introduction to 

Small Discussion Groups 

1:30 p.m. NCKRI Classrooms A & B Potential Martian Extant Life Environments I:  Ice and Salt 

2:55 p.m. NCKRI Exhibit Hall Poster Session I and Onsite Exhibit 

4:00 p.m. NCKRI Classrooms A & B Potential Martian Extant Life Environments II:  Caves 

 

Wednesday, November 6, 2019 
 

8:30 a.m. NCKRI Classrooms A & B Conference Field Trip 

 

Thursday, November 7, 2019 
 

8:30 a.m. NCKRI Classrooms A & B Potential Martian Extant Life Environments III:  Subsurface 

10:50 a.m. NCKRI Classrooms A & B Possible Detection Methods for Extant Martian Life 

1:30 p.m. NCKRI Classrooms A & B Possible Constraints on Martian Extant Life Derived from 

Laboratory Experiments 

2:55 p.m. NCKRI Exhibit Hall Poster Session II and Onsite Exhibit 

3:30 p.m. NCKRI Classrooms A & B Geological Search Strategies 

 

Friday, November 8, 2019 
 

8:30 a.m. NCKRI Classrooms A & B Possible Extant Life on Mars — Sample Return and Other 

Topics of Interest 

10:00 a.m. NCKRI Classrooms A & B Discussion, Summary, Conclusions, and Next Steps 

 





Tuesday, November 5, 2019 
CONFERENCE INTRODUCTION 

 

Times Authors (*Denotes Presenter) Abstract Title and Summary 

8:30 a.m. Beaty D. W.   Carrier B. C. * Introduction to Conference Logistics 

8:40 a.m. Meyer M. * The Search for Life and the Mars Exploration Program:   
The Rationale and the Wherewithal 

8:50 a.m. Hays L. * The Importance of Mars to Astrobiology 

 
 

OVERVIEW AND GENERAL 
Chairs:  Tullis Onstott and Mary Sue Bell 

 

Times Authors (*Denotes Presenter) Abstract Title and Summary 

9:00 a.m. Clark B. C. *   Kolb V. M. Why Life Should Have Started on Mars, and Searching for Survivors 
in Salts [#5008] 
Now that we know sulfate is everywhere on Mars, the presence of 
S-reducing chemoautotrophs using H2 should be tested. Obliquity 
cycling provides higher H2, warmer temps, and liquid H2O. 
Simulating this more clement climate can test for extant life. 

9:15 a.m. Schulze-Makuch D. * The Case for a Robotic In-Situ Life Detection Mission to Explore 
Potential Habitats on Mars [#5009] 
The time is now to explore with an in-situ robotic mission potential 
habitats on Mars. These habitats (e.g. caves, salt rocks, RSL) may 
contain life that might have evolved novel adaptations to extreme 
environmental stresses not existing on Earth. 

9:30 a.m. Paige D. A. * Seeking Out Life on Mars:  Physics and Chemistry 
vs. Paleontology [#5106] 
We should be seeking out life on Mars using physics and 
chemistry, rather than paleontology. 

9:45 a.m. Wiens R. C. *   Clark B. C.   Ehlmann B. L.   
Eigenbrode J. L.   Gasda P. J.   Lanza N. L.   
Schwenzer S. P.   Vasavada A. R. 

Progress in Understanding Mars as a Habitable Planet [#5038] 
We survey recent advances in understanding Mars as a habitable 
planet, including redox potential, Mn deposits, silica-rich 
sediments, groundwater niches, and organic detection. We also 
look ahead to the three rover missions in 2020, and the future. 

10:00 a.m. Stamenkovic V. *   Plesa A. C.   Breuer D.   
Burgin M.   Grimm R.   Arumugam D.   
Beauchamp R.   Barba N.   Manthena R.   
Wright D.   Wilcox B.   Carpenter K.   
Edwards C. 

Mars Subsurface Hydrology in 4D and Implications for 
Extant Life [#5052] 
In this study, we show how ground-water levels might have 
evolved over the last 4.5 Ga inside the martian subsurface as a 
function of location, depth, and time using numerical 
geodynamical evolution models. We also show how to search 
for them. 

10:15 a.m.  Session-Level Discussion 

10:50 a.m.  BREAK 

 



Tuesday, November 5, 2019 
LIGHTNING TALKS FOR POSTER PRESENTATIONS  

AND INTRODUCTION TO SMALL DISCUSSION GROUPS 
Chairs:  Horton Newsom and Kennda Lynch 

 
 

Times Authors (*Denotes Presenter) Abstract Title and Summary 

11:05 a.m.  Lightning Talks for Poster Presenters. 

11:45 a.m. Beaty D. W. *   Carrier B. C. * Introduction to Small Group Activity and Formation of Groups 

12:05 p.m.  LUNCH 

 
 

POTENTIAL MARTIAN EXTANT LIFE ENVIRONMENTS I:  ICE AND SALT 
Chairs:  Heather Graham and Rachel Harris 

 

Times Authors (*Denotes Presenter) Abstract Title and Summary 

1:30 p.m. Eigenbrode J. L. *   Glass B.   McKay C. P.   
Niles P.   Spry J. A. 

Martian Subsurface Ice Science Investigation [#5020] 
We propose an astrobiology mission concept that aims for due 
diligence in the search for extant life on Mars and the context for 
which it might exist in subsurface ice. 

1:45 p.m. Bakermans C. *   Whyte L. G. Terrestrial Permafrost as a Model for  Microbial Growth at Low 
Temperatures: Implications for Mars Extant Life [#5040] 
Many microorganisms have been isolated from organic-rich Arctic 
permafrost that has remained frozen for up to ~3 million years, 
demonstrating that survival of these long-term low-temperature 
low-diffusion conditions is frequently realized. 

2:00 p.m. Stoker C. R. * Search for Life in High Latitude Ground Ice on Mars [#5107] 
A hypothesis for extant life in martian ground ice is presented 
along with the outline of a mission to search for it. 

2:15 p.m. O’Connor B. R. W. *   Léveillé R. J.   
Whyte L. G. 

Microbial Community Characterization of Lava Tube Ice on Earth to 
Determine its Habitability on Mars [#5105] 
Lava tubes on Mars provide access to the subsurface environment 
where evidence of martian life is most likely to be found. We’ve 
investigated Earth lava tubes and found the microbial community 
within ice to be cold adapted, and metabolically active. 

2:30 p.m. Lynch K. L. *   Rey K. A.   Bond R. J.   
Jackson W. A.   Rosenzweig R. F.   
Biddle J. F.   Christman G. D. 

The Pilot Valley Basin, Utah:  A Model System for Extant Life in the 
Martian Subsurface [#5056] 
The Pilot Valley Basin in Utah as an excellent model system to 
study subsurface extant life. 

2:45 p.m. Perl S. M. *   Baxter B. K.   Celestian A. J. Hypersaline and Sedimentological Advantages on the Preservation 
of Extant Biological Activity in Modern Martian 
Analogue Settings [#5031] 
The purpose of this work is twofold. First, evaporite minerals 
found in martian analogue environments can sustain ongoing 
metabolic processes. Second, we will show our developed 
investigation strategies for martian subsurface sample analysis 
and return. 

3:00 p.m.  Session-Level Discussion 

3:15 p.m.  Break and Poster Session 

 



Tuesday, November 5, 2019 
POSTER SESSION I AND ONSITE EXHIBIT 

2:55 p.m.   NCKRI Exhibit Hall 
 

Authors Abstract Title and Summary 

Benner S. A. The Chemical Details of How Life Could Have, Would Have, and Should 
Have Started on Mars [#5110] 
Recent advances in our understanding of the prebiotic chemistry of RNA 
have come by a focus on paradoxes that make RNA a "prebiotic chemists 
nightmare." 

Benner S. A. Detecting Life Universally in Water:  Martian Lagoons, Jupiter's Moons, 
and Enceladus' Plumes [#5111] 
Our understanding of what kinds of biopolymers might support 
Darwinism is assisted by synthetic biologists who generate alternative 
genetic molecules that store and transmit information, and evolve like 
DNA and RNA, but on different molecular platforms. 

Benner S. A. Detecting Extant Life on Mars. An Instrument Design that 
Avoids Guesswork [#5112] 
Darwinian evolution is believed to be the only way matter can self-
organize to give properties valued in life. Synthetic biology has taught us 
to support Darwinism in water, informational biopolymer must have two 
structural features to be discussed here. 

Clark B. C. Viking Life Detection Revisited:  The Good, the Bad, and the Ugly [#5007] 
The Viking missions were the only attempts to robotically detect extant 
life. Results were disappointing. Why? Based on better knowledge, in 
addition to biosignatures, future investigations, inducing activation of 
metabolism, should also be explored. 

Elaksher A. F. Reliable Mars Topographic Surfaces for Future Landing Sites [#5094] 
This poster outlines the photogrammetric processing of HiRISE and 
MOLA data to generate reliable 3D surface information. 

Gallegos Z. E.   Newsom H. E.   Scuderi L. A. The Search for Extant Life at the Candidate Human Exploration Zone:  
Protonilus Mensae [#5059] 
The candidate human exploration zone Protonilus Mensae represents a 
valuable target for investigation of recent or extant life. Multiple 
environmental niches like groundwater outflow channels and glacial 
deposits offer potentially habitable refugia. 

Gasda P. J.   Parsons B.   Nellessen M. A.   
Crossey L.   Peterson E.   Lanza N.   Yeager C.   
Labouriau A.   Wiens R. C.   Clegg S. 

Prebiotic Chemistry of Borate-Bearing Clays:  A Potential 
Mars Biosignature [#5034] 
Borate-organic complexes, if found by current or future missions, are 
potential biosignatures because borates adsorbed to martian clays may 
stabilize organic molecules that would otherwise breakdown by 
aqueous alteration. 

Glamoclija M.   Murphy A.   Taj-Eddine K.   
Ori G. G. 

Biosignatures in Precambrian and Cambrian Carbonate Rich Sedimentary 
Sequences of Anti-Atlas, Morocco [#5041] 
Preservation of biosignatures in precambrian and cambrian carbonate 
rich sedimentary sequences of anti-atlas, Morocco are an excellent 
sample analogs to martian carbonate sequences identified at two M2020 
landing site candidates. 

 

http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5110.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5110.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5111.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5111.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5112.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5112.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5007.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5094.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5059.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5059.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5034.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5034.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5041.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5041.pdf


Authors Abstract Title and Summary 

Graham H. V.   Sherwood Lollar B.   
Mustard J. F.   Rogers K. L.   Stamenković V. 

Planetary Subsurface Science and Exploration:  An Integrated Consortium 
to Understand Subsurface Sources of Energy and the Unique Energetics of 
Subsurface Life [#5047] 
Our current understanding of habitability has been unnecessarily biased 
by our position on the thin surface of the Earth. A new research 
consortium seeks to challenge this bias through studies of subsurface 
architecture, life, and energy sources. 

Havlena Z.   Kieft T.   Veni G.   Horrocks R.   
Jones D. S. 

Photosynthetic Biofilms in Carlsbad Cavern:  Use of In Situ 
Spectrophotometry and DNA Analysis to Explore Influence of Lighting and 
Substrate Conditions on Growth [#5039] 
Photosynthetic communities of microorganisms (“lampenflora”) 
proliferate in caves with artificial lighting. This investigation using 
spectrophotometry and DNA analysis focused on the response of these 
organisms to different environmental conditions. 

Hoffman M. E.   Newsom H. E.   Adair B. M.   
Williams J. M.   Williams J. P.   Comellas J. M.   
Calef F. J.   Grant J. A.   Wiens R. C.   
Le Mouélic S.   Escarcega K. 

Atmospheric Implications from the Crater Record Along Curiosity’s 
Traverse, Gale Crater, Mars [#5044] 
The size and frequency of small craters along Curiosity’s traverse 
indicates that the martian atmosphere may have been up to 20 times 
more dense as recently as 5 million years ago. Liquid water could deposit 
at the surface leaving evidence of life. 

Holt R. M.   Powers D. W. Halite, Extant Life, Permian Salado Formation, and Mars [#5046] 
Viable bacteria were extracted from 250 Ma halite of the Permian Salado 
Formation. The core workshop will be used to illustrate the geological 
features sampled and the factors establishing isolation. 

Jones D. S.   Havlena Z. E.   Macalady J. L. Microbial Ecology, Evolution, and Biosignature Potential in Isolated 
Chemosynthetic Cave Ecosystems [#5030] 
Sulfidic caves are hotspots for life in Earth’s subsurface. We will present 
research on microbial ecology, biogeochemical sulfur cycling, and 
potential biosignature preservation in the sulfidic Frasassi cave system. 

Johnson S. S.   Graham H.   Anslyn E.   Conrad P.   
Cronin L.   Ellington A.   Elsila J.   Girguis P.   
House C.   Kempes C.   Libby E.   Mahaffy P.   
Nadeau J.   Sherwood Lollar B.   Steele A. 

Agnostic Approaches to Extant Life Detection [#5026] 
Life detection approaches that don’t presuppose a particular 
biochemistry are critical for astrobiology. The Laboratory for Agnostic 
Biosignatures (LAB) team is helping to develop methods for identifying 
unfamiliar features and chemistries. 

Koeppel A. H.D.   Trilling D. E.   Koch G. W.   
Schwartz E.   Edwards C. S. 

Testing Methods for Detection of Unfamiliar Life in 
Martian Regolith [#5100] 
In this exploratory work, we investigate two methods for detecting biotic 
activity in martian soils which do not rely on C-O-H chemistries, namely 
the redox tracer dye Alamar Blue (resazurin) and infrared thermography. 

Kring D. A. Cyanobacteria Soil Crust and Endoliths at Barringer Meteorite Crater (aka 
Meteor Crater), Arizona [#5081] 
Microorganisms at Meteor Crater utilize different strategies in two 
ecological niches, one on the crater floor and the other on the crater rim. 

LaJoie B.   Alarcon H.   Mansor M.   Xu J. Interaction of Sulfate-Reducers with Hydrous Sulfate Minerals in Water-
Restricted Terrestrial Gypsic Settings:  Implication for the Habitability of 
Martian Gypsic Environments [#5051] 
Sulfate reducing bacteria have been identified inhabiting gypsic 
environments and may effect the habitability of such zones by freeing 
water by transforming the gypsum. This study is an attempt to relate 
transformed gypsum to biologic signatures. 

Lee P. A.   Dyar M. D.   Sklute E. C.   Jarratt A.   
Mikucki J. A. 

Got Gas? Assessing Non-Methane Volatile Organic Compounds as a 
Biosignature for Extant Life [#5095] 
Microbes generate numerous non-methane volatile organic compounds 
variously as by-products of respiration, or intracellular processes, or 
syntrophic interactions. These metabolites represent a potential 
biosignature for detecting extant life on Mars. 

 

http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5047.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5047.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5047.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5039.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5039.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5039.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5044.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5044.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5046.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5030.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5030.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5026.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5100.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5100.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5081.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5081.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5051.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5051.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5051.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5095.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5095.pdf


Authors Abstract Title and Summary 

Nellessen M. A.   Crossey L.   Gasda P. J.   
Peterson E.   Lanza N.   Yeager C.   Labouriau A.   
Wiens R. C.   Clegg S.   Reyes-Newell A.   
Delapp D.   Das D. 

Boron Adsorption in Martian Clay Analogs:  Significance for Martian 
Prebiotic Processes and Groundwater Geochemistry [#5102] 
Analysis of boron adsorption to martian clay mineral analogs to 
determine conditions for boron sorption in Gale Crater, which can aide in 
improving boron detection on Mars as well as have implications for 
stabilizing organic molecules needed for life. 

Novak C. M.   Stockton A. M.   Sutton S. M.   
Cable M. L.   Duca Z. A.   Tan G. K.   Cullen D.   
Balayan V.   Geppert W. 

Suite of Geochemical and Spatial Analogues for Planetary 
Life Detection [#5005] 
This research provides terrestrial geochemical and spatial analogues that 
can be applied to the Mars 2020 mission in which we attempt to 
correlate a series of parameters to build a model that 
predicts habitability. 

Powers D. W.   Holt R. M. Sulfate-Filled Separations in Redbeds Can Be Syndepositional [#5055] 
The Dewey Lake Formation redbeds include sulfate-filled separations. 
Intraclasts of the sulfate preserved within the formation are evidence of 
early (near-surface) formation of the separations and fill. 

Sandjaja I. N.   Schubert K. E.   Marks R. J. Highlight Removal from Extremophile Images [#5054] 
Comparing and developing highlight removal algorithm from 
extremophile images that are taken in caves would increase the accuracy 
of discerning the rule of extremophile in answering the challenges of 
exploring extant life. 

Tarasashvili M. V.   Aleksidze N. D. Possible Biological Origin of the Carbonates in the 
Martian Regolith [#5014] 
The abstract describes the results of empirical experiments, which 
demonstrate that specific biochemical adaptations allow different 
autotrophs to metabolize within Artificial Martian Ground (AMG), 
accumulating biogenic carbon and other substances. 

Torres J. A.   Bolivar H.   Durand H. J.   Servin-
Garcidueñas L. E. 

Considerations for the Study of Deep Biosphere on Mars Taking as 
Reference Terrestrial Analogs [#5109] 
According to recent studies, the surface of Mars is hostile for the life. 
However,, the subsurface of the red planet could be a more comfortable 
place for the existence of live beings. 

Viola D.   McKay C. P. Equatorial Alpine Regions as a Scientific Analog for Past/Present Life 
on Mars [#5099] 
Equatorial alpine regions may represent a Mars analog where 
temperatures are perpetually below the freezing point of water. We use 
orbital Landsat observations to identify candidate analog sites at Pico de 
Orizaba, Mexico and Illimani, Bolivia. 

Wade B. D.   Lenski R. E. Experimentally Evolved Tolerance to Desiccation and UV-C  
Radiation in E. coli and Its Implications for Extant Life in Martian 
Near-Surface Environments [#5053] 
Experimental evolution under stress from desiccation and UV-C radiation 
was carried out to explore the potential of a non-extremophile to adapt 
to Mars-relevant stressors. 

Walker C. J.   Weatherspoon C. I.   Markushin Y. Efficacy of Machine Learning Techniques in Analyzing Amino Acids and 
Minerals Using Fourier Transform Infrared Spectroscopy [#5103] 
Life as we know it is composed of carbon-containing building blocks, 
organic molecules. This study was conducted to classify and predict 
varying concentrations of amino acids and rock using machine 
learning techniques. 

 
EXHIBIT: 
Meteorites and Minerals Associated with the Origin of Life 
Understanding the Origin of Life 
Percival Lowell Life on Mars Advocate Over 100 Years Ago 
Exhibit Provided by Bob Bruner, Denver Museum of Nature and Science Volunteer 

http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5102.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5102.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5005.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5005.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5055.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5054.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5014.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5014.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5109.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5109.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5099.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5099.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5103.pdf
http://www.hou.usra.edu/meetings/lifeonmars2019/pdf/5103.pdf


Tuesday, November 5, 2019 
POTENTIAL MARTIAN EXTANT LIFE ENVIRONMENTS II:  CAVES 

Chairs:  Corien Bakermans and Jennifer Eigenbrode 
 

Times Authors (*Denotes Presenter) Abstract Title and Summary 

4:00 p.m. Spilde M. N. *   Medley J. J.   
Northup D. E.   Boston P. J. 

Biomarkers in Lava Caves:  An Analog for the Search for Life 
on Mars [#5036] 
Lava caves are present on Mars and could prove suitable habitat 
for extant live. We have examined numerous lava caves on Earth 
and discovered evidence of abundant microbial activity in 
these caves. 

4:15 p.m. Northup D. E. *   Hathaway J. J. M.   
Spilde M. N.   Moser D. P.   Blank J. G. 

Investigating the Mineral:  Microbe Continuum in Lava Caves to 
Enhance Selection of Life Detection Targets [#5037] 
We investigated a continuum of lava cave secondary mineral 
deposits:  microbial mats with the goal of enhancing remote 
capabilities for detection of life (past or present) on 
extraterrestrial bodies, such as Mars, where lava caves have 
been detected. 

4:30 p.m. Léveillé R. L. *   Ni J.   O’Connor B.   
Whyte L. G.   Patterson C. 

Lava Tube Caves on Mars as Refugia for Microbial Life [#5042] 
Lava tube caves may act as subsurface refugia that could enable 
life to survive through less habitable conditions, including possibly 
in modern times. We are investigating lava tubes caves at Lava 
Beds National Monument, California. 

4:45 p.m. Webster K. D. * Developing Cave Air as a Biosignature [#5048] 
Caves are high priority targets in the search for life on Mars. 
Despite this, cave air itself is rarely thought of as a diagnostic for 
the presence of life. This research shows that cave air on Earth 
appears to be behaving as a biosignature. 

5:00 p.m. Blank J. G. * Remote and In-Situ Characterization of Microbial Life and the 
Geochemical Record of Life in Terrestrial Lava Tubes, Analogs for 
Martian Volcanic Caves [#5108] 
This presentation focuses on biosignatures of life in volcanic caves 
on Earth and how we can use these analog environments to 
prepare for the search for life, extant or extinct, in martian caves. 

5:15 p.m.  Session-Level Discussion 

5:30 p.m.  Discussion of Field Trip Logistics 

5:50 p.m.  Small Group Discussions 

6:15 p.m.  Adjourn Day 1 

 
 

Wednesday, November 6, 2019 
CONFERENCE FIELD TRIP 

 

Day two of the conference is dedicated to a field trip to Carlsbad Caverns in the morning and to other 
astrobiologically interesting local attractions in the afternoon.  
 



Thursday, November 7, 2019 
POTENTIAL MARTIAN EXTANT LIFE ENVIRONMENTS III:  SUBSURFACE 

Chairs:  Richard Léveillé and Diana Northup 
 

Times Authors (*Denotes Presenter) Abstract Title and Summary 

8:30 a.m.  Coffee and Small Group Work (optional) 

9:00 a.m. King G. M. *   DePoy A.   Myers M. R. Anaerobic Carbon Monoxide Oxidation Under Very Diverse 
Conditions as a Model for Sub-Surface Mars [#5029] 
Anaerobic carbon monoxide oxidation by nickel-dependent 
systems in diverse terrestrial and aquatic systems provide models 
for understanding possible niches for microbial communities in 
near-surface or sub-surface Mars. 

9:15 a.m. Stamenkovic V. *   Ward L. M.   
Mischna M.   Fischer W. W. 

O2 Solubility in Martian Subsurface Environments and Implications 
for Extant Aerobic Life on Mars [#5045] 
We find that brines buried beneath the martian surface, shallow 
and deep, could have enough dissolved oxygen to support 
microbes, and perhaps even simple sponges in some places. We 
show where on Mars such regions could be today and in the last 
20 Ma. 

9:30 a.m. Harris R. L. *   Ehlmann B. L.   Bhartia R.   
Onstott T. C. 

Biologically Mediated Anaerobic Methane Oxidation — The 
Missing Sink in an Active Martian Methane Cycle? [#5050] 
We explore previously identified CH4 seepage sites for features 
indicative of redox gradients. We describe the potential 
bioenergetics of biological anaerobic methane oxidation (AOM) 
coupled to the reduction of available martian oxidants. 

9:45 a.m. Tarnas J. D. *   Mustard J. F.   
Sherwood Lollar B.   Warr O.   
Palumbo A. M.   Plesa A.-C. 

Deep Groundwaters on Earth as Analogs for Modern 
Martian Habitats [#5104] 
We hypothesize the characteristics of a modern subsurface 
martian habitat based on Earth analog environments accessed in 
deep mines within Precambrian rocks. 

10:00 a.m. Onstott T. C. *   Rusley C.   Liang R.   
Garvin Z.   Nissin D.   Harris R.   Higgins J.   
Slater N.   Van Heerden E.   Freese B.   
Leibenberg B.   Ogasawara H.   
van Heerden E.   Cason E.   Vermeulen J.   
Sherwood Lollar B.   Kieft T.   
Wiersberg T.   Zimmer M.   Walters C.   
Freifeld B.   Michalski J. R. 

Briny SLiMEs in the Subsurface of Earth and Mars [#5025] 
Earth’s deep subsurface is perhaps the closest analogue available 
for the study of martian habitability, owing to the hypothesized 
similarity of each planet’s subsurface geology and the relative 
irrelevance of atmospheric or radiative factors. 

10:15 a.m.  Session-Level Discussion 

10:30 a.m.  BREAK 

 



Thursday, November 7, 2019 
POSSIBLE DETECTION METHODS FOR EXTANT MARTIAN LIFE 

Chairs:  Nina Lanza and Roger Wiens 
 

Times Authors (*Denotes Presenter) Abstract Title and Summary 

10:50 a.m. Mahaffy P. R. *   Arevalo R. D.   
Brinckerhoff W. B.   Cook J. E.   
Danell R. M.   Getty S. A.   Graham H. V.   
Johnson S. S.   Trainer M. G.   Li X. 

Advanced Mass Spectrometer Techniques for Agnostic Surveys for 
Martian Biosignatures [#5022] 
Ultra-high resolution and tandem mass spectrometer techniques 
respectively provide unambiguous determination of molecular 
stoichiometry and are diagnostic of molecular structure lending 
themselves to an agnostic survey for martian biosignatures. 

11:05 a.m. Williams A. J. *   Muñoz C.   Craft K.   
Millan M.   Johnson S. S. 

Martian Hot Spring Deposits as a Depot for Biosignatures (and 
Extant Life?) [#5016] 
Hydrothermal spring deposits on Mars present a depot for 
organics preservation and a habitable environment for 
putative life. 

11:20 a.m. Li X. *   van Amerom F.   Kaplan D.   
Grubisic A.   Danell R.   Getty S.   
Castillo M.   Arevalo R.   Siljeström S.   
Goetz W.   Brinckerhoff W. 

Mars Analog Sample Study for ExoMars 2020 
Rover Mission [#5027] 
The Mars Organic Molecule Analyzer (MOMA) is the core 
analytical instrument onboard 2020 ExoMars rover. We report the 
Mars analog samples testing on MOMA instrument to guide in situ 
surface operations and mass spectral data interpretation 
on ExoMars. 

11:35 a.m. Garvin Z. K. *   Abades S. R.   Trefault N.   
Alfaro F. D.   Onstott T. C. 

High-Affinity Trace Gas Consumption by Soil Microbial 
Communities Around Hot Springs in the Andean Altiplano:  
Implications for the Evolution of Martian Metabolisms [#5097] 
Soil samples surrounding the Polloquere Hot Springs in Chile were 
found to uptake CO and H2 rapidly at atmospheric concentrations, 
demonstrating the possibility for trace gas metabolisms to have 
evolved and supported martian microbial life. 

11:50 a.m. Quinn R. C. *   Ricco A. J.   Boone T. D.   
Bramall N.   Bywaters K.   Chin M. M.   
Chinn T. N.   Forgione J. B.   
Harrison D. J.   Hoac T.   Kelly E. T.   
Koehne J.   Kintz G.   Lee A. K. -S.   
McCutcheon G. C.   Parenteau M. N.   
Radosevich L. A.   Shimada J. A.   
Tan M. X.   Timucin L. R.   Wang J. L. 

Microfluidic Approaches to Searching for Extant Life 
on Mars [#5032] 
Using lessons learned from prior missions, we are developing a 
multi-dimensional science and technology approach to the search 
for extant life that focuses on aspects of life that are likely to 
be universal. 

12:05 p.m.  Session-Level Discussion 

12:20 p.m.  LUNCH 

 



Thursday, November 7, 2019 
POSSIBLE CONSTRAINTS ON MARTIAN EXTANT LIFE  

DERIVED FROM LABORATORY EXPERIMENTS 
Chairs:  Xiang Li and Richard Quinn 

 

Times Authors (*Denotes Presenter) Abstract Title and Summary 

1:30 p.m. Schwendner P. *   Schuerger A. C. Spacecraft Microorganisms and Their Impact on Planetary 
Protection — Can they Grow at Simulated Martian 
Atmospheric Pressure? [#5006] 
Microbial growth of isolates from actual Mars rovers and landers 
was tested under simulated martian conditions. This information is 
essential for planetary protection with regard to 
forward contamination. 

1:45 p.m. Hoog T.   Gaut N.   Pawlak M. R.   
Bachan B. F.   Engelhart A. E. * 

Mars as a Prebiotic Chemistry Laboratory:  A Martian 
RNA World? [#5098] 
Here we report our investigations of the behavior of nucleic acids 
in the presence of high concentrations of perchlorate. We further 
examine the consequences of such environments for the 
possibility of an RNA world — past or present — on Mars. 

2:00 p.m. Schuerger A. C. *   Britt D. Fast Degassing Rates Under Simulated Martian Conditions Indicate 
that Rock Void Spaces are Unlikely to Maintain Habitable 
Conditions on Mars [#5004] 
Rock void spaces are in equilibrium with the bulk Mars 
atmosphere in which extremely low a(w) persist. Mars simulations 
with rocks instrumented with temp, RH, and press sensors 
confirmed diel cycles of temp would fail to raise internal a(w) 
in rocks. 

2:15 p.m. Rowe L. A. *   Davidson K.   Smith C.   
Kovarik C.   Peller J. 

Comparing the Stability of Non-Proteinogenic Amino Acids to 
Proteinogenic Amino Acids when Irradiated and in Perchlorate 
Spiked Mars Regolith [#5010] 
In this work, the stability of non-proteinogenic amino acids was 
compared to the stability of proteinogenic amino acids following 
exposure to gamma and UV radiation and perchlorate-spiked Mars 
regolith simulant. 

2:30 p.m.  Session-Level Discussion 

2:45 p.m.  Break and Poster Session 

 
 

POSTER SESSION II AND ONSITE EXHIBIT 
2:55 p.m.   NCKRI Exhibit Hall 

 
For a complete listing of posters, see Poster Session I on Tuesday. 

 



Thursday, November 7, 2019 
GEOLOGICAL SEARCH STRATEGIES 

Chairs:  Lindsay Hays and Amy Williams 
 

Times Authors (*Denotes Presenter) Abstract Title and Summary 

3:30 p.m. Boston P. J. *   Northup D. N.   
Spilde M. N. 

Long-Duration Natural Storage of Viable Organisms in Geological 
Materials and Structures as a Model for Obliquity Over-Wintering 
on Mars [#5058] 
Live microbes have been recovered from geomaterials in many 
locations and genetic relationships between subsurface 
microorganisms at distant locations hint at Earth’s geogenetic 
latency that could be a model for survival through Mars’ 
obliquity cycles. 

3:45 p.m. Williams J. M. *   Nagle-McNaughton T. P.   
Scuderi L. A.   Newsom H. E.   
Gallegos Z. E. 

Remote Sensing Techniques that Aid in the Identification of 
Locations with High Biosignature Preservation Potential [#5021] 
Cosmogenic radiation destroy biosignatures on Mars to 2 m below 
the surface. This study defines methods used with orbital imagery 
to identify astrobiologically important bedrock targets that have 
been recently exposed due to active scarp retreat. 

4:00 p.m. DasSarma S. *   DasSarma P. The Green Edge:  Haloarchaeal Photopigments as Biosignatures for 
Detection of Extant Life on Mars [#5092] 
Pigments commonly found in Haloarchaea and many other 
microbes may hold considerable potential as remote biosignatures 
for detection of life on Mars. 

4:15 p.m. Scuderi L. A. *   Gallegos Z. E.   
Newsom H. E.   Wiens R. C. 

Amazonian Groundwater Springline at Peace Vallis Fan, Gale 
Crater; Implications for a Late Period of 
Surface Habitability [#5043] 
Orbital HiRISE data and rover imagery from MSLs ChemCam RMI 
reveal a distinct groundwater springline on the Peace Vallis fan 
within Gale Crater. This site is a prime candidate in the search for 
recent habitability and possible subsurface extant life. 

4:30 p.m. Lanza N. L. *   Fischer W. W.   Yeager C.   
Lingappa U.   Ollila A. M.   Gasda P. J.   
Lamm S. N.   Salvatore M.   Clegg S. M.   
Wiens R. C. 

Targeting Manganese Minerals on Mars as 
Potential Biosignatures [#5035] 
How can we find bugs / In manganese rocks on Mars / With the 
next rover? 

4:45 p.m. Newsom H. E. *   Crossey L. J.   
Hoffman M. E.   Ganter G. E.   Baker A. M. 

The role of large impact craters in the search for extant life 
on Mars. [#5049] 
Large impact craters can provide conditions for access to material 
derived from deep life-containing groundwater reservoirs on Mars, 
providing evidence for extant life on Mars. 

5:00 p.m. Des Marais D. J. * Biosignatures of Past Life are also Relevant to the Search for 
Extant Life [#5023] 
Biosignatures that can indicate past life do not need extant life to 
be present at the time and place of sample acquisition. If a 
biosignature can be confirmed as geologically recent in origin, then 
it could indicate that life still exists somewhere. 

5:15 p.m.  Session-Level Discussion 

5:30 p.m.  Small Group Discussions 

6:10 p.m.  Adjourn Day 3 

 



Friday, November 8, 2019 
POSSIBLE EXTANT LIFE ON MARS —  

SAMPLE RETURN AND OTHER TOPICS OF INTEREST 
Chair:  Penelope Boston 

 

Times Authors (*Denotes Presenter) Abstract Title and Summary 

8:30 a.m.  Coffee and Small Group Work (optional) 

9:00 a.m. Mackelprang R. *   Beaty D. W.   
Carrier B. C.   iMOST Team 

Strategies and Recommendations for the Search for 
Extant Life [#5015] 
In early 2018, the International Mars Sample Return Objectives 
and Samples Team (iMOST) outlined investigative strategies to 
assay for evidence of extant life. Here, we summarize the report’s 
strategies and recommendations. 

9:15 a.m. Bell M. S. *   Davis R. E.   Regberg A. B.   
Rucker M. A.   Wallace S. L. 

Human Forward Contamination Assesment:  Towards Protecting 
Potential Extant Life on Mars [#5096] 
A team at NASA’s JSC has developed a prototype EVA swab tool 
designed to sample space suits and determine their current 
microbial loads. These data will inform exploration EVA suit design 
that will minimize contamination of the Moon and Mars. 

9:30 a.m.  Session-Level Discussion 

9:45 a.m. Kramer W. R. * Giving Voice to the Extraterrestrial — Providing Legal Standing to 
the Unknown [#5001] 
Extraterrestrial life may require legal standing and representation. 
Accordingly, human interest needs to be demonstrated and 
documented prior to its discovery. Ad litem guardianship is 
proposed as one method for achieving this representation. 

 
 

DISCUSSION, SUMMARY, CONCLUSIONS, AND NEXT STEPS 
Chairs:  David Beaty and Brandi Carrier 

 
Times Presentation 

10:00 a.m. Reports from Small Groups 1 

10:40 a.m. BREAK 

10:55 a.m. Reports from Small Groups 2 

11:35 a.m. Large Group Discussion and Planning for Next Steps 

12:20 p.m. Adjourn Day 4 
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Introduction:  Current environmental conditions at 

the surface of Mars are hostile to “life as we know it”, 

but the near subsurface may well provide sufficient 

shielding to harbor simple life forms. This discussion 

focuses on methane – which can be produced either 

abiotically or by microbial life – and possible geological 

or biological sources for that methane in the subsurface. 

Follow the Methane:  The detection of methane in 

the Martian atmosphere is important because the gas 

has a lifetime of only centuries before dissociation, and 

thus must have been relatively recently released. 

Methane has been detected by Earth-based telescopes 

at the ppm level. Repeated seasonal variations, at the 

ppb level, have been measured by the SAM instrument 

on the Curiosity rover. These variations may indicate a 

seasonally-varying generation, or seasonal variations in 

planetary conditions such as temperature or wind that 

could promote release from the subsurface [1]. 

  The sources of methane have not yet been 

localized. However the ExoMars Trace Gas Orbiter 

(TGO), currently orbiting Mars, has the potential to 

locate areas of enhanced methane concentration on a 

scale of a few hundred km2. In addition, this spacecraft 

may detect other trace hydrocarbon gas species [2]. 

The ratios of these gases could be used to help 

differentiate between biological and geological origins 

for any methane detected. 

Follow the Geology. The localization of methane 

concentrations near specific geological features can 

potentially indicate the source and origin of this gas.  

Abiotic Methane: Methane can be produced 

abiotically by serpentinization/Fischer-Tropsch Type 

(FTT) reactions [1,3]. If such reactions have occurred 

or are occurring at depth on Mars, the gas could 

migrate to the surface thru fractures and be released to 

the atmosphere. Large-scale, recent fracture systems, 

such as those at Cerberus Fossae, could be sources of 

gas release, and other potential release locations could 

be reactivated faults, such as those along the dichotomy 

or those associated with large impacts [1]. If orbital 

measurements detect recurring methane concentrations 

near such fracture systems. and in regions where 

serpentinization/FTT reactions might occur, abiotically 

generated methane could be indicated. 

Clathrates: Large amounts of methane can be 

bound in the crystal structure of water ice, forming 

clathrates. Warming of this material, and/or pressure 

changes, can release this methane [1,4]. Mars 

undergoes cycles in which water ice sublimes in 

summer and refreezes in winter. Evidence of seasonal 

ice loss has been documented at the Martian poles. If 

areas of enhanced methane concentration are shown to 

correspond to areas of ongoing ice loss, clathrate 

breakdown may be the current source of both the gas 

and its seasonal variations. The origin of methane 

trapped in the ice could be either abiotic or biogenic. 

Mud Volcanoes: On Earth, low-temperature 

sediment- and fluid-expulsion features – known as mud 

volcanoes – are common on the ocean floor and in 

onshore areas of hydrocarbon enrichment [5]. Mud 

volcanoes are a significant source of Earth’s 

atmospheric methane. In addition, living microbes have 

been brought from depth in the mud and fluids erupted 

by many of these features. On Mars, more than 18,000 

km-scale structures, with morphologies and geologic 

settings suggestive of mud volcanoes, have been 

mapped in southern Acidalia Planitia [6]. While these 

structures are estimated to have been formed in the 

early Amazonian, they may comprise a large number of 

paths for gas expulsion from the subsurface. If Acidalia 

Planitia is identified as a significant source region for 

methane release, these features could rate careful 

investigation in the search for extant Martian life. 

Next Steps: This strategy builds on current 

observations of methane in the Martian atmosphere, 

studies of geological features on the planet, and the 

expected capabilities of the ExoMars TGO to detect 

methane and other hydrocarbons. Although making the 

distinction between abiotic and biotic methane will be 

challenging [7], even abiotic methane could serve as a 

nutrient for non-methane-producing life-forms, and so 

the localization of methane release sites could point to 

habitable areas within which life may occur.  

Actually locating extant life in promising areas will 

likely necessitate a rover with km-scale mobility and 

instruments to quantify hydrocarbon gases and assess 

chemical bio-indicators. Such a life detection mission 

will also require a level of sterilization previously 

employed only on the Viking landers [8]. Nobody said 

this would be easy. 
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Introduction: Terrestrial permafrost is a useful 

model for the growth and survival of microorganisms 
under long-term low temperature conditions. Arctic 
permafrost has remained frozen at 0 to -13°C at depth 
for up to ~3 million years [1]; while Antarctic perma-
frost is only found in the Dry Valleys and the Antarctic 
peninsula, generally experiences colder temperatures, 
and in some areas may be 5 to 8.1 million years old [2].  

Living in Permafrost: For microorganisms, the 
defining character of permafrost is its frozen state, 
which presents organisms with the combined stresses 
of low temperatures and a confined matrix. As temper-
atures decrease molecules become less flexible and 
reaction rates decrease. In a frozen matrix, liquid water 
is limited and confined to thin briny veins and films 
between ice crystals and minerals which also leads to 
the reduced diffusion of nutrients. Conditions in per-
mafrost can be permissive or nonpermissive for micro-
bial metabolism as in the two case studies below. 

Permissive conditions. Many microorganisms have 
been isolated from organic-rich Arctic permafrost [3-
5], demonstrating that survival of these long-term low-
temperature low-diffusion conditions is frequently real-
ized. The isolation of undamaged DNA from 500,000 
year old permafrost when DNA should be highly de-
graded within 100,000 years under these conditions 
indicates that cells must be active to survive long-term 
burial. Indeed, long-term burial in permafrost selects 
against endospores which have no active metabolism 
[5]. Furthermore, an increase in acetate concentration 
with age from 2,000 to 134,000 years in Siberian per-
mafrost suggests ongoing microbial fermentation of 
carbon under anoxic conditions [6]. 

Nonpermissive conditions. In University Valley 
(UV), Antarctica, the valley floor contains both dry and 
ice-cemented permafrost ranging in age from 104-105 
years. The presence of active microorganisms has not 
be demonstrated [7]; UV permafrost is likely too dry 
and too cold to sustain microbial life. In UV perma-
frost water exists primarily as interfacial water; bulk 
water (as thin films) is only present for about 74 hours 
a year when temperatures in surface soils rise to -1°C. 

Implications for Mars Extant Life: If mars extant 
life has a similar basis to terrestrial life and martian 
permafrost is a potential habitat, the following charac-
teristics are suggested by observations of terrestrial 
permafrost: 

Some time at permissive conditions is required. 
Arctic permafrost has permissive temperatures and 
sufficient liquid water. UV permafrost is too cold and 
too dry, with not enough time at permissive tempera-
ture and water conditions. At permissive temperatures, 
microorganisms may persist for a very long time given 
adequate water and nutrients.  

Few nutrients are required for active persistence. 
Carbon in organic rich Arctic permafrost is not notice-
ably decomposed while frozen [8, 9] (except see 
above), suggesting that organisms are consuming very 
few nutrients. (The high organic content may provide 
other protective effects such as steeper concentration 
gradients of nutrients or increased water activity.) 

Adaptation to frozen conditions is “incomplete.” 
Slow rates of metabolism combined with the  relatively 
young age of permafrost and other frozen environments 
limit the ability of organisms to evolve. Instead, the 
inhabitants of modern permafrost likely evolved from 
mesophiles to survive extreme low temperature condi-
tions and exploit more clement conditions as they arise. 

Organisms tolerate broad temperature ranges. 
Most permafrost underlies an “active layer” which 
freezes and thaws seasonally and much of Arctic per-
mafrost was once active layer. Active layer survival 
likely exerts a significant selective force on microor-
ganisms and, not surprisingly, most Arctic permafrost 
isolates tolerate a broad range of cold temperatures. 

Organisms are halotolerant rather than halophilic. 
Any liquid water present at temperatures below freez-
ing likely has a high solute concentration (mostly salts) 
due to freezing point depression. Organisms isolated 
from permafrost tend to be halotolerant rather than 
halophilic, likely because of the range of salt concen-
trations experienced in the active layer (see above). 
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Introduction: When we send humans to search 

for life on other planets, we'll need to know what we 
brought with us versus what may already be there. To 
ensure our crewed spacecraft meet planetary protection 
requirements—and to protect our science from human 
contamination—we'll need to assess and verify wheth-
er micro-organisms may be leaking/venting from our 
spacesuits. This requires collecting samples under Ex-
travehicular Activity (EVA) conditions.  

Detailed, systematic research on forward contami-
nation from unmanned spacecraft has been steadily 
progressing since the Viking missions, but systematic 
studies of contamination from space suits have not 
been conducted in many years. Space suits use differ-
ent materials than space craft and are not perfectly 
closed systems. For example, the modern EMU (Ex-
travehicular Mobility Unit) suit used by NASA is de-
signed to leak at rates as high as 100 cc/min. Before 
humans land on Mars there is a critical need to under-
stand the types and quantities of microbes that could 
be introduced via space suits. The Human Forward 
Contamination Assessment team at NASA’s Johnson 
Space Center (JSC) has developed a prototype EVA 
swab tool [1,2] designed for use in space to sample 
cleaned and uncleaned space suits to determine the 
present day microbial load and eventually the rate of 
leakage. The ability to assess microbial leakage early 
in advanced space suit and life support system design 
cycles will help avoid costly hardware redesign later. 
The project has found innovative ways to stretch lim-
ited research funds, such as repurposing retired Space 
Shuttle hardware and piggy-backing onto planned In-
ternational Space Station, NASA Extreme Environ-
ment Mission Operations (NEEMO), and Orion 
ground tests. Although originally intended to help 
characterize human forward contaminants, additional 
potential applications for this tool have been identified, 
such as for collecting and preserving space-exposed 
materials to support astrobiology experiments. 

Test Objectives: The primary objective of EMU 
testing was to characterize the type of micro-organisms 
typically found on or near selected suit pressure joints 
under suit differential pressure conditions. Most hu-
man-borne microbes can fit through a 0.5 to 1.0 µm 
gap. Knowing which joints are more likely to leak will 
inform hardware design decisions. Knowing which 
types of micro-organisms may leak from EVA suits 
provides a basis for subsequent studies to characterize 
the viability of those organisms under destination con-
ditions, as well as how far they might spread through 

natural or human-influenced processes. That data, in 
turn, will inform exploration mission operations and 
hardware design. 

The secondary objective of testing was to evaluate 
the interface between a fully suited test subject and the 
EVA swab tool. Bulky EVA suits can restrict move-
ment and limit visibility through the helmet visor. Ful-
ly suited testing is important for identifying tool design 
issues prior to flight. At exploration destinations, such 
as Mars, suited crew may be required to periodically 
sample their suits as part of an environmental monitor-
ing protocol. 

Results: This report details results of microbial 
swabs collected from current flight suit configurations 
worn by crew members assigned to upcoming ISS ex-
pedition missions as well as swabs collected from pro-
totype suits intended for use on the Orion spacecraft. 
These tests were intended to characterize the types of 
contaminants found on flight suits under current, typi-
cal handling conditions. No attempt was made to 
change suit handling procedures, provide additional 
sterilization, or to limit typical potential contaminant 
sources. 

Using culture based techniques, we cultivated 235 
CFU (colony forming units) comprised of 26 bacterial 
species and one fungal species on the outside of the 
suits. The fungal species and 14 of the bacterial spe-
cies were unique to the suit surfaces and were not de-
tected in any of the background samples collected 
within the chambers. 12 of the 14 bacterial species 
were capable of surviving up to 4 hours at vacuum. 
The largest number of microbes were collected from 
the rear zipper area of the suit. 

We sequenced 2,464 OTU's (Operational Taxo-
nomic Units, 97% similiarity) from the swab samples. 
There were 755,434 sequences on all of the suit sur-
faces. 557,016 of these sequences represent DNA that 
survived at least 4 hours at vacuum. The most abun-
dant sequences that survived vacuum belong to the 
genuses Staphyloccocus, Ralstona, Bacillus and 
Rhodobacter. Further analysis of EVA suit materials 
with respect to the efficacy of various cleaning proto-
cols and engineered containment solutions is planned 
to inform suit design for NASA’s Artemis Moon to 
Mars program crew testing.  

References: [1] Bell, M.S. et al. (2015) LPS XLVI, 
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Introduction. Darwinian evolution is believed to 
be the only way matter can self-organize to give pro-
perties valued in life. Synthetic biology has taught us 
that to support Darwinism in water, an informational 
biopolymer must have two structural features [1][2]: 
(i) The exchangeable informational building blocks 

must all have the same size/shape. They must all 
fit in an "aperiodic crystal" structure. 

(ii) The biopolymer must have a repeating backbone 
charge. The charge may be positive or negative; 
in terran DNA and RNA, it is negative, and is 
carried by the linking phosphates, 

Polyelectrolytes are easy to capture from dilute 
solution. All that is necessary is to pass water across 
a surface or through a filter that presents a high den-
sity of the opposite charge. The polyvalency of cou-
lombic interactions allows polyelectrolyte binding to 
compete with binding of salts. Thus, an effective ar-
chitecture to detect extant life universally in water 
seeks to process as much liquid water as possible 
across such surfaces or filters (Figure 1).  

Figure 1. Capture of genetic polyelectrolytes.  
 

Building block homochirality is enforced by 
the Schrödinger criterion. Heterochiral building 
blocks cannot fit an aperiodic crystal. This allows us, 
by optical inspection of adsorbed polyelectrolytes, to 
learn if they fit the Schrödinger criterion Joining 
many building blocks of the same chirality into a 
polymer generates superchirality. In DNA, this is the 
right-handed double helix; the chirality is "greater" 
than the sum of the individual building blocks. Super-
chirality ensures that an oligomer rotates light more 
than the rotation from separated building blocks. 

We do not want to guess where to find extant 
life. Much of Mars exploration now seeks to identify 
locales most likely to hold extant life. However, the 
polar ice caps provide the largest reservoir of acces-
sible water on Mars. Further, they sample the entire 
Martian regolith via dust storms. This generates a life 
detection instrument (Figure 2) whose sensitivity is 

limited only by the amount of ice it can melt, itself 
limited only by the amount of energy it can deliver. 

The instrument efficiently exploits available 
resources. The ice itself contains abrasive dust. 
Thus, passing the melt through a cyclonic centrifuge 
(a Sharpless centrifuge is common in biological labs) 
simultaneously disrupts any Martian cells while re-
moving the minerals, which may themselves be 
chiral; if the minerals are not removed, downstream 
chirality measurements will be ambiguous.  

At any point, samples may be withdrawn to 
inspect for cell structures, mineral compositions, or 
other features of the regolith that have been collected 
from the global surface. Further, following 
pressurization, liquid flow is driven by pressure 
gradient, delivering a waste effluent into an 
evaporation pan after the polyelectrolytes have been 
removed. The evaporates contain all of the soluble 
materials in the ice, which would include metabolites 
of interest to those seeking amino acids, metabolic 
intermediates, or other biosignatures. 

Acknowledgements. NASA Astrobiology 
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Introduction. Our understanding of what kinds 
of biopolymers might support Darwinism is assisted 
by synthetic biologists who generate alternative gen-
etic molecules that store information, transmit infor-
mation, and evolve like DNA and RNA, but on dif-
ferent molecular platforms. These have generated 
many alternative molecules that perform at least as 
well as terran DNA/RNA. However, synthesis also 
has taught us that two structural features are universal 
to any biopolymer operating in water to support 
Darwinism, believed to be the only way matter can 
self organize to give properties valued in life. These 
features are universal for life and water, whether that 
water comes from Enceladus geysers, Europa oceans, 
or Martian aquifers. 

The aperiodic crystal structure. In 1943, Erwin 
Schrödinger knew nothing about DNA. However, he 
knew that simple binding cannot guarantee fidelity of 
information transfer needed for biology, at the level 
needed to avoid “error catastrophe”. For that, Schrö-
dinger needed the physics of phase transitions. For 
that, Schrödinger recognized that the exchangeable 
informational building blocks that were exchangeable 
during evolution must all have the same size/shape. 
They must all fit in an "aperiodic crystal" structure. 

The polyelectrolyte theory of the gene [1][2]. 
As a second requirement, an informational biopoly-
mer must be able to change sequence to change infor-
mation without changing its physical properties suf-
ficient to impact  its performance in processes in-
volved in inheritance. These properties include, its 
solubility, its molecular recognition behavior, and its 
reactivity. We know from synthetic biology that such 
systems are scarce. However, one way to get muta-
tion free of significant changing in physical proper-
ties is with a biopolymer which has a repeating back-
bone charge (positive or negative) it. In DNA, the 
repeating backbone charge carried by the phosphates 
so dominates its properties that nucleobase replace-

ment is only a minor perturbation. 
The polyelectrolyte also determines Watson-

Crick pairing rules. As part of our effort to try to 
create alternative genetic systems that might operate 
in the liquid methane oceans on Titan, we sought to 
create DNA analogs that lack the backbone charge. A 
surprising discovery emerged: These molecules no 
longer followed Watson-Crick rules. This discovery 
forced us to recognize that backbone-backbone repul-
sion forced to DNA strands to contact each other as 
far as possible from the backbone, to the Watson-
Crick edges of the nucleobases. Thus, the polyelec-
trolyte backbone also is responsible for the rule-based 
molecular recognition that is valued in DNA. 

The polyelectrolyte also prevents folding, to 
allow templating. A further discovery made as we 
attempted to make charge neutral genetic molecules 
was the recognition of the role of intra-strand colum-
bic repulsion. This, it turns out, is required to prevent 
the DNA strand from folding on itself, like a protein 
does. This, in turn, is responsible for allowing DNA 
molecules to template the formation of their replicas.  

The remaining features of DNA are mutable. 
This includes the nucleobase pairs to a large extent, 
and the carbohydrate in the backbone, as long as the 
Schrödinger principle is followed. This, in turn, is 
insured by having hydrogen bonds directing base-
base interactions. Purely hydrophobic interactions 
have failed so far to allow the molecule to generally 
fit the Schrödinger principle. 
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Introduction. Recent advances in our under-
standing of the prebiotic chemistry of RNA have 
come by a focus on paradoxes that make RNA a 
"prebiotic chemists nightmare". These include the 
easy ability of precursors of ribose (as well as ribose) 
to decompose to give tars, the challenge of making 
phosphate esters in water, the difficulty of making 
glycosidic bonds to join ribose to the nucleobases, 
and the difficulty of making nucleobases in the redox 
neutral atmosphere believed to have dominated early 
Earth and Earth-like planets such as Mars and Venus. 
This focus helps prevent our going down “rabbit 
holes” that become decreasingly relevant to the 
origins problem as we descend. 

Seeking chemistry that could not possibly not 
have happened. Key to solving these paradoxes is a 
focus on “bespoke” chemistry unavoidable on a pre-
biotic Earth. For example, HCHO and, at ~ ppm, 
glycolaldehyde, must have been formed in Hadean 
atmospheres.  It seems likewise indisputable that vol-
canism delivered SO2 at nearly the same rate. Thus, it 
is impossible to avoid production of stable bisulfite 
addition products of these in aerosols [1]. Also un-
avoidable were aldol reactions to give higher carbo-
hydrates that rained onto a surface containing oxi-
dized minerals, including borate, that stabilized them. 

Also unavoidable were phosphate anhydrides in 
semi-arid subaerial environments. The atmosphere, 
but not the mantle, would also have been unavoidably 
reduced, once or a few times prior to ~ 4.3 Ga, by 
metallic Fe and Ni delivered with late veneer ele-
ments via 1022-1023 kg impactors. These unavoidably 
must have given precursors for nucleobases. Bespoke 
chemistry combines trimetaphosphate, ribose, and 

ammonia to give cyclic ribose phosphate, which 
(with Ni2+) gives ribonucleosides, converted to 
ribonucleoside phosphates by Mg borophosphate 
minerals. Various silicates assemble and stabilize 
these to give oligomeric RNA. The combined models 
[1][2] have all of this likely complete before 4.25 Ga. 
The model lacks only provision for homochirality.    

Mars shows some advantages. The unavoidable 
on Earth was also unavoidable on Mars. The Martian 
regolith contains key minerals (including borates, see 
the Nellessen et al.) whose presence has been doub-
ted on earlier Earth. Mars volcanism also produced 
SO2, and Mars likely suffered impacts that reduced 
its atmosphere, all with similar implications for the 
prebiotic formation of RNA on Mars.  

The availability of dry land on the Hadean Earth 
is the largest source of uncertainty in this model.  But 
Mars likely had more semi-arid subaerial surface than 
Earth, providing more opportunity for the necessary 
chemistry without dilution into a global ocean. Thus, 
if life emerged under an "RNA First" model, it was 
more likely to emerge on Mars via this bespoke 
chemistry. While the nucleobases and other details 
might well have been different, the Schrodinger and 
polyelectrolyte requirements would have been the 
same. This constrains the molecular biology of any 
Martian life that may have survived to the present. 

Acknowledgements. NASA Astrobiology 
Institute, John Templeton Foundation. 
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Introduction: Volcanic caves are a priority, target 
niche in the search for life, extant or extinct, in the 
Martian subsurface. BRAILLE (Biologic and Re-
source Analog Investigations in Low Light Environ-
ments) is a NASA-funded project centered around 
field research at Lava Beds National Monument 
(Northern California, USA), a planetary analog set-
ting for Martian caves. The BRAILLE Team’s objec-
tives are to (1) characterize microbial life and micro-
bial community structure in terrestrial lava caves and 
the nutrients in rock and water that sustain them; (2) 
distinguish secondary minerals associated with mi-
crobes in the caves – macroscopic, putative signatures 
of life and a geochemical record of life that could 
persist long after any life died away; and (3) practice 
robotic life-detection and mapping mission operations 
by directing remote rover activities in one of the 
caves, Valentine Cave, from a surface command cen-
ter located at park headquarters. Here, we will sum-
marize our findings to date and discuss relevance to 
the search for extant life on Mars. 

Astrobiology Investigations at Lava Beds: Our 
interdisciplinary science effort at Lava Beds focused 
on 9 caves selected to encompass a range in flow age, 
length, depth, number of entrances, and human visita-
tion. While our team conducted individual discipline 
studies of the microbial community, geochemistry, 
and secondary mineralogy, our collective goal was to 
characterize a “mineral microbe continuum” (MMC), 
detailing the correlation of analytical probe results 
moving from apparent “bare rock” (basalt) surface, 
through mineral crusts and coatings, secondary min-
eral products with small (several mm to cm), coral-
like morphologies coating the cave walls, and on to 
biofilms and, finally, oozes. Compositionally, the 
mineral features consisted primarily of several forms 
of amorphous silica, which enhances their preserva-
tion potential. Details of our working MMC will be 
presented in Northup et al. (this workshop). 

Robotic Operations and Mars Mission Simula-
tion:  The robotic operations aspect of our project 
used the NASA Ames testing rover, CaveR, which 
was ported manually into Valentine Cave. CaveR 
mapped 20m segments of one side of the cave wall 
autonomously using a laser scanner. CaveR then re-
turned to interrogate, using a suite of stand-off in-
struments mounted on the side of the rover facing the 
wall, targets of astrobiological interest that were se-

lected by a remote science team working under a mis-
sion timeline constraint. These same transects were 
examined by a separate group of astrobiology scien-
tists, in the cave, in similar, timed exercises. We will 
report correlations between the groups in and out of 
the mission simulation and initial lessons learned 
from this planetary mission operations concept.  
 
Acknowledgements: This work is a multi-
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Introduction:  Since the 1960’s, reports of viable 
microorganisms from various rock materials, ice, and 
crystals are scattered thinly through the literature with 
claims ranging from a few thousand years to well over 
two hundred fifty million [cf.1,2,3,4,5,6].  Some of 
these reports have been controversial and it is admit-
tedly difficult to assure non-contamination while at-
tempting to retrieve live organisms from geological 
“tombs”. However, there is sufficient evidence to be-
lieve that there may be many geological settings in 
which organisms can remain in some form of static 
state and still be viable over what are commonly 
known as “geologically significant timescales”.  The 
precise duration of such time scales have been the 
subject of debate and could be a few thousand years, 
tens of thousands of years, or even millions of years. 
The eventual determinations of the legitimacy of an-
cient claims will have profound consequences for life 
on Earth, a process of organisms surviving their sur-
face extinction only to re-emerge again, a process we 
have called “geogenetic latency”.  Further, the Earth 
cases if they hold up, offer the possibility that indige-
nous Martian microorganisms could conceivably sur-
vive periods of greater climate clemency during the 
obliquity cycles of that planet that we now know oc-
cur and have been roughly estimated as 124kyr in 
duration and could allow water to flow on the surface 
[7,8,9].  Such periods of enhanced habitability on 
Mars could allow a flourishing of a near surface and 
possibly surface ephemeral biosphere, or even local-
ized relict biosystems for some period of time, then to 
go into long-duration dormancy once again.  How 
realistic is such a scenario in light of what limited 
understanding we have of such “Rip Van Winkle” 
organisms on Earth? 

Naica Microorganism Longevity Case:  Results 
of over a decade of work on samples from sulfuric-
acid created caverns associated with zinc, lead, and 
minor copper and silver mining in the mountains of 
Chihuahua, Mexico, has led us to conclude that we 
have isolated living organisms from fluid inclusions in 
gypsum crystals (aka selenite, CaSO4) from proxy 
depth/age calculations equivalent to times of isolation 
within the crystal pockets from 1-5 X104 years. In 
addition, DNA analysis from materials within some 
pockets has also been performed.  The metabolic state 
of the organisms at the time of collection was tested 
in the field and in the lab with live-dead stain (Bac-

Light Viability, Thermo-Fisher), and inoculated into a 
wide variety of sterile media and buffers on site be-
fore transportation back to the laboratory for further 
work. Obliquity cycles ranging from 100kyrs to pos-
sibly longer have been predicted for the Martian case. 

Quartz Inclusions Case:  Low temperature quartz 
veins within several different bedrock types from 
southern New Mexico contain very large fluid inclu-
sions comparable to the Naica crystals.  They are on 
the order of 0.8 to 1.2 Mya and are secondary infil-
lings within the bedrock fractures, deposited by 
groundwaters We have recently isolated material from 
from these inclusions and may be seeing growth.  
Whether the growth is truly not a contaminant but 
organisms from within the fluid pockets is very diffi-
cult to assess and will rely on further genetic analysis 
should they prove to be truly viable organisms. 

Discussion:  We are quite confident about the 
Naica cultures and our interpretations, we are not at 
all confident about recent work on the much older 
quartz veins.  Instead of clear conclusions, we will 
present the work to date, but more importantly present 
the many caveats and difficulties that we experienced 
during both of these efforts to share with the commu-
nity that is interested in the notion of geogenetic la-
tency as applied to both Mars and Earth 
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Abstract:  “All life forms metabolize one or more 

gasses.  Indeed, a reasonable definition of life on Earth 

could require the metabolism of one or more gasses of 

which CH4 is an example.” [1] As such, some of life’s 

footprints inevitably manifest themselves as sources 

and sinks of atmospheric gases [2].  From the “sink” 

perspective, what limits does current knowledge of the 

Martian atmosphere place on a putative biosphere?  

What future measurements will help detect and discern 

biological sinks? This talk provides an overview of 

current knowledge and suggests future measurement 

strategies regarding these two questions.  In particular, 

we discuss Mars’s atmospheric (chemical and isotopic) 

composition in the context of metabolisms of known 

lifeforms on Earth (e.g. methanotrophs and sulfur-

reducing bacteria) that can be relevant to Mars.  We 

aim to infer upper limits on a possible extant Martian 

biosphere. We also discuss future measurements that 

will advance our knowledge regarding possible meta-

bolic activities on Mars.  In particular, we present rele-

vant examples of terrestrial measurements in variabili-

ties of gas abundances and stable-isotopic composi-

tions to guide future exploration strategies. 

References:  

[1] Ferry, J. G. (2010) Planetary & Space Science, 

58, 1775–1783.  [2] Yung, Y. L., and W. D. DeMore 

(1999), Photochemistry of Planetary Atmospheres, 

New York: Oxford University Press. 

5061.pdfMars Extant Life: What's Next? 2019 (LPI Contrib. No. 2108)

mailto:pin.chen@jpl.nasa.gov
mailto:yly@gps.caltech.edu


VIKING LIFE DETECTION REVISITED:  THE GOOD, THE BAD, AND THE UGLY.  B. C. Clark
1
, 

1
Space 

Science Institute, 4750 Walnut St., Boulder, CO  80301, USA. bclark@spacescience.org    

 

 

Introduction:  The Viking lander missions were 

the first and only attempts to robotically detect extant 

life by in situ measurements on a planetary body.  

Widely anticipated by scientists and the public, its re-

sults were, in the end, disappointingly negative [1].  

What can be learned and applied to the future? [2].   

The Good:  The Viking Lander Biology Instrument 

(VLBI) squeezed 3 diverse and highly sensitive inves-

tigations inside an allocated volume of < 1 ft
3
.   

Science.  The VLBI experiments comprehensively 

searched for metabolic activities of heterotrophy, 

chemoautotrophy, and phototrophy.  Samples were 

taken from the surface and under rocks.  Incubation 

conditions included dry, humid, and wet-gradient 

modes.  Experiments were conducted with and without 

added nutrients, up to “chicken soup”.  Incubation and 

sterilization temperatures could be altered.  GC col-

umns analyzed gases, and highly sensitive 
14

C monitors 

assayed for fixation and/or release of CO2/CO.    (re-

view and critiques to be discussed.)   

The GCMS goal was analysis of composition of 

soil organics down to ~ppb levels.  It also provided 

semi-quantitative measurements of soil H2O.  Detailed 

MS analysis of atmospheric composition and isotopes 

proved the SNC basaltic achondrites are meteorites 

from Mars, preceding sample return by decades.  Sans 

organics, the soil was found to be unexpectedly rich in 

salts (S, Cl, Br) and an oxidant that decomposed with 

humidification.  Duricrusts enriched in MgSO4 were 

evidence of activity by liquid water. 

Operations.  The Project directed “casual dress” 

(no ties) and went “badgeless” (no Institutional ID’s).  

Software updates were permitted during the Extended 

Mission (post ~90 days), simplifying Surface Ops.   

The Bad:  Engineering Constraints. Limited vol-

ume was available for science because the Saturn V 

had been de-scoped.  Only up to 4 incubation chambers 

were provided per investigation.  At the time, VLBI 

was the most complex and expensive instrument ever 

commissioned by NASA.   

Science.  Small Team compared to today (50 for 

two landers vs 450 on MSL).  Few early career scien-

tists and no soil science experts.  Testing of VLBI ex-

periments emphasized non-Mars-like “Aiken soil.”  

Geochemistry of Mars was unknown (lunar basalt, “li-

monite”, high-silica analogs were all incorrect).  Endo-

lithic organisms could not be sampled.  Viking-2 did 

not dig for ice.  No exposures to H2 nutrient.  A pub-

lished statement by Nobelist J. Lederberg prior to Vi-

king pre-biased against life if organics not found.  

Mantra of “If Life is anywhere, Life is everywhere” is 

no longer accepted.  Organics under pyrolysis can be 

decomposed by soil oxidants.  Only two ovens opera-

tional in GCMS; 30 sec flash heating to 500 °C. 

Project Constraints.  The engineering P.M. could, 

and often did overrule the P.S.  The Wolf-trap experi-

ment was deleted, after huge VLBI cost overruns.   

The Ugly:  Viking was an enormous engineering 

success, but in the minds of the public, a scientific fiz-

zle.  Expectations and hopes for detecting life were too 

high, and too many scientists compounded disappoint-

ment by proclaiming Mars yielded no significant sur-

prises (except, “lots of rocks”).  Results were the same 

at both sites.  Mars was becoming boring. 

Furthermore, many of the scientists had strongly es-

tablished reputations to defend. Humor was rare. For 

most, this would be their one and only space mission.   

Unfortunately, two of the biologists who had initial-

ly worked together on the experiment that gave partial 

positives reached extreme opposite conclusions: “Vi-

king detected life!”, vs “it not only didn’t detect life but 

Mars today is not a suitable abode”.  Consequently, the 

NASA Mars exploration program disappeared for the 

next 20 years.  The flight-qualified 3
rd

 lander never 

flew, in spite of proposals for launches in 1979 and 

1981, and in spite of POTUS having asked NASA how 

soon another mission could be mounted. 

Post-Apollo, NASA officials were forbidden from 

talking about or even simply studying human missions 

to the red planet.  Mars was dead.   

Today’s Reality:  That Mars is a fascinating planet 

with a long, diverse history, much of which has in-

volved liquid H2O, is now widely recognized.  Sample 

return for M2020 does not currently preserve cold 

temperatures needed for investigation of LR results. 

Missions which emphasize more and more the im-

portance of “understanding” the complexities of small-

er and smaller sedimentary settings (e.g., VRR) may 

intrigue scientists, but are less and less interesting to 

the overall public, our most important stakeholders. 

As Carl Sagan once told me, years after the Viking 

public disappointments, for future missions to Mars “it 

still is all about Life.”  Now is the time to reconsider 

the search for extant life and signs of its predecessors.  

The search for biosignatures should continue, but in-

vestigations for inducing emergence from dormancy 

and activation of metabolism should also be explored.     

References: [1]  Klein, H.P. (1978), Icarus, 34, 

666-674.  [2] Clark, B.C. (2018),  in Handbook of As-

trobiology, V. M. Kolb, Ed., CRC Press, pp. 801-817. 
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Introduction: Mars should remain at the highest 

priority for future exploration for signs of life, com-

pared to ocean worlds which are organic-rich but have 

offsetting issues.  Furthermore, from several stand-

points, Mars could be viewed as an even more favora-

ble location for the origin of life than Earth itself.  

Why Life Should have Started on Mars:  The va-

riety and favorability of settings on Mars is high.  

Compared to ocean worlds, having an atmosphere has 

many advantages.  Sunlight provides a limitless supply 

of metabolic energy and O2 genesis via photosynthesis. 

Settings for the Origin of Life.  Many different geo-

logic settings have been favored for the prebiotic 

chemical evolution to produce the first life form.  Sub-

oceanic hydrothermal vents are one, but Earth’s oceans 

are vast and the dilution effectively prevents the con-

densation reactions necessary to create the informa-

tional and enzymatic macromolecules that are key to 

life.  Rather, wet/dry cycles (or, freeze/thaw) are fa-

vored, to promote polymerization.   

Scenarios of hydrothermal activity on land (e.g., 

hot springs, mudpots, fumeroles, etc.) are more promis-

ing.  Other favorable settings are ponds with organics 

from meteorites or comets. With a global-encircling 

ocean before the rise of continents, Earth may have 

been “too wet” for life to start.  Mars putative “ocean” 

was small, and the ancient highlands were wet only 

when rivers, lakes, and/or groundwater were present.      

Prebiotic Chemistry:  Organics.  Although the mar-

tian soil and sediments explored so far contain only 

miniscule amounts of organic compounds, the only 

successful explanation of the ancient greenhouse that 

allowed liquid H2O on Mars is an atmosphere that con-

tained not only the current CO2 and N2, but also H2 

and/or CH4.  Organics could have been produced by 

lightning or other energetic processes (cf. the Miller-

Urey synthesis pathways).  Mars is also closer to the 

asteroid belt, and hence had a higher probability of 

acquiring organics from suitable asteroids and comets.  

Prebiotic Chemistry: Inorganics.  Our Life requires 

the CHNOPS group of elements.  Mars has been shown 

by various missions to have all these atoms in readily 

available form.  However, certain other elements are 

also essential to life’s enzymatic virtuosity, especially 

several of the transition metals, such as Fe, Mn, Ni, and 

Zn.  In addition, some elements are involved in various 

prebiotic chemosynthetic pathways, including Cu for 

the Sutherland scheme of reactions [1] and boron for 

the Benner method of synthesis of RNA [2].  Zn, Ni, 

and Fe are ubiquitous on Mars, and recent discoveries 

have identified enrichments of Mn, B, and Cu.  Redox-

stratified lakes may have also been present [3]. 

Various minerals, especially clays, have been 

shown to have catalytic and other functions.  Mars is 

abundantly endowed with deposits of smectite clays. 

How it Could have Survived:  If microbial life did 

start on Mars, has it survived?     

Adapting to Adversity.  As Mars lost much of its 

H2O to become drier, those organism which could exist 

at low water activity (aw) would prevail.  As tempera-

tures dropped and organic compounds were used up or 

destroyed by atmospheric photochemical processes, 

natural selection would favor organisms adapted to 

oligotrophic conditions and long periods of dormancy.     

Quiescent Survival.  Assuming eukaryotic protists 

and multicellular life did not evolve, or became extinct, 

the surviving microbiomes would be less exposed to 

predators.  Periodic revival of robust endospores would 

occur during periods of higher temperatures caused by 

obliquity swings or the consequences of large impacts, 

such that portions of the large ice reservoirs are melted.  

This could enable extant life to persist to today.   

Salt Deposits as Refugia.  The martian surface is 

heavily endowed with soluble salts.  Halophiles are 

abundant on Earth, and many organisms have been 

isolated which can flourish in MgSO4 brines. 

Searching for Survivors in Salts: The quest for 

evidence of biological activity should be re-introduced. 

Biosignatures.  Analysis of patterns in relative 

abundances of organic molecules may reveal life.   

Probing for Metabolism.  This could be done by 

stimulating uptake, conversion, and/or release of tell-

tale molecules.  However, it may be critical to provide 

the suitable environment needed to stimulate the organ-

isms to become metabolically active. Temperature, pH, 

Eh, and aw are some key parameters.  Now that we real-

ize sulfate is virtually everywhere on Mars, the pres-

ence of S-reducing chemoautotrophs utilizing H2 could 

be tested.  Ironically, just cm’s from the Viking biology 

chambers was a tank of H2 gas, inside the GCMS in-

strument.  No cross-connection between instruments 

was available, however [4].  In the future, other redox 

couples could be tested.  

References: [1] Sutherland, J. D., et al., (2017) 
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Introduction: Life on Earth evolved from a com-

mon ancestor into diverse species of organisms form-

ing 3 distinct Domains of Life: Archaea, Bacteria, and 

Eukarya. Archaea, many of which are extremophiles, 

are thought to have been some of the earliest living 

cells occupying both the surface and subsurface of our 

planet [1]. Among species of interest to extant life on 

Mars are the salt-loving halophilic Archaea 

(Haloarchaea) which are able to survive many of the 

extremes found on Mars and form spectacular highly 

visible blooms detectable by remote sensing [2,3]. 

They contain a variety of easily detected biomolecules 

such as purple retinal proteins which function in 

phototrophy and red-orange carotenoids, such as 

bacterioruberins used in photoprotection and 

photorepair [4]. Their pigments contain conjugated 

double bond systems and delocalized-electrons which 

absorb UV-VIS-NIR wavelengths and exhibit charac-

teristics ideal as biosignatures [5].  

Results and Discussion: We are employing two 

model Haloarchaea, a cold-adapted Halorubrum 

lacusprofundi from Deep Lake, Antarctica, and a tem-

perate Halobacterium species, NRC-1, from the South 

San Francisco Bay salterns, to address photobiology 

and remote detection [6]. Both organisms survive in 

addition to high salinity, Martian extremes such as des-

iccation, ionizing and UV radiation, and low oxygen 

concentration, with H. lacusprofundi able to grow at 

sub-zero temperatures. As a result, H. lacusprofundi 

exhibited greater survival after launches into Earth's 

stratosphere, an analog of Mars, primarily due to a 

more robust cold response [8,9].   

Our recent efforts have been directed at character-

izing their pigments with the goal of identifying novel 

biosignatures for Mars exploration. These molecules 

can only be formed by biological process, unlike many 

others which may also have non-biological origins. We 

have isolated mutants with reduced or increased pig-

ment production and identified genes important for 

pigmentation. Initially, we studied genes coding light-

driven proton pumps, e.g. bacteriorhodopsin, in purple 

membrane. This protein is the first member of a large 

and broadly dispersed family that converts light energy 

to chemical energy (ATP) by a simple phototrophic 

system. Bacteriorhodopsin exhibits a reflectance spec-

trum with a trough of 568 nm and a "green edge" 

which is distinctive and easily detected (Fig. 1) [3,10]. 

We propose that retinal-containing pigments may have 

evolved at an early stage in evolution and led to a 

‘Purple Earth’ [10], where life predominantly used this 

facile system, as widely seen even today. This is a sce-

nario which may also apply to Mars.  

 
Fig. 1. Reflectance spectra of Haloarchaeal pigments.  

Haloarchaea produce bright carotenoid pigments, 

lycopene and -carotene, which serve as precursors to 

the purple membrane chromophore retinal. Additional-

ly, they produce large amounts of bacterioruberins 

which are involved in photoprotection and photorepair. 

Mutants unable to produce these carotenoid pigments 

have been isolated and provided better understanding 

of their complex biosynthetic pathways. Using a genet-

ic approach, as well as metabolic reconstruction, and 

transcriptomics, the biosynthetic pathways of pigment 

biosynthesis in Halobacterium sp. NRC-1 have been 

established [10,11]. A salient feature of the pathways is 

the presence of redundant enzymes mediating parallel 

reactions which are differentially regulated. The pig-

ments also permit direct photorepair of DNA lesions 

resulting from UV radiation. 

We propose that red-orange isoprenoid lipids, in-

cluding carotenoids and retinal proteins, abundant in 

Haloarchaea and broadly distributed in all three Do-

mains of Life represent excellent candidates for detec-

tion of extant life on Mars. Carotenoids exhibit three 

strong peaks, while purple membrane shows a single 

peak, all of which lead to the detectable green edge 

which may be used for detection of life on Mars. 
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BIOSIGNATURES OF PAST LIFE ARE ALSO RELEVANT TO THE SEARCH FOR EXTANT LIFE.  
D. J. Des Marais, Exobiology Branch, NASA Ames Research Center, MS 239-4, Moffett Field, CA 94035, U. S. A., 
David.J.DesMarais@nasa.gov. 

 
 

Introduction:  A biosignature (a “definitive bi-
osignature” or DBS) is an object, substance pattern 
and/or process whose origin requires a biological agent 
[1]. A potential biosignature (PBS) is a feature that 
might have a biological origin and thus compels inves-
tigators to gather more data before determining the 
presence or absence of life. The usefulness of a PBS is 
determined not only by the probability that life created 
it but also by the improbability that nonbiological pro-
cesses produced it. Habitable planetary environments 
create nonbiological features that can mimic biosigna-
tures, so these environments must be characterized to 
the extent necessary to confirm the presence of DBS. 
Environments also must have allowed biosignatures to 
be preserved and to remain amenable to detection [2].  

Relevance to Extant Life: Biosignatures that can 
indicate past life are also relevant to the search for ex-
tant life. They do not require extant life to be present at 
the time and place of sample acquisition. If the origin 
of a biosignature can be confirmed to be geologically 
recent then it could indicate that life still exists some-
where. This scenario applies if, for example, the bi-
osignature was delivered from a habitable environment 
elsewhere. Or the biosignature might have been creat-
ed at the sample site under a geologically recent envi-
ronment that was more habitable than it is today. 

 
Carbon compounds:  Organic compounds consti-

tute the chemical framework of living systems due in 
part to their enormous molecular diversity and chemi-
cal versatility. But life utilizes only a relatively small 
number of compounds that meet its requirements for 
functionality and efficiency. These compounds can be 
distinguished by measuring their particular molecular 
structures, relative abundances and molecular weight 
distributions [2,3]. Potentially diagnostic compounds 
include certain normal and branched alkanes, fatty 

acids, porphyrins, hopanes, steranes, amino acids, and 
other heteroatomic (N-, O-, P-, and S-bearing) com-
pounds. Measurements should be able to detect sub-
picomole quantities and distinguish between terrestrial 
contaminants and any components indigenous to Mars. 

Patterns of Stable Isotopic Abundances:  Bio-
chemical processes can affect the stable isotopic com-
positions of reactants and products in ways that differ 
from those caused by nonbiological processes. Such 
differences form a basis for distinguishing between 
biosignatures and products of other processes. Stable 
isotopic compositions (e.g., of C, H, N, O and S) 
should be measured in individual compounds or min-
erals in the context of known isotopic reservoirs to 
seek patterns inconsistent with abiotic processes [4,5]. 

Minerals:  Biological activity has greatly expand-
ed the known repertoire of minerals on Earth, in part 
by creating chemical conditions for their stability that 
would not exist otherwise [6]. Measurements should 
detect and map the spatial arrangement of minerals 
that, on Earth, are compositionally and morphological-
ly associated with biological activity or catalytic activi-
ty (e.g., Fe-oxides, C- and S-bearing minerals). 

Morphologies (Objects and Fabrics):  Microbial 
cells have characteristic size and shape distributions 
[7]. Microbial biofilms can alter sedimentary fabrics 
and physical properties [7]. Measurements should seek 
microscale or macroscale rock or mineral fabrics and 
structures that are consistent with formation or fossili-
zation of biological entities and inconsistent with 
chemical or abiotic processes. Mineral surfaces and 
interiors should be imaged to search for physical evi-
dence of metabolic activity (e.g., pits and trails), espe-
cially where associated with redox gradients. 

Preservation and Degradation:  Deposits should 
be sought that are particularly conducive to biosigna-
ture preservation, e.g., phosphates, carbonates, sul-
fates, and phyllosilicates [2].  Samples least altered by 
oxidation, heating and radiation are preferred. 

References: [1] Des Marais et al., (2008) Astrobi-
ology 8, 715-730. [2] Summons R. E. et al. (2011) As-
trobiology 11, 157-181. [3] Mars 2020 SDT (2013) 
http://mepag.jpl.nasa.gov/reports/MEP/Mars_2020_S
DT_Report_Final.pdf. [4] Franz H. B. (2017) Nature 
Geoscience, DOI:10.1038/NGE03002. [5] Williford et 
al. (2015) Geobiology, DOI:10.1111/gbi.12163. [6] 
Hazen R. et al. (2008) Amer. Mineral. 93, 1693-1720. 
[7] Schopf J. W. (1983) Earth’s Earliest Biosphere, 
Princeton Univ. Press Princeton, NJ. 
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3D photogrammetric evidence for trace fossils at Vera Rubin Ridge, Gale Crater, Mars. 
Barry E. DiGregorio, Buckingham Centre for Astrobiology, University of Buckingham, Buckingham MK18 1EG, 
United Kingdom. USA address: 16 North Hartland Street, Middleport, New York 14105 (barry.dig@verizon.net) 

On sol 1922 and 1923, NASA’s Mars Science Laboratory (MSL) rover (Curiosity) mission in 
Gale Crater, using its microscopic imager (MAHLI) returned over 84 images to Earth of 
enigmatic metallic dark-toned features on a rock the MSL team refer to as Haroldswick located 
near the top edge of Vera Rubin Ridge, once the site or shoreline of an ancient fresh water lake 
in Gale Crater 3.5 billion years ago. Remarkably, the Haroldswick rock and dark-metallic toned 
features are part of at least five such similar rock fragments that are located in close proximity to 
each other (1) (2). All these fragments have similar morphological features resembling terrestrial 
trace fossil burrows meandering through their host rock matrix. The elongated metallic tube-like 
features are the first of their kind ever observed on Mars. Meanwhile the MSL rover team refers 
to the dark features as sticks or crystals and contend the shapes are characteristic of gypsum 
crystals that form when salts become concentrated in water, such as in an evaporating lake. 
However, we note the data from MSLs traverse and analyses of the lacustrine mudstone and 
sandstone sediments indicate that this lake was a fresh water lake, not a salty one. We also note 
that lake sediment salts are not metallic in appearance. While an attempt was made on sol 1921 
using MSL’s APXS and Chemcam’s LIBS instrument to target and obtain spectra from the 
metallic tube like features, no useable data was obtained before MSL mission planners decided 
to move the rover on sol 1923 to another target 11 meters away.  

Methods: On Earth, trace fossils (ichnofossils) are formally identified on the basis of their 3D 
morphology. We used a 3D photogrammetry-based imaging program to look at and identify key 
features on Haroldswick from different angles. Since terrestrial burrows are the most common 
trace-fossil category, comprising galleries, tunnels, shafts, chambers that have been excavated by 
animals within an unconsolidated substrate, we first concentrated our efforts on these. On Earth, 
trace fossil burrows can range in size from nanometer to meter-scale features. The preservation 
classification system in ichnology uses the relationship of the burrow in association with the 
sedimentary surface. According to this criterion the traces can be exogenic on the sediment 
surface, or endogenic, within the sediment itself and sometimes both indicating bioturbation. 

Discussion: 

We used trace fossil identification criteria established by Knaust et al (3) to examine 
Haroldswick for possible evidence linking it to the ancient bioturbation by multicellular life 
forms on Mars. The color and texture of the structures on the surface of Haroldswick are clearly 
darker from the host rock. The elongated structures superficially resemble Ordovician period 
Planolites and Thalassinoides-like trace fossil burrows. Upon close inspection of the elongated 
tube-like features on Haroldswick, they appear to emerge and descend into the host rock just as 
terrestrial counterparts do. The largest (estimated to be 10mm in length) of the elongated 
structures on Haroldswick appears to have false-branching structures that intersect others. This 
observation argues against a shrinkage crack filling origin. Other trace fossil features on 
Haroldswick are the occurrence of small holes in the host rock that are not cemented but 
resemble terrestrial trace fossil burrow apertures. 

If our hypothesis is correct in its interpretation, it means ancient Mars evolved microbial and 
multicellular life perhaps a billion years prior to Earth. A fresh water lake on Mars 3.5 billion 
years ago suggests Mars may have been the first blue marble in the solar system, not Earth. 
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Introduction:  The sustained dryness and high ra-

diation conditions at Mars surface today impose sig-
nificant challenges to possible biology. However, 
during times of high obliquity, surface and subsurface 
conditions would have been more amenable to micro-
bial life if it was present. If that were the case, a rec-
ord of extant or recent life may be preserved in near 
subsurface water ice. Further, subsurface water ice is 
a fundamental unexplored record of Mars that may 
shed light on near-surfaces processes that have influ-
enced both surface and atmospheric conditions on 
regional to planetary scales over orbital cycles. We 
propose an astrobiology mission concept that aims for 
due diligence in the search for extant life on Mars and 
the context for which it might exist [1].  

Importantly, available technologies support both 
access to subsurface ice and science payload elements 
for evaluating it as a possible abode for extant life. 
Since human exploration of Mars is expected within 
the next 20 years, it is time critical that the search for 
signatures of life occur within the next decade, before 
the surface is contaminated by the human microbi-
ome, and sufficiently early enough to allow time for 
follow up missions should they be necessary. Ulti-
mately, in situ robotic access to pristine subsurface 
ice would enable evaluation of its indigenous biologi-
cal potential, support in situ resource utilization, and 
help define the science payloads for human explora-
tion missions to Mars. 

Drilling: Drilling requires knowledge of accessi-
ble ice at scales relevant to sampling (less than or 
equal to 1 m resolution) before drilling. Doing so, 
mitigates the risk of dry holes. Accessible-ice map-
ping might be accomplished by remote and/or in situ 
prospecting. Alternatively, the risk can be mitigated 
by targeting high latitude landing sites that are more 
likely to have near surface ice, like that encountered 
by the Phoenix lander.  Further, robotic drilling is 
required in order to avoid inadvertent and high con-
tamination risk to science imposed by a direct human 
presence [2]. An auger-type drill, such as the one on 
the ESA’s 2020 ExoMars rover, would provide sam-
ple “bites” for science measurements.  

Since the subsurface ice is expected to melt during 
drilling, the operation will create a “spacecraft-
induced Special Region,” which means the drill 

would need to meet planetary protection category IVc 
mission requirements. The science objective to search 
for life signatures in samples  in situ would heighten 
the mission classification to category IVb. However, a 
high bioburden level (for alive, dead, spores, and de-
graded cells) and biomolecular contamination control 
will be required to maintain the science integrity. 

Measurements would also be needed to confirm 
the distribution and nature (massive ice, ice cement, 
or mineral hydration) of subsurface water in drilled 
material. Doing so will help corroborate remote and in 
situ prospecting observations but also support model-
ing that may extend science insights into climatic and 
geohydrologic processes that influence habitability. 

 Science Requirements: The highest priority sci-
ence goal would be to search for signs of extant or 
recent life, not to the exclusion of cryogenically, well-
preserved ancient life (older than the last high obliq-
uity). Since all measurements have to cope with noise 
and biosignature interpretations rely on assumptions, 
all detected biosignatures have a certain level of am-
biguity. A positive detection of a sole possible-
biosignature will not be enough to support a conclu-
sion about life’s presence. Thus a science strategy 
utilizing multiple and independent measurement types 
for context and biosignature interpretations is required 
to attempt to overcome these issues.  

Other objectives would be to test for an Earth-like 
biochemistry, since its results could heavily sway fu-
ture exploration, and to characterize the subsurface 
ice habitability potential or ecology. The latter would 
address general water qualities (oxidants, organic and 
inorganic solutes, pH, Eh and D/H ratios), bioavaila-
ble elements (CHNOPS, metals) and perhaps radioac-
tive isotopic dating of materials and processes. 
 Samples for in situ measurements must target the 
most likely depth that was wet during high obliquity 
and has preserved life signatures since. This will like-
ly be location dependent, but within the top 2 m [3-5].   
 References: [1] Eigenbrode, J.L., et al., (2018) 
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673. 
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RELIABLE MARS TOPOGRAPHIC SURFACES FOR FUTURE LANDING SITES. A. F. Elaksher New 

Mexico State University (ETSE Department, 1060 Frenger Mall - Room 130 Las Cruces, NM 88003 elak-

sher@nmsu.edu) 

 

Introduction:  For many years, Mars surface has 

been a mystery for scientists. Lately with the help of 

geospatial data and photogrammetric procedures re-

searchers were able to capture some insights about this 

planet. Two of the most imperative data sources to 

explore Mars are the HiRISE stereo images and MOLA 

data. The photogrammetric processing of these data 

sources enables scientist to  accurately explore the 

planet surface for different tasks particularly those re-

lated to safely landing future robotic spacecraft. This 

poster outlines the photogrammetric processing of 

HiRISE and MOLA data to generate reliable 3D sur-

face information. 

Methodology: We start by processing one stereo 

pair collected by the HiRISE pushbroom sensor for a 

pilot site on Mars. First, we corrected for the jitter, i.e. 

geometric distortions due to spacecraft motion as pro-

posed by different studies [1]. Next, point correspond-

ence between conjugate points is established through 

the Scale Invariant Feature Transform (SIFT), [2]. A 

pushbroom mathematical model, [3], is then utilized to 

build a relatively oriented object model. After execut-

ing the model for the image stereo pair, an automated 

image matching algorithm is utilized to create a Digital 

Elevation Model (DEM) for the overlapping area in the 

stereo pair [4]. These DEMs although accurate still are 

not complete and exhibit some blunders due to false 

matching, occlusion, and smooth texture. Therefore, it 

has been strongly recommended to fuse these DEMs 

with laser-based DEMS, [5]. To merge these DEMs, 

we implement an automated algorithm to search and 

locate close by MOLA ground point and  combine 

their elevations with values from the closest optical 

DEM.  

 

The MOLA data is ranging laser elevations. Data is 

archived by the PDS Geosciences Node. Geodetic cor-

rections have already been applied to the published 

data and topographic models are generated, [6]. Data is 

downloaded and proceeded to create a mosaic DEM 

covering the test area using the nearest-neighbor inter-

polation method. Finally, the optical and laser DEMs is 

combined to create a more accurate and comprehensive 

global DEM for Mars. To co-register both optical and 

range data before they are merged, trustworthy corre-

spondence between both data is determined via the 

affine transformation model and rsults are assessed 

through control points. Most available methods for 

fusion these data are based on Earth-based laser and 

imagery, [7]. Orthophotos for the same areas are then 

generated using the HiRISE images, the generated 

DEMs, and the image orientation parameters defined 

by the photogrammetric solution. Finally, we utilize 

geospatial analysis tools to assess the topography, 

slopes, and roughness of the generated surfaces. Re-

sults are then compared with those found by commer-

cial software packages.  
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THE SEARCH FOR EXTANT LIFE AT THE CANDIDATE HUMAN EXPLORATION ZONE: 
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Introduction:  The search for extant life on Mars 

will be significantly improved with the presence of 

human explorers. It is therefore important to choose a 

suitable exploration zone with evidence for potential 

habitable environments, both past and present.  

Human Exploration Zones:  In 2015 NASA 

issued a call for proposals of candidate sites for future 

human exploration zones on Mars. These exploration 

zones comprise a 200 km diameter area between 50° 

north and south latitude with multiple regions of 

interest for both science and resource requirements.  

Life related science requirements. The science 

requirements for an exploration zones include 

astrobiological components. The threshold criteria is 

potential for past habitability as well as potential for 

present habitability/refugia, which are evident from 

orbital investigation. The qualifying criteria is potential 

for organic matter with surface exposure, which may 

need to be answered with precursory rover missions. 

Protonilus Mensae:  Along the planetary 

dichotomy boundary in the northern hemisphere, 

Protonilus Mensae is a uniquely fretted terrain of 

mesas and valleys (Figure 1a). This network represents 

fluvially and glacially modified remnants of Middle 

Noachian highlands crust on the potential shoreline of 

an ancient Mars ocean.  

 
Figure 1a. Regional context of Protonilus Mensae. 

The white circle represents the 200 km diameter EZ 

and the red box represents the extent of Figure 1b. 

Scale bar represents 500 km. 

 
Figure 1b. Close up of the 200 km diameter EZ. Scale 

bar represents 100 km. 

Exploration Zone: The Protonilus Mensae 

exploration zone is centered at 48.062E, 42.187N, just to 

the east of Moreux crater (Figure 1b). It contains many 

compelling regions of interest for investigation of 

extinct and possible extant life, including: large craters 

with a potential for hydrothermal deposits, large 

outflow channels which carried groundwater sourced 

materials through the exploration zone, and significant 

glacial deposits carved into the mesas. 

New Protonilus Mensae observations. Several 

HiRISE images have been acquired in the area as a 

result of the human exploration zone process. 

ESP_055924_2210 (40.699° N x 48.342° E) represents 

a small groundwater sapping tributary located at the 

mouth of a one of the two unnamed large outflow 

channels within the exploration zone. The tributary is 

currently occupied by distinct glacial deposits and 

represents a potential refugia for extant life.  

 
Figure 2. Glacial deposit in a groundwater outflow 

channel within the Protonilus Mensae exploration zone. 

Image width is ~6 km. 

References: [1] Gallegos Z. E. and Newsom H. E. 

(2015) HLS2 Workshop, Abstract #1053. [2] Gallegos Z. E. 

and Newsom H. E. (2017) LPSC XLVIII, Abstract #2983.  
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Introduction:  Whether searching for extant life or 

for biomarkers of extinct life, one of the fundamental 
questions driving astrobiological studies of Mars is how 
putative Martian microorganisms could derive energy 
for maintenance and growth. Direct comparison of the 
theoretical development of Martian life with the evolu-
tion of life on Earth may be misleading due to the con-
trasting geological and atmospheric histories of the 
planets. The early collapse of the Martian magnetic dy-
namo and significant loss of its atmosphere likely trans-
formed Mars into a hyper-arid desert before a metabo-
lism resembling oxygenic photosynthesis was able to 
emerge. However, Mars may have still supported habit-
able surface environments from the late Noachian to 
early Hesperian in locations where impacts and/or vol-
canic activity allowed for water to reach the surface and 
form geothermal springs [1]. Such environments could 
have provided a source of energy for microbes through 
emission of trace gases (e.g., CH4, H2, and CO) which 
could be obtained and utilized directly from the atmos-
phere [2,3] via expression of high-affinity enzymes, as 
has been observed in bacteria on Earth [4–7]. The po-
tential for the early evolution of these trace gas metabo-
lisms could suggest that they remain a prevalent tactic 
for modern extant life on Mars. 

Field Site: To study the potential for trace gas me-
tabolisms to support Martian life, we sampled soil sur-
rounding the gas-emitting Polloquere Hot Springs in the 
Salar de Surire [8] of northern Chile. The site represents 
the high elevation, high precipitation, low temperature, 
and high UV flux end member of an environmental gra-
dient spanning the Arica-Tarapacá region. These condi-
tions along with the highly saline and sulfurous geother-
mal waters serve as a compelling analog for the surface 
environment of early Mars when thermal springs were 
likely widespread. Soil was collected at 10 meter inter-
vals from the hot spring along 3 transects upwind, 
downwind, and perpendicular to the wind direction at 
the time of sampling to assess the influence of hot spring 
distance and wind direction on the abundance and affin-
ity of trace gas metabolisms. 

Methods: Microcosm experiments were performed 
for soils along the 3 sampled transects to characterize 
the microbial gas consumption and production. Ten 
grams of each sample were placed in 160 mL serum vi-
als and exposed to typical Earth atmospheric mixing ra-
tios (2 ppmv CH4. 500 ppbv H2, and 100 ppbv CO). 

Changes in headspace gas composition were measured 
after 1 week via gas chromatography with FID (CH4) 
and RCP (H2, CO) detectors. Additional short-term mi-
crocosms were performed with equal headspace con-
centrations of CO and H2 (500 ppbv) to observe changes 
within 24-hour timescales.  

Results: Soils from transects perpendicular to and 
downwind of the wind direction exhibited significant 
depletion of H2 and CO after 1 week. Nearly complete 
to total consumption of these gases was observed for 
soils at 20 to 30 m distance from the spring. The short-
term microcosms revealed particularly rapid uptake of 
H2, achieving total consumption of 500 ppbv within 24 
hours. Conversely, samples from the upwind transect 
displayed limited to no detectable trace gas consump-
tion except for H2 depletion at 20 and 30 m. The darkest, 
presumably organic-rich soil along the shore was the 
only sample to emit gas (6.0 nmol CH4 and 1.1 nmol H2) 
after 1 week.  

The observed consumption of H2 and CO in the di-
rection of the wind supports the plausibility of geother-
mal springs as sources for trace gas metabolisms in 
Mars-like environments. The increased gas consump-
tion with distance from the spring suggests a community 
shift toward microbes with higher affinity enzymes as 
the emitted gases are depleted. 16S rRNA sequencing of 
the samples is in progress for correlation of gas uptake 
with community changes and abundance of trace gas 
metabolisms. Lipid profiles of each sample are also be-
ing evaluated for biomarker potential. These prelimi-
nary results suggest that the evolution of trace gas con-
sumption as a means of energy acquisition is a valid 
model for the development of early life around geother-
mal springs on Mars, and such chemolithotrophic life 
could still be actively participating in trace gas cycling 
in the shallow Martian subsurface. 
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Introduction:  Boron has been detected in calcium 

sulfate filled fractures (Fig. 1) in Gale crater, Mars 
with the NASA Curiosity rover ChemCam instrument 
[1]. Calcium sulfate veins on Mars are a product of 
groundwater [2]; hence, the detection of boron in cal-
cium sulfate means boron was a constituent of martian 
groundwater. Since borates adsorb to terrestrial 2:1 
phyllosilicates [3], boron in the groundwater potential-
ly became adsorbed by clay minerals on Mars. 

The discovery of boron on Mars has important im-
plications for Mars astrobiology. Borates stabilize 
prebiotic molecules, including pentose sugars [4], and 
the formation of borate-pentose complexes could be an 
important step in the prebiotic synthesis of ribonucleic 
acids (RNA) on the early Earth [5]. The presence of 
borate in Mars groundwater thus opens up the possibil-
ity of prebiotic reactions on early Mars [1]. 

Experiments have shown, separately, that organics 
[6] and borates [3] can be adsorbed to 2:1 phyllosili-
cates. Hence, these materials could have interacted 
with each other in the early Mars groundwater, poten-
tially allowing for prebiotic chemical reactions to occur 
on Mars. Our project focuses on studying the role of 
clay mineral chemistry on the reaction of ribose and 
borates under typical Mars groundwater conditions, 
including understanding the role of clays and pH in 
borate uptake and borate-organic reactions. The goal of 
the work is to test hypotheses of prebiotic chemical 
reactions that occur between borates and organics on 
early Earth and Mars. 

Methods:  We will produce borate-bearing clay 
minerals at various pH conditions [7]. Clay mineral 
samples include common terrestrial clay minerals, kao-
linite, montmorillonite, and bentonite, and Mars analog 
clays, nontronite, and saponite. We will mix ribose 
with the borate-bearing clays suspended in water and 
monitor for the breakdown of ribose using an alkylsilyl 
derivatization gas chromatography mass spectrometry 
(GC-MS) technique [8]. The resulting half-life of ri-
bose mixed with the borate-bearing clays will be com-
pared to control experiments to determine the effects of 
clays on the reaction. 

Discussion:  Not only are borate-sugar complexes 
important for prebiotic chemical reactions, the study of 
sugar stability in the martian subsurface is important 
for determining if sugars, and other important organic 
biosignatures, could be preserved in the martian sub-
surface by reaction with clays and borate-bearing clays. 
Sugars have been detected in carbonaceous meteorites 

in very small quantities [9], which may preclude them 
from being true biosignatures. Cyclic sugars, however, 
are unstable during aqueous alteration [4,9], making 
them unlikely to be found on Mars without being re-
plenished by life. If our experiments show borate-sugar 
complexes [10] are formed and are stable, then this 
class of molecule and their derivatives could be poten-
tially preserved in the martian subsurface, allowing for 
detection by instruments on Mars, or returned samples.  

Acknowledgements:  Los Alamos National Labor-
atory, Laboratory Directed Research and Development 
Exploratory Research, University of New Mexico, 
NASA Mars Exploration Program. 
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FIG 1: ChemCam target “Catabola” where boron has 
been observed in light-toned calcium sulfate filled 
fractures within clay mineral rich lacustrine bedrock. 
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Introduction:  Both current Mars2020 landing 

site candidates contain sedimentary sequences with 
carbonates. Mars2020 will investigate outcrops at 
Jezero Cater or Midway localities and select the sam-
ples that have high biosignature preservation potential 
to have brought back to the Earth by Mars Sample 
Return mission. The Noachian and Hesperian litho-
logical sequences of Jezero and Midway contain min-
erals indicative or aqueous regional history as well as 
carbonate bearing rocks.  

Carbonate-rich lithological sequences on Earth are 
common fossiliferous strata and Mg-Ca carbonates 
(dolomites) will also preserve organics; however, the 
diagenetic processes and lithification involved in dol-
omitization will obliterate organismal/fossil morphol-
ogy.  Our intention is to look at carbonate rich sedi-
mentary sequences that had obviously been microbial-
ly mediated, i.e. stromatolites, and had endured dif-
ferent levels of diagenetic and metamorphic changes 
to evaluate biosignatures using high-resolution petro-
logical analyses, isotope geochemistry, and organic 
chemistry.  

Rationale:  Learning how the Earth has developed 
as a habitable planet is fundamentally important to 
our understanding of data from other planets, in par-
ticular exploration of the habitability of extinct Mar-
tian environments. To assess the preservation of Pre-
cambrian and Cambrian habitats we have conducted a 
several transects in Anti-Atlas Mountains. We tar-
getted volcanic-sedimentary lithologies of Precambri-
an to use as fossil bare end member strata and Cam-
brian sedimentary lithologies of western Anti-Atlas, 
that contain well preserved fossil remnants to eastern 
Anti-Atlas sedimentary lithologies that had been ex-
posed to active volcanism and possibly thermal altera-
tion. Some of the transects of the eastern Anti-Atlas 
Mountains in Morocco are geochemically well stud-
ied and their δ13C isotope record exhibits the isotope 
shift in values between Ediacaran and Cambrian peri-
ods [1]. The shift in isotope values reflects to change 
in C cycling due to transition in biological ecology. 
We have collected samples along two transects that 
will cover this environmental change. One of our 
goals is to investigate preserved stromatolites and 
other fossils to gather data about preservation of or-
ganics in these lithologies and geochemistry that 

could reflect environmental changes close to rise of 
the Cambrian.  

We targeted several locations to collect relevant 
lithological sequences and capture transition from 
Moroccan Upper Precambrian (Ouarzazate group) and 
Ediacaran to later Cambrian environments. The Edia-
caran period is characterized by strong volcanism so 
most of the lithologies from this period belong to the 
volcanic complex and not to sedimentary sequences 
that may hold fossils. We have sampled the end of the 
volcanic Ouarzazate conglomerates as clearly non-
fossiliferous lithology and Precambrian Serie de Base 
was identified based on the Ediacaran fossils at the 
lower level at two different transects. Above this se-
quence lays a thick sequence Dolomie Inferieure 
which contains the δ13C excursion and Precambrian-
Cambrian border, we have sampled this sequence too 
at two different transects. Above the dolomites is Vie 
de Lin Series containing Stromatolites and stromato-
lite-like features that will be examined and analyzed. 
One of the sampled western Anti-Atlas transects is 
directly comparable to classic Tiout section, the other 
one is newly selected.  In this way we have generated 
the best sample collection for the targeted period. 
Additionally, the first occurrence of Moroccan stro-
matolites is associated with Ediacaran Ouarzazate 
volcano-sedimentological Supergroup of Zenaga and 
Saghro Anti-Atlas inliners [2]. These famous reddish 
stromatolite dome structures represent interplay be-
tween lava flows, tuffs, terrigenous sedimentation, 
and microbial carbonates and are the first published 
fossils from Ediacaran period of the eastern Anti-
Atlas. We have collected these at two locations and as 
well as their contextual lithologies to determine the 
environmental settings in which the stromatolites 
started to form and the environmental settings that 
caused their preservation. We will be comparing the 
level of preservation of biosignatures among these 
Precambrian and Cambrian carbon bearing strata and 
will aim to identify the processes that were conducive 
to the preservation and the specific causes of biosig-
nature alteration.  

References: [1] Maloof A. C. et. al (2010) Geol, 
38/7, 623–626. [2] Alvaro J. J. et. al (2010) Precamb. 
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Introduction:  The return of samples from Mars has 

been an international scientific priority for several dec-

ades – and it now seems that it actually might take place 

in the next decade (or so). But, we need to be prepared 

for materials to come back to Earth. There are top-level 

technical and governance issues that must be solved, in-

cluding: where will the samples be received? How will 

they be curated? Where and how will they be studied? 

How will they be distributed? etc. Before any of these 

questions, though, must come consideration of plane-

tary protection.  

To date, all missions that have landed on Mars have 

been subject to planetary protection requirements that 

ensure that forward contamination is kept to a mini-

mum, i.e., the microbial burden carried by spacecraft is 

reduced as far as possible by implementing bioburden 

control measures. Now that we are considering bringing 

material back to Earth, it is essential to consider the 

problem of backward contamination, the possible con-

tamination of Earth by martian organisms. A Draft Test 

Protocol, drawn up in 2002, lays out the requirements 

for “sample materials to be assessed for biological haz-

ards and examined for evidence of life (extinct or ex-

tant), while safeguarding the samples from possible ter-

restrial contamination” [1]. Since this protocol was pro-

duced, there has been a growth in our understanding of 

Mars through results from successful lander and rover 

missions, as well as from a greater variety of martian 

meteorites. Understanding of microbiology, the condi-

tions under which microorganisms survive and the tech-

niques for identifying and sequencing them has also in-

creased. 

It has been recognized by iMars II [2] and COSPAR 

that it is now time to update the Draft Test Protocol, en-

abling the community to prepare for Mars Sample Re-

turn (MSR) using the most recent and relevant infor-

mation. To this end, COSPAR established in September 

2018 a Sample Safety Assessment Protocol Working 

Group (SSAP WG) to provide a mechanism by which 

the international community could meet to discuss and 

update the Draft Test Protocol [1]. It is not intended that 

the SSAP Working Group would cover aspects of a 

MSR programme that deals with implementation of the 

protocol (e.g., sterilisation of material from Mars, envi-

ronmental and health monitoring, containment ele-

ments, contingency planning, management elements, 

etc.). 

SSAP WG  tasks: Following review and assessment 

of all relevant documentation, in particular the Draft 

Test Protocol [1], the Life Detection Workshop Report 

[3] and various MEPAG-sponsored reports [3-6], the 

WG will undertake the following tasks concerning the 

biohazard determination of the returned samples: 

• Define type of sample preparation, measurements 

and associated instrumentation  

• Define the sequence of measurements 

• Define what constitutes a representative sample 

for this assessment in terms of type and mass 

• Define the statistical approach for sample selection 

and data analysis 

• Define a decision tree to evaluate the safety status 

of the material from Mars 

• Define success/no-success criteria to determine 

the safety status of the material from Mars, taking 

into account the sensitivity of this determination 

on terrestrial contamination in the analysed mate-

rial 

• Estimate the time necessary to execute the proto-

col 

• Ensure throughout the process the highest degree 

of harmonisation feasible with the scientific anal-

ysis of the material from Mars (safety assessment 

benefitting from science analysis and vice versa). 

The tasks will be undertaken through a series of 

workshops taking place through 2019; the final report 

will be presented to the 2020 COSPAR Scientific As-

sembly. The WG is working in parallel, but in contact 

with, the MSR Science Planning Group (MSPG). The 

MSPG is a joint NASA-ESA panel established to con-

sider issues around scientific analysis of the returned 

material. The SSAP WG and the MSPG have several 

members in common, and at least one of the workshops 

will be held jointly. 
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Introduction:  Our understanding of planets has 

been unnecessarily constrained by our position as 

organisms anchored to the thin surface veneer of the 

planet Earth. Globally fundamental questions persist 

concerning the complexities of chemical, physical, and 

biological interactions in the Earth’s subsurface – all of 

which impact the crust. Our surficial  bias has persisted 

as we explore other worlds, our attention unfortunately 

focused on high energy, recent and readily accessible 

systems. Our conception of Mars has been overturned 

as studies have uncovered the role of water in Martian 

history [1 and references therein], discovered liquid 

water at the base of polar caps [2], and introduced the 

potential for aerobic brines in the subsurface [3]. New 

models of a more porous planet emerge that may 

support subsurface habitable zones. 

Responding to this knowledge we have, along with 

a dozen other colleagues, formed a research consortium 

integrating datasets that explore the co-evolution of 

planetary processes and habitability (and potentially 

life) by studying the interactions between the subsurface 

and the surface on Earth, the only planet we know well. 

This research addresses recommendations recently 

identified in the National Academies astrobiology 

strategy report [4] indicating that future research should 

include “exploration of subsurface habitability in light 

of recent advances demonstrating the breadth and 

diversity of  life in Earth’s subsurface, [and] the history 

and nature of subsurface fluids, on Mars. Relevant 

research questions include:  

What are the energetics of subsurface life? A 

critical component of the consortium’s vision is the 

multi-parameter approach to understanding habitability 

and the limits of life.  In addition to innovations in 

molecular biology, genomics, and proteomics, the past 

few decades have seen an explosion in our 

understanding of fundamental metabolisms for life. Our 

program will take a long overdue expansion of 

perspective to understand continental systems - both 

sedimentary basins as well as the ancient Precambrian 

cratons. Our research specifically targets rock-hosted 

life and chemosynthetic life – subsurface systems that 

are typically less energy rich and characterized by slow 

rates of growth [5]. Specifically we will examine the 

potential strategies by which life adapts to low energy 

environments and how major variation in available 

energy supply in space and time are overcome by spore 

formation or other survival strategies [6]. Emerging 

information suggests ecological rules developed from 

observations of the surface biosphere may express 

differently in the subsurface (e.g. inverted trophic 

triangles) [7]. Given new information about the 

energetics for subsurface life we also focus on  

What novel sources of energy in the subsurface 

sustain energy gradients for life: The diversity of 

water-rock reactions and environments that supply 

abundant hydrogen as an electron donor for autotrophic 

organisms continues to challenge our thinking about the 

subsurface biosphere. The past decade has revealed the 

presence of hydrogen-rich environments as a global 

phenomenon in continental systems [8,9] but electron 

donors are only half of the equation in the search to 

understand the source, variety and production rate of 

electron acceptors. Novel sources such as indirect 

radiolysis of ancient sulphide containing minerals have 

changed our estimation of sulphate availability in the 

subsurface [10] but major questions remain concerning 

the role of other electron acceptors, including methane 

and other potentially rate-limiting sources of organic 

carbon. Addressing these questions, our group focuses 

on a site-by-site synthesis to build the first global 

models of deep subsurface carbon, hydrogen, oxygen, 

and sulfur cycles. Understanding the rate of production 

and flux of these key elements will provide more 

inclusive models of planetary habitability [1, 9, 11].  

 

 

References: [1] Michalski J.R. et al. (2017) Nature 

Comm, 8, 15978. [2] Orosei R. et al. (2018) Science, 

361, 6401. [3] Stamenković. et al. (2018) Nature 

Geosci, https://doi.org/ 10.1038/s41561-018-0243-0. 

[4] The National Academies Press, Washington, D.C. 

https://doi.org/10.17226/25252. [5] Trembath-

Reichert. et al. (2017) PNAS 114, 44. [6] Hoehler & 

Jorgenseon. (2013) Nat Rev Microbio. 11, 83. [7] Lau. 

et al. (2016) PNAS 113, 49. [8] Vance, S. et al. (2016) 

Geo Res Lett 43, 4871. [9] Sherwood Lollar, B. et al. 

(2014) Nature 516,379. [10] Li. et al. (2016) Nature 

Comm 7, 13252 [11] Tarnas. et al. (2016) Earth Planet 

Sci Lett 502, 133. 

5047.pdfMars Extant Life: What's Next? 2019 (LPI Contrib. No. 2108)

mailto:heather.v.graham@nasa.gov


BIOLOGICALLY MEDIATED ANAEROBIC METHANE OXIDATION – THE MISSING SINK IN AN 
ACTIVE MARTIAN METHANE CYCLE?  R. L. Harris1, B. L. Ehlmann2,3, R. Bhartia3, and T. C. Onstott1; 1Dept. 
of Geosciences, Princeton University, Princeton, NJ 08544 (rlh6@princeton.edu, tullis@princeton.edu). 2Division of Ge-
ological and Planetary Sciences, California Institute of Technology, Pasadena, CA 91126 (ehlmann@caltech.edu). 3Jet Pro-
pulsion Laboratory, California Institute of Technology, Pasadena, CA 91109 (rohit.bhartia@jpl.nasa.gov). 

 
 
Numerous reports observing trace methane (CH4) in 

the Martian atmosphere1–5 including the recently pub-
lished 5-year record of CH4 seasonality in Gale Crater6,7 
have generated much consternation in our attempts to ex-
plain the temporal and spatial variability of this astrobio-
logically relevant greenhouse gas8–13. Several mechanisms 
have been suggested as potential sources for Martian CH4, 
including the coupling of Fischer-Tropsch-type synthesis 
to serpentinization of ultramafic silicates14, UV or meta-
morphic degradation of accreted organics15,16, cometary 
impacts17, and perhaps even biological methanogene-
sis11,18,19, which on Earth accounts for nearly 95% of total 
CH4 production20. While the potential of a biological 
source for CH4 does warrant further investigation, it is im-
portant to consider that observed CH4 needs not to have 
been of recent formation.  

Perhaps more enigmatic than the origins of Martian 
CH4 is its consumption. While conventionally suggested 
sinks of Martian CH4 have been UV photolysis in the mid-
dle and upper atmosphere and oxidation by hydroxyl rad-
icals near the surface8, such loss mechanisms imply an at-
mospheric CH4 residence time of ~300 years, which is sig-
nificantly longer than observed CH4 lifetimes on the order 
of months to years. Regolith adsorption has been pro-
posed as a CH4 sink to account for variability in seasonal 
background CH421, but the model struggles to account for 
rapid consumption observed in high concentration plume 
events1,5. Furthermore, spatial heterogeneity in the distri-
bution of atmospheric CH4 suggests a greater subsurface 
flux rate than the rate of transport mixing, and much faster 
CH4 mixing ratios relative to argon have been observed at 
Gale Crater6, implying local processes affecting CH4 vari-
ation that are not seen in inert gases. We must therefore 
consider alternative mechanisms to rapidly consume CH4 
as it is being outgassed from the subsurface.  

On Earth, the anaerobic oxidation of methane (AOM) 
is chiefly a biologically mediated process responsible for 
consuming upwards of 88% of the net annual CH4 flux 
from the subsurface20. AOM proceeds by running the bi-
directional enzymes of the methanogenesis pathway in re-
verse, coupling CH4 oxidation to the reduction of a variety 
of known electron acceptors such as sulfate, nitrate, ni-
trite, ferric iron, and manganese. This ancient metabolism 
is believed to have been one of the earliest to evolve in life 
on Earth between 3.8 and 4.1 Ga22, perhaps coincidently 
with the Noachian period on Mars.  

Marlow et al.23 showed that AOM was not only was 
thermodynamically favorable on ancient Mars, but also 
identified Noachian outcrops that may have been condu-
cive to AOM during their deposition. Given strong evi-
dence for an active CH4 cycle on modern Mars, it is worth-
while to assess methane release sites for redox boundaries 
which may presently support biological AOM. This talk 
aims to identify candidate sites where redox gradients may 
exist to allow for concurrent CH4 seepage and AOM. We 
will also present preliminary findings on the bioenergetics 
of AOM metabolisms coupled to locally available oxidants 
– including speculative couplings to strong oxidants such 
as chlorate perchlorate salts – based on spectral data col-
lected by the CRISM instrument on the Mars Reconnais-
sance Orbiter24.  
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Photosynthetic communities of microorganisms in-

cluding algae and cyanobacteria, termed "lampenflo-

ra", have been proliferating in Carlsbad Cavern and 

other show caves worldwide since the adoption of arti-

ficial lighting systems. These suites of organisms prove 

a detriment to the aesthetics of the cave and can physi-

cally degrade the underlying speleothems on which 

they grow [1]. With the goal of curbing this growth, the 

National Park Service recently modernized the lighting 

in Carlsbad Cavern to an LED system that allows for a 

range of adjustment of color temperature and intensity. 

This functionality of the new system was used to lower 

the color temperature of the lights to a range that 

should be less conducive to photosynthesis.  

Assessing the response of these biofilms without 

causing damage to the underlying speleothems war-

rants the use of non-destructive analytical methods. 

This study combined high-throughput DNA sequence 

analysis of the lampenflora communities with quantita-

tive and semi-quantitative visual assessment of biofilm 

growth. Using a variety of technologies to examine 

microbial growth in the nutrient limited cave environ-

ment holds relevance to novel application of technolo-

gies to the search for extant life on other planets [2].  

Lampenflora response to decreased color tempera-

ture output in the new LED system was monitored with 

a handheld reflected-light spectrophotometer. This 

device was used to correlate change in color to relative 

change in photosynthetic cell density. 16S and 18S 

rRNA gene amplicon sequencing provided data on 

microbial community composition.  

The low biomass conditions at many of the study 

locations proved challenging for recovery of material 

for sequencing. Despite this, the taxonomy and relative 

abundance data indicated some variation in biofilms 

based on the host substrate. Different members of the 

photosynthetic community were observed in the bio-

films, including green algae Chlorophyta, as well as 

several species of cyanobacteria. Community composi-

tion at the study sites appeared to shift over time, par-

ticularly for photosynthetic taxa. 

The spectrophotometric data did not indicate the 

expected trend of increasing levels of growth over 

time, where instead some study sites saw decreased 

growth. There was minimal difference in growth rates 

at lower color temperature lit sites versus higher, which 

is was not expected. In terms of cave management, this 

may indicate that the lowered color temperature is not 

sufficient for reduction of lampenflora growth and ad-

ditional removal methods may be necessary. 
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Introduction: Mars has undergone semi-periodic 

obliquity fluctuations that have influenced the charac-

teristics of the atmosphere [1]. When Mars is at a higher 

obliquity, the poles are exposed to direct sunlight for 

prolonged periods, resulting in a temporarily warmer 

climate caused by the solid reservoirs of carbon dioxide 

evaporating and contributing to the atmospheric density 

of Mars. When the planet is experiencing a lower degree 

of obliquity, the opposite occurs, and the poles withhold 

more of the atmospheric carbon dioxide, resulting in a 

less dense planetary atmosphere. These fluctuations in 

obliquity and atmospheric pressure can be seen in geo-

logic features such as threshold craters, or the smallest 

craters that are expected to be observed given a specific 

planetary atmospheric pressure [2]. 

Cratering Mechanics: All objects that impact an at-

mosphere will encounter some degree of deceleration, 

ablation, and possibly fragmentation. Deceleration re-

sults in a reduction of speed for a projectile, sometimes 

below hypervelocity. Deceleration is more sensitive to 

the size of the impactor, so smaller objects experience a 

greater degree of deceleration [2]. When trying to un-

derstand the smallest objects that survive entry through 

a planetary atmosphere, deceleration greatly effects the 

speed at which these small, sometimes centimeters in 

diameter, projectiles impact into the Martian surface. If 

a projectile does not impact at hypervelocity, it will not 

impact with sufficient energy to form an impact crater 

[3]. Ablation is the vaporization of the projectile as it 

interacts with the atmosphere or the transfer of energy 

from the projectile into heat [2]. Smaller, faster objects 

are filtered out by the atmosphere through vaporizing 

completely before reaching the surface. The density of 

the atmosphere will affect the threshold for the size of 

projectile that will survive vaporization and the result-

ing smallest crater diameter that can be seen at the sur-

face. Fragmentation occurs in approximately half  of the 

primary projectiles that impact Mars [4], but that per-

centage decreases to about 4 percent for projectiles 

forming craters of D <  5 m [2]. Since, this study is fo-

cused on craters of D < 5 m, we assume that most craters 

are formed from primary impactors that did not experi-

ence fragmentation and survived deceleration and abla-

tion with the minimum energy required to form an im-

pact crater.  

Crater Catalog: Over the first 2300 sols, from the 

start of the mission through the Vera Rubin ridge, a total 

of 198 craters were found along the traverse. Of the 198 

total craters: 5 were D < 0.5 m, 28 were D < 1.0 m, and 

148 were D < 5.0 m. The smallest crater identified was 

D = 0.33 m. All craters were found over 418,100 m2. 

Previous theoretical models have predicted that un-

der the current conditions on Mars, the smallest craters 

expected to form are D ≈ 0.25 m [2] [3] [5]. The lack of 

small, cm-sized craters indicates that the atmosphere 

would have been more dense in the past 5-20 million 

years, or the estimated age of the smaller craters [6], [7].  

Atmospheric Implications: If the atmosphere was 

more dense in the last 5-20 million years than present-

day Mars, then it would explain why there are fewer 

than expected small cm-sized craters along Curiosity’s 

traverse. The atmosphere must have been more dense 

than it is today to prevent new small craters from form-

ing or by eroding small craters at a faster rate.  

A denser atmosphere could result in the better facil-

itation of transport or preservation of life. Having a 

denser atmosphere and a more habitable surface envi-

ronment could have allowed temporary locations near 

the surface, such as pods or a shallow aquifer, where life 

may have propagated and been deposited. It is possible 

that these deposits could be preserved at the surface be-

fore water could evaporate due to the higher pressure of 

the atmosphere. If such deposits contained microorgan-

isms or other forms of life, there may be evidence con-

tained within these geologic features. A denser atmos-

phere allows for a more habitable surface environment 

and the ability for liquid water to transport materials and 

possibly signs of life to the surface before evaporating.  

Conclusions: One possible explanation for the 

crater record is that the Martian atmosphere may have 

been more dense approximately 5 to 20 million years 

ago or more recently during short-term spikes in obliq-

uity angle, supporting the literature on obliquity fluctu-

ations [1]. A denser Martian atmosphere could provide 

a warmer, more habitable environment and preserve an 

event that exposes microorganisms in a fluid deposit or 

a shallow aquifer where life was able to propagate.  
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Introduction:  Bacteria recovered from 250 Ma 

halite of the Permian Salado Formation1 and discovery 
of chloride salts on Mars2,3 converge as a point of in-
terest in the search for life on Mars. Other positive 
findings of viable bacteria in more recent4 to ancient 
salt5 buttress the initial controversial claim, although 
the entire subject was overshadowed for years by con-
troversy over the initial claims of viable bacteria in 
ancient salt6,7. Cellulose has been recovered from Sala-
do halite8, and DNA9 and other organic material10 have 
been recovered from ancient halite.     

Examples of biological materials preserved in halite 
of varying age are now becoming numerous. The Sala-
do exhibits features that can be confidently assigned as 
synsedimentary or Permian in age11. Recognizing these 
features in small samples is more difficult, and the 
samples examined during this conference illustrate the 
scale relationships. 

Cyclical Halite Features and Processes:  Deposi-
tional cycles are well established as a feature of the 
Salado12. Continuous vertical sequences mapped in 
large diameter shafts through Salado halite (Fig. 1) are 
summarized (Fig. 2) in an idealized depositional cy-
cle11. Upward desiccation was common. Subaerial ex-
posure resulted in solution pits and pipes and concen-
tration of insoluble minerals, mainly clay. Dissolution 
pipes were cemented with halite before the overlying 
beds were deposited. These cements were often called 
“recrystallized” salt in earlier descriptions.  

As desiccation continued (often multiple episodes 
of exposure) and the brine table (phreatic zone) 
dropped, pipes of various sizes and depths formed, 
desiccation cracks and saucers developed, and the up-
permost zone likely was reorganized and possibly 
compacted, similar to pedogenesis.  

Scaling and Details:  We focus on the macroscop-
ic features of Salado halite; dissolution pipes and the 
repeating elements of the depositional cycle were ob-
servable in large-diameter shafts and underground at 
the Waste Isolation Pilot Plant (WIPP). Other studies 
have focused more on finer details12. 

Continuous core (10 cm diameter) through ~400 m 
of the upper Salado was obtained in borehole C3977 
early January 2017. C3977 is located ~365 m west of 
the air intake shaft where the Salado was mapped in 
most detail11. Core recovery was essentially 100%. A 
report can be accessed through ResearchGate: 
https://www.researchgate.net/publication/324597439_
C3977GeologyReportFeb2018_4-18-18. 

Nearly all map units from the air intake shaft can be 
correlated directly with core. Lateral variations within 
the mapped shaft area can account for virtually all dif-
ferences. In particular, some exposure intervals internal 
to a cycle may be disrupted in the core by a dissolution 
pipe. Conversely, dissolution pipes clearly exposed in 
the shaft interval may be missed in a smaller diameter 
core or partially exposed. In addition, boundaries of 
dissolution pipes discernable in the shaft may be in-
ferred in core only through the disparity in crystal size 
and clarity. 

The core will be compared to shaft mapping details. 
Interpreted large features only partially represented in 
core can be discussed and examined carefully. 

A new, large-diameter (~9 m) shaft to be construct-
ed at the location of the corehole may offer research 
opportunities that can be discussed. 

 
Figure 1     Figure 2 
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Introduction  
In the past ten years, a proliferation of information 

about the Martian environment has resulted from a 
range of missions, particularly the Spirit, Opportunity, 
and Curiosity. Recent results have demonstrated that the 
Martian surface bears resemblance in many ways to that 
of Earth, with several key differences, such as the 
presence of oxychlorine species and the absence of a 
continuous source of liquid surface water.  Recently, 
Benner, Stephenson, Freeland, and others invoked the 
availability of borates on the Martian surface  as 
evidence for the possibility that Mars was a suitable 
environment for an “RNA world.”   

Perchlorates have now been observed at both polar 
(Green Valley, Vastitas Borealis) and ancient equatorial 
sites (Rocknest, Gale Crater). The presence of these 
compounds in diverse environments on Mars suggests 
they are present globally, and perhaps been for much of 
the planet’s history. These compounds have been 
invoked as an attractive means of supporting the 
presence of transient liquid water, and the presence of 
such brines in a near-surface environment, such as a 
cave, could provide or have provided a means to 
mitigate cosmic and solar radiation. 

We suggest that in considering Mars as a prebiotic 
planet, past or present, the impact of perchlorates must 
be taken into account. Here we describe our results 
relating to impact of perchlorates on a hypothetical 
Martian RNA world. 

Perchlorate and biomolecules  
While perchlorate may provide such a source of 

liquid water on Mars, the resulting brines would have 
extraordinarily high perchlorate concentrations – 8 M or 

higher. A saturated solution of NaClO4 (~9 M) contains 
less than three water molecules per Na+ and ClO4

- ion. 
Perchlorate is an unique ion. It is a powerful oxidizer; 

its ammonium salt is used as a propellant in solid rocket 
fuels, and it and the related chlorate ion are used in 
chemical oxygen generators on aircraft and submarines. 
Despite its strong oxidation potential, the perchlorate ion 
itself is metastable for extraordinarily long durations; we 
have observed solutions of nucleic acids in even saturated 
perchlorate solutions can be heated to 95 °C without 
degradation. Thus, from a redox chemistry perspective, 
perchlorate is not incompatible with prebiotic chemistry, 
including that on a hypothetical Martian RNA World 

A second problem exists, however: perchlorate is a 
strong chaotrope – that is, on the Hofmeister series, which 
ranks ions according to their propensity to stabilize or 
destabilize folded biomolecular structures, perchlorate is 
highly destabilizing. 

An RNA World on Mars? 
Here we report our investigations of the behavior of 

nucleic acids in the presence of a range of simulated 
Martian environments, including those containing high 
concentrations of perchlorate as would be expected in 
perchlorate brines. We further examine the consequences 
of such environments for the possibility of an RNA world 
– past or present - on Mars.  

Perchlorate-induced Adsorption to Regolith 
Simulant 

Nucleic acids adsorb to silica surfaces in the presence 
of chaotropes. We have shown this effect is present on 
Martian regolith simulants such as MMS-1, MMS-2, and 
MGS-1 (a Rocknest-based simulant). We will discuss the 
impacts of these perchlorate-induced adsorption effects.
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Introduction:  The search for extant life has taken 

on several chemically-driven approaches to measure 
chemical signs of life. Unfortunately, this requires ad-
equate knowledge of the metabolic pathways involved. 
Kasas et al. suggest we tap into another common sig-
nature of life – movement. This team has designed 
sensors to detect the nano-vibrations created by the 
metabolic activities of microorganisms. Here, we sug-
gest a formal application of this device in soil sampling 
for the search for microbial life on Mars. 

Current limitations for martian soil sampling: 
Soil sampling is a challenging endeavor in extraterres-
trial scenarios; particularly, for the conditions of Mars. 

 Perchlorate concentrations: The high concentra-
tion of perchlorates in martian soil make detection of 
life-related organic molecules challenging.  

Incompatibility of chemical methods: Historically, 
several forms of spectral techniques (fluorescence, 
gamma, Raman, etc.) have been developed in Mars 
Analog environments in order to search for microbial 
biomass in the martian regolith, rocks, ice, and perma-
frost. These techniques rely primarily on elemental 
composition analyses for identification of biomarkers 
that can discriminate the presence of microorganisms. 
One concern is that the use of Earth’s signature of life 
criteria for Mars is limited. 

Contamination and loss of sample integrity: Fur-
thermore, there are several limitations associated with 
soil collection, containment, and transport. Firstly, the 
sample is not contaminated with any dust or biological 
material brought from Earth. Secondly, once the rover 
has obtained the samples, the soil is sealed in airtight 
capsules and launched, subjecting them to the forces 
and impacts associated with transport. Thirdly, follow-
ing its arrival at Earth, samples are released for scien-
tific analysis only if they are determined to be non-
hazardous as per NASA guidelines. Lastly, it is im-
portant to realize that this process likely spans close to 
an year, meaning it could have effects on sample fea-
tures that preclude it from being properly analyzed. 

The design and implementation of nanoscale vi-
bration sensors: One way to overcome these limita-
tions is represented by a novel development in na-
noscale vibration sensors. These sensors employ a can-
tilever to detect motion. The cantilever is comprised of 
an arm anchored at one end for structural support and 
functionally interacts with the specimen at the other. 
Inspired by the atomic force microscope that uses can-

tilever vibrations to image surface atoms, the sensor 
works on the assumption that microbes in the sample 
that are alive will predictably move, e.g. beat its cilia. 
The functional end has to be initialized with a linker 
molecule based off the level of specimen immobiliza-
tion desired. For example, in bacteria, yeast, and plant 
cells, Kasas et al. chose glutaraldehyde while for neu-
ron cells, they utilized poly-L-lysine.  

Complementing these sensors with traditional Mar-
tian soil sampling, it is possible to avoid being solely 
reliant on chemical detection that could be irrelevant to 
extraterrestrial life. By combining dynamic with chem-
ical information, we could achieve greater detail in the 
characterization of life. Additionally, we believe there 
exists potential for the sensor to be modified to provide 
on-site readings. By developing this technology for 
some added capabilities, we may be able to bypass soil 
mobilization procedures that lead to the loss of sample 
integrity.  

Here, we propose a few amendments to the basic 
cantilever mechanism: 1) create a cantilever array that 
contains several different sensors paired with several 
different linker molecules; 2) incorporate a robotic 
appendage to facilitate sample loading; 3) adjust phys-
ical properties of the cantilever (i.e. spring constants) 
to match the gravitational field of Mars. In this way, 
we can assess for a breadth of microorganisms while 
enhancing effectiveness of soil data collection.  

Conclusion: The search for extant life on Mars is 
intimately linked with building a better systems sur-
rounding geographic surveillance and habitat scanning. 
Developing on-site mechanisms for detection of nano-
motion can improve the efficiency with which we 
search for microorganisms.  
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Introduction: Without presupposing any particular 

molecular framework, the newly formed Laboratory for 

Agnostic Biosignatures (LAB) team is pursuing ap-

proaches to life detection that could help us identify un-

knowable, unfamiliar features and chemistries that may 

represent processes of life as-yet unrecognized. 

Chemical Complexity: There are multiple ways to 

utilize high heritage instrumentation in more agnostic 

ways. For example, flight capable mass spectrometers 

have long been flown on spacecraft, designed to search 

primarily for patterns among the molecular weights of 

carbon-bearing organic molecules. However, mass spec-

trometers can also be configured to search for chemical 

complexity of any type of molecule (organic or inor-

ganic) that would be unlikely or impossible to form 

spontaneously. Without making assumptions about the 

chemical structures of the molecules, recent work sug-

gests there may be a threshold beyond which complex 

molecules are unlikely to form without supporting bio-

logical machinery [1].  

Mass Spectra Agnostic Identification of Com-

plexity (MAGIC): Methods used to characterize poten-

tial biosignatures of life on another planet involve mass 

spectrometers due to their high detection sensitivity and 

diagnostic fragmentation patterns associated with the 

analysis of known organic compounds. However, eluci-

dating chemical structures from the mass spectrum of an 

unknown compound, and whether the sample contains 

signatures of unknown life forms, remains challenging. 

We propose several methods to agnostically infer bio-

genicity from mass spectral data: determine if a sample 

contains polymers, which have been proposed to play an 

essential role in biology by increasing the functional 

chemical space and providing storage for propagatable 

information; determine if molecular fragmentation pat-

terns, or relative abundances of compounds in biotic 

samples are distinct from those of abiotic samples. We 

employ statistical methods involving data reduction and 

processing, such as Fourier transform and machine learn-

ing, by applying it to commercial and flight-instruments 

data. This project seeks to address the fundamental ques-

tion as to whether biotic and abiotic samples can be clas-

sified solely based on their mass spectra. 

Chemometric Approaches: Sequencing approaches, 

currently under development to search for nucleic acids 

and monitor terrestrial contamination [2-3], can also be 

utilized to explore sample complexity, regardless of 

whether life is based on nucleic acids [4]. This concept 

builds on the fact that oligonucleotides naturally form 

secondary and tertiary structures that can have affinity 

and specificity for a variety of molecules, from peptides 

and proteins [5], to a wide variety of small organic mol-

ecules [6,7], to inorganics such as mineral surfaces [8] 

and individual metals [9]. By accumulating large num-

bers of binding sequences that reflect different com-

pounds in a mixture, statistical data analyses of oligonu-

cleotide sequences and sequence counts enable patterns 

associated with increasing levels of complexity to be an-

alyzed [Fig. 1]. This pattern recognition, known as 

“chemometrics,” could be used to distinguish samples 

with chemistries suggestive of biology—to “read” pat-

terns of molecules that arise from the vast amount of in-

formation stored on the surface of a primitive microbial 

cell, and to do it with great sensitivity. 

Disequilibrium Redox Chemistries: Disequilib-

rium redox chemistries that are inconsistent with abiotic 

redox reactions could also be used as an indicator of ac-

tive metabolism. Unexpected accumulations of chemical 

elements or isotopes could indicate life, as could patterns 

of energy transfer. Many microbes can utilize solid-

phase minerals as an electron acceptor, e.g. insoluble 

Fe(III) oxides. An agnostic means of detecting this mi-

crobial activity is to use an inert, conductive electrode 

(e.g. graphite) in the environment. The current density 

and other electrical attributes produced by microbes are 

notably distinct from abiotic oxidation [10]; thus this sig-

nal could be used as an agnostic biosignature.  

Probabilistic Approaches to Data Analysis: 

While it is necessary to broaden our scope and design 

inclusive life detection strategies, agnostic approaches 

may be less definitive than, say, uncovering a hopane or 

DNA sequence. A data interpretation scheme that con-

siders expectations and likelihoods and establishes criti-

cal thresholds for life detection based upon probabilistic 

models is thereby key. For instance, a Bayesian network 

for which the output is the probability there is a biosig-

nature in a measurement set (i.e., P(biosignature | Data) 

could be utilized to assess the probability of life, and thus 

convert measurements into likelihoods and thresholds. 

References: [1] Marshall et al. (2017) Philos. Trans. 

Royal Soc. A, 375, 20160342. [2] Carr et al. (2016) IEEE 

Aerospace Conference. [3] Bywaters et al. (2017) Ab-

SciCon, Abstract #3437. [4] Johnson et al. (2018) Astrobi-

ology, 18(7), 915-922. [5]. Sun and Zu (2015) Molecules, 

20, 11959-11980. [6] Kim and Gu (2013), Kim and Gu, 

2013, Biosensors Based on Aptamers and Enzymes. [7] 

Stoltenburg et al. (2007), Biomolecular engineering, 24(4), 

381-403. [8] Cleaves et al. (2011), Chemosphere, 83(11), 

1560-7. [9] Ye et al. (2012), Nanoscale, 4, 5998–6003. [10] 

Nie et al. (2015) RSC Advances, 5(108), 89062-89068. 
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Sulfidic caves are hotspots for life in Earth’s sub-

surface. These caves form where hydrogen sulfide 
(H2S)-rich groundwaters interact with oxygen in recent 
surface recharge or cave air, and the resulting chemical 
disequilibrium supports robust, chemosynthetically-
based ecosystems in which sulfide oxidizing microor-
ganisms are the primary producers. These sulfide oxi-
dizing microbes are also important geomorphological 
agents that contribute to the evolution of the cave sys-
tem by producing corrosive acids and creating distinc-
tive mineralogical features. Although “active” sulfidic 
caves are rare and are limited to a handful of sites 
worldwide, “fossil” sulfidic caves that contain morpho-
logical and mineralogical records of past sulfidic epi-
sodes are more common. 

Because sulfidic caves host isolated ecosystems 
supported by inorganic chemical energy, they are ana-
logues for sheltered subsurface biological repositories 
that could occur on other planets (e.g., [1,2]). Sulfidic 
caves also contain deposits of gypsum and other min-
erals that occur on the Martian surface (carbonates and 
possibly elemental sulfur; [3]), and preserve chemical, 
organic, and mineral biosignatures for microbial activi-
ty. Biosignatures may also occur at larger and more 
widespread scales in these systems, such as in the dis-
tribution and isotopic composition of gypsum deposits 
[4] and elemental sulfur masses [5,6], and possibly 
even the large-scale morphology of cave passages 
themselves. 

The Frasassi cave system is a large, actively-
forming sulfidic karst complex in central Italy. Dis-
solved sulfide from an anoxic aquifer supplies energy 
to the water table, where robust sulfide-oxidizing mi-
crobial communities occupy diverse niches (Figure 1). 
Above the water table, H2S(g) flux from the sulfidic 
aquifer provides energy for microbial communities on 
cave walls and ceilings. These subaerial communities 
include acidophilic and extremely acidophilic biofilms 
where gypsum corrosion residues shield sulfide oxi-
dizers from buffering by the cave limestone (Figure 1). 
We will present research on microbial ecology, bioge-
ochemical sulfur cycling, and potential biosignatures at 
the Frasassi water table, including a case study in 
which we used acidophilic biofilms as natural experi-

ments to test how dispersal restrictions influence mi-
crobial biogeography and evolution in the subsurface. 
We will also present preliminary results from new re-
search on microbial communities and processes in an-
cient gypsum deposits from a fossil sulfidic cave.  

 

 
Figure 1. Schematic depicting the distribution of mi-
crobial communities near the sulfidic water table in the 
Frasassi cave system.  
 

References: [1] Boston P.J. et al. (1992) Icarus, 
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R. et al. (2007) Seventh Internation Conference on 
Mars, Abstract #3933. [4] Mansor M. et al. (2018). 
Astrobiology, 18, 59-72. [5] Davis DG (2000). J Cave 
Karst Stud, 62, 147-157. [6] Boston P.J. et al. (2001) 
Astrobiology, 1, 25-55. 
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Introduction:  Two distinct enzyme systems sup-

port anaerobic carbon monoxide oxidation.  One de-
pends on molybdenum, and occurs in bacteria and ar-
chaea typically considered aerobes or facultative an-
aerobes.  Some of these microbes can couple CO oxi-
dation to nitrate or perchlorate under anoxic conditions 
[1].  The second system depends on nickel, and occurs 
in a wide range of obligate anaerobes, including aceto-
gens, methanogens, sulfidogens, and hydrogenogens, 
some of which are hyperthermophiles [2].  The Ni-
dependent system is evolutionarily very old, and likely 
represents one of the earliest catabolic systems [3].  
While much is known about the microbiology and bio-
chemistry of this system, relatively little is known 
about the ecological conditions that support its activity.  
Since CO could support anaerobic metabolism in the 
near-surface or deep sub-surface of Mars, we have 
initiated an analysis of conditions that support Ni-
dependent CO oxidation in terrestrial systems to assess 
the range of possibilities that might be relevant for 
Mars.  

Methods:  We collected soils from forests, man-
aged agricultural systems, lake and stream sediments, 
hot springs, geothermally heated soils, marine muds 
and sands, salt-saturated muds, and soil developing on 
weathered basaltic lava flows.  Samples were trans-
ferred to 60-cm3 serum bottles for incubations with CO 
added at approximately 10 ppm final concentrations to 
headspaces with air or deoxygenated N2 for incuba-
tions at temperatures near ambient field values.  In 
addition, parallel sets of samples were incubated with 
N2 headspaces containing about 25% CO at ambient 
temperatures or at 60 oC up to 84 oC.  CO concentra-
tions were monitored over time by analyzing head-
space sub-samples using gas chromatographs equipped 
with TCD or mercury vapor detectors.  Hydrogen and 
methane production by samples containing 25% CO 
was also monitored with TCD-GC or FID-GC. 

Results and Discussion:  At headspace concentra-
tions of 10 ppm, CO was readily consumed without a 
lag by most samples under both oxic and anoxic condi-
tions, usually at similar rates.  This suggested that pop-
ulations of Mo- and Ni-dependent CO oxidizers are 
widely distributed, metabolically active, and capable of 
responding rapidly even in samples that might be con-
sidered sub-optimal for one process or the other, e.g., 
oxic soils for anaerobic CO oxidation, and anoxic 
muds for aerobic oxidation. 

Responses to additions of 25% CO were more in-
formative about the distribution and activities of Ni-
dependent CO oxidizers.  At ambient temperatures, 
including 10 oC, many sample types consumed CO 
with lags of varying lengths.  In contrast, activity at 60 
oC occurred with little or no lag in some cases, or after 
extensive lags in others.  Somewhat surprisingly, activ-
ity was low or not observed at all in geothermally 
heated soils and sediments with in situ temperatures > 
60 oC, even though many Ni-dependent CO oxidizers 
are thermophiles, some of which have been isolated 
from hot springs.  At both ambient temperatures and 
60 oC, CO uptake was typically associated with hydro-
gen accumulation, indicative of the water-gas shift 
reaction rather than acetogenesis.  Exceptions occurred 
in sediments and soils containing high sulfate concen-
trations where sulfidogens likely consume hydrogen if 
not CO.  Coupling to methanogenesis appeared negli-
gible.  Novel observations from this study include an-
aerobic CO oxidation at 25% concentrations and 10 oC, 
oxidation in some salt-saturated muds and soils, and 
CO uptake in solfotara soils at 80 oC with a pH of 2.5. 

Conclusions:  Anaerobic, presumably Ni-
dependent CO oxidation occurred at low CO concen-
trations across a wide range of ecological contexts; 
similar results were observed for incubations with 25% 
CO levels, but activity was greatest and appeared to be 
induced by incubations at 60 oC, likely due to germina-
tion of thermophilic, spore-forming Firmicutes.  The 
results suggest that sub-surface communities on Mars 
with access to a geothermal CO source could persist 
under many different, plausible conditions. 

References: [1] King G. M. (2015) Proc. Natl. 
Acad. Sci., 112, 4465–4470. [2] Yoneda Y. et al. 
(2015) FEMS Microbiol. Ecol., 91, doi: 
10.1093/femsec/fiv093. [3] Adam P.S. et al. (2018) 
Proc. Natl. Acad. Sci., 115, www.pnas.org/cgi/doi/ 
10.1073/pnas.1807540115. 
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TESTING METHODS FOR DETECTION OF UNFAMILIAR LIFE IN MARTIAN REGOLITH Ari H.D. 
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Introduction:  

Mission-related efforts to detect extant life on 

Mars’ surface, such as the Viking lander experiments 

[1], have thus far focused on organic chemical tracers 

and gaseous byproducts of active biotic processes. Yet, 

despite the multiple experiments conducted on Mars’ 

surface, consensus on the evidence for extant life re-

mains missing [2]. Scientists and philosophers have 

speculated on the possibility that Martian life takes a 

form that is chemically unfamiliar to us and to the de-

sign of those early experiments [e.g. 3,4]. As such, a 

method of detecting extant life that does not require or-

ganic chemistries may be a useful complement to the 

more conventional approaches on future missions to 

Mars’ surface.  

In this exploratory work, we investigate and com-

pare the viability of two easily coopted lander payloads 

for detecting biotic activity in Martian soils which do 

not rely on C-O-H chemistries. We present and discuss 

results from initial sensitivity tests of cellular metabo-

lism using the non-toxic redox tracer dye Alamar Blue 

(resazurin, ThermoFisher) [5,6] and infrared thermog-

raphy [7] in an inoculated Mars regolith simulant [8]. 

Methods: 

Alamar Blue (resazurin) 

Alamar Blue experiments were conducted in sealed 

jars filled with mixtures of biologically active and Mars 

simulant soils in a factor-of-ten dilution series. Upon re-

duction, non-fluorescent resazurin becomes highly flu-

orescent resorufin. After mixing samples with Alamar 

Blue, fluorescence was measured using a plate reader 

and qualitatively confirmed using a confocal fluores-

cence microscope. As points of comparison, we also 

measured CO2 at the beginning and end of the experi-

ment. In both experiments we controlled for grain-size, 

water content and basaltic provenance in order to limit 

sample variability.  

Infrared Thermography (IRT). 

Eight mixtures of Mars simulant and active soil 

were placed on a partitioned sampling tray. After mix-

ing 1.5 mL of distilled water into each sample and heat-

ing the samples in a 45 °C oven for 8 hours, the tray was 

placed in a 30 °C dark chamber with a downfacing in-

frared (7.5-13.5 µm) imager overhead for 6 hours. Pixel 

values converted to temperature provide a time series. 

Results and Discussion: 

Reconnaissance testing using Alamar Blue solution 

suggests that biotically-triggered fluorescence can be 

detected (Fig. 1) with similar sensitivity as traditional 

gas exchange monitoring, although future testing with 

less dilute mixtures will improve interpretations. 

 
Fig. 1. Alamar Blue-activated fluorescence (excitation, Texas 

Red filter at BP 560/40) and ΔCO2 in soil samples diluted with 

Mars simulant. Uncertainty on ΔCO2 measurements is smaller 

than the marker sizes.  

 
Fig. 2. IRT-derived temperature evolution of 3 of 8 samples. 

Maximum uncertainty is ±0.5 °C. 

IRT experiment (Fig. 2) show that samples with 

larger fractions of active soil show lower temperatures 

after heating and higher temperatures at ambient (~30 

°C) thermal equilibrium. If the temperature variation is 

a result of biotic activity, initially lower temperatures 

may result from cellular fluid retention, while the even-

tual warming may result from metabolic reactions [9].  

This and prior works indicate that both Alamar 

Blue and IRT have the potential to be useful, non-de-

structive tools for the detection of extant life in Martian 

regolith. Further investigations will provide better con-

straints on the sensitivity of these tools to the variety of 

possible forms of life that may exist on Mars.  
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Title:  Giving Voice to the Extraterrestrial -- Providing legal standing to the unknown 

 

ABSTRACT 

 

The past several centuries have seen dramatic extensions in the provision of legal standing 

among humans.  In the US and many other cultures, legal rights and personhood status have 

evolved from a limited subset of predominantly male, privileged landowners to generally include 

women, children, the mentally infirm and all members of our species.  More recently, the circle 

of legal personhood has been expanded to include some non-humans.  Corporations, a few 

animals and plants, and now even landscape features such as rivers and specific landforms have 

been granted personhood and legal standing.  In all cases, such status has been preceded by 

documented human interest in that specific entity.  It is a legal requirement that has been tested 

in US courts.    

 

Any extraterrestrial life discovered may require almost immediate legal standing.  Without this 

status it will have no voice – there will be no pathway for representation of its presumed 

interests.  Accordingly, specific human concern for extraterrestrial life (regardless of whether 

sapient, sentient, its comparable taxonomic status or other factors) and, potentially, related 

geologic or landscape features on which it may depend, needs to be demonstrated and 

documented prior to its discovery and, critically in the eyes of courts, prior to any specific threat 

to it.  Ad litem guardianship or some similar instrument is suggested as a way to give voice to 

those yet-undiscovered entities.  That process starts with a demonstration of compassionate 

concern.  After extraterrestrial life has been identified, other entrenched interests, such as those 

urging exploitation, may make legal representation much more difficult.  It is proposed that a 

group of concerned persons begin the process of documenting human interest, and the 2019 Mars 

Extant Life conference provides an ideal forum for initiating that process.  “What’s next?” is the 

preparation of a legal foundation whereby any extraterrestrial life discovered can be afforded 

representation in courts here on Earth.  

 

This presentation briefly summarizes the evolution of the concepts of personhood and standing.  

It describes relevant court decisions and proposes an agenda for documenting human interest in 

extraterrestrial life, broadly defined.  Several scenarios of potential encounters with alien life and 

the legal issues that would rapidly surface will be presented. 
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Introduction:  The Barringer Meteorite Crater 

(aka Meteor Crater) is a well-known geologic analogue 
for simple craters on Mars and elsewhere in the Solar 
System.  It also hosts a large variety of ecological nich-
es that may provide biologic analogues, too. 

Several biological stories at the crater have been 
previously uncovered:  paleo-environmental conditions 
at the time of impact have been ascertained, as have 
biological opportunities created in a post-impact lacus-
trine environment (see Chapters 13 and 14 in [1] and 
references therein).  Local atmospheric conditions in 
the crater also affect the physical state of potential hab-
itats.  A meteorological experiment suggests that cold 
air may pond on crater floors, which would deepen 
thermal inversions seen in Mars’ craters [2].  
Downslope winds may also enhance ablation of vola-
tiles from bedrock, caves, and talus on crater walls, 
plus debris in gullies (see Chapter 16 in [1]). 

Today, Barringer Meteorite Crater is occupied by 
several biozones [3,4].  It is dominated by a grassland 
community, but also hosts a small woodland of two-
needle piñon and juniper.  Both those communities are 
underlain by wildflowers and succulents. Here I intro-
duce two additional communities.  

Cyanobacteria Soil Crust:  The crater hosts cya-
nobacteria that is best seen on the crater floor (Fig. 1).  
It forms a biological soil crust.  Strings of cyanobacte-
ria or filaments are wrapped around mineral particles, 
binding the soil together.  The crust stabilizes the soil 
against wind and water erosion.  The crust also acts 
like a sponge, soaking up rain in the typically arid envi-
ronment and, over a longer time, releasing it. 

Endoliths: The crater hosts an endolithic commu-
nity of species not yet determined, but potentially in-
volving cyanobacteria, too. The organisms form a band 
beneath a thin crust as seen in ejected crater rim rock 
(Fig. 2).  Bands of this type have been seen in the High 
Arctic’s Haughton crater [5] and in Antarctica’s Ross 
Desert [6].   The  endoliths at Barringer Meteorite 
Crater appear to include a photosynthetic species – due 
to its location and color.  Previous work suggests [7] 
this type of endolithic niche is attractive in hot and cold 
desert environments with large temperature ranges, low 
water availability, and high-intensity ultraviolet radia-
tion.  Those are the types of conditions found at Bar-
ringer Meteorite Crater. 

Conclusions: Microorganisms utilize at least two 
strategies, in two different ecological niches, at Barrin-
ger Meteorite Crater. One community occupies the 

crater floor, while the other occupies the crater rim. 
Both strategies accommodate arid environmental con-
ditions and a mile-high elevation where ultraviolet ra-
diation sensitivity may be an issue. 

 

 
Figure 1.  Cyanobacteria soil crust on crater floor. 

 

 
Figure 2.  Green-colored endolithic colony exposed 
when a sandy dolomite was chipped. 
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Interaction of Sulfate-Reducers with Hydrous Sulfate Minerals in Water-Restricted Terrestrial Gypsic 

settings: Implication for the Habitability of Martian Gypsic Environments 

 On Earth the presence of sulfate reducing bacteria (SRB) within extremely arid gypsic 

environments has led to inquiries as to the effect of SRB on the habitability of gypsic environments by 

their potential to scavenge sulfate and to free trapped crystallization water in hydrous sulfate minerals 

[i.e., gypsum (CaSO42 H2O)]. Relationships of SRB with the rest of existing microbial communities and 

with dominant mineral phases in gypsic environments can be addressed through integrated 

geochemical, mineralogical, and microbiological approaches. Through the current study, we intend to 

obtain an overall understanding of the occurrence and abundance of SRB in terrestrial gypsic setting, the 

interactions of SRB with hydrous sulfate minerals (i.e., gypsum), and the relationship of SRB with other 

microbial communities through field measurements and sampling followed by laboratory analyses of the 

field samples. As analogs to Martian gypsic environments, White Sands National Monument, NM and 

the Badwater Basin of Death Valley, CA have been selected to carry out this study with samples being 

analyzed for mineralogical and microbiological contents using nucleic acid extraction, qPCR, XRD, and 

high-resolution electron microscopy. The results of this work has direct implication for the habitability 

and potential metabolic pathways in Martian gypsic environments, such as Olympia Undae (Szynkiewicz 

et al., 2010) and Olympia Planum (Massé et al., 2010).  
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Introduction:  High concentrations of manganese 

have recently been discovered on Mars at two rover 
landing sites [1-3] and in martian meteorites [4-5]. Its 
presence indicates that Mars has been host to past epi-
sodes of strongly oxidizing conditions within an 
aqueous environment [1-2]. Given that the two landing 
sites are 1000s of km apart and that the meteorites are 
from a third (unknown) location, these observations as 
a whole suggest that aqueous, oxidizing conditions 
were likely widespread on Mars. On Earth, environ-
ments with such simultaneous conditions are almost 
always inhabited by microbes [6]. The close relation-
ship between Mn and life on Earth makes Mn-bearing 
rocks and sediments a high priority target for the Mars 
2020 mission, which has the goals of finding materials 
containing potential biosignatures to sample and cache 
for future return to Earth.  

Manganese as redox indicator: Manganese min-
erals provide unique indicators of water-rich environ-
ments and their redox states. Whereas Fe and S are 
readily oxidized by a wide range of oxidants to high 
valence states under mildly oxidizing conditions (ca. -
100 to 100 mV), manganese is uniquely sensitive to 
high potential oxidants (>> 500 mV) [7]. Iron-oxides 
can precipitate at a range of pE values at circumneutral 
pH, but Mn-oxides are only stable in strongly oxidiz-
ing, high pH (>8) environments. Without microbial 
mediation, Mn is less likely to oxidize than Fe in many 
natural environments. As a result, an environment may 
be “oxidizing” for Fe but not for Mn.  

Manganese as biosignature: Because of manga-
nese’s unique sensitivity to redox conditions, Mn-rich 
rocks on Earth closely track the rise of atmospheric 
oxygen [9]. Concentrated Mn deposits do not appear in 
the terrestrial geologic record until after the flux of O2 
to Earth surface environments. This transition marks a 
major change in Earth’s environment that was enabled 
by the rise of photosynthetic life.  

In addition to its indirect association with photosyn-
thesis in the past, Mn is also directly associated with 
microbial action in the present day. On present-day 
Earth, oxidation of Mn(II) is catalyzed primarily by 
Mn-oxidizing microbes [10-11], which are ubiquitous 
in the terrestrial environment [10]. Microbial catalysis 
greatly increases the rate of Mn oxidation at circum-
neutral and low pH compared to abiotic processes [13], 
allowing Mn-oxides to precipitate in environments in 
which they would otherwise be unstable [14].  

Observable signatures of potentially microbial 
Mn with rover payload instruments: The Mars 2020 
rover will carry with it a number of analytical instru-
ments that can assess chemistry (SuperCam, PIXL), 
mineralogy (SuperCam, SHERLOC), and organic con-
tent (SuperCam, SHERLOC, PIXL) of martian surface 
materials, all of which can be used to identify Mn-
related biosignatures. Typical products of microbial 
oxidation of Mn(II) are poorly crystalline layer-type 
Mn-oxides [10]. Although such materials can be a chal-
lenge to assess, some species may be discerned using 
Raman and luminescence [15]. Microbes also cycle 
between Mn3+ and Mn4+ in at least some contexts, mak-
ing Mn redox state an important indicator of microbial 
origin [16-18]. Although the oxidation state of Mn is 
not directly measureable by the Mars 2020 payload, 
recent results show that trace elements in Mn minerals 
may be used to infer the redox state of Mn, thus identi-
fying samples that are more likely to have a biogenic 
origin [16]. Manganese oxides are also well known to 
scavenge trace metals from water [19], which has been 
observed in several high Mn martian targets [2]. Man-
ganese oxides may also trap and preserve organic car-
bon, including fatty acids and protein- and lipopolysac-
charide-like carbon [20], which should be readily dis-
cernible in Raman and luminescence data. 
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et al. (1980). Geol. & Geochem. of Mn vo1. 1, pp.293-334. 
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Introduction: Recent findings of methane on Mars 

by the Curiosity rover have sparked considerable in-
terest in methane as a possible biosignature of extant 
life on Mars. However, interpretation of the results is 
confounded by the presence of abiotic sources for me-
thane. On Earth, life generates a bewildering array of 
non-methane volatile organic compounds (VOCs) not 
only as by-products of respiration, but also for a varie-
ty of purposes including cellular processes, organism-
organism signaling and syntrophic interactions [1-3]. 
These collective subsets of metabolites represent an 
attractive biosignature with the potential to enable de-
tection of extant life on Mars. 

Results of ongoing VOC research on aquatic fea-
tures of the McMurdo Dry Valleys, Antarctica, will be 
presented. One such feature is Blood Falls, a hydrolog-
ical feature at the terminus of the Taylor Glacier that 
results from the periodic discharge of a briny liquid 
from an aquifer beneath the glacier (Figure 1). The 
aquifer is thought to be the remnant of a cryo-
concentrated fjord that has been isolated from the at-
mosphere and sunlight for at least 1.5 million years. 
Discharged brine is cold (-5 to -7°C), salty (8% salini-
ty), ferrous (~400 µM) and rich in sulfate (50 mM) 
[4-5]. Previous work has shown that the brine contains 
a viable, metabolically active chemosynthetic microbi-
al community that couples respiration of iron oxides to  
use of reduced sulfur compounds as electron donors. 
This results in a system that is suboxic but not sulfidic 
[4-5], described as a cryptic sulfur cycle [6]. 

Preliminary results from laboratory incubations us-
ing novel microbial isolates from Blood Falls will also 
be presented. This work is a component of the NASA-
funded ICE-MAMBA project (Ice-covered Chemosyn-
thetic Ecosystems: Mineral Availability and MicroBio-
logical Accessibility), an collaborative effort consist-
ing of three overlapping and integrated multidiscipli-
nary elements. The first project is characterizing the 
Blood Falls brine metagenome and metatranscriptome. 
Second, we are studying changes in the iron mineralo-
gy of the brine as it discharges. The third component 
utilizes the results of the first two efforts to develop 
microcosms using appropriate Blood Falls isolates and 
iron substrates for the determination of various molec-
ular, mineralogical and metabolic (VOC) biosigna-
tures. These microcosm incubations allow changes in 
mineralogy to be related to products characterized 

from functional gene analysis and formation of volatile 
organic compounds (VOCs). The goal of ICE-
MAMBA is to link the detection of complex VOCs to 
the bio-utilization of iron minerals via the organisms’ 
metabolic machinery, thereby providing a unified bi-
osignature for extant life that is more robust than the 
individual biosignatures from each component. 
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by NASA grant 80NSSC17K0243, and NSF grant 
OCE-428915. 

References: [1] Park J. H. et al. (2013) Science 
341 643-647. [2] Bitas V. et al. (2013). Molecular 
plant-microbe interactions 26 835-843. [3] Morris B. 
E. et al. (2013). FEMS Microbiology Reviews 37 384-
406. [4] Mikucki J. A. et al. (2009) Science, 324, 397-
400. [5] Mikucki J. A. and Priscu J. C. (2007) Appl. 
Environ. Microbiol., 73, 4029-4039. [6] Canfield D. E. 
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Figure 1. The outflow fan at Blood Falls at the terminus 
of the Taylor Glacier. 
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Introduction:  Subsurface caves on Mars have 

long been thought of as protected subsurface environ-
ments of interest in astrobiology [1].  Compared to 
surface environments, caves may provide a more stable 
environment with minimal diurnal or seasonal tempera-
ture fluctuations and protection from wind and dust 
storms.  The rocks above caves, even if only a few me-
ters thick, would provide protection from harmful radi-
ation at the surface.  Specific geometric configurations 
may affect air flow and lead to conditions that are dif-
ferent than surface conditions.  Lava tube caves, in 
particular, appear to be abundant and widespread in the 
large volcanic regions of Mars.  Ice could be stable in 
lava tubes and low-altitude, low-latitude caves could 
maintain small amounts of liquid water under specific 
conditions. We have even found evidence of impact-
induced liquid water interaction with a subsurface void, 
which putatively could be a lava tube, in recent times.  
We hypothesize that lava tube caves may act as subsur-
face refugia that could enable life to survive through 
less habitable conditions, including possibly in modern 
times. 

 
Current Research and Results:  We are currently 

studying lava tube caves at Lava Beds National Mon-
ument (LABE), CA, as part of the CSA-funded 
“ATiLT: Astrobiology Training in Lava Tubes”.  Lava 
tubes on Earth are considered to be similar to lava 
tubes on Mars as they form in similar ways – during the 
cooling of basaltic lava flows.  LABE is in a high alti-
tude, semi-arid desert environment with little to no 
surface water.  Several hundred distinct caves have 
been documented in four main lava flows of the Medi-
cine Lake volcano.  While all are based on basaltic lava 
flows, each cave environment is different due to varia-
tions in lava composition and age, meteoric waters, 
secondary cave minerals, cave sediment fill, geograph-
ic setting, physical attributes (geometry, air flow, etc.).  
Even within a single cave, multiple microhabitats (e.g., 
floor sediments, primary rock, secondary minerals, drip 
pools, ice formations) can be found.  This offers the 
potential to document and study microbial diversity 
and controls on microbial colonization and develop-
ment.  Diverse cave environments likely host distinct 
microbial communities.  For example, at LABE, we 
have found that perennial ice and related ice-rock inter-
faces in some caves appear to favor cold-adapted mi-

croorganisms (Figure 1).  We are working to character-
ize this ice-associated microbial diversity in greater 
detail building on previous work by others focusing 
more on biofilms on cave surfaces at LABE [2], as well 
as studies of other cave systems [3].  We are also be-
ginning to probe the functional potential of the micro-
bial community to determine what adaptations they 
may be using to survive in this unique environment.   
To do so, we are combining the use of mission-relevant 
in situ analytical instruments (e.g., LIBS/Raman/IR 
spectroscopy) and the MinION DNA sequencing plat-
form.   Such an instrument suite, in a relatively low-
mass package, could conceivably detect and character-
ize microbial life in Martian lava tubes.   

 

 
Figure 1.  Aseptic sampling of perennial ice covering 
the floor of Cox Cave, Lava Beds National Monument, 
CA. 
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Introduction: The direct search for extraterrestrial 

life began in 1976 with the Viking Mission to Mars.  

The Labeled Release (LR) experiment obtained signals 

indicating extant microbial life. However, most scien-

tists considered the reactions abiotic.   Levin and Straat 

[1] describe the LR in the light of today’s increased 

knowledge and find support for biology.  Few scientists 

accept that conclusion [2], although many now view 

the LR results as ambiguous, re-opening the possibility 

of life. No life detection experiment has been sent to 

Mars in the 42 years since Viking.  I propose to resolve 

this key scientific issue by re-sending the LR with add-

ed chiral capabilities to Mars. 

 

Background for Life on Mars: Prior to Viking, 

little was known about the habitability of Mars.  Since 

Viking, many landers, rovers, orbiters, and observers 

from Earth have probed Mars.  On Earth, microorgan-

isms have been found living in environments similar to 

some on Mars.  Prospects for life on Mars have ranged 

from it being a dead planet without any liquid water to 

one with past habitability [3].  More recently, moder-

ately complex organic molecules have been found in 

Martian surface materials; even kerogen, a biodegrada-

tion material, has been indicated [4].  On the other 

hand, no life-inimical factor, including radiation [5] has 

withstood scrutiny. Thus, the time has come to attempt 

to resolve this paramount scientific question of our 

time: is there life beyond Earth? 

 

The Chiral LR is Definitive: The chiral LR builds 

on the great sensitivity of the LR (detecting as few as 

20 cells) and its perfect test history (no false positives 

or false negatives in thousands of tests).  The LR 

measures on-going metabolism, not a questionable bi-

omarker.  The experiment is augmented to detect chi-

rality of any reaction.  All known life forms, when di-

rectly metabolizing stereoisomeric molecules for ener-

gy, metabolize only the L- or D-form.  Chemical reac-

tions cannot distinguish between stereoisomers of any 

such molecule, reacting equally with both forms.  Thus, 

a chiral response offers strong support for its biological 

nature.   

 

Experimental Details: In keeping with scientific 

protocol, the Viking results would be tested by dosing 

Mars samples with the original Viking LR C14-labeled 

mixture of substrates.  Expanding the experiment, iso-

mers of the chiral substrates (alanine and lactate) 

would be offered separately to separate samples.  Addi-

tional radio-labeled chiral substrates would possibly 

include S35, such as cysteine.  If living organisms are 

present, the Viking LR results should be confirmed, 

and those substrates responsible identified. Responses 

from non-Viking substrates would increase knowledge 

about the Martian life. Sterilization or vital impairment 

of the soil by heat, anti-metabolites or adverse envi-

ronmental conditions would provide  “controls” [6] in 

addition to the chiral determination.      

 

     The Instrument, Avoiding Terrestrial Contami-

nation; Results: The tests and controls would be per-

formed by a battery of small projectile-type instru-

ments already in an advanced state of concept [7].  

Approximately 20-cm-long, each carries a single nutri-

ent in a vial.  An array of such instruments is mounted 

within a rotatable closed canister.  To prevent contami-

nation of the experiment with terrestrial microorgan-

isms, the canister would be heat-sterilized pre-mission.  

The canister would then be fixed to the spacecraft or its 

rover.  After the Mars landing, a canister brake would 

be released, allowing a vane on the canister to rotate it 

into the wind.  The canister would be mounted at an 

angle to  cause the projectiles, launched by their indi-

vidual squibs, penetrating the thin cover, to land about 

50 m upwind of the rover and/or spacecraft.  That will 

prevent contamination of the experiment by any terres-

trial microbes carried by the spacecraft.  The air-foiled 

instrument lands head-first, forcing surface material up 

its hollow nose-tube and breaking the nutrient contain-

er, wetting that sample.  (The nutrient had been heated 

above freezing within the  thermally-insulated projec-

tile prior to its launch).  A beta detector in the projec-

tile monitors any rising radioactive gas.  The accumu-

lating count data is sent to the spacecraft by a tiny FM 

radio in each projectile via its trailing antenna.  The 

entire array of test and control data would be relayed to 

Earth for analysis.   
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J.L. et al. (2018) Science, 360, 1096-1101, [4] Ibid, [5] 
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Introduction:  The Mars Organic Molecule Ana-

lyzer (MOMA, Figure 1) is a dual-source, ion trap-
based instrument capable of both pyrolysis-gas chro-
matography mass spectrometry (pyr/GC-MS) and laser 
desorption/ionization mass spectrometry (LDI-MS).[1] 
The complete instrument, a joint development between 
NASA and teams in Germany and France, serves as 
the core astrobiology investigation on the 2020 Exo-
Mars rover. The LDI mode of the MOMA instrument 
will be conducted at Mars ambient conditions and uti-
lized for the first time on Mars to detect refractory or-
ganic compounds and characterize host mineralogy, in 
achieving the mission’s main goal of searching for 
molecular “signs of life”. For more detailed analysis, 
advanced capabilities like selected ion accumulation 
(enhancement of specific mass ranges) utilizing Stored 
Waveform Inverse Fourier Transform (SWIFT) for 
selected ion ejection (the isolation and enhancement of 
specific mass ranges) and tandem mass spectrometry 
(MS/MS, for structural analysis) have also been real-
ized in LDI-MS mode.[2] As the MOMA flight model 
(FM) has been delivered to the European Space Agen-
cy in summer 2018 for integration and test, and the 
ExoMars landing site selected (Oxia Planum), the next 
focus will be the continued analysis of Mars analog 
samples to guider in situ surface operations and mass 
spectral data interpretation on ExoMars. 

 
Figure 1. MOMA flight instrument configuration. 
 
Sample Testing on MOMA ETU: The MOMA 

Engineering Test Unit (ETU) has been used for analog 
sample testing. Various type of minerals, organic 
standards, organic spiked samples, and more complex 
terrestrial analog samples have been tested.  The list of 
analyzed samples includes, carbonates like calcite and 

dolomite, silicates such as enstatite and forsterite, 
spiked samples such as amino acids doped in clay with 
perchlorate salt, and natural materials such as Yellow-
stone hot spring samples (e.g., Figure 2) and Atacama 
samples. The preliminary results are encouraging, 
demonstrating that the analytical capabilities of the 
MOMA instrument enable the main scientific goals to: 
1. detect and identify organic molecular structures; 2. 
analyze a range of volatile and nonvolatile compounds; 
and, 3. derive the inorganic geochemical context of 
organics.  The challenges encountered during simula-
tions of mission operations, such as excessive ion 
counts and observations of background peaks, under-
score the important roles of selected ion accumulation 
and MS/MS to improve the quality of the spectra and 
fidelity of interpretations. 

 
Figure 2. Mass spectrum, obtain from MOMA ETU, of 
the total lipid extract (TLE) of a Yellowstone hot 
spring sample. Lipids and other organics detected in-
clude diacylglycerols (DG); monogalactosyldiacyl-
glycerol (MGDG); sulfoquinovosyldiacylglycerol 
(SQDG); digalactosyldiacylglycerol (DGDG); chloro-
phyll a (Chl a), and b-carotene. 
 

Enhanced Analytical Capabilities: The number 
and mass range of ions that are generated from LDI of 
samples could result in complex and dense mass spec-
tra. The ability for MOMA to perform ion isolation 
and MS/MS allows the targeting of species despite this 
spectral complexity, thereby supporting detailed chem-
ical identification of unknown species. The measure-
ments collected on the ETU have shown that isolation 
of mass ranges about 100 Da wide (e.g, 100-200 Da 
range, 200-300 Da range, and so on) provide more 
detailed and better resolved  mass spectral results 
compared to wide mass ranges (e.g., 100-1000 Da sur-
vey mode).  

References: [1] W. Goetz et al. (2016) Int. J Astro-
bio. 15, 239-250. [2] X. Li et. al.(2017) IJMS, 422, 
177-187.  
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Introduction:  One of the key recommendations 

from the recent National Academies study on the state 
of astrobiology science is that “NASA’s programs and 
missions should reflect a dedicated focus on research 
and exploration of subsurface habitability…” and in 
particular the focused study of saline/hypersaline sub-
surface habitats.  On Earth, one such environment that 
could serve as an excellent model for study of extant 
life in Martian subsurface environments is the Pilot 
Valley Basin in Northwest Utah. 

Pilot Valley is a closed basin paleolake that con-
sists of hypersaline fluvial and lacustrine deposits. It 
hosts a shallow brine aquifer that encompasses the 
upper 6 m of basin fill and is maintained through sub-
surface groundwater flow by mountain-front recharge 
from the adjacent Silver Island Mountain Range (Fig-
ure 1). The only loss mechanism from the basin is ca-
pillary wicking and evaporation from the playa sur-
face. Pilot Valley is being studied as a geochemical 
and mineralogical Mars analog environment due to the 
presence of aqueous minerals similar to those found in 
multiple Martian paleolake basins; it can also serve as 
a sedimentological analog to Martian paleolake envi-
ronments as it contains the full sequences of 28 lake 
cycles going back over 800,000 years [1].   

 

 
Figure 1. Pilot Valley Basin, Utah. Image Credit: 

NASA Land Processes Distributed Active Archive Cen-
ter (LP DAAC). ASTER L1B. USGS/Earth Resources 

Observation and Science (EROS) Center,  Sioux Falls, 
South Dakota. 2000 

 

Pilot Valley is also being studied as a habitability 
analog for both ancient and modern Martian habitable 
zones due to the presence of an extensive microbial 
ecology throughout the 6 m expanse of the basin shal-
low aquifer.  

Microbial Ecology: Continuing research shows 
that the ecosystem present in Pilot Valley is organized 
into three distinct community groups.  This discrete 
assembly is most likely influenced by grain size among 
other lithological factors.  Because lithology is a factor 
that seems to influence community structure, this vari-
able could impact how, where, and what type of bi-
osignatures get preserved within this type of subsur-
face environment [2].   

Perchlorate-influenced Ecosystem: Recent exper-
imental results show that perchlorate reducing bacteria 
co-exist with the naturally-occurring perchlorate 
(NOP) present in the basin.  Research results also indi-
cate strong evidence of active microbial reduction of 
the NOP throughout the basin. This is the first poten-
tial finding of in situ perchlorate metabolism in a Mars 
analog environment and could serve as a model for 
possible extant ecosystems in the Martian subsurface 
[3]. 

References: [1] Lynch, K.L et al. (2015), JGR 
Planets, [2] Lynch, KL et al. (2016), LPI Contributions 
1912, [3] Lynch, K. L. et al (2018), Astrobiology, In 
Press. 
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Introduction: The discovery of life on Mars would rev-

olutionize science. Mars life would yield insight into the 

universal properties of living systems and the rules gov-

erning its formation, establishment, and evolution. One 

purpose of upcoming missions to Mars is to search for 

evidence of extant life. To accomplish this goal, it will 

be necessary to establish recommendations guiding in-

vestigative strategies. An open question is whether suf-

ficient analytic capacity can be delivered to Mars to de-

tect life in situ or whether the only credible path is to 

return samples to Earth. Since we cannot predict with 

any accuracy the form life might take, the answer to this 

question depends the methods necessary to account for 

variables in potential forms.  

Life detection strategies:  In early 2018, the Interna-

tional Mars Sample Return Objectives and Samples 

Team (iMOST) described the value of returning sam-

ples to Earth and outlined investigative strategies to as-

say for evidence of extant life [1]. One aim was to iden-

tify a suite of methods that encompass a broad definition 

of life. Since detecting and characterizing life in ex-

treme environments is a common goal in extreme envi-

ronments on Earth, proposed methods were modeled on 

terrestrial methods (Fig. 1). These methods fall into 

three broad categories: 

(1) Identify and characterize molecules that are di-

agnostic of organisms that are either alive, or were re-

cently alive. Molecules to target are low-stability mole-

cules such as ATP, phosphoenolpyruvate, chiral amino 

acids, and nucleic acids. If Mars and Earth life share a 

common ancestor, nucleic acids would be the genetic 

material of Mars life. This would enable detection and 

characterization through methods such as meta-

genomics. 

(2) Detect evidence for metabolism and respiration. 

In this strategy, samples would be incubated with 

‘heavy’-isotope-labeled substrates using various combi-

nations of deuterated water, 13C- or 15N-labeled sub-

strates, and other stable isotope labeled substrates. Un-

like the Viking mission, substrates would encompass a 

variety of metabolic strategies not limited to hetero-

trophic growth. 

(3) Perform growth experiments to determine 

whether organisms are capable of reproduction in cul-

ture experiments. Success in cultivation would be the 

ultimate proof of extant life. To maximize the possibil-

ity of growing life, growth conditions would simulate 

the martian environment as closely as possible.  

Conclusions and future directions:  The sobering re-

ality is that an in situ mission can only handle equipment 

and sample preparation in one small component of the 

rover. While the rover has limited capacity to house an-

alytical equipment and perform multi-step sample prep-

aration procedures, returned samples can be analyzed in 

a wide range of Earth’s most sophisticated laboratories. 

Returning samples would provide a logical and system-

atic way of approaching the problem. A primary goal of 

this conference is to critically evaluate life-detecting 

methods, identify which are critical to the objective of 

detecting evidence for life, and to determine what would 

need to be done in possible upcoming missions (e.g. 

sample return, multiple return missions, expeditions to 

environment that might support 

life).   

References: iMOST (2018), The 

Potential Science and Engineering 

Value of Samples Delivered to Earth 

by Mars Sample Return,. 

https://mepag.jpl.nasa.gov/reports.cfm. 

[2] Emerson J.B. et al (2017) Microbi-

ome, 5, 86. 

 

Figure 1: Common methods for 

detecting and differentiating be-

tween live, dead, and dormant 

cells in terrestrial samples. A 

subset of investigations recom-

mended for initial investigations 

into Mars return samples are out-

lined in bold. Adapted from Em-

erson et al (2017) [2].  
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Introduction:  Recent discoveries in ancient Gale 

crater mudstones of chlorinated hydrocarbons [1], 
sulfur containing organic compounds [2], fragments 
of macromolecular carbonaceous material [1] as well 
as seasonal variations of atmospheric methane [3] 
motivate a vigorous ongoing and future search for 
signatures of extant or extinct life. Mass spectrometer 
based techniques are among the essential tools needed 
to search for carbon chemistry based biosignatures 
revealed in molecular structure and patterns.  

An agnostic approach assumes that while these 
features may not be identical or even similar to those 
expressed by terrestrial life they will nevertheless be 
distinct from the randomness that is characteristic of 
organic compounds produced by abiotic processes 
such as radiation in space environments. Among the 
attributes identified in the recent National Academies 
astrobiology strategy report [4] and in previous stud-
ies [5] that mass spectrometers can probe are chirality 
and structural isomeric preferences as well as molecu-
lar weight patterns in homologous chemical series and 
chemically complex virus-like structures.  

Organics Extraction, Derivatization, and Sepa-
ration Methods: A broad search for molecular bi-
osignatures will require sampling of a range of vola-
tile and refractory compounds and a range of molecu-
lar polarities across a wide range of molecular mass 
values. Thermal or solvent extraction of organics will 
be necessary for some analysis methods. The Sample 
Analysis at Mars (SAM) instrument [6] presently op-
erational in Gale crater and the Mars Organic Mole-
cule Analyzer (MOMA) instrument [7] to be integrat-
ed into the ExoMars rover both employ gas chro-
matograph mass spectrometer (GCMS) and chemical 
derivatization (CD) techniques. GCMS enables a de-
finitive identification of nonpolar compounds; CD 
with GCMS can identify more polar biotic or prebi-
otic compounds such as amino acids and lipids, and 
can quantify the stereo chemistry of targeted mole-
cules.  

Complex Molecules and Tandem Mass Spec-
trometry: The MOMA ion trap mass spectrometer 
additionally incorporates a powerful laser desorption 
ionization (LDI) technique [8] to introduce nonvola-
tile, higher-molecular weight molecules into the ana-
lyzer. This technique helps mitigate the potential 
combustion or degradation of organic compounds that 
may complicate their analysis using pyrolysis tech-

niques. Furthermore, the linear ion trap enables tan-
dem mass spectrometry (or MS/MS) that by isolation 
and then collisional fragmentation of selected ions in 
the trap provides additional information regarding 
chemical structure. 

An Orbitrap for Ultra-high Mass Resolution: 
Unambiguous determination of molecular stoichiome-
try and removal of isobaric interferences can be real-
ized with an Orbitrap™-based mass analyzer [9] de-
rived from recent substantial advances [10] with wide 
commercial impact. When integrated with a pulsed 
UV laser source, mass resolutions of m/Dm >  
120,000 have been realized with ~3 ppm of mass ac-
curacy [9]. Detection and identification of < 1 
pmol/mm2 have been recently demonstrated [9] and 
with these advances this technology is rapidly moving 
toward spaceflight readiness. 

Laboratory for Agnostic Biosignatures (LAB): 
LAB [11] is a recently-formed Network for Life De-
tection (NFoLD) team led out of Georgetown Univer-
sity (Fig. 1). Its advanced mass spectrometry studies 
are relevant to LAB’s molecular complexity focus 

 
Figure 1. LAB led by Sarah Johnson of Georgetown 
University brings together diverse disciplines and 
technologies to address extraterrestrial biosignatures 
without assumptions of a particular biochemistry. 
where MS/MS analyses of a range of biotic and abiot-
ic standards are implemented to explore the utility of 
Pathway Complexity biosignature measures [12].  

References: [1] Freissinet C. et al. (2015) JGR, 
120, 495. [2] Eigenbrode J.L. et al. (2018) Science, 
360, 1096. [3] Webster, C.R et al., Science, 360,1093. 
[4] The National Academies Press, Washington, D.C. 
https://doi.org/10.17226/25252. [5] Summons, R.E. et 
al. (2008) Space Sci Rev, 135, 133. [6] Mahaffy P.R. 
et al. (2012) Space Sci Rev, 170, 1. [7] Goesmann F. 
et al. (2017) Astrobiology, 17, 655. [8] Xiang L. 
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The isotopic composition of minerals formed by 

microbial processes can be used as biosignatures, but 

this approach yields notoriously ambiguous results if 

abiotic processes induce similar isotopic fractionation 

with microbial processes. A specific example is the 

sulfur isotopic composition (δ34S) of gypsum 

(CaSO4.2H2O) formed in the sulfidic Frasassi caves in 

Italy, Earth. Even though sulfur-oxidizing microbes 

such as Acidithiobacillus sp. are the primary drivers of 

sulfide oxidation to sulfate, the δ34S values of gypsum 

within a cave room are only depleted by up to 8‰ rela-

tive to the H2S source [1], which also overlaps with the 

range expected from abiotic H2S oxidation [2]. There-

fore, no strong case can be made for a biosignature 

signal at first glance.  

The viewpoint changes however if we consider iso-

topic expression in the context of transport processes 

and the faster kinetics of microbial H2S oxidation com-

pared to abiotic reaction [3]. In the caves, the sulfide 

source is transported as H2S gas that continuously cir-

culates along the walls. The fast kinetics of microbial 

sulfur oxidation leads to isotopic distillation of H2S 

over a few meters that is reflected in the trend between 

height (or distance) and gypsum δ34S along sections of 

the cave wall (Fig. 1). The slower abiotic H2S oxida-

tion cannot produce the same trend over a few meters, 

but may eventually produce a similar trend over a few 

tens to hundreds of meters. Therefore, the length scale 

of sampling is a primary consideration in detecting this 

biosignature, one that we term as a type of spatial iso-

topic biosignatures.  

The processes causing spatial isotopic biosignatures 

are not limited to caves on Earth. For example, we hy-

pothesize that spatial isotopic biosignatures may also 

arise from acid mine drainages where Fe(II) is released 

and continuously oxidized by microbes to Fe(III)-

oxides along a stream flow path. On Mars, subsurface 

life utilizing Fe and S may also result in spatial isotopic 

biosignatures that are recognizable even in the absence 

of extant life as we know it.   
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Figure 1: Gypsum δ34S approaches the isotopic composition 

of the H2S gas within a few meters due to fast microbial oxi-

dation.  
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Introduction:  Terrestrial permafrost is sustained 

on Earth in vast expansive regions with surface tem-

peratures below the water freezing point.  Specifically, 

in Antarctica where the average surface temperature 

does not exceed the freezing point, specific surface 

change processes are not present.  This includes frost 

heaving, patterned ground formation, soifluction, 

gelifluction, cryoplanation, thermokarst, etc. [1] This is 

because a water-containing active layer does not form 

at the top layer.  

  

These features characteristic of active layer pro-

cesses are apparent on Martian surface, especially, at 

the northern and southern polar caps.  Using highreso-

lution surface images provided by MOC camera, sev-

eral types of permafrost-related features are witnessed 

but we will focus on Martian polygons.  

  

Martian polygons share similarities to terrestrial ice 

wedges which is the result of surface modifications due 

to activities of the active layer of permafrost. Terrestri-

al polygon-shaped areas are also common in regions 

with fine-grained sediments such as in the North and 

Norwegian Sea. [2] This suggests that, where surface 

temperature routinely exceeds the water freezing point 

such as around the equatorial zone, there may have 

existed seasonal temperature fluxations.   This condi-

tion may have created an ideal environment for the 

thawing and sublimation of ice in Martian permafrost.  

However, the current data that has been collected in 

this region, suggests that there is currently no water 

available for the creating of an active zone.  Since there 

is currently no permafrost present, it is assumed that if 

Martian polygons were to have formed due to perma-

frost-related processes that it needed to have been from 

a different climatic regime.  

  

The probable explanations for the formation of an 

active layer in pre-historic times are many.   Astronom-

ical forcing which describes the planetary spin and 

orbit parameters may have greatly influenced the crea-

tion of an active layer.  The eccentricty of Mars and the 

characteristics of its spin axis may cause regular pat-

terned fluctuations that can influence surface tempera-

ture. The obliquity of the planet’s axial tilt is also 

thought to be a strong driver for planetary climate 

change that may have given rise to an active layer in 

pre-historical Martian permafrost. [3]  

  

If Martian permafrost exists today, there should be 

substantial differences in characteristics between ter-

restrial and Martian permafrost.  Assuming the atmos-

pheric properties were relatively similar in the past as it 

is in the present, the thin atmosphere, as well as, the 

non-existence of green house gases, suggests that the 

planet has an annual average surface temperature be-

low the water freezing point.  Cold permafrost would 

form in this condition; however, no active layer would 

be present due to lack of temperature fluctuations.   

  

Should there be fluxations above the waterfreezing 

point such as in the summer around the equatorial 

zone, the thickness of an active layer is likely to be 

similar between that of Mars and Earth.  The reasoning 

behind this is because although there may be a thinner 

active layer due to lower cold-season temperatures 

slowing the propagation of the thawing wave, this is off 

balanced by the warmer season due to longer summer 

days at high obliquity. [4]  

  

Based on historical data relating to the changes of 

Martian obliquity, the angle of twist is likely to remain 

the same.  With the understanding that the obliquity of 

the planet to be a major driver of climate change, it is 

not likely that temperature conditions will change sub-

stantially from what exists today and therefore perma-

frost and the formation of an active layer is unlikely.  
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Introduction:  The search for life on Mars remains 

one of the many pressing questions of modern time. 

Previous investigations, most notably but amongst oth-

ers, the Viking mission Labeled Release Life Detection 

Experience showed results of Martian microbial me-

tabolism [1].  However, in the last 30 years, specula-

tions of the validity of the experience as it failed to 

detect presence of organic matter and the presence of 

hydrogen peroxide in the Martial soil has been ques-

tioned.  NASA pivoted to the indirect strategy of the 

presence of water to address the life issue. Thermody-

namic theory and experimental evidence increasingly 

indicate the presence of liquid water on Mars [2] [3] 

[4]. Supported by recent information provided by the 

Martian rovers, the detected Methane and formalde-

hyde commonly associated with metabolism, is shown 

to be more than what can be supported by the pre-

sumed volcanic activity on Mars. 

Instrumentation: The TWEEL suite of experienc-

es is based on carbon labelling technique of the Viking 

LR experience [5]. It includes assessing chirality in 

metabolism, circadian rhythm, photosynthesis, pene-

trability of soil, and surface temperature of soil to un-

derstand if conditions are met to for an environment 

conducive to life as we know it. Refer to Figure 1 for 

the instrumental breakdown. 

The Solid State Spectral Imager (SSSI) is a new 

method employed to detect living organisms. BEST is 

the analytical basis of SSSI and the foundation for the 

biogeochemical library using wavelengths as single 

points in a 24-dimensional hyperspace. Refer to Figure 

2 for component breakdown. 

 

 
Figure 1: TWEEL and SSSI  [6] 

 

Figure 2: SSSI Composition 

 

Results: The aforementioned use of investigating 

elements of chirality, photosynthesis and circadian 

rhythms gives TWEEL/SSSI instrument ability to dif-

ferentiate between chemistry and biology to identifying 

Earth-like biological system and biology that might 

utilize sugars and amino acids [7]. 

The findings by Levin et. al. (2007) indicate that 

cryptic microorganisms in the upper layers of the Mar-

tian regolith could very well have initiated both meta-

bolic activity and replication. Hence, the LR life detec-

tion experiment may very well have yielded valid de-

tection of microbial life on Mars, which was erroneous-

ly attributed by many to a chemical rather than a bio-

logical phenomenon [8]. 

The TWEEL/SSSI results are  able to provide some 

cursory information for the evolution and extend of 

Earth-like life based on photosynthesis and circadian 

rhythm components which we understand are funda-

mental aspects of terrestrial life. 
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Introduction: Boron is a rare water-soluble ele-

ment found in organic-rich soils on Earth often in as-

sociation with biologic activity [1]. Boron typically 

occurs as borate in water and will bind to 2:1 phyllo-

silicates when introduced by groundwater or other 

fluid process [2]. The pH of the borate fluid is integral 

in affecting boron sorption to these clay minerals, with 

a pH range of 8–9 providing the peak sorption up to 

~300 ppm [1]. Martian groundwater is hypothesized to 

have been near-neutral to slightly alkaline [3], so mar-

tian groundwater provides an optimal pH level for bo-

ron uptake by clay minerals. Boron has been detected 

frequently within martian calcium sulfate veins by 

ChemCam on the NASA Curiosity rover in relatively 

significant quantities [4].  

It has been hypothesized that boron may be a vital 

aspect for prebiotic processes to occur on Earth and 

possibly on Mars [4,5]. The formation of boron-ribose 

complexes [6] helps to stabilize ribose in solution, 

where it would normally break down rapidly in the ab-

sence of boron [6]. Ribose is integral for the formation  

of RNA, so its stability is integral for life to arise. With 

boron found on Mars, this creates the potential for life 

to develop independently on Mars [4].  

Methods: We have generated boron-enriched 

clay minerals in the lab at a range of different pH con-

ditions. These borate-clay samples will be used to test 

their interactions with ribose. The relationship be-

tween boron adsorption and pH was studied in both 

Mars-like clays and common terrestrial clay minerals 

including montmorillonite and talc, and Mars analogs 

such as saponite, nontronite, and griffithite [7].  

Using the methods described in [1], we mix a 100-

150 mg B/L solution made from boric acid (H3BO3) to 

each clay sample and shake for 3 hr. Samples are 

mixed and then centrifuged at 2600 rpm for 1 hour and 

supernatant is removed. The remaining boron-en-

riched clay is rinsed with a pH-similar fluid. We will 

vary pH from to 6 to 11 in increments of 0.5 for each 

clay type to determine the relationship between pH 

and boron adsorption. 

Clay samples have been analyzed with Laser In-

duced Breakdown Spectroscopy (LIBS), the method 

used by ChemCam that detected boron, as well as with 

Inductively Coupled Plasma Optical Emission Spec-

troscopy (ICP-OES), Inductively Coupled Plasma 

Mass Spectrometry (ICP-MS), a neutron activation 

analysis for baseline B abundance, a colorimetric 

method using azomethine-H, and X-Ray Diffraction 

(XRD). LIBS spectra collected with the ChemCam en-

gineering unit at LANL will be directly compared with 

ChemCam on Curiosity. ICP-OES and ICP-MS have 

been used for chemical analysis to determine and cal-

ibrate the LIBS chemical analysis. XRD and Raman 

spectroscopy provides mineralogical analysis for the 

samples. These methods will characterize the samples 

and be used for comparison with the current Curiosity 

and the future Mars 2020 rover datasets.  

Preliminary Results: Initial analysis has in-

cluded XRD, LIBS and ICP-OES of some samples to 

form a baseline mineralogy and chemistry. XRD re-

sults displayed the expected phyllosilicate peaks indic-

ative of smectite clays; however, they also indicated 

that some samples are impure. The saponite and grif-

fithite also contain minor amounts of plagioclase and 

pyroxenes, but these minerals do not adsorb borate, so 

they are not expected to affect the results of future 

analyses. The samples were also analyzed with LIBS 

for baseline chemistry to compare with chemical anal-

ysis via mass spectroscopy. A preliminary sample 

used for boron sorption tests had LIBS detect 0.67 

wt% B (~5000-6000ppm) which was within range of 

what had been detected via ICP-OES (~3000 ppm). 

ICP-MS results of a clay sample from the Rio Tinto 

boron mine revealed a B concentration of 967 ppm, 

while most of the other samples contained less than 10 

ppm. An understanding of the baseline mineralogy and 

chemistry is essential for comparing the samples be-

fore and after sorption of boron to the clays. 

Implications:  This project represents the first bo-

ron-clay adsorption experiments for Mars-like clays, 

which will provide new insight on the geochemical be-

havior of martian clays in association with boron and 

may allow us to infer the amount of boron present in 

Martian bedrock. Understanding boron-clay dynamics 

will allow us to relate terrestrial and Martian boron-

enriched clays and also improve our boron detection 

techniques on Mars. Boron-clay relationships will 

form the basis for future work on the analysis of bo-

ron-enriched clays on prebiotic processes on Mars [8].  
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Introduction: Large impact craters can provide 

conditions for access to deep life-containing groundwa-
ter reservoirs on Mars providing evidence for extant life 
on Mars. Mars habitability research focuses on identify-
ing conditions where microbial life could have evolved 
or flourished, and organic molecular evidence of pre-bi-
otic or biotic activity. Finding extant life is a more dif-
ficult question, as the current climate is either too cold 
or too dry on the surface [1]. However, the PREVCOM 
report [2] concluded the existence of favorable environ-
ments for microbial propagation on Mars could not be 
ruled out. They argued that habitable environments 
could form due to a disequilibrium condition, for exam-
ple by a landslide or impact. Examination of such recent 
events in Mars history could lead to finding evidence 
that reservoirs containing extant life still exist on Mars. 
Deep aquifers have long been considered the most likely 
location for the current presence of life on Mars, and the 
detection of methane provides the most intriguing clue, 
but not definitive evidence for deep life. 

Large Craters and access to deep reservoirs: 
Where to look then? Terrestrial analog studies and rover 
studies of craters on Mars show that large impact craters 
penetrated deep into Mars with likely connections to 
deep aquifers. Throughout Mars history heated lakes on 
Mars may have formed habitable Petri dishes where life 
could have potentially evolved in situ or flourished 
[3,4]. Lakes on Mars provided a habitat for organisms 
to flourish that evolved in another location on Mars, like 
deep aquifers or elsewhere in the solar system.  

Lakes in impact craters could have remained liquid 
for thousands of years, even under cold conditions like 
today [3], especially with a denser atmosphere during 
favorable obliquity conditions or an impact induced at-
mospheric pressure increase. Larger diameter impact 
craters have more heat to power hydrothermal systems 
from impact processes, resulting in longer-lived lakes 
[3,4]. Larger and deeper lakes will also take longer to 
freeze under cold conditions. By analogy to Earth, 
deeply-sourced fluids could also have contained micro-
bial life [5] and allowed the rapid colonization of a lake, 
even after the sterilization of the target rocks due to the 
impact. Additionally, deeply-sourced fluids can supply 
necessary components for life, including hydrogen, me-
thane, hydrogen sulfide, and other elements used in 
chemolithotrophic metabolism [6, 7]. 

The discovery of phyllosilicates in martian terrains, 
including Gale crater lake sediments suggests relatively 
neutral pH surface water, conducive to terrestrial type 

life [8]. Furthermore, alteration materials in the rela-
tively young basaltic martian meteorites suggest that 
waters equilibrated with basaltic rock in the deep crust 
will have a neutral pH [9]. Recent discovery of boron, a 
precursor for life, in veins of Gale Crater by ChemCam 
are also attributed to groundwater [10]. 

Supply of groundwater to a lake, in contrast to sur-
face water, depends on the thickness of the penetrated 
aquifer, and the available supply of water. The largest 
uncertainty in groundwater flow calculations [11] is the 
regional permeability, which can vary over many orders 
of magnitude, especially if faults associated with craters 
penetrate the aquifers. Assuming a plausible permeabil-
ity Harrison and Grimm, [11] calculate a flood volume 
of approximately 200 km3 over a 30-day period deliv-
ered to a circular point source from a thick regional aq-
uifer. This volume would fill a 70 km diameter crater to 
a depth of about 500 m in about 30 days. Shallow aqui-
fers can also be accessed in craters, leading to late ero-
sional features as seen on the Peace Vallis fan in Gale 
crater [12]. A recent denser atmosphere due to climate 
change may also have led to a better chance to preserve 
evidence of extant life from deep reservoirs [13].  

Conclusions: Large impact crater formation can 
penetrate deep aquifers and create deep radial and con-
centric faults that can serve as fluid conduits, suggesting 
deposits on crater rims, central uplifts and on crater 
floors are likely places to look for evidence of extant life 
[4]. The ongoing mission of Curiosity in Gale and the 
possible traverse of the Mars 2020 rover from the floor 
of Jezero crater and up the crater wall could allow ac-
cess to evidence of relatively recent life, although find-
ing actual extant life is exceedingly unlikely. Studies of 
large terrestrial craters (e.g. Chicxulub) should be en-
couraged by NASA to better understand their deposits 
and deep structures that may be important on Mars. 
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Introduction:  Earth’s caves have provided valuable 
analogues for exploring best targets for life detection 
on extraterrestrial bodies [1, 2]. Microorganisms in 
Earth’s lava caves create a variety of visible features 
visible that range from secondary mineral deposits to 
microbial mats that line cave surfaces. We hypothe-
sized that secondary mineral shape, texture, vertical 
heterogeneity, and color would be predictive of the 
extent of potential microbial content and microbial 
diversity. Our goal was to see if these features form a 
continuum from very mineral to microbial in appear-
ance, which could be used to inform best targets for 
robotic missions. To characterize this proposed contin-
uum, we investigated the bacterial and archaeal diver-
sity a variety of  features in Lava Beds National Mon-
ument (LABE, northern California, USA) in 2017–
2018 as part of BRAILLE (Biologic and Resource An-
alog Investigations in Low Light Environments), a 
research project sponsored by NASA’s Planetary Sci-
ence and Technology in Analog Research program.  
Among BRAILLE’s objectives is the characterizing of 
mineral biosignatures in lava caves, in order to en-
hance remote capabilities for detection of life (past or 
present) on extraterrestrial bodies, such as Mars, where 
lava caves have been detected. Our work aims to de-
termine the degree to which lava cave secondary min-
eral deposits contain microorganisms in order to en-
hance future robotic life detection strategies. Samples 
were collected aseptically from several lava caves in 
LABE, distinct in age, lava flows, cave geometry, and 
human visitation. Secondary mineral samples were 
selected that included a variety of textures and shapes 
such as polyps, round knobs, corraloids, cauliflower-
like structures, and ooze-like biofilms.  Microbial mat 
samples that were, white, tan, or yellow in color were 
also sampled. 
 Scanning electron microscopy (SEM) re-
vealed several common potential microbial forms, in-
cluding fuzzy and smooth filaments, rods, spheroids, 
and beads-on-a-string structures. Energy-dispersive X-
ray spectroscopy (EDX) revealed that silica-rich films 
covered extensive portions of most of the samples ex-
amined. Some calcite deposits were also detected. Sec-
ondary mineral deposits contained a higher abundance 
of smooth filaments, fewer instances of microbial col-
onies, and less microbial morphologies overall. Micro-
bial mats, on the other hand, exhibited extensive mi-
crobial morphologies, with a greater proportion of 

fuzzy rods, fuzzy filaments, and beads-on-a-string 
shapes, with some variation across differently colored 
mats.  
 Microbial community structure was character-
ized on the Illumina platform using domain-specific 
primer sets targeting Bacteria and Archaea, which in-
cluded the bacterial primer 515F, and the archaeal spe-
cific primer 519F. Both mineral and microbial mat 
samples exhibited extensive microbial diversity, but 
10X DNA was recovered from microbial mat samples 
in comparison to the most mineral samples. Composi-
tion at the bacterial phylum level showed some varia-
tion across mineral and mat samples. Actinobacteria, a 
dominant cave bacterial phylum, was present at mod-
erate abundance across mat samples and some mineral 
samples. One bacterial phylum in particular, Nitrospi-
rae, was more abundant in microbial mat samples than 
in secondary mineral samples, however. Nonmetric 
dimensional scaling (NMDS) plots of diversity dissim-
ilarities of both archaeal and bacteria sequences re-
vealed that mat samples are more similar to each other 
than mineral samples are to each other, and are very 
dissimilar to mineral samples. Our results suggest that 
a variety of mineral deposits are worth investigating as 
potential targets for life detection in Earth and extrater-
restrial caves. Understanding which mineral textures, 
shapes, color and compositions are most predictive of 
the presence and extent of microbial life will enhance 
future robotic life detection strategies. 

References: [1] Boston P. J. et al. (2001) Astrobi-
ology Journal, 1, 25-55. [2] Northup D.E. (2011) As-
trobiology, 11, 601-618.   
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Introduction:  In attempt to discover signs of life 

on Mars, NASA’s 2020 mission will be the first ex-
ploration of its kind in which extraterrestrial samples 
will be collected and stored for a future return to 
Earth. Field Exploration and Life Detection Sampling 
through Planetary Analogue Research (FELDSPAR) 
performs Martian analogue studies to inform sampling 
strategies of sample return missions like that of the 
Mars 2020 mission, ensuring the most relevant sam-
ples are returned to Earth.  

Iceland is a good analogue for Mars due to its cold 
temperatures, volcanic regions, and minimal anthro-
pogenic contamination. The field site at 
Dyngjusandur is an alluvial plain where the sediment 
is regularly mechanically redistributed, which is the 
likely cause of its continued barrenness, and thus 
serves as an analogue for basaltic alluvial plains on 
Mars.  

In 2017, after an initial exploratory campaign in 
2016 (sister abstract by Sutton et al), samples were 
collected in nested triangular grids from 10 cm spac-
ing to 1 km spacing. In-field analyses included near 
IR spectroscopy, X-ray fluorescence, and overhead 
imagery at elevations up to 200 meters. ATP content 
was analyzed in a field lab and used as a biomarker to 
test biological activity in the samples. Moisture con-
tent, grain size, XRD, and qPCR are ongoing in the 
home lab and preliminary results show that some geo-
chemical parameters dictate habitability[1]. Addition-
ally, biochemical analyses indicate that, due to the 
stochastic nature of biology, that at least three sam-
ples collected at 10 cm spacing are required to repre-
sent the biological levels and activity of a site[2]. This 
is also the first study that can provide temporal data 
on this alluvial site, by comparison of the 2017 data 
with the 2016 data (detailed in sister abstract by Sut-
ton et al).   

Work is ongoing to build a model that predicts 
habitability from geochemical and geophysical char-
acteristics alone, and will hopefully contribute to a 
sampling strategy that results in the Mars 2020 rover 
finding the samples with the greatest chance of har-
boring signs of life on Mars.   

References: [1] Amador, E. S., Cable, M. L., 
Chaudry, N., Cullen, T., Gentry, D., Jacobson, M. B., 
Murukesan, G., Schwieterman, E. W., Stevens, A. H., 

Stockton, A., Yin, C., Cullen, D. C. & Geppert, W. 
(2015) Planetary Space Science, 106, 1-10. 
[2] Gentry, D. M., Amador, E. S., Cable, M. L., 
Chaudry, N., Cullen, T., Jacobsen, M. B., Murukesan, 
G., Schwieterman, E. W., Stevens, A. H., Stockton, 
A., Tan, G., Yin, C., Cullen, D. C. & Geppert, 
W.(2017) Astrobiology, 17, 1009-1021. 

Additional Information: For any questions or 
concerns, please email cnovak7@gatech.edu or call 
(912) 306-0775.  

5005.pdfMars Extant Life: What's Next? 2019 (LPI Contrib. No. 2108)



MICROBIAL COMMUNITY CHARACTERIZATION OF LAVA TUBE ICE ON EARTH TO 

DETERMINE ITS HABITABILITY ON MARS. B.R.W. O’Connor1,3, R. J. Léveillé2,3, L. G. Whyte1,3, 
1Department of Natural Resource Sciences, Macdonald Campus, McGill University, Montreal, QC, Canada, 
2Department of Earth and Planetary Sciences, McGill University, Montreal, QC, Canada, 3McGill Space Institute, 

McGill University, Montreal, QC, Canada. 

Introduction: To date most of the research 

characterizing the habitability of Mars has been 

largely confined to the surface.  However recently it 

has become widely accepted that if extant/extinct life 

does exist on Mars it is much more likely to be 

preserved in the subsurface.  Lava tubes identified on 

Mars provide access to the subsurface and may 

provide many of the conditions necessary for the 

persistence of life or the preservation of biosignatures.  

Martian lava tubes would provide constant stable 

temperatures, and protection from surface radiation.  

Specifically, the notion that water in the form of ice 

may be stable within Martian lava tubes greatly 

increases their habitability [1,2] as hypothetical 

Martian microbes could remain viable/active within 

the thin microscopic channels of liquid water formed 

in the ice due to local melting by solutes [3].  It has 

been our goal as part of the “ATiLT: Astrobiology 

Training in Lava Tubes” funded CSA FAST grant to 

characterize the microbial communities of lava tube 

ice to determine if this environment could support a 

microbial ecosystem on Mars. 

Results: During the summer of 2017 and 2018 we 

collected ice samples from lava tubes within Lava 

Beds National Monument, CA, USA.  Effort was made 

to collect a diverse set of ice samples from the various 

lava tubes visited.  We collected samples from ice 

floors, ice stalagmites as well as samples which varied 

in terms of the concentration of particulate matter 

visible within the ice. 

The microbial community appears to be cold 

adapted with 24-74% of cultured microorganisms 

capable of growth at 5°C (classified as psychrophiles 

and psychrotrophs) and abundant with heterotrophic 

cell counts ranging from 106-109 cells/ml. 

Determination of the microbial community 

composition by Illumina 16S rRNA sequencing 

returned 21,744 unique ASV’s which were grouped 

into 11,476 taxonomic classifications.  The 

community was primarily composed of members of 

the phyla Actinobacteria (15-71%), Bacteroidetes (11-

40%), and Proteobacteria (1-39%), all of which are 

found ubiquitously in other cave environments. 

Biomineralization experiments performed to 

determine the metabolic activity of the lava tube ice 

microbial communities at near in situ conditions 

revealed the community to be metabolically active at 

above (5°C) but not subzero (-5°C) temperatures, 

possibly owing to the difficulty in respired CO2 

diffusing out of ice.  Biolog assays however, were able 

to detect microbial activity at above and subzero 

temperatures on many heterotrophic carbon sources.  

These assays revealed the heterotrophic functional 

diversity of the microbial communities to be high at 

both incubation temperatures.  Interestingly however, 

in almost all cases no difference in heterotrophic 

carbon source utilization was observed between the 

incubation temperatures suggesting heterotrophic lava 

tube ice microbial communities don’t modify their 

metabolism in response to freezing temperatures.  

Taken together these results illustrate a cold adapted 

and metabolically active microbial ecosystem and 

suggest lava tubes remain a promising target to find 

life on present day Mars. 

References: [1] Williams et al. (2010) Icarus, 209, 

358-368. [2] Léveillé and Datta (2010) Planet. & 

Space Sci., 58, 592-598. [3] Price (2007) FEMS 

Microbiology Ecology, 59, 217-231. 
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Introduction:  Earth’s deep subsurface is perhaps the 
closest analogue for the study of Martian habitability, 
owing to the hypothesized similarity of each planet’s 
subsurface geology and the irrelevance of atmospheric 
or radiative factors. As such, terrestrial subsurface 
lithoautotrophic microbial ecosystems (SLiMEs) are a 
promising area of astrobiological study. Hypersaline 
subsurface ecosystems are of special interest because 
of their likely occurrence on present day Mars [1]. 
During the formation of the cryosphere the fractional 
crystallization of ground water will form a residual 
brine. On Earth, salt-saturated brines are mostly asso-
ciated with Phanerozoic salt deposits and saline ground 
waters and brines hosted in Precambrian crystalline 
rocks [2].  At Kidd Creek mine in Canada, brines dis-
covered in ore deposits have been  isolated from the 
surface for billions of years [3] in a setting with a rela-
tively low thermal history (<100°C) for the past 2 bil-
lion years. Such brines provide terrestrial analogues to 
the past and present Martian subsurface, and potential-
ly provide clues as to whether subsurface abiotic or-
ganosynthesis reactions lead to the emergence of life. 

In early 2018 we discovered a brine reservoir  in 
the Archean Kaapvaal Craton of South Africa. Sam-
ples were collected of high temperature brine from 3.0 
to 3.1 km underground in the Moab Khotsong gold 
mine, South Africa (26.98°S, 26.78°E). The host shale, 
quartzite, conglomerate, and amygdaloidal lava are 
referred to as the West Rand Group (a part of the Wit-
watersrand Supergroup), and were deposited between 
3.1 to 2.9 Ga and intruded by 2.7 Ga mafic sills. The 
brines are associated with the contact zones between 
the mafic intrusions and host rock and occur between 
2.55 km to 3.4 km below ground. Brine temperatures 
range from 48 to 55ºC and pressures are over 100 bars. 

One sample collected at 3 km depth exhibited high 
concentrations of Cl- (4.3 M), Na+ (1.3 M), and Ca2+ 
(1.5 M), with minor amounts of sulfate (0.8 mM), ni-
trate (14 µM), total Fe (2.8 mM), Mg (5.3 mM), ace-
tate (30 µM), and formate (198 µM). Another sample 
at 3.1 kmbls  contained high level of Cl-  (4.2M), lower 
concentration of sulfate (0.2 mM), nitrate (7.4 µM), 
but much greater acetate (259 µM), and formate (684 
µM) concentrations. A gas sample collected at 3.1 km 
was mainly CH4 (62 vol-%), followed by He (16 vol-
%), N2 (15 vol-%), H2 (4.8 vol-%), Ar (1.6 vol-%), and 
higher hydrocarbon gases including alkylsulfides. The 
carbon isotope signatures of CH4 and higher hydrocar-
bon gases suggest an abiogenic gas source produced by 
water–rock reactions. Epifluorescence microscopy and 
SEM imaging revealed microbial cells in one borehole 
at 104 cells/mL. This is noteworthy given the energetic 
tax imposed by high salinity environments. Moab 
Khotsong is the only location where subsurface brines 
have been encountered in the Witwatersrand Basin. 
The composition of these brines suggests they have 
likely been isolated from the surface since the Protero-
zoic, providing a terrestrial analogue to the Martian 
subsurface.  Furthermore, the discovery of living bio-
mass from such hypersaline, deep, and presumably old 
water, extends the abiotic fringe and could provide 
clues to the limits of habitable subsurface environ-
ments on Mars. 
References: [1] Huang, J. et al. 2018. Astrobiology 
18. [2] Warr et al., 2018 GCA. [3] Holland, G. et al. 
2013. Nature 497, 357–360. [3] Michalski et al. 2018, 
Nature Geoscience, 11, 21-26.  
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Introduction:  Searching for evidence of life on 

Mars is an exciting endeavor that will have profound 
implications regardless of the outcome. The search 
began with telescopic observations that were initially 
interpreted to be evidence for surface water or vegeta-
tion. Unfortunately, the prospects for abundant life on 
Mars were dashed by the results of the Mariner 4 fly-
by, which revealed that Mars has a thin atmosphere 
and a generally lunar-like landscape. The lifeless na-
ture of Mars was reinforced by the results of the Vi-
king landers, which searched unsuccessfully for evi-
dence of Martian life in surface soil samples at two 
locations.  

The Paleontology Strategy: Today, the search for 
life on Mars continues, but rather than searching for 
present-day life on Mars, most effort is now focused 
on searching for life in Mars’ past. This shift to a 
paleontological strategy has been motivated by both 
scientific and practical factors. On the scientific side, 
we now have a wide range of orbital and in-situ data 
have been interpreted as strong evidence that Mars 
once had long-lived environments that have supported 
the presence of abundant surface liquid water. On 
Earth, these environments represent prime habitats for 
life as well as geologic preservation zones for paleon-
tological evidence for past life. If life ever had arisen 
on Mars, we would expect that it would have left 
analogous fossil traces of its existence in these loca-
tions. On the practical side, searching for past “habit-
ability” or “signs of past life” appears to be accom-
plishable within our current technological budgetary 
framework, and it can be accomplished within agreed 
upon guidelines for planetary protection. 

Paleontology Strategy Issues: There are two key 
issues with the current paleontological life search 
strategy. The first and most obvious is the issue of 
preservation. Earth has been literally crawling with 
life for billions of years, but on Earth, preserved evi-
dence for life, especially non-multicellular life, is 
rare. Trained terrestrial paleontologists can use geo-
logical clues to identify potentially promising sites to 
look for signs of life, but actually finding signs of life 
more often turns out to be a hit-or-miss proposition. 
Because of the rarity of preservation, and the cumula-
tive effects of subsequent biologic, atmospheric, and 
geologic processes that tend to destroy evidence that 
may have initially been preserved, terrestrial paleon-
tologists never conclude that a given paleoenviron-
ment was uninhabited. This is because we know from 
observing the Earth today that life has colonized all 

habitable niches, and there is no reason to assume that 
the same wasn’t true in the past. Therefore, if we nev-
er find any evidence for past life on Mars, we still 
won’t be able to prove that it was never there. The 
second issue has to do with the interpretability of 
paleontological evidence. Preserved remains of ana-
logs to present-day organisms is the gold standard for 
terrestrial paleontology, and it is unlikely that ques-
tion of past life on Mars will be settled conclusively 
without the same. The debate regarding ALH84001 
meteorite demonstrates if anything that a very heavy 
burden of proof is required for any claim regarding 
past Martian life. Given this situation, the probability 
that such evidence would be produced by one Mars 
sample return mission, or even a dozen Mars sample 
return missions, would seem to be very small indeed. 

The Physics and Chemistry Strategy: If we have 
learned anything about life on Earth since Viking, it is 
that life is amazingly adaptable. Life doesn’t just die 
out. As long as there are habitable environments, life 
finds a way to survive. While the present-day Mars 
surface environment is known to be generally hostile 
to terrestrial life, the notion that Mars is currently 
uninhabitable is simply not correct. If we adopt the 
“one drop of water” definition for habitability that is 
accepted by most astrobiologists, then there are broad 
near-surface and subsurface regions on Mars today 
definitely habitable. These permanent or ephemeral 
water rich environments on Mars today are the most 
likely places to find evidence for present-day life on 
Mars, as well as “signs of life” due to their compara-
tive youth. Using observations in conjunction with 
physical and chemical models, we can identify cur-
rently or recently habitable regions on Mars with 
much greater reliability than paleontologists can iden-
tify billion-year-old habitable regions with preserved 
signs of life. Once identified, the process of explora-
tion of Mar’s habitable environments can proceed at 
whatever pace we can afford. The initial stages could 
be accomplished by low-cost and “safe” geophysical 
and remote sensing techniques (to be described in my 
talk) that have been well-proven on Earth. A key ad-
vantage of the physics and chemistry strategy is that it 
has the potential to leapfrog the question of past life 
on Mars, since if we find evidence for present-day life 
on Mars, the question of past-life on Mars is answered 
automatically. Furthermore, the potential scientific 
payoffs for successfully  finding evidence for present-
day life on Mars would dwarf those for successfully 
finding evidence for past life.   
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Recent discoveries of the abrupt and seasonal changes 
in the atmospheric methane require presence of some 
local methane sources which have not been identified. 
Such sources should be able to release significant 
amounts of methane on a short timescale. We propose 
that the pockets of methane can form just several cm 
below Martian surface. The mechanism of gas pockets 
formation involve migration of salts in the Martian 
soil due to sublimation of shallow subsurface ice or 
evaporation of briny water during RSL events. As 
water evaporates and ice sublimates from the top of 
the soil, salts remains in the top layer of soil causing 
soil cementation and formation of the gas diffusion 
barrier in the soil. 
   
Our laboratory studies show that it is possible to form 
a potential habitat in the shallow subsurface (just sev-
eral cm below the surface) over vast regions of Mars. 
Those pockets can accumulate enough additional gas 
pressure to keep the water in the liquid form below 
the salty soil seal even though pressures above the 
seal could be well below the triple point of water. 
Furthermore, salty seal precludes water vapor to be 
lost to the atmosphere. Hypothetical Martian microor-
ganisms would benefit from UV and atmospheric oxi-
dants protection provided by the salty seal as well.  
Gas pockets formed so close to the surface are sensi-
tive to the seasonal temperature oscillations and can 
abruptly release biogenic gases when cracks in the 
salty soil seal occur. Detection of such abrupt releases 
from the near surface gas pockets can be a useful 
strategy for the future extant life detection missions.       
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Introduction: An independent origin and evolution 

[1] for potential microorganisms on Mars may present 

significant differences in macromolecular structures, 

prebiotic chemistries, and timelines that we have ob-

served on Earth. If life evolved to the point of utilizing 

cellular structures for macromolecule compartmentali-

zation, the ability for those organisms to adapt to the 

changing Martian climate including desiccation and UV 

damage would be significantly increased. Evidence of 

these adaptations are found through extreme environ-

ments on Earth, specifically in hypersaline settings 

where liquid water is present. 

Motivation: Under slow-changing environmental 

conditions, modern terrestrial microbial life has the abil-

ity to respond to ecological stresses and employ survival 

strategies. Halophilic microorganisms contain stable in-

tracellular proteins that function within high molar con-

centrations [2,3] of NaCl and other salts typically asso-

ciated with evaporite mineralogy. 

 From orbit, MRO/CRISM has observed hydrated 

minerals including sulfate salts, phyllosilicate clays, and 

carbonates [4] while on the surface. Additionally, rovers 

have observed box work structures indicative of sulfate 

mineral veins and secondary pores [5] that suggest hal-

ite. Groundwater downwelling may have allowed for 

evaporites to have been precipitated away from the ul-

traviolet (UV) radiation and desiccation that character-

izes the Martian surface since the early Hesperian.  

The purpose of this work is twofold. First, we will 

show how preserved water activity within evaporite 

minerals found in Martian analogue environments can 

sustain ongoing metabolic processes from halophilic 

bacteria and archaea. Second, we will hypothesize Mar-

tian shallow subsurface conditions in which microbiol-

ogy on Earth has a foothold in specific hypersaline ex-

treme environments that emulate both ancient and mod-

ern conditions.  

Microbial Diversity in the Great Salt Lake 

(GSL): GSL as a modern hypersaline system sur-

rounded by deposits of evaporite minerals. Microbial 

life is prevalent and diverse in the water column as well 

as in fluid inclusions of halite and gypsum [3] (Fig. 1). 

The halophilic microorganisms have evolved to live at 

low water activity (aw), balancing osmotically by the ac-

cumulation of compatible solutes and potassium ions. 

Gypsum with embedded clays preserve higher ng/µl 

amounts of DNA alongside halite with fluid inclusions 

that allow for the preservation and continuation of mi-

crobial metabolisms (Fig 3, [3]). Halophilic archaea 

have an arsenal of UV protective strategies and DNA 

repair (Fig. 2), also the ability to resist desiccation [6,7].    
 

References: [1] Hug et al. (2016) doi: 10.1038 Nature Micro-

biology. [2] Ebel & Zaccai, (2004) J Mol Recognit. 17(5):382-

9. [3] Perl S.M. et al. (2018, submitted) [4] Ehlmann & Ed-

wards (2014) Ann. Rev. of Earth and Planetary Sci 42(1):291-

315. [5] Perl et al. (2007) 7th International Conf. on Mars [6] 

Jones & Baxter (2017) Front. Microbio. 8:1882. [7] Baxter & 

Zalar (2019, in press). Mod. Ecosys. in Ext. Env.  Environ-

ments, eds Seckbach & Rampelotto. 

Fig. 2. Adapted from [6] showing photoprotection 

and DNA repair pathways of halophilic archaea.  

Fig. 1. (Left) GSL arm water at the shoreline; (Cen-

ter) Halophilic archaeal and bacterial colonies on solid 

media, scale bar = 1 mm. (Right) Light micrograph of 

a stained slide of north arm water, scale bar = 1 µm.  

Fig. 3. Evaporite minerals found in our field sites 

and observed in outcrops and globally in hydrated 

minerals across Mars [4]   
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Introduction:  Sulfate-filled separations or frac-

tures on Mars have been interpreted as forming either 
as late diagenetic1,2 or early diagenetic3 features.  Earth 
analogues for the Martian sulfate-filled fractures have 
been interpreted as late4 or early3 diagenetic features. 
We will show core samples that display intraclasts (i.e., 
indicating early diagenesis) of sulfate fracture fillings 
from the Permotriassic(?) Dewey Lake Formation in 
southeastern New Mexico.  

Digital Formats: The Dewey Lake (aka Quarter-
master Formation) in southeastern New Mexico (Fig. 
1) is a generally fine-grained (mudstone) redbed depos-
it. Significant characteristics include small ripples and 
cross-bedding, laminar bedding, desiccation cracks, 
and mudstone intraclasts. Bioturbation is rare or equiv-
ocal. Macroscopic fossils are unknown. Diagenetic 
features include mm-cm scale gray or greenish gray 
“reduction” spots and irregular zones ~parallel to bed-
ding. There is a distinct change in mineral cements 
from gypsum to some carbonate in the upper part of the 
formation. Fractures or separations are abundant, and 
they are filled with gypsum that generally is fibrous 
and perpendicular to the surface of the separation. Su-
ture lines and relics of the “wall rock” are common. 
These gypsum-filled separations range from horizontal 
(parallel to bedding) to near-vertical. Some show strain 
along the suture lines. 

The relevant observation is that we have found in-
traclasts of gypsum (Fig. 2) that are similar to the sepa-
ration fillings. This is evidence of early formation. In 
addition, outcrop observations and geophysical log 
interpretations do not indicate significant channel 
depths in the Dewey Lake. The clasts are not the result 
of much deeper erosion. 

The Dewey Lake has not yet been investigated in 
southeastern New Mexico in detail. Prior studies in-
clude a petrographic study5. Unpublished work shows 
the presence of roscoelite (a potassium mica that in-
cludes vanadium) at the center of many “reduction” 
spots. The formation may well range across the Permo-
triassic boundary, but direct evidence is lacking in 
southeastern New Mexico. Volcanic ash found in the 
Quartermaster in Texas has not been found near the 
Waste Isolation Pilot Plant, but an as yet undated ash 
may be present in another location (see resource for 
CP-975). The formation does appear to be relatively 
continuous in deposition, and could be amenable to 
further paleomagnetic analysis. 

A new, large-diameter (~9 m) shaft to be construct-
ed at the location of the corehole may offer research 
opportunities that can be discussed. 

Resources:  Unpublished resources include the fol-
lowing: corehole geology report:  C3977Geology; air 
intake shaft mapping with color photos of Dewey Lake 
veins:   AISmapping; geology of NP-1, source of some 
core displayed: NP-1Geology; geology of CP-975, 
source of probably Dewey Lake volcanic ash: CP-
975Geology. If the urls do not work, each report can be 
found in the ResearchGate page for Dennis W. Powers: 
https://www.researchgate.net/profile/Dennis_Powers2. 
 
Figure 1 Stratigraphy    Figure 2 Gypsum Clast  

     
 

References: [1] Grotzinger J. P. et al. (2014) Sci-
ence 343, 338 [2] Nachon, M. et al. (2014) JGR: Plan-
ets 119, 1991-2016 [3] Schwenzer S. P. et al. (2016) 
Meteoritics & Plan. Sci. 51, 2175-2202. [4] Young B. 
W. and Chan M. A. (2017) JGR: Planets, 122, 150-
171. [5] Miller D. N., Jr. (1966) Am. Assoc. Pet. Geol. 
Bull. 50, 283-307. 
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Introduction: A major lesson learned from the Vi-

king Mission search for life on Mars is that an appropri-
ate understanding of the exploration environment is 
needed to inform both instrument design and interpreta-
tion of results. Measurement targets may be affected by 
naturally occurring changes in environmental condi-
tions over time, well as by rapid perturbation of samples 
from their natural environments during sample excava-
tion and analysis. A lack of a priori understanding of the 
Viking lander environmental context resulted in both 
false positives (Labeled Release Experiment) and false 
negatives (Viking Gas Chromatograph Mass Spectrom-
eter), which have taken decades to recognize and re-
solve. Using lessons learned from prior missions, 
NASA Ames Research Center (ARC) is developing a 
multi-dimensional science and technology approach to 
the search for extant life that places biochemistry at the 
center, and focuses on aspects of life that are likely to 
be universal across the entire biochemical space.  

Methods: Mission constraints for any given mission 
will inevitably limit searches for life to a few selected 
measurements. Our approach includes the search for 
simple building blocks, more complex biomolecules in-
volved in basic biochemical functions and information 
storage, and structures that are required for cellular life 
to exist. In addition, critical sample geological and 
chemical parameters are characterized. These measure-
ment parameters, which include sample pH, conductiv-
ity, and redox potential, not only provide science return 
independent of the presence or absence of indicators of 
life, they are also used as information drivers for results 
interpretation. This strategy allows us to cover a broad 
biochemical space and maximize the chances of a (true) 
positive result, even as the chances of a false positive 
result are minimized. This approach not only offers 
complementarity, but also reinforces the interpretation 
of the data and minimizes ambiguity.  

Key to enabling this approach are ARC advances in 
the development of automated microfluidic handling 
and manipulation technologies for use in microgravity. 
These technologies have been successfully demon-
strated through a series of small-sat NASA missions in-
cluding GeneSat (3U cubesat), PharmaSat (3U), 
O/OREOS (3U), SporeSat (3U), and the upcoming 
EcAMSat (6U) and BioSentinel (6U). Currently, fluidic 

processing technologies derived from these systems (in-
cluding fluid storage and metering, particle filtration, 
mixing, de-bubbling, gas expulsion, dry reagent storage 
and preparation, labeling, and sample concentration) are 
being coupled with measurement technologies to enable 
the search for extant life. Microfluidic measurement 
technologies in development at ARC, among others, in-
clude luminescent imaging for identification of micro-
scopic biological structures (Fig. 1) and chemical sen-
sors for the detection of molecular biological building 
blocks and complex biomolecules. Our approach lever-
ages ARC nanosatellite technology development and 
fabrication capabilities including stringent sterility and 
cleanliness assembly approaches, as well as microflu-
idic design, development, fabrication, integration, and 
test approaches.  
 

 
Fig. 1. Picture (left) and CAD model (right) of a TRL6 
ARC microfluidic fluorescence microscope. The instru-
ment is hermetically contained in a 2-liter volume 
(20x10x10 cm) and is an integrated payload system 
comprised of a fluorescence imager, LED light sources, 
a fluidics manifold and sample stage, a valve-and-pump 
manifold, fluid reservoirs, associated peripheral compo-
nents, and electronics. Leveraging this technology, the 
Luminescence Imager for Exploration (LIfE) instru-
ment is currently being developed for the detection of 
filter-captured, cellular structures and sub-cellular frag-
ments and the identification of key structural bi-
omarkers.  
 

Acknowledgements: The authors acknowledge 
support from the NASA Science Mission Directorate 
Concepts for Ocean worlds Life Detection Technology 
(COLDTech) program.  

 

5032.pdfMars Extant Life: What's Next? 2019 (LPI Contrib. No. 2108)



Polar Cryoenvironments as Mars Analogues and the Development of a Micro Life Detection Platform I. Ray-

mond-Bouchard1, C. Maggiori1, D. Touchette1, E. Magnuson1, J. Goordial2, A.J. Ricco3, and L.G. Whyte1, 1McGill, 

Macdonald Campus, 21,111 Lakeshore Dr, Ste-Anne-de-Bellevue, Qc, Canada, H9X3V9, isabelle.raymond-

bouchard@mail.mcgill.ca. 2Bigelow Laboratory for Ocean Sciences, 60 Bigelow Dr, East Boothbay, ME, 04544, 

jgoordial@bigelow.org. 3NASA Ames Research Center, Moffett Fields, CA, 94035, antonio.j.ricco@nasa.gov. 

 

Introduction:  Astrobiology and the search for life on 

other solar system bodies is a major focus of space 

exploration. The primary targets for astrobiology in-

vestigations are Mars, Europa and Enceladus, which 

are characterized by extremely cold temperatures. As 

such, the best terrestrial analogues may be the Earth’s 

polar regions. Considerable evidence has been found 

on Mars strongly indicating that over ~3.5 bya the 

planet was warmer and wetter. Based on our current 

knowledge of extremophile microbiology on earth, it 

was potentially capable of hosting microbial life and 

ecosystems. For example, the MSL mission has report-

ed ample evidence of past fluvial, deltaic, and lacus-

trine environments within the Gale Crater [1]. As such, 

the search for biosignatures and life detection are key 

features of Mars missions on, for example, ExoMars 

2020 and Mars 2020 and beyond. The very recent sig-

nificant report of a subglacial, likely salty, liquid body 

of water on Mars [2], in addition to evidence of possi-

ble surface brine water at several reoccurring slope 

linaea (RSL) locations on Mars [3] now opens up the 

possibility that extant microbial life, most likely cold-

adapted and halophilic, could be present at these sites, 

and will almost certainly be the targets of future mis-

sions, including potential sample return missions.  

The presentation will summarize recent highlights 

of our research investigating the microbial biodiversi-

ty/ecology in extreme polar cryoenvironments includ-

ing hypersaline cold springs, cryptoendoliths and per-

mafrost in the Canadian high Arctic and University 

Valley (McMurdo Dry Valleys, Antarctica), with a 

focus on the cold temperature adaptations and limits of 

life [4-6]. Recent in-depth metagenomic analyses of 

Lost Hammer Spring (LHS), a perennial hypersaline 

(~24%) subzero spring (-5ºC) in the Canadian high 

Arctic, which harbors a diverse active microbial eco-

system [7], have revealed potentially ~50 draft ge-

nomes representing possible new species. Future ef-

forts will include participation in a collaborative effort 

to characterize the microbial ecosystems in the newly 

discovered and unique Devon Island subglacial lakes 

which are believed to be subzero and hypersaline (8), 

and thus a significant analogue to the subglacial lake 

discovered on Mars. 

Our lab is developing a prototype microbial life de-

tection platform utilizing pre-existing, low cost instru-

ments having low mass and energy requirements [9]. 

The platform includes: 1) a Microbial Microactivity 

MicroAssay (µMAMA), which can detect and charac-

terize active microbial ecosystems, based on detection 

of their metabolic activity; 2) An instrument capable of 

isolating, detecting, and sequencing nucleic acids (NA) 

based on the ultralight and ultraportable MinION (Ox-

ford Nanopore Technologies, ONT) sequencer. 

Using samples from a variety of Mars analogue 

samples (permafrost, desert soil, saline springs, endo-

liths) we have successfully tested components of the 

platform in the field, including the µMAMA, instru-

ments capable of nucleic acid extraction (MP FastPrep) 

and sequencing preparation (VolTRAX, ONT), and the 

MinION sequencer. We have tentatively established a 

detection limit of ~100 cells/g (~0.001 ng of DNA) 

with the MinION. With the µMAMA, we can detect 

microbial activity with as low as 103 microbial cells, 

similar to the numbers we observe in extreme environ-

ments. We can also characterize substrate utilization in 

environmental samples, including from lithoautotrophs. 

With NASA Ames, we are developing an autonomous 

µMAMA version based on their microfluidic assay.  

Our work over the past year has allowed us to in-

crease the robustness, sensitivity and detection limits of 

the these instruments. Eventually, we hope to have a 

fully developed and optimized platform for microbial 

life detection system that could be robotized and inte-

grated into future planetary exploration space missions 

attached to surface rovers or micro-penetrators. 

References:  

[1] Grotzinger, J.P., et al. Science, 2014. 

343(6169):1242777. [2] Orosei, R., et al. Science, 

2018. 361(6401): 490-493. [3] Ojha, L., et al. Nature 

Geoscience, 2015. 8:829-832. [4] Mykytczuk, N.C. et 

al. ISME J, 2013. 7:1211-1226. [5] Raymond-

Bouchard, I. et al. Environmental Microbiology, 2017. 

19(11) :4460-4479. [6] Goordial, J. et al. ISME J, 

2016. 10 :1613-1624. [7] Niederberger, T.D. et al. 

ISME J, 2010. 4: 1326-39. [8] Rutishauser, A., et al. 

Science Advances, 2018. 4(4): eaar4353. [9] Goordial, 

J. et al. Frontiers in Microbiology, 2017. 8:2594 

Additional Information:  This work was support-

ed by Canadian Space Agency FAST grants to Whyte 

and Raymond-Bouchard, McGill Space Institute Fel-

lowships to Raymond-Bouchard (PDF) and Maggiori 

(PhD), an NSERC Canadian Graduate Scholarship 

MSc to Touchette, and by the Polar Continental Shelf 

Program, NSERC Discovery, Northern Research Sup-

plement, and CREATE Grants to Whyte. 

5033.pdfMars Extant Life: What's Next? 2019 (LPI Contrib. No. 2108)

mailto:isabelle.raymond-bouchard@mail.mcgill.ca
mailto:isabelle.raymond-bouchard@mail.mcgill.ca


COMPARING THE STABILITY OF NON-PROTEINOGENIC AMINO ACIDS TO PROTEINOGENIC 

AMINO ACIDS WHEN IRRADIATED AND IN PERCHLORATE SPIKED MARS REGOLITH.  L.A. 

Rowe
1
 K. Davidson

1
, C. Smith

1,2
, C. Kovarik

1
, J. Peller

1,3
.
 1

Valparaiso University, Department of Chemistry, 1710 

Chapel Drive, Valparaiso, IN, USA, 46383, laura.rowe@valpo.edu, 
2 

Ivy Tech Community College, 3100 Ivy Tech 

Drive, Valparaiso, IN 46383, 
3
University of Notre Dame, Notre Dame Radiation Laboratory, 102 Radiation Re-

search Building, Notre Dame, IN, 46556. 

 

 

Introduction:  All known living organisms on 

Earth utilize the same 20 (22) proteinogenic amino 

acids to build their proteins via translation.  However, a 

multitude of non-proteinogenic amino acids have been 

found both in meteors and in the products of origin of 

life experiments. [1-3].  Moreover, different local con-

centrations of building block molecules combined with 

the different environmental pressures of Mars may 

have resulted in a different repertoire of available ami-

no acids if life were to have evolved.  The purpose of 

this work is to explore whether or not non-

proteinogenic amino acids exhibit equitable or en-

hanced stability as compared to proteinogenic amino 

acids when exposed to environmental conditions mim-

icking conditions found in space or on Mars, with equi-

table or enhanced non-proteinogenic amino acid stabil-

ity suggesting the possibility of life selecting an alter-

native amino acid lexicon during extraterrestrial evolu-

tion.        

UV and Gamma Irradiation:  As a first step in 

this study the three aromatic proteinogenic amino acids 

(Tyr, Trp, Phe) and 20 non-proteinogenic aromatic 

amino acids were exposed to different doses of gamma 

radiation and different wavelengths of UV light while 

in a dilute aqueous solution.  The amount of intact 

(non-degraded) amino acid present in the samples be-

fore and after irradiation was determined by integration 

of UHPLC-MS peaks.  Results showed that many of 

the non-proteinogenic amino acids tested were just as 

stable as their proteinogenic counterparts under these 

conditions, and certain fluorinated amino acids had 

enhanced stability [4] 

 Perchlorate Spiked Regolith Analysis:  Current-

ly, we are studying the stability of proteinogenic and 

non-proteinogenic amino acids when they are exposed 

to 0.5% sodium, magnesium, or calcium perchlorate 

dissolved in deionized water or deionized water adjust-

ed to a pH of 8.3, and the stability of these amino acids 

in Mars MMS regolith simulant mixed with perchlorate 

and water [5].  The extent of degradation of the amino 

acids is quantified by integrating UHPLC-MS peaks 

and comparing to appropriate control solutions.  Future 

work will look at the stability of peptides and proteins 

under these conditions, as well utilizing a carbon diox-

ide saturated atmosphere during stability studies to 

more accurately mimic Martian surface conditions.    

 [1] Kvenvolden, K., Lawless, J., Pering, K., Peter-

son, E., Flores, J., Ponnamperuma, C., Kaplan, I.R., 

Moore, C. (1970) Nature 228 90, 923-926. 1151–

1154. [2] Miller, S.L., Urey, H.C. (1959) Science, 

130(3389), 1622-1624. [3] Burton, A.S., et al, (2012) 

Chemical Society Reviews 41(6), 5459-5472. 

[4] Rowe, L.A., et al. (2018) International Journal of 

Astrobiology, online ahead of print, 1-10. [5] Peters, 

G.H., et al, (2008) Icarus 197(2), 197(2), 470-479. 
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Introduction: Cave extreme environment is se-

cluded and protected from outside environments such 
as weather condition and large animal activity which 
provides an excellent environment for microbiological 
system and communities to form pattern that persist 
over time even with limited resources [1]. The pattern 
is often etched on the caves’ wall leaving the evidence 
of life that remain long after the life died. To acquire 
digital images of this evidence of life, several prob-
lems are encountered such as limited space, lack of 
proper lighting, and uneven ground. All this limitation 
will be also encountered when a robot is sent to a cave 
on Mars[2].  

A single directed light source that is pointed in the 
same direction as the camera is used in most cases due 
to the space limitation. The images acquired by this 
process contains many specular highlights, such as 
glare, and is worse in dark environments than well-lit 
ones. This highlight is inevitable due to the surface 
shape, moisture, and light source characteristics. The 
specular highlight will destroy the details of the image 
and creates small glare noises as shown on the Figure 
1. In this paper, we will focus on pre-processing image 
to separate the highlight from extremophile images 
taken in a cave with single light source. 

Highlight Removal:  Highlight removal is also 
well known as specularity filtering or glare separation 
[3]. In this process, the image is separated into its in-
trinsic component specifically diffuse and specular 
reflection component. Highlight can be seen as a spec-
ular component that changes the appearance of a sur-
face. Extremophile images from cave environments 
with specular highlights lose some of its details and 
have dark shadows that create noise and regional data 
loss for image processing. Decomposing an image to 
its diffuse and specular reflection, in general, is an ill-
defined problem because there are more unknown var-
iables than the equations, but this is even more diffi-
cult in a caves, where limited lighting exists. 

We present a new region based algorithm utilizing 
color space and neighboring characteristics to preserve 
biopatterns while removing specular noise.  First, we 
convert an image into its color space, to analyze the 
distribution of the diffuse and specular components for 
each pixel. Pixels are grouped in neighborhoods and 
the distribution of diffuse and specular components 
together with pixel saturation are used to remove the 
highlight from an extremophile image. 

 
Figure 1: Example of extremophile image with a 
specular highlight. The center is of specular highlight 
is zoomed to show the small glare noise and how the 
highlight destroy some of the details. 

 
We compare our method to several states of the art 

highlight removal methods: Specular Highlight Re-
moval method of Yang et al. [4], the PDE approach 
[5], Inpainting techniques [6], and manual removal.  
The extremophile images used in the comparison are 
from several expeditions with different lighting condi-
tion.   

Summary: Comparing and developing highlight 
removal algorithm from extremophile images that are 
taken in caves would increase the accuracy of image 
processing and discerning the rule of extremophile 
more precisely in answering the challenges of explor-
ing extant life on ancient rock record on Earth’s caves 
and on modern Martian caves. 

References: [1] Boston, P.J., et al (2015) Proc. of 
2nd International Planetary Caves Conference, 9028 
[2] Schubert, et. al. (2017) Proc. of 2017 6th Interna-
tional Conference on Space Mission Challenges for 
Information Technology, 33-37 [3] Artusi, A., et. al. 
(2011) Computer Graphics Forum, 30, 2208-2230 [4] 
Yang, Q., et. al (2015) IEEE Transactions on Pattern 
Analysis and Machine Intelligence, 37, 6, 1304-1311. 
[5] Mallick S. P. et. al., (2006) Proc. of the European 
Conference on Computer Vision, vol. 3951, 550-563, 
[6] Tan P. et. al. (2006) Proc of IEEE Computer Socie-
ty Conference on Computer Vision and Pattern 
Recognition, vol 2, 1855-1960  
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Introduction: Recently, 31 bacteria from diverse 

ecosystems have been identified that are capable of 

growth under simulated Martian conditions of low-

pressure (0.7 kPa), low-temperature (0 
o
C), and CO2-

enriched anoxic conditions [henceforth called low-PTA 

conditions] [1,2,3]. Furthermore, with the discovery of 

cryptoendolithic microbial and lichen communities in 

Antarctica sandstones [4], porous rocks have been pro-

posed as potential habitable niches on Mars.  The ob-

jective of this study was to determine if sublimating 

frosts could hydrate internal void spaces in rocks under 

low-PTA conditions. Results might provide insights 

into locations on Mars to search for extant life. 

Methods: A Mars Simulation Chamber (MSC) [5] 

was used to measure the internal relative humidities 

(RH) in three rock types to determine if surface frosts 

would increase internal RH above water activities (aw) 

> 0.61, that are required for cellular growth [6]. Ferru-

ginous banded sandstone, basalt, and red ochre hema-

tite were drilled to a depth of 2 cm with a 7-mm wide 

steel carbide bit. Temperature, pressure, and RH sen-

sors were inserted into the drilled holes, covered with 

glass wool, and epoxied into the rock. A 5 cm
3
 of solid 

aluminum was drilled and fitted with sensors, as de-

scribed above, and served as a non-porous control.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Instrumented rocks were exposed to low-PTA con-

ditions with temperatures between ‒100 and 30 
o
C. 

Frosts on the rocks (Fig. 1) were created by attaching 

an external tube below an aluminum foil cap to direct 

hydrated Mars gas directly to the pre-chilled rocks (≤ 

‒70 
o
C). Once a frost layer had persisted for several 

hours, the liquid nitrogen (LN2) cold plate was warmed 

slowly to 30 
o
C to measure the RH in the rock void 

spaces as the temperature transitioned through 0 
o
C. 

Results and Discussion: The aluminum block out-

gassed the atmosphere surrounding the sensors at the 

slow rate of < 1 kPa/h after 24 h.  In contrast, all rock 

types quickly lost their internal pressures during the 

MSC pump-downs to 0.7 kPa; usually between 10 

(sandstone and hematite) to 60 (basalt) min (Fig. 2); 

orders of magnitude slower than the aluminum block 

control. The internal RHs within the rocks also rapidly 

decreased and reached an equilibrium close to 9-10% 

RH between 3 h (sandstone and hematite) and 8 h (bas-

alt) after the depressurization was initiated.  

 

 

When the rocks were heated from ‒100 to 30 
o
C, 

the frosts would begin to sublimate at ‒70 
o
C complet-

ing the sublimation process as the rock surfaces 

reached ‒30 
o
C.  In no simulation did the RH (and by 

extrapolation the aw) exceed 0.61 in the internal void 

space of the rocks during the heating phase. 

Results indicate that internal void spaces within the 

rocks are likely to be in equilibrium with the surface 

atmosphere on Mars, and make it unlikely that internal 

surface rock niches will retain aw ≥ 0.61 long enough to 

sustain cellular metabolism and replication of microor-

ganisms.  Thus, microbial replication, adaptation, and 

colonization appear unlikely in shallow rock subsur-

face niches by spacecraft microbes on Mars. 

References: [1] Schuerger A.C. et al. (2013) As-

trobiology, 13, 115-131. [2] Nicholson W.L. et al. 

(2013) PNAS, 2, 666-671. [3] Schuerger A.C. and Ni-

cholson W.L. (2016) Astrobiology 16, 964-976. [4] 

Friedmann E.I. (1982) Science, 215, 1045-1053. [5] 

Schuerger, A.C. et al. (2008) Icarus, 194, 86-100. [6] 

Rummel, J.D. et al. (2014) Astrobiology, 14, 887-968. 
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Fig. 1. Frost-covered banded sandstone viewed through exter-

nal view port on the MSC system.   
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Fig. 2. Rapid degassing of all three rock types occurred be-

tween 10 (sandstone and hematite) and 60 (basalt) min.   
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In-Situ vs Sample Return Mission:  There are 

several critical advantages for the launch of an in-situ 

robotic life detection mission rather than a sample re-

turn mission before human missions are launched to 

Mars, which might  occur as early as the 2030s. These 

are: (1) once a sample is in a container, the environ-

ment changes and different results may be obtained, 

especially with highly sensitive samples, a lesson 

learned from the Viking mission [1,2]. A sample put in 

a box during long-term transport from Earth to Mars 

would further exacerbate the problem; (2) a sample 

return mission might have serious planetary protection 

consequences by potentially exposing Earth and its 

inhabitants to indigenous Martian life. A sample re-

trieving facility does not yet exist and even a sample 

analysis and biohazard test plan still needs to be devel-

oped for the arrival of extraterrestrial samples [3]; (3) 

the technology is now ready for a life detection mission 

to Mars. There does not exist any single method for 

unambiguously detecting either past or present life, but 

it can be done if multiple complimentary novel ap-

proaches are used [4] 

Mission Priorities: The proposed in-situ life detec-

tion mission should be focused on exploring potential 

habitats/microhabitats near the surface of Mars. Exam-

ples of potential targets are:  

(1) Recurrent Slope Lineae (RSL). Several types 

of RSL seem to exist and some of these are 

likely caused by surface water brines [5] La-

boratory experiments showed that some mi-

crobes could possible thrive in such environ-

ments [6].  

(2) Salt deposits such as existing in the Southern 

Highlands of Mars. In the most hyperarid re-

gions of Earth microbes live within salt rocks 

(e.g., halite) using the hygroscopic properties 

of salts to have access to water from the at-

mosphere [7].  

(3) Analog work in the hyperarid Atacama Desert 

showed that transient microbial habitats exist, 

particularly after access to water such as a rare 

precipitation event [8]. No rain falls on Mars 

today, but liquid water could be present near 

the surface in form of fog [9], near-surface 

groundwater, ice microbursts [10], and possi-

bly from mineral dehydration reactions[8].  

(4)  Caves, particularly deep-reaching lava tube 

caves or ice caves are natural windows to the 

subsurface and might provide a possible habi-

tat for putative Martian life [11].  

Searching for Martian Life:  The recent confir-

mation of organic compounds and methane on Mars 

[12,13] raised again the possibility of indigenous life 

being present on the Red Planet. Mars is a terrestrial 

planet and has been exposed to environmental condi-

tions similar to Earth in the past [14], and is the most 

Earth-like planet in our Solar System. Life on Mars, if 

it exists, may have even shared a common origin with 

life on Earth [15]. Nevertheless, given the different 

types of stresses on today´s Mars, microbes might have 

evolved novel adaptations to the harsh Martian envi-

ronment. Martian life might switch between dormant 

and vegetative stages of life as response to environ-

mental conditions on time scales much larger than ob-

served on Earth [16] or might make use of hydrogen 

peroxide´s (or perchlorates`) antifreeze and hygroscop-

ic properties [17]. In its natural history Mars exhibited 

dramatic environmental shifts [18] and thus any surviv-

ing near-surface life would have to adapt to those shifts 

by natural selection. The power of natural selection and 

the adaptability of life is displayed in many awe-

inspiring ways in the biota of Earth. It seems likely that 

putative Martian life would share many similarities 

with Earth life, but is expected to also utilize some 

different building blocks and processes of life that 

evolved to answer the challenging environmental con-

ditions that do not exist on Earth.  
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D.(2007) Int. J. Astrobio 6, 147-152. [18] Schulze-

Makuch D. (2013) Icarus 225, 775-780.  

5009.pdfMars Extant Life: What's Next? 2019 (LPI Contrib. No. 2108)

mailto:schulze-makuch@tu-berlin.de


SPACECRAFT MICROORGANISMS AND THEIR IMPACT ON PLANETARY PROTECTION – ARE 
THEY ABLE GROW AT SIMULATED MARTIAN ATMOSPHERIC PRESSURE?  P. Schwendner1 and A. 
C. Schuerger1, 1Department of Plant Pathology, University of Florida/Space Life Sciences Laboratory, 505 Odyssey 
Way, N. Merritt Island, 32953, FL, USA; email: petra.schwendner@ufl.edu. 

 
 
Introduction:  When launching spacecraft and 

rovers to potential habitable zones, the protection of 
solar system bodies from contamination by Earth life 
and vice versa is essential. Planetary protection not 
only requires the preservation of extraterrestrial habi-
tats in their natural state but also is a precaution to 
avoid contamination in places where life might exist or 
might have existed. As a consequence, microbial con-
tamination on spacecraft and within the surrounding 
clean rooms is strictly regulated and monitored prior to 
launch. Once launched, microorganisms hitchhiking on 
the spacecraft might survive cruise-phase conditions to 
their target bodies. In addition, bacteria originating 
from Earth possess the metabolic range to grow in low 
pressures, low-temperatures, and anoxic atmospheres  
[1,2,3] that are similar to the Martian surfaces. In fact, 
currently more than 30 species from 10 bacterial gene-
ra are known to grow and thrive under these conditions 
[2]. Therefore, spacecraft microorganisms may pose a 
potential risk to the forward contamination of habitable 
zones on Mars. However, there is a paucity of data on 
the growth of bacteria recovered from actual Mars rov-
ers or landers prior to their launch.  

The goal of the current project was to expose and 
attempt to grow a broad range of bacteria obtained 
directly from spacecraft surfaces during the Viking, 
Pathfinder, Spirit, Opportunity, Phoenix, and Curiosity 
missions to simulated Martian conditions of 0.7 kPa, 0 
°C, and CO2-anoxic atmosphere (henceforth called 
low-PTA conditions). Furthermore, we sought to de-
termine if specific anoxic redox couples increased met-
abolic activity and growth of chemoorganotrophic bac-
teria to simulated Martian conditions. 

Material and Methods:  The design and operation 
of the hypobaric chambers were described previously 
[1,2,3]. Briefly, double-thick agar plates were inserted 
into polycarbonate desiccators which were connected 
to low-pressure controllers. Anaerobic pouches were 
added to maintain anoxic atmospheres within the hy-
pobaric chambers. The desiccators were placed in in-
cubators set at 0 °C and the pressure reduced stepwise 
to reach 0.7 kPa. The conditions were maintained for 
28 d and the hypobaric chambers were only opened to 
check for growth of the bacterial strains. A total of 125 
microorganisms were tested. The six media investigat-
ed included the following: (1) 0.5x trypticase soy agar 
(TSA), (2) TSA + vitamins and minerals, (3) TSA + 
KNO3 (nitrate reduction), (4) TSA + sulfates (sulfate 

reduction), (5) TSA + Fe3+-citrate at pH 7.0 (1st iron 
reduction), (6) TSA + Fe3+-citrate at pH 5.0 (2nd iron 
reduction). Bacteria were streaked on all 6 media in 
groups of 25 strains plus one positive control (Serratia 
liquefaciens ATCC 27592 [1]) and one negative con-
trol (Bacillus subtilis 168 [3]), and incubated at low-
PTA conditions for 28 d. Three controls were run con-
currently at 101.3 kPa with varying temperature and 
gas composition. (1) Plates were incubated at 101.3 
kPa, 0 °C and a CO2-enriched anoxic atmosphere. (2) 
Plates were incubated at 101.3 kPa, 0 °C under Earth-
normal atmosphere (pN2:pO2 78:21). (3) Plates were 
incubated at 101.3 kPa, 30 °C under Earth-normal at-
mosphere (pN2:pO2 78:21). 

Results:  When grown on TSA only, none of the 
125 tested strains revealed visible growth after 28 d of 
incubation at low-PTA conditions. Based on that result, 
the effects of different redox couples on bacterial 
growth were tested. Few changes were noted among 
the various strains and the five different media. One 
example was Kocuria rosea which grew better at 101.3 
kPa, 0 °C, and Earth pO2 on standard TSA when NO3

‒ 
or SO4

2‒ was added, compared to standard TSA or 
TSA + vitamins. However, K. rosea was not able to 
grow under low-PTA conditions. Results suggest that 
most of the bacteria present on spacecraft at launch 
may not pose a serious forward contamination risk dur-
ing upcoming Mars lander or rover missions. 

Conclusion:  Data on microbial metabolism and 
growth under simulated Martin conditions near 0.7 kPa 
are critical for modeling the potential risks of forward 
contamination in habitable zones on Mars. Thus, re-
sults from these experiments will help to protect Spe-
cial Regions on Mars, and will prepare for future hu-
man missions. 
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976. [3] Schuerger A. C. et al. (2013) Astrobiology, 13, 
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Introduction:  Groundwater sourced materials are 

a likely environment to look for extant life on Mars. 

Analysis of Mars orbital and Curiosity rover surface 

imagery and high-resolution digital elevation models of 

Gale Crater’s Peace Vallis fan reveals two large 

drainage features with cross-sectional forms, stepped 

downslope profiles, erosional scarps and locations 

analogous to groundwater seepage and springline 

features found on terrestrial fans [1]. Crater counting 

statistics indicate that these findings have implications 

for the latest surface conditions that might have been 

habitable to terrestrial-like life.  

RMI observations:  The Peace Vallis campaign of 

the Mars Science Laboratory rover captured a 

texturally distinct feature ~11.5 km away during the 

ChemCam RMI 20x1 raster CCAM04981 sequence 

[2]. Figure 1 shows the channel feature with white 

arrows showing the eastern scarp. The west scarp is 

obscured by an inverted channel ridge beside the 

feature. Additional processing of this image adjusted 

brightness, contrast, and corrected vignetting artifacts 

from the imaging system. 

Figure 1. ChemCam RMI image of a groundwater sapping 

channel on the Peace Vallis fan (Figure 2 Box A). The white 

arrows indicate the eastern scarp of the channel. 

Orbital data:  HiRISE DTM data (1m/pxl) of the 

fan illuminate features of the channels which are not 

apparent in imagery. Cross-sections across and down 

the channels reveal a repeating, self-similar 

morphology characterized by flat bottoms, steep 

parabolic sides, and an amphitheater-like headwall 

from continued backwasting. These groundwater 

springline channels were determined to all reside at the 

-4435  elevation contour which represents a similar 

morphologic boundary to springlines observed on 

terrestrial fans. 

Discussion:  Topographic superposition of these 

features, relative to a fluvially deposited thin and 

younger fan unit dated by crater counting to <2 Ga [3], 

indicates that these erosional features formed shortly 

after surface flow and fluvial deposition of this mid-

Amazonian fan unit. Persistent groundwater flow, 

likely active over several hundred years, produced 

headward erosion that removed portions of this thin, 

upper-fan unit. 

Physical mechanism.  Environmental conditions 

late in Mars history producing both surface and 

groundwater flow were initiated by short-term climatic 

events, possibly the result of a large impact or obliquity 

variations late in the Amazonian. 

Extinct/extant life?  The Peace Vallis fan is a future 

target for the investigation of recent life on Mars. It 

exhibits a long history of water interaction from the 

Hesperian to this latest Amazonian activity. The 

pressure/temperature regime of the atmosphere at the 

time was suitable for sustained water flow indicating 

potential habitability. Subsurface life could potentially 

still persist at these sites as any current groundwater 

system in the Peace Vallis watershed would still 

ultimately drain through the fan. This may only be 

answered through drill core analysis of fan material.  

 
Figure 2. Orbital HiRISE DTM representation showing the 

Peace Vallis fan outlined in RED. The -4435 elevation 

contour is shown in BLUE. The groundwater sapping 

channel in Figure 1 is confined in box A, the other major 

channel is in box B.  
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Introduction:  Mars’ current atmosphere is charac-

terized by a thermodynamic disequilibrium which is a 

“free lunch” for potential life. Substantial concentra-

tions of atmospheric CO and O2, maintained by the 

photolysis of CO2 and H2O, coexist providing upwards 

of ~140 J/mol of available Gibbs free energy, which 

could be exploited by microbes[1].  

If a large active biosphere were present on Mars it 

would likely exploit this available free energy, driving 

the atmosphere towards equilibrium. On Earth, these 

CO-consuming metabolisms (carboxydotrophs) are 

relatively simple and widespread leading some to sug-

gest they are ancient with multiple independent origins 

[2]. In principle, microbes in habitable environments, 

in diffusive-contact with the atmosphere, ought to 

evolve to exploit this “free lunch.” 

As Mars’ atmosphere is not in thermodynamic 

equilibrium, metabolically active life in communica-

tion with the atmosphere must be limited (assuming it 

evolved to take advantage of the abundant free ener-

gy). Using a photochemical model, an upper limit of 

biomass can be found using a model by incrementally 

ramping up biogenic sinks for the different metabolic 

species until biologically-mediated, atmospheric gas 

concentrations deviate from observations. Thus, this 

atmospheric disequilibrium allows for estimates on the 

upper limit of extant life.  

Previous work by Weiss et al. (2000) [3] provided 

constraints on the maximum extant biomass, but these 

were potentially inaccurate as they used fixed values 

for unknown photochemical model parameters that 

were tuned to an abiotic Mars (i.e. without biogenic 

sinks/sources).  Here, we greatly improve and expand 

upon this work primarily by testing over a broad plau-

sible parameter space for these unknown model pa-

rameters. Additional improvements in the photochemi-

cal code, more precise measurements of atmospheric 

gas abundances gathered from the Curiosity rover, and 

the inclusion of fluxes for both the metabolic sinks and 

the metabolic products leads to a more robust upper 

limit on the possible extant metabolizing biomass in 

communication with the atmosphere.  

Methods:  Using a validated 1-D photochemical 

model for modern Mars [4], we impose a fixed basal 

sink on each metabolic reactant and a corresponding 

upwards source flux of the products to simulate me-

tabolizing microbes. Biogenic fluxes are ramped up 

until the modeled concentrations of CO2, CO, O2, H2, 

or CH4 diverge from observations within 2σ.  

We test over five dominant net metabolisms (or net 

metabolic ecosystems): aerobic and anaerobic carbox-

ydotrophy, methanogenesis, hydrogenotrophy, and a 

combined aerobic carboxydotrophy and methanogene-

sis ecosystem. Methanotrophs without methanogens 

are not modeled and assumed infeasible given the low 

background abundance of CH4 (< 1 ppb). Metabolisms 

that source gases not detected in the atmosphere (e.g. 

H2S from sulfate reducers) are similarly not modeled.  

Our new optimized-parameter version of the model 

tunes unknown model variables (deposition velocity, 

surface temperature, and ionospheric flux) with the 

assumption of a biological sink on CO or H2.  

Results & Discussion:  We find that the aerobic 

carboxydotrophy (4CO+2O2→4CO2) and hydro-

gentrophy (O2+2H2→2H2O) metabolisms allow for the 

greatest biogenic sinks of  1.5×108 and 1.9×108 mole-

cules cm-2 s-1 for CO and H2, respectively. Conversion 

of these fluxes into a maximum total biomass requires 

a cellular basal power requirement (BPR). Using the 

lowest measured BPR of ~3×10-23 kJ s-1 cell-1 (close to 

a theoretical limit to prevent racemization of amino 

acids) [5], we find a maximum possible metabolizing 

biomass of ~1027 cells. Conservative estimates of ~14 

fg cell-1 convert this to ~1011 kg or the equivalent of ~1 

million blue whales biomass.  

This upper limit is robust to uncertainties in the 

photochemical code and represents only a tiny fraction, 

~10-5, of Earth’s total biomass. It is also likely an over-

estimate, as it assumes near-absolute minimum energy 

requirements and does not account for additional costs 

such as reproduction and inefficiency.  

Modeling the atmospheric diffusion into the sub-

surface shows that gases are able to diffuse at much 

higher rates than calculated via the photochemistry. 

This suggests that any life in the upper regolith is not 

taking full advantage of the available free energy and 

would be limited by some other factors (e.g. lack of 

liquid water or temperatures that are too cold).  

Overall, we provide a robust maximum allowable 

biomass for actively metabolizing subsurface life in 

diffusion-contact with Mars’ atmosphere at low lati-

tudes [6]. Microbial communities sealed off from the 

atmosphere or dormant might also exist but would not 

be detectable via atmospheric constraints.  

References: [1] Krissansen-Totton et al., Astrobi-
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Introduction & motivation:  Shallowly buried 

ground ice is nearly ubiquitous on Mars poleward of 
~50° in both hemispheres. In the current climate, this 
ice is perennially cold, e.g., ~190 K on annual average 
at ~70° N. Despite low temperatures, thin “premelted” 
films of unfrozen water can exist in the shallow sub-
surface due to interfacial and Gibbs-Thomson pre-
melting at soil-ice interfaces [1]. The presence of salts 
can further depress the freezing point, increasing the 
volume of unfrozen pore water [1, 2]. There has been 
long-term interest in ground ice as a potential microbi-
al habitat on Mars [3], supported in part by the occur-
rence of viable bacteria in liquid vein networks of Ant-
arctic glacial ice [4]. 

In the decade since the habitability of high-latitude 
ground ice was first systematically investigated [3], 
perchlorate salts have been discovered at the Phoenix 
and Curiosity landing sites and our understanding of 
unfrozen water content in ice-cemented soils has im-
proved substantially [1, 2, 10, 11]. Here, we have em-
ployed new numerical simulations of subsurface tem-
perature, unfrozen water content, and water activity in 
thin films to constrain habitability in shallow ice-
cemented ground over the past 10 Ma. 

Numerical models and parameter space:  We 
used the set of numerical models employed by 
Sizemore et al. [1] in their investigation of Martian 
frost heave to simultaneously calculate temperature, T, 
unfrozen volume fraction, Sl = 1-Si, and water activity 
aH2O in the upper meter of ice-cemented ground pole-
ward of 55° N.  

Climate model. We use the climate model de-
scribed [3] to simulate the evolution of temperature 
and ice-table depth, zi, at latitudes north of 55o over the 
past 10 Ma. The model tracks temperatures in the up-
per 30 m of regolith based on Laskar et al. [9] orbits, 
and defines zi assuming diffusive equilibrium with the 
atmosphere.  Because atmospheric water vapor density 
at high latitude is buffered by the polar cap, ice-table 
depths and ice temperatures predicted by the model are 
very sensitive to assumptions about the fate of the re-
sidual cap at high obliquity. We assume that the cap 
remains a source of H2O vapor at all times. We use 
results from the Ames GCM to guide our assumptions 
about meridional vapor transport. Temperature profiles 
and ice-table depths produced by the climate model 
provide the initial and boundary conditions for the thin 
film model.  

Thin film model. We use the thin film model de-
scribed by [1] to track temperatures and phase parti-

tioning in a soil that is fully ice and water saturated. 
The premelting physics employed in this model is 
based on mass and energy conservation equations de-
veloped by Rempel [10] and modified for Martian 
conditions [1]. For computational simplicity, the soil-
water-ice system is assumed to be gas and solute free 
in the majority of our simulations.  

Results and discussion: Consistent with previous 
work by Zent, our simulations indicate that unfrozen 
water in shallow Martian ground ice has periodically 
met thresholds for habitability during the last 10 Ma. 
These “habitable” periods are correlated with high 
obliquity excursions; at low obliquity temperatures and 
water activities are too low for terrestrial metabolism. 
The most recent 4 Ma period presents challenges for 
extant life, due to longer cold/dormant periods during 
which organisms would accumulate radiation damage 
without extended opportunities for repair.  

 Our results indicate that a silt with 0.5-1 wt. % 
perchlorate is the most likely soil to be habitable in 
terms of both water activity and film volume during 
windows of opportunity. The presence of perchlorate 
also offers the advantage of protecting cells from ice 
crystal damage during low-temperature periods [12]. 
Substantial laboratory work is needed to better con-
strain the volume, ion concentration, viscosity, and 
water activity of perchlorate brines at Martian tempera-
tures, in both icy and ice-free settings [2, 6]. However, 
our results underscore that shallow ground ice – which 
is accessible to small spacecraft missions and likely to 
be utilized as a resource for human missions – cannot 
be ruled out as a potential Martian habitat. 
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Introduction:  In 2007, the first pit craters were 

observed on the surface of Mars. These are places 
where the roof of a lava tube has partially collapsed, 
creating a “skylight.” Over 100 pit craters and possible 
cave entrances have been spotted by Mars orbiting 
imagers (e.g. Mars Reconnaissance Orbiter) [1], evi-
dence of potential lava caves under the surface of 
Mars. Conditions in caves are typically radically dif-
ferent and more benign than surface conditions. As 
prime microbial real estate on Mars, lava caves would 
offer an environment that provides: 1) protection from 
ionizing and ultraviolet radiation, 2) insulation from 
thermal oscillations, 3) likely availability of water, and 
4) access to chemolithotrophic energy sources such as 
Fe, Mn, and S. On Earth, microorganisms, larger or-
ganisms and even humans have gained protection by 
using caves as habitat.  

For more than a decade, we have investigated the 
idea that the subsurface of Mars is the most likely 
place to find life or its traces. We have conducted ex-
tensive geomicrobiological, mineralogical, and geolog-
ical fieldwork in a variety of lava caves in tropical to 
arid conditions. Many microbial forms are unique to 
the subsurface and have developed into countless novel 
strains [2]. Nearly all the caves that we have sampled 
show some evidence of microbial activity in the form 
of biofilms, slime, or microbially induced or precipi-
tated minerals [3].   

Biomarkers: A large part of our work has in-
volved examination of cave mineral samples using 
scanning electron microscopy (SEM) coupled with 
DNA analysis. Culturing of organisms on various reci-
pes of metal-containing nutrient is also used to discern 
the preferred diet and viability of the microbial com-
munity [2]. While morphology alone can be ambigu-
ous, the presence of bioavailable metals and products 
can provide stronger evidence of biological activity. 
Oxidizable metals such as Fe, Mn, Cu, and S are uti-
lized by the microbial community and the process will 
generally leave evidence in place, for example iron or 
manganese oxides on cave walls and ceilings.  

Biofilms. A colorful and diverse array of biofilms 
with colors from white to pink to gold and shades in 
between have been studied in lava caves from the 
western U.S., Hawaii, and the Azores [3]. Oxide, car-
bonate and sulfate minerals are intimately associated 
with the biofilms, the minerals resulting from induced 
precipitation or as respiratory by-products. This close 
association of "microbes masquerading as minerals" 
provides key evidence of microbial activity.  

Mn-oxides. Coatings and crusts of biogenic man-
ganese oxide can be present on cave walls or associat-
ed biofilms. The material occurs as amorphous 
MnOOH, poorly ordered birnessite [4] and todorokite. 

Fe-oxides. Iron is typically abundant in the host 
basaltic lava. Although free Fe2+ resulting from chemi-
cal weathering or other alteration of the lava is easily 
oxidized at even low pO2 values, in the host rock it is 
stable and thus provides potential energy source for 
microorganisms. The microbial community can release 
organic acids that will break down bedrock, liberating 
Fe and other elements that can be used by metal oxi-
dizers in the community [5]. 

Cu and V minerals. Precipitated Cu minerals 
(poorly crystalline chrysocolla) have been found in 
close association with microbial communities in sever-
al lava caves in Hawaii and New Mexico [3]. Likewise 
bright yellow, filamentous V-oxides have been discov-
ered in microbial colonies on the walls of a cold lava 
cave, high on Mona Loa in Hawaii. 

Sulfates and carbonates. Both calcite and gypsum 
may be present as moonmilk, a coagulation of disor-
dered micro- to nano-sized individual crystals, plastic 
in nature, and containing up to 80% water as a paste 
(or as a crust when dry). Moonmilk may be of biogenic 
origin, chemogenic or of mixed origin [6].  

 
Fig. 1. Reticulated microbial filaments intermingled 
with chrysocolla from a Hawaiian lava cave. 

References:	[1] Cushing G.E. et al. (2015) J. Geophys. 
Res. Planets, 120, 1023-1043. [2] Boston et al., (2001) 
Astrobio. J., 1, 25-55. [3] Northup et al. (2011) Astro-
bio. J., 11, 1-18. [4] Barger et al. (2009) GCA, 73, 889-
910. [5] Spilde et al. (2005) Geomicro. J., 22, 99-116. 
[6] Self C.A. and Hill C.A. (2003) J. Cave Karst Stud-
ies, 65, 1230-151. 
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Summary: Liquid groundwater on modern 
Mars might be an essential requirement for extant 
life on Mars. However, to this date, we do not 
know whether there is water in the Martian shallow 
or deep subsurface. Here, we show how groundwa-
ter levels might have evolved over the last 4.5 Ga 
inside the Martian subsurface as a function of lo-
cation, depth and time using numerical geodynam-
ical evolution models. We also discuss the tech-
niques that can be applied to searching for liquid 
water on modern-day Mars. 

 
The Martian subsurface has had and still has the 

potential to enable environments with stable 
groundwater. The possibility of such underground 
waters has gained more interest since the an-
nouncement of a possible subsurface lake beneath 
the South Polar Layered Deposits on Mars with 
MARSIS [1]. The temperature at the base of these 
polar deposits at 1.5 km has been estimated to be 
~205 K, which would require large amounts of dis-
solved salts (likely Ca- or Mg-perchlorates) to suf-
ficiently reduce the freezing point of water.  

Due to attenuation, MARSIS and SHARAD 
have generally great difficulties to detect ground-
water beneath a depth of a few hundred meters, 
particularly at an aquifer horizontal scale of less 
than a few tens of km and away from the polar 
caps. Since initial estimates of the groundwater ta-
ble are generally far beyond a depth of 1 km [2], 
Martian groundwater might be much more wide-
spread but has so far not just remained undetected 
but was rather undetectable. 

In the first part of this talk, we show evolving 
water table results produced with 4D (three in 
space and one in time) interior models of Mars that 
self-consistently compute the subsurface thermal 
profile, groundwater stability depth, porosity, and 
permeability as a function of location and planet 
age across the last 4.5 billion years. The two mod-
els used are (A) a 3D spherical full mantle convec-
tion [3] and (B) a parameterized thermal evolution 
model both coupled to a 3D crustal model that is 

compatible with today’s gravity and topography 
data. The spherical full mantle convection model 
explicitly considers both lateral variations of the 
crustal and mantle heat flow contributions, which 
can lead to regional perturbations that can shift the 
groundwater table closer to the surface. The ad-
vantage of the parameterized model on the other 
hand is the inclusion of various uncertainties in in-
itial conditions, rheology, subsurface rock compo-
sition, thermal properties of crust and mantle, radi-
ogenic heart source distribution, and groundwater 
chemistry (variable amounts of Ca- and Mg-per-
chlorates and chlorides as well as sulfates). We 
show how groundwater levels vary as a function of 
location on Mars today and across time, and dis-
cuss implications for potential aquifers beneath the 
polar ice caps and the implications for the potential 
for extant life on Mars.  

In the second part of this talk, we will describe 
how we can use a variety of techniques to sound 
for liquid water in the Martian subsurface [3]. We 
will especially highlight the ability of transient 
electromagnetic sounding (TEM) to detect deep 
groundwater at depths of kilometers with modest 
payload power and mass—laying out the technol-
ogy that could help us finally answer the question 
whether there is still liquid water in the Martian 
subsurface today—with potentially profound im-
plications for the existence of and search for extant 
life on Mars. 
 
 
References: [1] Orosei et al., Science 2018. [2] 
Clifford et al., JGR, 2010. [3] Plesa et al., JGR, 
2016. [3] Stamenković et al. (2019), Nature As-
tronomy 3, https://www.nature.com/arti-
cles/s41550-018-0676-9.     
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Introduction:  Due to the scarcity of O2 in the mod-

ern Martian atmosphere, Mars has been assumed inca-
pable of producing environments with sufficiently large 
concentrations of O2 to support aerobic respiration. 
Here we present a thermodynamic framework for the 
solubility of O2 in brines under Martian shallow subsur-
face conditions and discuss implications for deeper sub-
surface environments, where liquid water is much more 
likely to exist. We find that modern Mars can support 
shallow subsurface liquid environments with dissolved 
O2 values ranging from 2.5×10-6 mol m-3 to 2 mol m-3 
across the planet, with particularly high concentrations 
in polar regions because of lower temperatures at higher 
latitudes promoting O2 entry into brines. General circu-
lation model simulations show that O2 concentrations in 
shallow subsurface environments vary both spatially 
and with time — the latter associated with secular 
changes in obliquity. Even at the limits of the uncertain-
ties, our findings suggest that there can be subsurface 
environments on Mars with sufficient O2 available for 
extant aerobic microbes to breathe [1]. The availability 
of liquid water is ultimately the main modulating factor 
and will likely scale with subsurface depth and location. 

Methods: We develop a new comprehensive ther-
modynamic framework applicable to Martian condi-
tions that calculates the solubility of O2 in liquid brines. 
We then couple this solubility framework to a Mars gen-
eral circulation model (GCM) [2, 3] to compute the sol-
ubility of O2 as a function of annually averaged values 
of pressure and temperature varying with location on 
Mars today in shallow subsurface environments (for an 
obliquity of ~25°). Following this, we examine how the 
distribution of shallow subsurface aerobic environments 
evolved over the past 20 Ma and how it may change in 
the next 10 Myr. To achieve this, we extend the modern-
day Mars climate model [2, 3] using different values of 
obliquity to obtain annually averaged climate maps for 
each obliquity, and use calculations of Mars’ obliquity 
changes over the past ~20 Ma and the next ~10 Myr [4] 
to identify those epochs in time with different axial tilts. 
Last, we discuss implications for deeper subsurface en-
vironments where oxygen may be sourced differently. 

Results: We find that, on modern Mars—ac-
counting for all uncertainties—the solubility of O2 in 
various fluids can exceed the level required for aerobic 
respiration of ~10-6 mol m-3 for microbes [5, 6] by ~1-6 
orders of magnitude. Thus, in principle, Mars could of-
fer today a wide range of shallow subsurface environ-
ments with enough dissolved O2 for aerobic respiration 

like that seen in diverse groups of terrestrial microor-
ganisms. Moreover, for supercooled Ca- and Mg-per-
chlorate brines on Mars today, ~6.5% of the total Mar-
tian surface area could support far higher dissolved O2 
concentrations—enabling aerobic oases at levels of 
[𝑂#]%&>2∙10-3 mol m-3 sufficient to sustain respiration 
demands of more complex multicellular organisms like 
sponges [7]. Such shallow subsurface aerobic oases are 
common today at latitudes poleward of ~67.5°N and 
~72.5°S. Other shallow subsurface aerobic environ-
ments with intermediate [𝑂#]%&	values of ~ 10-4-10-3 
mol m-3 can occur today closer to the equator in areas of 
lower topography like Hellas, Arabia Terra, Amazonis 
Planitia, and Tempe Terra, with larger mean surface 
pressures. The trends for shallow subsurface environ-
ments we show here are robust, as they can be tracked 
back to model-independent findings: (1) higher solubil-
ity for lower temperature and higher pressure, (2) tem-
perature as the main control factor for solubility, (3) the 
poles being colder than the equator for modern Mars, 
and (4) the poles warming at higher obliquities.  

The first part of this study focused on shallow sub-
surface environments. However, liquid water is much 
more likely to exist in the deep subsurface [see [8] for 
potential evidence of some form of deep liquid water]. 
Our results also imply that the O2 solubility in such deep 
reservoirs would be high, raising the possibility that 
they could be rich in O2 if the supply either from inter-
mittent communication with the atmosphere or from the 
radiolysis of water is sufficiently large. Last, we discuss 
pathways to explore modern-day subsurface habitability 
and extant subsurface life in the coming decade  [9]. 
 
References: [1] Stamenković et al. (2018), Nature Geo 
11, https://www.nature.com/articles/s41561-018-0243-
0. [2] Richardson et al. (2007), J. Geophys. Res. 112, 
E09001. [3] Toigo et al. (2012), Icarus 221, 276–288 
(2012). [4] Laskar et al. (2004), Icarus 170, 343–364. 
[5] Zakem & Follows (2017), Limnol. Oceanogr. 62, 
795–805. [6] Stolper et al. (2010), Proc. Natl Acad. Sci. 
USA 107, 18755–18760. [7] Mills et al. (2014), Proc. 
Natl Acad. Sci. USA 111, 4168–4172. [8] Orosei R. et 
al. (2018) Science, 361, 6401. [9] Stamenković et al. 
(2019), Nature Astronomy 3, https://www.na-
ture.com/articles/s41550-018-0676-9.     
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Now on Mars there is a very low-power magneto-

sphere [12], a very thin atmosphere and the average 

temperature rarely rises above 200 K. Under these 

conditions, there are few chances to protect possible 

life on the surface from the solar wind and hard ultra-

violet. Let's define life as a self-sustaining physical and 

chemical system that is capable of reproducing similar 

to samself offspring, which inheriting the main features 

of parents. Moreover, the descendants should manifest-

ed inheritances of possible genetic changes. After all, 

they will be responsible for changes in populations, 

showing in action a system of survival and natural se-

lection in the changed external conditions. In recent 

years, a number of microorganisms have been discov-

ered on our planet, which are in conditions very similar 

to some regions of Mars. Also, in the Martian soil, the 

equipment installed on the rovers made it possible to 

detect complex organic molecules with the so-called 

left-sided chirality. It is this characteristic of molecules 

that indicates a possible metabolism, which is a strong 

indication of their biological nature, and not just a cer-

tain biological marker. The direct search for life on 

Mars was begun in 1976 from the "Viking" missions. 

Not having received an unequivocal confirmation, and 

based on the fact that the only amino-nucleic acid form 

of life known to us cannot exist without water [10, 11], 

all subsequent searches for life forms on this planet 

began with the search for water. For example, the de-

tection in the clay-rich Martian medium of boron and 

manganese [1, 3, 5, 6] clearly indicates its possible 

presence in the water below the surface. After all, bo-

ron is a vital chemical element for the prebiotic pro-

cesses occurring on Earth. It is quite possible to assume 

that this can also be related to Mars, indicating a cer-

tain potential for the emergence and development of 

independent life on Mars [3, 8]. Also, terrestrial cya-

nobacteria have the ability to form carbon compounds 

[2, 4, 5]. They can survive both in arid deserts and in 

an oxygen-free atmosphere. Therefore, we have the 

right to assume that some carbon deposits recently 

found in Martian soil may be a manifestation of metab-

olism for a possible Martian life [7, 9]. That is, to have 

a biological origin, and to promote the survival of aer-

obic life forms, as well as to form minerals and accu-

mulate nitrogen. In addition, there remains the likeli-

hood that if life on Mars once did appear, it did not 

disappear without a trace [13-15]. For example, it can 

be assumed that it could move from the surface - into 

the bowels of the planet, and can be conserved there in 

relic fossils. The possibility of saving life in very sim-

ple forms is also not excluded. Therefore, traces of 

such life forms should be sought under the surface at a 

certain depth in those places where water was in the 

first hundreds of millions of years. Now on the surface 

of Mars recorded numerous traces of water-erosion 

activity. The impact of fluid flows is carried by many 

details of the relief of the planet [16, 17]. Surface im-

ages obtained from orbiters show that sources of traces 

of groundwater outflow are on the facing to the Sun of 

steep slopes of valleys and craters, at a depth of 100 to 

500 m below the level of the main surface. This sug-

gests that it is at these depths that the ground ice melts, 

and the water goes out to the slopes. Its freezing point 

may well reduce by the presence of dissolved salts in 

groundwater. And this fact can affect the length of the 

registered flows. Also, most likely, any life form on 

Mars today is probably microbial. And since the sur-

face of the planet is irradiated all day by hard ultravio-

let radiation and solar radiation, it seems that one of the 

possible ways to avoid their harmful effects - is to live 

below the surface. 
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Introduction: The 2008 Phoenix Mars lander 

mission sampled ground ice at 68oN latitude.  Mission 
results, considered along with climate modeling stud-
ies, suggest that high latitude ice-rich regolith at low 
elevations is habitable for life[1]. A lander mission can 
test the hypothesis that extant life persists in this envi-
ronment, currently dormant but growing periodically 
when climate conditions are suitable. 

Evidence for Habitable Conditions: The Phoe-
nix lander dug into the subsurface with a robotic arm 
equipped with a digging scoop to reveal an ice table at 
average depth of 4.6 cm.  Samples were scraped from 
the dry surface and icy subsurface soils and analyzed.  
Evidence for liquid water processes was found includ-
ing 1) beneath dry soil, segregated pure ice was dis-
covered in patches covering 10% of the approximately 
1m2 excavated by the scoop, the other 90% was ice 
cemented soil consistent with formation by vapor dep-
osition of ice [2].  Segregated ice forms when liquid 
water films are concentrated during freezing.  2) The 
soil contained pure calcite mineral, which only forms 
under aqueous conditions [3]. 3) Varying centrations 
of highly water soluble perchlorate salts were observed 
with higher concentrations seen in soil clods suggest-
ing water mobilization [4]. 4) Microscopic imaging 
identified a population of soil grains showing evidence 
of solutional weathering [1]. While current climate 
conditions are too cold to support metabolism in the 
icy subsurface, climate modeling studies [5] show that 
variations in solar insolation associated obliquity varia-
tions] cause quasiperiodic climate change on Mars.  
For the past 5 Myr, Mars’ obliquity has oscillated on 
125kyr timescales about a value of 25° but from 5 Myr 
to 10 Myr ago, the mean obliquity was ∼35° and the 
maximum obliquity was almost 50°[6]. At these high 
obliquities, the maximum insolation is up to 2.5 times 
the present value, and surface temperatures 68 N lati-
tude exceed 273 K up to 100 days per year [5]. At 
obliquity of 45o temperatures allowing microbial 
growth persist up to 1 m depth for durations that may 
allow microbial growth and population rebound [7].   
Energy sources are available to support autotrophic 
surface and chemoautotrophic metabolism in the 
ground ice.  Microscopic images of the surface soil 
show a population of semitransparent grains that could 
protect microbes from sterilizing UV radiation[ 1].  
Perchlorate present in the soil at ~0.5% [8] can provide 
an energy source acting as electron acceptor while or-
ganic carbon from exogenous sources, ferrous iron or 
H2 produced from water rock interaction can provide 
electron donors. The largeenergy potential of perchlo-
rates (1.287V) makes them ideal electron acceptors for 
microbial metabolism 

and these compounds can be utilized as 
an energy source by numerous species of microbes that 
have been isolated from a variety of environments in-
cluding permafrost [9]. 

Terrestrial permafrost communities are an exam-
ple of possible life in the ice-rich regolith. Studies in 
permafrost have shown that microorganisms can func-
tion in ice-soil mixtures at temperatures as low as - 
20°C, living in the thin films of interfacial water [10].  
In addition, it is well established that ground ice pre-
serves living cells, biological material, and organic 
compounds for long periods of time, and living micro-
organisms have been preserved under frozen condi-
tions for thousands and sometimes millions of years 
[11]. If life survives in these areas, growing when con-
ditions allow, biomolecular evidence of life should 
accumulate in the soils. 

Mission Concept: The Mars Icebreaker Life 
mission [12] plans to land in high latitude ice rich ter-
rain with a payload designed to address the following 
science goals: (1) search for biomolecular evidence of 
life; (2) search for organic matter from either exogene-
ous or endogeneous sources using methods not impact-
ed by the presence of perchlorate; (3) assess the habit-
ability of the ice bearing soils with depth. The mission 
features a 1-m drill to auger subsurface icy material to 
the surface where it is delivered to payload instruments 
that search for biomolecules. By drilling to 1m the 
habitable zone can be probed to its maximum depth.  
The Icebreaker payload fits on the same spacecraft/ 
lander used by Phoenix and can be accomplished with-
in the Discovery mission cost profile.   
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Introduction: Carbonates are products of the 

aqueous processes and may hold important clues about 

the history of liquid water on the surface of Mars. Cal-

cium carbonate has been identified in the Martian re-

golith around the Phoenix landing site, amount of 

which is most consistent with the formation in the past 

by the interaction of atmospheric carbon dioxide with 

liquid water films on particle surfaces [1]. Outcrops 

rich in magnesium-iron carbonates has been identified 

in the Gusev crater [2]; Magnesium carbonate is pre-

sent in the Nili Fossae region. Here, data show that 

magnesium carbonate is closely associated with both 

phyllosilicate-bearing and olivine-rich rock units [3]. 

Although Martian carbonates are less likely to be of 

biological origin, ability of cyanobacteria to precipitate 

carbonate compounds has been reported for long by 

various authors [4, 5, 6]; many have experimented with 

the survival of cyanobacteria in arid deserts and anoxic 

atmospheres, in order to investigate their physiological 

and biochemical adaptation mechanisms within Mars-

like conditions. Studies have demonstrated that tough 

species of cyanobacteria occupy endolithic niches of 

the driest deserts, surviving within basalt, chalk and 

gypsum crusts [7, 8]. Thus, based on the results, it 

seems reasonable to hypothesize that at least some 

amount of carbonaceous deposits in Martial regolith 

could be linked to the metabolism of the extant Martian 

life. The experiment supporting this hypothesis is de-

scribed here. 

Materials and Methods: Cyanobacterial species 

have been obtained from icy volcanic springs contain-

ing high concentrations of Iron and Sulfur compounds. 

10ml of the culture drops (1∙10
4
/cm

3
 cells) have been 

added to 25ml quartz test tubes containing 50g of 

AMG - artificial Martian ground [9]. Samples have 

been placed inside the MCSC - Mars Climate Simula-

tion Chamber [10, 11] and stored for 14 months. 

For the qualitative analysis of carbonate anions 

(CO3
2-

), simple titration method has been used: 10g of 

bioremediated AMG has been suspended in 25ml of 

distilled water. After adding 2 drops of phenolphthal-

ein, a typical titration assay has been performed. To 

determine exactly which carbonate salts have been ac-

cumulated, titration assays were performed for the vari-

ous ions as well. 

Results: Initial AMG samples contained many spe-

cies of cyanobacteria. Practically all have survived 

after the exposure to the MCSC conditions for 14 

months. Survival strategies included stages of 1. Inten-

sified sublimation of water; 2. Colonial distribution on 

the surface or/and underground; 3. Production of het-

erocysts; and 4. Substance (antioxidant) accumulation. 

Intensive production of white carbonaceous deposits 

has been observed between 6-11 months after inocula-

tion (Fig. 1).  

 

     
Fig.1. (Left) Intensive water sublimation takes 

place soon after inoculation, cyanobacteria colonize 

superficial layers of AMG; (Right) After 8 months - 

Colonially distributed cyanobacteria and Carbona-

ceous deposits are visible.   

Analysis revealed the presence of various carbon-

ates, such as Calcite and Magnesite formations and 

Magnesium-Iron carbonates. A small amount of Cal-

cium sulfate (gypsum) was also present. The extreme 

level of carbonates lately results in the extinction of 

cyanobacteria in the closed environment, however, 

continuous cultures are potentially self-sustained. 

Conclusions: Experiments have shown that car-

bonates found in the Martian ground could have a bio-

logical origin. Although in MCSC samples have been 

intensively ventilated with CO2, vigorous photosynthe-

sis kept test-tube environments oxygenated, thus con-

tributing to the survival of the obligate aerobic species, 

as well as the formation of the minerals. In parallel to 

the carbonate deposition, accumulation of Nitrogen in 

the AMG also takes place, thus pointing out that these 

two processes could be cross-linked. 
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DEEP GROUNDWATERS ON EARTH AS ANALOGS FOR MODERN MARTIAN HABITATS.  J.D. Tar-
nas1, J.F. Mustard1, B. Sherwood Lollar2, O. Warr2, A.M. Palumbo1, A.-C. Plesa3, 1Brown University Department of 
Earth, Environmental and Planetary Sciences, 2University of Toronto Department of Earth Sciences, 3German Aero-
space Center Institute of Planetary Research. 
 

Introduction: Deep, briny, fracture-network-filling 
groundwaters accessed by the drilling of boreholes 
during mining operations provide an analog for mod-
ern subsurface martian habitats, where liquid water is a 
key condition for habitability. Mines in Canada and 
South Africa have accessed groundwaters in boreholes 
as deep as 2.9 km and 3.3 km, respectively [1,2]. Drill 
holes in the Fennoscandian shield reach depths of 6.6 
km [3]. Groundwater in Kidd Creek has a minimum 
mean residence time of ~1.5 Gyr [4], while groundwa-
ters in other Canadian and South African mines have 
ages of 106-108 yrs [1,5, 6]. Waters at all of these sites 
have significant quantities of dissolved CH4 (produced 
both abiotically and biotically [3,7]), with varying 
amounts of accompanying H2, C2H6, and C3H8 [2,3,7] 
that are typically produced abiotically. The briny an-
cient groundwaters in Kidd Creek, which have clearly 
been relatively isolated for a substantial period of time, 
contain low abundances—but measureable amounts—
of microbial biomass [8]. Kidd Creek and Mponeng 
mines, in Canada and South Africa respectively, have 
some of the highest relative quantities of abiotically-
produced CH4 of any sites identified thus far, though 
these CH4 abundances vary locally  [7]. 

Methods: We estimate the respective rates of mi-
crobial and abiotic CH4 production at each of 17 dif-
ferent borehole sites. To do this, we demonstrate that 
H2 production at all deep borehole sites is primarily 
controlled by radiolysis—previously shown to have 
likely operated on ancient Mars [9] and operate on 
modern Mars [10]—with secondary H2 contributions 
from serpentinization at some sites. We then use the 
current CH4 versus H2 concentrations, CH4 versus 
C2H6 and C3H8 concentrations, and 𝛿13C measurements 
in CH4 to quantitatively separate the contribution of 
CH4 production from biotic and abiotic sources. This 
allows us to demonstrate that the detection of high 
dissolved CH4 concentrations is not by itself a biosig-
nature. Thus, biosignature detection of extant life in a 
modern martian habitat requires measurements that go 
beyond dissolved or exsolved gas concentrations. In-
stead, extant life detection on Mars requires deep drill-
ing missions that are capable of directly accessing 
brine pockets in the crust [11]. 

We model the temperature, pressure, and composi-
tional conditions within the martian crust that would be 
conducive to formation and sustainment of a briny, 
dissolved-gas-rich, and isolated liquid pocket. We take 
the Kidd Creek fluid composition as a starting compo-
sition and explore how variations in salt content affect 

the melting temperature of the brine, and thus where it 
can exist as liquid within the modern martian cry-
osphere. Furthermore, we explore the thermal effects 
of efficient insulators and convection-inhibitors such 
as clathrate hydrates [12], which are expected to have 
existed in the ancient martian crust [13] and may be 
the source of CH4 detections on modern Mars [14].  

Results & Discussion: We find that the ancient, 
highly saline, deep groundwaters of Kidd Creek repre-
sent an excellent Earth analog for a habitable environ-
ment on modern Mars. Variations in brine composition 
significantly affect the freezing point of liquids, with 
perchlorates lowering the freezing point most signifi-
cantly [15]. Having an efficient insulator surrounding 
these brine pockets, such as CH4 clathrate hydrates 
[12], significantly increases the likelihood that these 
liquid pockets would remain liquid until present day. 
Kidd Creek-type fluids in the modern martian crust 
would contain high concentrations of dissolved CH4. 
This CH4 would form via reduction of CO2 by H2, 
formed via radiolysis and mineral hydration reactions 
[9,10,16], through Fischer-Tropsch-Type (FTT) reac-
tions. CH4 formed through these abiotic (and possibly 
through additional biotic) processes would diffusive 
into surrounding ice, forming CH4 clathrate hydrates, 
which then act as insulators and convection-inhibitors 
to maintain the brine pockets in their liquid state.  

Conclusions: Ancient, deep groundwaters accessed 
in the Kidd Creek mine provide an Earth-analog for the 
most likely habitable environment to exist on modern 
Mars. The self-sustaining architecture of these modern 
habitable environments likely consists of liquid brine, 
which fills pre-existing rock fractures and pore space, 
and is surrounded by CH4 clathrate hydrates that act as 
an insulating and convection-inhibiting agent over long 
geologic timescales [12]. The potential for preservation 
of water in fracture networks on Mars over significant 
geologic time is supported by terrestrial analogs where 
life in isolation has been documented [2,8]. As a result, 
characterizing the (bio)geochemistry of these environ-
ments via deep drilling missions will maximize our 
potential for identifying any extant life on Mars. 
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According to recent studies, the surface of Mars is         
hostile for the life [1], However, the subsurface of the          
red planet could be a more comfortable place for the          
existence of live beings [2].  
On the Earth, the evidence of microorganisms living in         
underground habitats has been raising in the last years,         
these microorganisms have different adaptations for      
survive in those places, for example, a chemolithotroph        
metabolism and tolerance to oligotrophic environment      
[3]. 
The study of this kind of ecosystems could help us to           
understand how we can explore the Martian subsurface        
in search of signs of life. For this reason, the aim of            
this poster is showing the importance of the study of          
underground ecosystems on the earth and the lessons        
for the exploration of the subsurface on Mars. 
For the study of the physical environment of the deep          
biosphere we must start from the comparison between        
the physical properties such as the geothermal       
gradient, the pressure gradient and the variation in        
porosity as a function of depth. factors that favor the          
presence of liquid water and the possible development        
of life.[4]. The terrestrial geothermal gradient by       
means of averages is averaged at 25 ° C [5], in contrast            
the geothermal gradient for Mars is calculated between        
10 to 20 ° C [4], this is essential to understand the            
presence of liquid water as a function of depth [6] and           
until depths we should contemplate the presence of        
life, in the case of the earth, bacteria have been found           
in wells at depths of 2.5 km [7]. 

 
Image 1. water stability as a function of depth on Mars, taken            
from  [6]. 
. 

The principal tool of the exploration of life on the deep           
biosphere is the use of independent culture methods        
e.g. metagenomics [7] but, it’s possible use another        
biosignatures, such as Lipid biomarkers, product of       
biological activity [8]. 
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EQUATORIAL ALPINE REGIONS AS A SCIENTIFIC ANALOG FOR PAST/PRESENT LIFE ON 

MARS.  D. Viola1 and C. P. McKay1, 1NASA Ames Research Center, Moffett Field, CA. 

 

Introduction:  Most regions of modern Mars are 

predominantly cold (below freezing) year-round. 

However, few terrestrial Mars analogs meet this crite-

ria. Even in Antarctica, most of the extremophiles 

found are dormant during the coldest months, reac-

tivating only in summer, when higher temperatures 

permit the melting of ice [1, 2]. To mitigate this, we 

propose the study of potential Mars analog environ-

ments near the equator to minimize this seasonal tem-

perature fluctuation and at high elevations where tem-

peratures remain below freezing throughout the day. 

The goal is to identify areas where ground tempera-

tures never/rarely exceed the freezing point of water.  

Many equatorial alpine regions host glaciers near 

their summits [e.g. 3], but significant glacier retreat 

has been observed in recent decades [4]. Both consist-

ently-cold and actively-retreating glacier regions are 

of interest for astrobiology. Identifying the microbial 

biodiversity/activity in these types of habitats will help 

us understand life under perpetually-cold conditions 

(analogous to modern Mars) as well as how these pa-

rameters change relative to the time since they have 

emerged from glacier cover (analogous to past Mar-

tian climate fluctuations). Here, we present the results 

of orbital remote sensing efforts (using Landsat 7-8) to 

characterize two potential Mars analog sites by as-

sessing (1) modern glacier bounds, (2) temporal varia-

tions and glacier retreat, and (3) ground temperatures. 

Study Areas:  Our first target study area is Pico de 

Orizaba (19°N, 97.3°W), the highest peak in Mexico 

at 5,636 m. Pico de Orizaba has a small summit ice 

cap glacier (area~0.6 km2), which is the largest per-

manent ice mass near 20°N but which has been re-

treating over the last several decades [5]. 

We have also identified a potential South Ameri-

can site: Illimani in Bolivia (16.6°S, 67.8°W). This 

summit, on the western edge of the Cordillera Oriental 

(bordering the Antiplano) has an elevation of 6,440 m 

and is more extensively glacierized than Pico de Ori-

zaba, although recent retreat has been documented [6]. 

Methods:  Orbital multispectral datasets, primari-

ly from the Enhanced Thematic Mapper Plus (ETM+) 

on Landsat 7 and the Operational Land Imager (OLI) 

and Thermal Infrared Sensor (TIRS) on Landsat 8, 

were obtained from the U. S. Geological Survey. We 

identified images with minimal cloud cover over the 

summit areas at each study site (and, for mapping 

glacier extents, minimal snow cover). Glacier extent 

mapping was performed using semi-automated meth-

ods [7-9] using the ratio of the panchromatic and 

short-wave infrared bands to identify regions with 

ice/snow, paired with manual vector editing as need-

ed. Surface temperatures are estimated from Landsat’s 

thermal infrared bands, using simple atmospheric 

corrections [10, 11] and automated surface classifica-

tions using the glacier mapping and the normalized 

difference vegetation index (NDVI) to assign ground 

properties [12-14]. To assess temporal changes in both 

glacier extent and ground temperature, these proce-

dures were repeated on as many images as possible 

since the start of the Landsat 7 mission in 1999. 

Discussion: At Pico de Orizaba, we have observed 

approximately 100 m of horizontal glacier retreat at 

the northeastern face over the past twenty years (total 

area loss of ~1/3 since 2000) [15]. In addition, soil 

temperatures southwest of the glacier were found to be 

consistently below the freezing point of water (-5 to -

15°C) in all images [15]. Therefore, future fieldwork 

should target this area to assess the microbial biodi-

versity/activity to better understand any ongoing pro-

cesses in this consistently-cold environment. 

Glacier mapping and surface temperature estima-

tion are ongoing at Illimani. Retreat has been ob-

served in several glacier tongues over the last 20 

years, and ground temperatures appear to be lower to 

the west of the summit, on the drier side of the Cordil-

lera Oriental – also promising for the Mars analog 

potential of this location. However, additional work 

must be done to compile data from all available time 

points to identify any seasonal fluctuations. 

References: [1] Doran P.T. et al. (2002) JGR, 107 

4772. [2] Doran P.T. et al. (2008) Antarc. Sci., 20, 

499-509. [3] Kaser G. & Osmaston H. (2002) Cam-

bridge Univ. Press. [4] Thompson L.G. et al. (2011). 

Ann. Glaciol., 52, 23-34. [5] Cortés-Ramos J. & Del-

gado-Granados H. (2012) Cryo. Disc., 63, 3149-3176. 

[6] Ribiero R. et al. (2013). Ann. Glaciol., 54, 272-

278. [7] Albert T.H. (2002). Polar Geog., 26, 210-

226. [8] Paul F. et al. (2004). GRL, 31, L21402. [9] 

Paul F. & Kaab A. (2005). Ann. Glaciol., 42, 59-66. 

[10] Barsi J. et al. (2003). Geosci. Remote Sens. Symp. 

Proc., 3014-3016. [11] Barsi J. et al. (2005). SPIE 

Proc., 5882. [12] Caselles V. & Sobrino J.A. (1989). 

Rem. Sen. Env., 29, 135-146. [13] Sobrino J.A. et al. 

(2004). Re. Sen. Env., 90, 434-440. [14] Avdan U. & 

Jovanovska G. (2016). J. Sensors, 2016, 1480307. 

[15] Viola D. et al. (2019). Arct. Antarct. Alp. Res., 

51 (Accepted for publication). 

5099.pdfMars Extant Life: What's Next? 2019 (LPI Contrib. No. 2108)



EXPERIMENTALLY EVOLVED TOLERANCE TO DESICCATION AND UV-C RADIATION IN E. COLI 

AND ITS IMPLICATIONS FOR EXTANT LIFE IN MARTIAN NEAR-SURFACE ENVIRONMENTS. 

B. D. Wade and R. E. Lenski, Department of Plant, Soil and Microbial Sciences, Michigan State University 

 

Introduction: Surface environments on Mars were 

almost certainly habitable in the past [1−3], but severe 

environmental changes [1−3] left conditions that today 

are likely inhospitable, at least for Terran life [4−6]. 

Thus, if life ever existed on Mars, and it was present 

near the surface, its evolution would have been shaped 

by a very different environmental history than that of 

Terran life [1−3], perhaps potentiating a capacity for 

Martian life to adapt to the hostile surface conditions. 

In this case, life might persist near Mars’s surface, i.e., 

within a couple of meters of the surface. 

The greatest barriers to persistence in near-surface 

environments on Mars would likely be desiccation and 

ultraviolet (UV) radiation [5−7], particularly the highly 

mutagenic UV-C wavelengths. The physiology and 

genetics of tolerance to these two stressors are fairly 

well understood, but not their evolutionary dynamics. 

We therefore carried out an evolution experiment in 

which replicate populations of Escherichia coli were 

propagated under stress from desiccation and UV-C. 

Materials and methods: Four groups of six clonal 

populations of E. coli were evolved for 500 generations 

under one of four conditions: desiccation only, UV-C 

only, both stressors combined, or no stress (control). 

The treatment groups experienced daily pulses of the 

respective stressor. Fitness of the groups under each 

stressor was assayed by competing their stress-evolved 

populations against the ancestor. 

Results: We concluded that tolerance had evolved 

if the mean fitness of the treatment group significantly 

increased relative to the control group when exposed to 

the respective stressor. All groups evolved tolerance to 

the treatment stressor, more than doubling their fitness. 

Cross-tolerance, i.e., tolerance to the non-treatment 

stressor, did not evolve; e.g., the desiccation-treated 

group was not tolerant of UV-C. However, the group 

treated with desiccation and UV-C combined evolved 

tolerance to both stressors. Increases in survival, rather 

than recovery, were key to evolving tolerance in all 

three treatment groups. 

Discussion: Tolerance to desiccation and UV-C 

evolved within a mere 500 generations, in an organism 

that is very sensitive to these stressors (ancestor: 1.2% 

and 2.5% survival, respectively). The tolerance levels 

of the evolved populations to these stressors would be 

insufficient for persistence near the surface of Mars, 

although further evolution could potentially do so. 

Nevertheless, our results demonstrate that tolerance to 

desiccation and UV-C can evolve rapidly, even absent 

the history of severe environmental changes that would 

have shaped possible Martian life. Moreover, adapting 

to both stressors simultaneously does not appear to be 

overly difficult. However, our results also show that 

cross-tolerance to desiccation and UV-C, as occurs in 

some organisms, e.g., Deinococcus radiodurans [8], 

does not necessarily evolve. 

Concerning other stressors present at the surface of 

Mars, experimentally evolved tolerance to freeze‒thaw 

and hypobaricity can occur quickly [9, 10], and some 

microbes can grow at Mars-level hypobaricity [11−13]. 

Experimentally evolved tolerance to ionizing radiation 

can also occur quickly [14], and microbes such as the 

aforementioned D. radiodurans could remain viable in 

a dormant state for millions of years within a couple of 

meters of Mars’s surface [15−17]. Furthermore, a few 

millimeters of regolith can attenuate UV-C [18−20]. 

However, growth and reproduction under all of Mars’s 

surface stressors combined has yet to be demonstrated. 

Conclusion: Our results support the possibility that 

extant life could be found in near-surface environments 

on Mars, provided that the environmental dynamics 

allowed adaptation to one or two stressors at a time as 

conditions deteriorated at the surface. One environment 

where such dynamics might have played out is water 

ice-bearing permafrost in Mars’s polar regions. There, 

meltwater may have formed, and may still form, during 

periods of high obliquity, perhaps sustaining growth 

and reproduction [21−23]. Thus, psychrophiles tolerant 

of desiccation, freeze‒thaw, hypobaricity, and radiation 

might persist near the surface of Martian permafrost, 

lying dormant until the next period of high obliquity. 
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Introduction:  Infrared spectroscopy provides chemi-

cal information pertinent to several Mars biological 

questions. Life as we know it is composed of carbon-

containing building blocks, organic molecules. This 

study was conducted to classify and predict varying 

concentrations of amino acids and rock using machine 

learning techniques. The selection of instruments for 

landing on Mars poses particular challenges. Instru-

ments must withstand launch, vacuum space conditions 

and landing in the extreme environment. Fourier-

transform infrared spectroscopy (FTIR), an analytical 

technique, meets the challenges and is broadly used to 

identify organic materials.  

In this study, several concentrations of L-

stereoisomer serine and rock were pulverized and 

measured using FTIR to obtain a spectrum of absorp-

tion. Each sample was measured in 5 sets then aver-

aged to exclude errors. Using the R software environ-

ment, we performed Principal Component Analysis 

(PCA), a machine learning method for dimensionality 

reduction, to better visualize the story or data told. Pre-

liminary results of our investigation indicate a separa-

tion of amino acid/rock mixture and pure rock at our 

sample concentrations 0.001g, 0.0001g, and 0.00001g.  

Further study includes measuring the separation of 

amino acid/rock mixture and pure rock at the parts per 

million level, improving on our analysis techniques and 

developing a method that can be used to detect signa-

tures of life in Martian rocks. 

References: [1] Anderson, M.S., et. al. (2005). 

Fourier transform infrared spectroscopy for Mars sci-

ence. Review of Science Instruments, 76(3), 034101–

034109. doi: 10.1063/1.1867012. [2] Lloyd, D.R. 

(1975). The infrared spectra of minerals : edited by 

V.C. Farmer, Mineralogical Society, London. 1974, 

x+539 pp., price £ 16.00. Analytica Chimica Acta, 78. 

[3] Hansen, C. J., et. al. (2007). SPADE: A rock-

crushing and sample-handling system developed for 

Mars missions. Journal of Geophysical Re-

search, 112(E06008). doi: 10.1029/2005je002413 
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Introduction:  Caves are one of the most exciting 

environments in the search for signs of present and past 

life on Mars. The composition of air in caves is known 

to be depleted in methane (CH4) and enriched in car-

bon dioxide (CO2) compared to the background atmos-

phere. Previous research has shown that these differ-

ences are the result of biological metabolism [1-3]. 

However, these are the two trace gases may represent 

anomalous cases and together may not be able to con-

sist of a biosignature. To expand the usage of cave air 

as a biosignature, the concentrations of other trace gas-

es from a number of caves will need to measured.  

Methods: To determine the possibility for cave air 

to serve as a biosignature, the concentration of 25 trace 

gases in eight caves across the United States were 

measured. Cave air was measured in-situ with a Fourier 

Transform infrared spectrometer (FTIR, Gasmet 

DX4030). Cave air was sampled along gradients from 

the entrance of the cave to the cave interior. The gases 

measured included but were not limited to CO2, CH4, 

dichloromethane (CCl2H2), benzene (C6H6), and ace-

tonitrile (C2H3N).     

Results:  FTIR measurements showed that the trace 

gas composition of cave air was different than the 

composition of the background atmosphere. For exam-

ple, benzene, acetonitrile, and dichloromethane were 

all depleted in cave air compared to the  atmosphere. 

Nitrous oxide (N2O), which is thought to trace the 

movement of soil gas, was typically enriched in cave 

air compared to the background atmosphere. Samples 

of cave air, regardless of the cave they originated from, 

were more similar to each other than to samples of the 

atmosphere (PERMANOVA, F = 229, r2 = 0.64, p = 

0.001). 

Discussion: The differences in the composition of 

cave air and the atmosphere appear to be due to meta-

bolic processes. Benzene and acetonitrile are function-

ally similar to CH4 because they are all reduced. This 

creates an oxidation-reduction potential in the presence 

of oxygen that cave-dwelling microorganisms may be 

able to exploit to power their cells. Conversely, N2O 

was enriched in cave air, likely as a byproduct of the 

entrance of soil gas into the cave [4]. Further research 

is needed to confirm that the consumption of the gases 

like acetonitrile and benzene is a result of microbial 

metabolism in caves. 

Overall, the tendency of cave-air is to show less 

free energy than the background atmosphere. This is 

most likely due to the slow speed at which cave air 

flows through the subsurface. This allows for the meta-

bolic actions of microorganisms to manifest themselves 

in a macroscopic way through effectively removing the 

reactive components of the atmosphere.  

When thinking about caves on Mars, a biological 

signature would appear to be the removal of reactive 

components of the atmosphere. This should manifest 

itself in a lower Gibbs Free Energy of cave air com-

pared to the atmosphere. Several candidates for lava 

tube caves on Mars have been discovered and more 

continually being discovered. The exploration and the 

measurement of cave air on Mars may be pursued 

through either remote or in-situ methods.  

References: [1] Mattey  D. P. et al. (2013) EPSL, 

374, 71–80. [2] Lennon J. T. et al. (2017)  Geobiolo-

gy., 15(2), 254-34. [3] Webster K. D. et al. (2018) 

EPSL, 9–18. [4] Waring  C. L. (2017) Scientific Re-

ports 7 (8314). 
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Introduction:  Each planetary body has unique charac-

teristics that must to be understood in order to consider the 
possibility of extant or past life. Mars has a rich early history 
that is just beginning to be understood in terms of habitabil-
ity, but also in terms of redox potential, groundwater, and 
chemistry. Here we survey recent advances in understanding 
of Mars as a habitable planet, projecting forward to the three 
missions in 2020, and the future.  

Basic Questions: Extant life requires a habitable planet 
and would almost certainly have left clues in the sedimentary 
record. The MSL mission cemented our understanding of 
Mars as a water-rich planet in which open lakes, rivers, and 
potentially oceans existed on relatively long time scales of 
millions of years, extending into the early Hesperian (e.g., 
[1]), even if we do not yet understand the climate physics 
that facilitated this environment (e.g., [2]). While the chemis-
try of Gale lake water resulted in smectite clays (e.g., [3]), so 
far we still have relatively few clues on important details 
such as redox potential near shore vs. deep water [4]. En-
richments of elements like P and Mn, as well as Cu and Zn 
[5-11] suggest that some materials have precipitated from the 
groundwater (and maybe elsewhere) at relatively strong oxi-
dation fronts, the nature of which is not understood. Manga-
nese enrichments have also been found by the Opportunity 
rover, opening the possibility that Mn deposits are wide-
spread on Mars [12]. Diagenetic features also speak to poten-
tial redox reactions. Iron-rich spherules have been found at 
Gale crater (unpublished data) as well as at Meridiani (e.g. 
[13]). Decimeter-size hollow spherules also suggest redox 
reactions [14]. 

Silica at Gale and Gusev: Silica-enriched sediments are 
considered important for taphonomy [15], given their promi-
nence in terrestrial analog sites from the Archean. High-silica 
sites occur at both Home Plate in Gusev crater [16] and in 
Gale crater. The Gusev site is the first hydrothermal springs 
deposit found on Mars, of which many are expected (e.g., 
[17]) and some found [18, 19]. The silica-rich site at Marias 
Pass in Gale crater is likely a volcanic ash layer [20] that was 
later mobilized and altered by (possibly surface and) 
groundwater [21-23]. 

Groundwater on Mars has been modelled, and observed 
in orbital and ground-based missions [24]. In Gale crater, at 
least three stages of groundwater activity have been identi-
fied from vein deposits [25], and more stages, including 
high-temperature ones [26], may well have existed. Ground-
water precipitates are dominated by calcium sulfates at both 
Gale and Meridiani [27, 28]; redox evolution and fluid com-
position [29], especially elements such as boron [30], play a 
role in the habitability of subsurface areas with groundwater.  

Organics: The MSL mission also confirmed the long-
expected existence of organic materials on Mars [31]. These 
are observed at low (ppb) abundances, but the observation of 
significant CO2 releases at low temperatures in the SAM 
experiments, combined with the presence of perchlorates in 
the sediments as well as soils, allows the possibility that 
organics react during the heating process in SAM’s oven. If 

that is the case, Mars organic molecule abundances could be 
substantially higher than SAM observed [32]. The next mis-
sions will explore that possibility. On the other hand, the low 
levels of atmospheric methane observed by SAM [33] appear 
to be a tantalizing clue but also a hard limit on the abundance 
of methanogenic extant life on Mars. 

What Will We Learn in the Next Five Years? The 
three missions planned for Mars landings in 2020 (NASA’s 
Mars 2020 rover, ExoMars, and the Chinese rover) should 
significantly expand our understanding of Mars as a habita-
ble planet. NASA’s Mars 2020 rover has two Raman spec-
troscopy instruments. SHERLOC is especially designed to 
search for organic niches at the microscopic scale. ExoMars 
has an in-situ Raman instrument as well, and the Chinese 
rover has a LIBS instrument patterned after ChemCam.  

The landing sites for these rovers represent diversity that 
should provide important clues: All three candidate Mars 
2020 sites contain carbonates, which have not been found at 
Gale and Meridiani. The study of carbonates on Mars may 
reveal much about its previous climate, especially why we do 
not see more carbon precipitated planet-wide. ESA’s Exo-
Mars landing site at Oxia Planum fulfils a wish to go to one 
of the most ancient sites, which may also reveal further clues 
to habitability in Mars’ earliest era. 

In the longer term, sample return from the Mars 2020 
rover site is expected to eventually clarify many details of 
organics and the possibility of extant life.  

References: [1] Grotzinger J.P. et al. (2015) Science 350, 177. 
[2] Wordsworth R.D. (2016) Ann. Rev. Earth Planet Sci. 44, 381. 
[3] Vaniman D.T. (2013) doi:10.1126/ science.1243480. 
[4] Hurowitz J.A., et al. (2017) Science 356, eaah6849. [5] Lanza 
N.L. et al. (2014) GRL, doi:10.1002/2014GL060329. [6] Lanza 
N.L., et al. (2016) GRL, doi:10.1002/2016GL069109. [7] Lasue J., 
et al. (2016) JGR Planets, doi:10.1002/2015JE004946. [8] Meslin 
P.-Y., et al. (2018) LPSC 49th, 1447. [9] Gasda P.J. et al. (2018) 
LPSC 49th, 2483. [10] Payre V. et al. (2017) LPSC 48th, 2097. [11] 
Thompson L. et al. (2016) JGR Planets doi:10.1002/2016JE005055. 
[12] Arvidson R.E. (2016) Am. Min. 101, 1389. [13] Rieder R. et 
al. (2004) Science 306, 1746. [14] Wiens R.C. et al. (2017) 
doi:10.1016/j.icarus.2017.02.003. [15] McMahon S. (2018) JGR 
Planets 123, doi:10.1029/2017JE05478. [16] Ruff S.W. & Farmer J. 
(2016) Nat. Comm. doi:10.1038/ncomms13554. [17] Schwenzer S. 
et al. (2012) doi:10.1016/ j.epsl.2012.04.031. [18] Skok J.R. et al. 
(2010) Nat. Geo. Doi:10.1038/NGEO990. [19] Pan L. and Ehlmann 
B.L. (2014) GRL, doi:10.1002/2014GL059423. [20] Morris R.V. 
(2016) doi:10.1073/pnas.1607098113. [21] Frydenvang J. et al. 
(2017) GRL, doi:10.1002/2017GL073323. [22] Yen A.S. et al. 
(2017) doi:10.1016/j.epsl.2017.04.033. [23] Rapin W. et al. (2018) 
JGR Planets doi:10.1029/2017JE005483. [24] Lasue J. et al. (2018) 
in Filiberto, J. and Schwenzer, S. P. (2018) Volatiles in the Martian 
Crust, p. 185. [25] Nachon M. et al., submitted. [26] Franz, H. B. et 
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(2016) MAPS 51, 2175. [30] Gasda P.J. (2017) GRL 
doi:10.1002/2017GL074480. [31] Eigenbrode J.L. et al. (2018) 
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Figure 1. Abundance of fatty acids in recently inactive Iceland hot spring Gunnuhver at two vents and the spring mid-apron, at 

both the surface and subsurface (from 5 to 7cm depth). 

 

Introduction:  Volcanism and water on Mars like-

ly produced habitable regions where geothermal ener-

gy interacted with the hydrosphere, presenting an ideal 

environment to support life on Mars, if it arose. The 

Nili Patera region exhibits mound morphology and 

silicic sinter deposits indicating past hydrothermal 

activity [1]. The Columbia Hills region in Gusev crater 

has evidence for volcanic hydrothermal environments 

with outcrops of opaline silica forming nodular and 

digitate silica structures [2]. These sinters provide po-

tential locations to concentrate and preserve organic 

biosignatures that could be targets for future planetary 

exploration. To inform the goals of these future mis-

sions,  organics preservation was explored in three 

Icelandic hydrothermal sinter sites as analogs to the 

Nili Patera region, and in digitate stromatolites from 

the El Tatio geyser field in the Chilean Atacama de-

sert as analogs to Columbia Hills site in Gusev crater.  

 
Figure 2. Cross section of El Tatio nodular stromatolite. 

 

Methods:  Samples were collected using organical-

ly clean methods from each sinter site. Icelandic site 

activity ranged from active (Hveravellir) with fuma-

roles and hot springs to recently inactive (Gunnuhver) 

to relict (Lysuholl). El Tatio geyser samples were col-

lected from an actively discharging region. In the lab, 

samples were ground to a powder and underwent py-

rolysis at a 1mg:1µL ratio with tetramethylammonium 

hydroxide (TMAH) to liberate and methylate fatty 

acids bound in phospholipids as well as free fatty ac-

ids. This process makes fatty acids volatile and detect-

able to GCMS. The fatty acids were analyzed by pyro-

GCMS using a 500°C flash pyrolysis on a Frontier 

pyrolyzer and either an Agilent 7890 GC-MS or a 

Thermo Scientific Trace 1310 GC-MS. 

Results & Discussion:  This study determined that 

organic fatty acid biosignatures are 1) preserved in the 

sinters, 2) detectable with a benchtop version of the 

TMAH wet chemistry experiment on the Curiosity 

rover SAM instrument [3], and 3) resolved enough to 

deconvolve the microbial ecology within these sinter 

deposits.  

Monounsaturated fatty acids were lost at depth, in-

dicative of early diagenesis. Odd carbon number satu-

rated FAMEs were also lost at depth, while those with 

even carbon number were preserved. FAMEs >C20 

indicate input from terrestrial plants and are only 

found in surface samples. The presence of C18:2 may be 

linked to photosynthesis in cyanobacteria or fungi and 

again are only in the surface samples. There is an 

even-over-odd carbon number preference consistent 

with modern bacterial community input. Our results 

indicate that fatty acids are preserved at depth in all 

Icelandic sinter samples and are detectable with a 

benchtop version of the SAM TMAH wet chemistry 

experiment. El Tatio stromatolite analyses are ongoing. 

These results demonstrate the importance of send-

ing GC-MS instruments to Mars to support continued 

exploration for organic biosignatures in the near sur-

face. Shallow subsurface access is technologically 

feasible on Mars today, and the capability to investi-

gate subsurface samples is vital to access organic bi-

osignatures that are more likely to be protected and 

preserved in the Martian subsurface.  

References: [1] Skok, J.R. (2010) Nat. Geo., 3, 

838-841. [2] Ruff, S.W. and Farmer, J.D. (2016) Na-

ture Comm., 7, 13554. [3] Williams, A.J. et al., (2019) 

Astrobio., in review. 
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Introduction: The Jezero crater has been selected 

to be the destination for the Mars 2020 rover in early 

2021. One of the primary goals of the Mars 2020 mis-

sion is to identify locations within or near the landing 

ellipse that could have high biosignature preservation 

potential. The rover would then seek these locations 

and cache samples for return and analysis on the Earth. 

It is therefore vital to locate areas near or in the land-

ing ellipse utilizing orbitally derived imagery. Solar 

and cosmogenic radiation destroys organic molecules 

at the Martian surface, however fresh outcrops 

(<100ma) re-exposed by aeolian dominated erosion 

provide sites where biosignatures could have been 

protected and made recently available for sampling. 

Previous work on analyzing aeolian dominated erosion 

by mapping meter-scale scarp orientation [1] returned 

a distribution of scarp orientations not significantly 

different from random, and bearing little correspond-

ence with the wind directions. However, coupled with 

further study of possible scarp retreat indicators such 

as a detailed analysis of boulders shedding, [2] and 

Infrared Red Blue (IRB) color stretch analysis [1] 

might help yield locations with relatively fresh out-

crops that were previously shielded from solar and 

cosmogenic radiation and may be useful to identify 

samples with potential biosignatures.   

Scarp Orientation in Jezero: Williams, J. M. et 

al. [1] utilized 25cm/pixel imagery obtained from the 

High Resolution Science Experiment (HiRISE) 

onboard the Mars Reconnaissance Orbiter (MRO) to 

map scarp orientations found in and near the landing 

ellipse within the Jezero crater. Scarps were mapped 

using this imagery to investigate (1) if scarp orienta-

tions aligned normal to eroding wind direction indicat-

ing that scarp orientations are perpendicular to that of 

the formative wind stepped back uniformly or (2) 

scarps become parallel to the formative eroding winds, 

(3) scarps orient in bimodal distributions of parallel 

and perpendicular to the formative winds, and (4) 

scarp orientation does not correlate with wind direc-

tion. This investigation did not yield a statistically sig-

nificant result and therefore meter-scale scarp orienta-

tions in Jezero do not appear to correlate with erosive 

wind directions and therefore cannot help to predict 

locations of active or most active erosion [1].  

Boulder Identification and Quantifying positions 

in Jezero: We developed an automated methodology 

for identifying boulders in and near the landing ellipse 

at Jezero crater utilizing images from the HiRISE in-

strument [2]. Parallel scarp retreat; softer material be-

low erosion resistant bedforms within a scarp is re-

moved through aeolian processes allowing the erosion 

resistant layer(s) to fail, creating cleaved blocks or 

boulders. This process repeats over time causing the 

scarp to retreat and step back in the direction of the 

scarp face. Scarps with abundant boulder shedding 

could indicate increased erosion. These scarps could be 

eroding quickly enough to allow boulders to accumu-

late without being destroyed by erosion. This procedure 

was applied to the Jezero delta/fan and surrounding 

areas (~64km2) and correlated with the manually digit-

ized scarps [1] covering the southern portion of the 

Jezero delta/fan. Over 440,000 were identified correlat-

ing with boulder-like features over 170,000 meter-scale 

scarps on the western delta/fan formation. The density  

on the western delta/fan was heterogeneous and varied 

by three orders of magnitude [2]. The Jezero delta/fan 

elevation histogram shows a clustering of boulders at 

the -2400 m to -2435 m.   

     Discussion: Prior to landing the Mars 2020 rover  

mission will be completely dependent on remote sens-

ing analysis to assess point of interests within the mis-

sion area. The scarp orientation study did not reveal 

scarp orientation patterns indicative with retreating 

scarps related to eroding winds. This indicates that the 

erosive wind directions are either not the driving force 

behind scarp evolution or that the combined formative 

winds occurred at a multitude of different directions. 

However, there clearly is scarp retreat, exposing newly 

unshielded terrain that will be suitable for sampling. 

The boulder study within the western delta/fan yielded 

a multitude of boulders in close proximity to scarps 

associated with the delta/fan complex. These scarps 

are assumed to be derived from a silica indurated 

channel floor and would be a good astrobiologic tar-

get. With further study a correlation between these 

scarps and boulders could help identify scarps that 

could be more actively eroding than others found in 

the area. This would be useful for identifying locations 

that could have recently exposed surface materials and 

therefore help to identify locations with high biosigna-

ture preservation potential.  

References: [1] Williams J. M. et al. ICARUS 2020. 

[2] Nagle-McNaughton T. P. et al. (The 9TH Interna-

tional Conference on Mars).  
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Introduction:  On Earth, there is a close association 

between Mn deposits and the presence of Mn- and Fe-

oxidizing microbes [1,2]; as such, Mn is considered a 

principal biosignature for Mars [3]. The most common 

terrestrial Mn-rich surface material on Earth is desert 

varnish, a dark, shiny coating on rocks in arid locations. 

Microbes occupy crevices, pores and layers within rock 

varnish, and it is probable that the concentration of Mn 

in many rock varnishes is mediated by microbial 

activity; however, the relationship between microbes 

and varnish remains a source of long-standing 

controversy [4].  

Here we report research aimed at 1) identifying and 

interpreting the microbial species and processes 

involved in the habitation and/or formation of rock 

varnish, and 2) identification of organic biosignatures 

that, in concert with trace element and mineralogy, can 

be used to conclusively distinguish the biogenic and 

abiogenic origins of terrestrial Mn-rich surfaces so that 

we may then apply the knowledge gained in this work 

to current and future Mars mission datasets, including 

ChemCam and Supercam.  

Approach:  

Microbial 

communities 

associated with 

rock varnish were 

examined from 

samples collected 

throughout 

southwest U.S. by 

analysis of both 

targeted 16S rRNA 

(bacteria, archaea) 

and ITS (fungi) 

sequence libraries 

and shotgun 

metagenomic 

libraries.  We also 

seek to identify 

unique and/or 

important organic 

biosignatures present in varnish.  Figure 1. A) LESA 

LC-MS system  to analyze biosignatures at B) the 

 millimeter-scale on varnished rock  

 

Preliminary work has been done to chemically 

characterize organic materials extracted from rock 

varnish samples using LC- and GC-MS (Figure 1) and 

GC-FT-IR to obtain differentiating information about 

molecular chemical bonds. In addition, we plan to 

analyze rock varnish samples with Raman and LIBS to 

obtain chemistry and mineralogy data that is equivalent 

to ChemCam and the upcoming SuperCam. Being able 

to compare the molecular signatures (MS and 

differentiated by IR) of the extracted samples to intact 

samples will create a signature database that will 

directly link IR features (ChemCam & SuperCam) to 

specific molecular structures and terrestrial 

biosignatures. 

Results:  Microbial communities inhabiting varnish 

were shaped by both location (larger contribution) and 

rock type. The varnish environment selects for a core 

group of UV- and desiccation-tolerant microorganisms, 

including bacterial (Rubrobacteraceae, 

Xenococcaceae, Sporichthyaceae, 

Sphingomonadaceae) and fungal (Lecanoromycetes, 

Dothideomycetes) taxa,  across landscapes and rock 

types. Initial LC-MS analysis of 30 spots on the surface 

of a single varnished rock yielded 3,878 features and 

~2,500 metabolites. Examples of metabolites linked to 

biological pathways that were identified on the surface 

of the rock include: a) glutathione disulfide, a key 

metabolite for desiccation resistance in fungi and 

bacteria, b) organic acids, which are key metal chelators 

and weathering agents produced by microbes, and c) a 

variety of amino acids.   

Implications: We have found that a core group of 

microorganisms inhabit rock varnish across the 

southwest U.S. and that we can detect and identify 

hundreds to thousands of metabolites/proteins on the 

surface of varnished rocks. Moving forward we will 

further examine the microbial role in processes involved 

in rock varnish formation and perform a systematic, 

spatial proteomics/metabolomics analysis of the surface 

and interior of key rock varnish samples (e.g., in 

crevices, varnish surface, near/far from visible fungi or 

lichens, etc.) and integrate with metagenomic data.  In 

tandem with  elemental and mineralogical analysis, we 

then aim to discover biosignatures that could be 

identified associated with Mn-rich rocks on Mars using 

ChemCam or SuperCam. 

References: [1] Dorn R. I. and Oberlander T. M. 

(1982) Prog Phys Geogr, 6, 317-367. [2]  Tebo B. M. 

et al. (2005) Trends Microbiol, 13, 421-428. [3] Lanza 

N. L. et al. (2014) Geophys Res Lett, 41, 5755-5763. 

[4] Goldsmith, Y. et al. (2014) Geochim. Cosmochim. 

Acta, 126, 97-111. 
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 Introduction:  NASA Mars missions focus on in-

vestigating life in past and present Mars, understanding 

geological history and climate of Mars, and preparing 

human mission on the surface of Mars. If Martian ex-

tant life exists, then it is expected to be a microorgan-

ism due to a high level of radiation and the limited 

amount of liquid water on surface as well as a high 

level of carbon dioxide in atmosphere. Through human 

mission, currently available microbiological sensing 

technologies on Earth can be implemented on Mars 

with necessary modification and adjustment to Martian 

environment which has  a high level of radiation on 

surface and a high level of carbon dioxide in atmos-

phere as well as  a low gravity compared to Earth. Mar-

tian extant life may make a home in atmosphere, water, 

ice, soil, or rock of surface or subsurface.  

    Atmosphere: Microbes consuming carbon-

containing chemicals exist in the in the middle-to-

upper troposphere (8–15 km altitude) of Earth, and the 

proportion of some microbes in atmosphere is higher 

than in soil and dust.[1] MSL Curiosity’s detection of a 

seasonal  methane cycle suggests that microbes may 

exist in Martian atmosphere, which is composed of 

96% carbon dioxide. Currently available technology 

such as the gelatin membrane filter method can be uti-

lized to detect airborne microbes. [2]  

 
Figure 1. Quantification of bacterial and fungal cells in 

the high altitudes in Earth atmosphere (Credit: DeLe-

on-Rodriguez) 

    Soil and Rock : To detect extant life in soil, tech-

nologies such as  calorimetry, respirometry, or infrared 

thermography (IRT), which measures heat produced by 

microbial respiration, can be utilized.[3] Extant life on 

rock can be detected by applying fluorogenic substrate 

analogues.[4] 

    Ice: Microbes and biomolecules are found in ice 

deposited in Greenland and Antarctica. Most water on 

Mars today exists as ice. The similar features between 

Antarctica and Mars suggest that if extant life exists on 

Mars, then ice is a good place to harbor microbes. Mi-

crobes can studied by scanning electron microscopy.[5] 

 
Figure 2. Scanning electron micrographs(SEM) of 

bacteria found in ice in Greenland and Antarctica 

(Credit: Knowlton) 

Water: Some liquid water may occur transiently on 

the Martian surface today.[6] Currently available de-

tection techniques of microorganism in water  include 

Biosensors, Vibrational Spectroscopy, MALDI/TOF 

mass spectrometry, and Adenosine Tri-phosphate as-

say.[7] 

Conclusion: Through human mission, currently 

available sensing technologies to find microbes in at-

mosphere, water, ice, soil, rock of surface or subsur-

face on Earth can be utilized on Mars with necessary 

modification and adjustment. Direct sampling by astro-

nauts should be minimized in order to reduce the 

chance to import microbes inside the habitat, which can 

cause a serious health problem. It is highly recom-

mended that  astronauts wear disposable biohazard 

suits and gloves over spacesuits during EVA, and dis-

pose or sanitize  biohazard suits and globes before 

reentering the habitat.   

References: [1] DeLeon-Rodriguez N. et al. 

(2013) Microbiome of the upper troposphere: species 

composition and prevalence, effects of tropical storms, 

and atmospheric implications National Academy of 

Sciences [2] Pendlebury D. et al.(2018) Examining 

ways to capture airborne microorganisms Solid State 

Technology [3] Kluge B. (2013) Detection of soil mi-

crobial activity by infrared thermography (IRT) Vol-

ume 57 Soil Biology and Biochemistry Elsevier 

[4] Hirsch F.(1995) Methods for the study of rock-

inhabiting microorganisms Volume 23 Journal of Mi-

crobiological Methods Elsevier [5] Knowlton C. et 

la.(2013) Microbial analyses of ancient ice core sec-

tions from Greenland and Antarctica .Biology (Basel) 
[6] Liquid water from ice and salt on Mars Geophysical 

Research Letters (2014) NASA Astrobiology  

[7]Samendra P. et al.(2014) Rapid detection technolo-

gies for monitoring microorganisms in water Biosen-

sors Journal 

5024.pdfMars Extant Life: What's Next? 2019 (LPI Contrib. No. 2108)

http://www.pnas.org/content/110/7/2575.short
http://www.pnas.org/content/110/7/2575.short
http://www.pnas.org/content/110/7/2575.short
https://www.ncbi.nlm.nih.gov/pubmed/24832659
https://www.ncbi.nlm.nih.gov/pubmed/24832659

	Printed_Program
	lifeonmars2019_contents
	abstracts

