Astrobiology Research Priorities for Mars

Primary Author:

Jack Farmer (School of Earth and Space Exploration, Arizona State University) 

1-480-965-6748

jfarmer@asu.edu

Co-Authors:

Mark Allen (NASA Jet Propulsion Lab) 

Tori Hoeller (NASA Ames Research Center)

Michael Mischna (NASA Jet Propulsion Lab)
Background 

This White Paper presents a draft summary of scientific priorities for the astrobiological exploration of Mars during the upcoming decade (2010-2020). The scientific rationale presented derives in large part from previous community-based recommendations presented in the Astrobiology Roadmap (Des Marais et al. 2008; 2004) and life-related science goals, objectives, investigations from the Mars Exploration Program Analysis Group’s (MEPAG 2008) framework for Mars exploration. The review is organized around five main overarching goals for Mars Astrobiology listed below. Based on the current progress in our thinking, the discussion emphasizes aspects of the first two goals: The exploration for past or present habitable environments on Mars and the search for pre-biotic chemistry and/or Martian life forms.  At the present draft stage, our intent is to solicit additional commentary and discussion by the broader Astrobiology community over the next few months, in anticipation of more extensive solar system decadal planning activities to be carried out by NASA in the Fall, 2009. 
Scientific questions driving the astrobiological exploration of Mars:

· Did habitable environments exist on Mars in the past, and are they still present there today?
· How has global climate change affected the Martian hydrological cycle and surface habitability of Mars over the planet’s history?
· Did pre-biotic chemical systems, or life ever arise on Mars? Is life still present there today?

· Where are the highest priority landing sites on Mars for carrying out in situ life detection experiments to search for past, or present life?

· What measurements will be needed for definitive life detection on Mars? 

· What role should Mars sample return play in the exploration for past or present Martian life? 

In the following sections, each of the overarching questions above is amplified and discussed in more detail. In addition, where possible, potential investigations have been included that serve to illustrate how the science might be implemented.

Question: Did habitable environments exist on Mars in the past, and are they still present there today? 

This question has received considerable attention by the communituy over the past decade, as reflected in the comparatively mature discussion that follows. In the context of the present discussion, the term “habitability” refers to the potential of an environment to support life.  An important objective touched upon briefly in the following sections is the need to quantify what is meant by habitability and to refine our understanding of what may constitute a potentially habitable environment on Mars. In essence we would like to know if habitable environments once existed on Mars and if they are still present there today. For purposes of simplicity, the present discussion of habitability has been organized around what are broadly perceived to be the fundamental requirements for terrestrial life: 1) liquid water, the solvent for all known biological processes, 2) a source of biological elements and compounds, which comprise the basic building blocks of living systems and 3) sources of energy for sustaining metabolism, growth and the replication of living systems. While water is deemed essential, in actuality, it is the co-occurrence of all three of these requirements in space and time that defines a habitable environment. Each of these requirements is reviewed separately in the following sections, with particular attention to their implied importance in shaping the next decade of Mars exploration.
Objective 1: Follow the Water 

As noted above, water is essential for life as we know it, providing the basic solvent for all biochemical reactions.  But water has also been recognized by MEPAG as an important cross-linking theme in the overall conceptual framework of Mars exploration (MEPAG 2008). For example, the Martian water cycle is key to our understanding of the climate system on Mars and how atmosphere-crust interactions have evolved over time. Water also plays a fundamental role in the geologic processes that have shaped the Martian surface and crust, including the history of volcanism, weathering, erosion, sedimentation and glaciation- processes that have left a visible record in the geomorphic features of the Martian surface. Finally, water is considered a crucial resource for the eventual human exploration and colonization of Mars. 
· Map the present distribution of water in all of its forms (ice, liquid and vapor) and understand how water is being cycled between the lithosphere, cryosphere and atmosphere. 

A basic astrobiological goal in Mars exploration is to understand the past and present distribution of water in all its forms. Based on recommendations first articulated by in “A Strategy for the Exobiological Exploration of Mars” (NASA 1995), the Mars exploration program has systematically pursued a phased program of exploration designed to “follow the water”, alternating orbital reconnaissance missions, with landed missions targeted to specific sites of high interest for astrobiology. It is probably understating the case to say that this follow the water strategy has succeeded brilliantly. The past decade of orbital missions (e.g. Mars Global Surveyor, Mars Odyssey, the Mars Reconnaissance orbiter and Mars Express) have shown that, liquid water was once widespread over the surface earlier in the history of the planet and there was once active cycling of water between a surface hydrosphere and atmosphere for much of the planet’s history. Particularly revealing are water-formed geomorphic features found in terranes of all ages, often associated with spectral signatures of water-deposited minerals (e.g. sulfates, halides, phyllosilicates, silica and Fe-oxides) in a variety of paleoenvironmental settings. Features of interest include water-carved channels, alternately interpreted to have been carved by: 1) water sourced from atmospheric precipitation and runoff, and/or 2) springs and catastrophic outflows of water sourced from deep subsurface aquifers. 
The Mars Exploration Rovers (MER), Spirit and Opportunity, were targeted to sites given a high priority for past water activity based on orbital observations (Christensen et al. 2000; Cabrol et al. 2003). The successful outcome of the “follow the ancient water” strategy for MER is now clear with the discovery of extensive outcrops of bedded, hematite-bearing sulfates at Meridiani Planum by the Opportunity rover (Squyres et al. 2004a; Grotzinger et al. 2006), and the discovery of water-formed Fe-oxides, sulfates and silica in the Columbia Hills of Gusev Crater by the Spirit rover (Squyres et al. 2004b; 2008). 

· Continue our exploration for ancient water. Refine our understanding of the spatial and temporal distribution of water-formed minerals and sedimentary deposits (including hydrothermal, riverine, lacustrine and periglacial sediments), which are presently exposed at the Martian surface. 

The last decade of exploration has revealed that water (both in liquid form and as ice) has played an exceedingly important role in shaping the evolution of the Martian surface. It is likely that based on water, at least, a wide range of potentially habitable aqueous environments once existed at the surface of Mars, Furthermore, habitable zones of liquid water may still be present today in the Martian subsurface. Theoretical models have strengthened the possibilities for a global groundwater system on Mars capable of sustaining an extant subsurface biosphere (Clifford 1993; Clifford and Parker, 2001; Max and Clifford 2000) and orbital mapping by the Gamma Ray Spectrometer experiment onboard the Odyssey orbiter have shown water (as both ice and hydrated mineral phases) to be a widespread component of the Martian regolith (Boynton et al. 2002; Mitrfanov et al. 2002). The recent discoveries of atmospheric methane (see discussion with references given below) have further suggested the possibility for hydrogen-based energy sources in the subsurface of Mars that could sustain life. 

Some might contend that our work is finished with regard to following the water. However, it is really just beginning. There are still many unanswered questions about the nature of past environments on Mars, including the question of past global oceans. In addition, we also understand that life requires more than just liquid water. During the coming decade of exploration, we must refine our understanding of habitability and the search for past or present habitable zones by searching for places on Mars where liquid water has coexisted, in both time and space, with the critical elements and potential energy sources required for life. We must prioritize sites of interest for future astrobiological missions in the coming decade and develop detailed geological and environmental interpretations for those sites as a prelude to exploration. This will enable us to begin to target the best landing sites for future life detection missions and eventually, Mars sample return. 

· Map the subsurface hydrosphere of Mars to understand the distribution of liquid water. Exploration should consider not only the question of a global subsurface hydrosphere, but also assess the potential for shallow, localized aquifers and zones of active hydrothermal upwelling, surface spring and fumaroles, and microscale environments of liquid water (e.g. interstitial brines) residing within pore spaces of near surface sediments, and/or ground ices.
Question: How has global climatic change affected the Martian hydrological cycle and the surface habitability of Mars over the planet’s history?

Arguably the three most important influences affecting the present Martian climate are the planet’s orbital configuration (obliquity, eccentricity, etc.), its atmospheric composition and the global water cycle, which, collectively, have subtle, interwoven effects on the climate system and habitability. Changes in the planet’s orbital configuration drive the global water cycle, which in turn drives atmospheric composition. Each of these components of the system imparts its own influences on the Martian climate. Integrative studies of geology, paleoclimate and of atmospheric composition in the coming decade will allow us to ‘tease’ out information about the climate of early Mars and hoe the climate and habitability has evolved over Martian history.

· Understand how the hydrological cycle has changed over time and the impact(s) that this evolution has had on surface and subsurface habitability.
The history of Martian surface water is recorded in the geomorphology, mineralogy and structure of sedimentary deposits exposed at the planet’s surface. Recent observations of the Martian surface, both from orbit and in situ, have revealed a stunning array of geomorphic features that suggest the planet was once substantially wetter (and therefore warmer) than the present day.  It is now generally believed that during the earliest periods of Martian history, surface environments were capable of sustaining large amounts of flowing liquid water, with a significantly more vigorous water cycle that involved all three phases of water (ice, liquid and vapor).  Contrast this with the present-day situation on Mars, where nearly all water is frozen and contained in polar ice deposits, or ground ice buried beneath the surface, with only trace amounts of water ice and vapor in the atmosphere.  On an annual timescale, the Martian water cycle is highly repeatable and controlled by the temperature of the north polar water ice cap, which is presently the largest exposed water source.  A detailed description of the behavior of the Martian water cycle can be found in Jakosky and Haberle, [1993].

· Understand how the Martian climate system has changed over time.

One of the more intriguing findings of the past decade has been the discovery of near-surface glacial deposits covering wide areas of Mars at mid-latitudes. In conjunction with the high latitude polar-layered deposits, these glacial deposits provide an excellent window for looking into the climate history of Mars. Presently, surface ice is not stable at low latitudes on Mars, and rapidly sublimes when exposed.  Buried ice deposits at the Phoenix landing site as far (68(N) disappeared within a few minutes of being exposed by the robotic arm. It is surprising to find clear evidence for of ice deposits very close to the Martian surface (Figures 1a, b).  These ice deposits appear to be mantled by dust, which attests to their instability under the current Martian climate (Christensen 2003).  Interpreting the origin and emplacement of these near surface ice deposits focuses on the relationship between the Martian water cycle and orbital configuration.  The general consensus is that, during periods of higher obliquity, surface ice deposits (actually an admixture of dust and ice) were emplaced via precipitation, or direct deposition, preferentially (it appears) on pole-facing slopes and other thermally advantageous locations.  As obliquity decreased, the upper-most layers of these deposits sublimed, leaving behind the dust component of the ice, which, over time, has protected subsurface ice against further sublimation.  The result is a type of glacial deposit whose existence attests to past climatic conditions more favorable for emplacement, but whose present existence (in the subsurface, under a protective dust mantle), reveals the story of how conditions must have changed.  Similar interpretations of the polar-layered deposits (Figure 2) point to cyclic climate change that alternated depositional and erosional phases at the high latitudes [Head et al., 2003], with the dusty sublimation mantle that forms the surface today. 
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Figure 1:  Examples of mid-latitude glacial deposits on Mars.  a) Glacial deposit ‘pasted on’ to crater wall at 36(S, imaged by MGS-MOC/NA.  From Christensen [2003].  b)  ‘Hourglass’ ice deposit at 38(S showing flow morphology, imaged by Mars Express HRSC. 
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Figure 2:  Image of polar-layered deposits exposed on trough wall.  Alternating light and dark bands are reflective of the depositional/erosional environment caused by oscillating planetary obliquity.
· Understand how Martian orbital and spin axis configurations have changed over time.

With its proximity to Jupiter and absence of large, stabilizing moons, Mars experiences significant oscillations in its orbital and spin-axis configuration.  Presently, the Martian obliquity, or axial tilt, is a very Earth-like 25(, although over the past 10 My this value has oscillated within the extremes of 15(-45( with a ~100,000 yr period (Figure 2) and may have been as high as 80( during periods early in Mars’ history [Laskar et al., 2004].  The present obliquity is somewhat lower than the mean estimated value of ~38( [Laskar et al., 2004], placing present-day Mars in what can be considered a low obliquity phase.  These variations in obliquity effect regular change in the strength and circulation of the Martian water cycle, both in the magnitude of water vapor transported by the atmosphere, and the distribution of water ice on the Martian surface.  Simply, as the planetary obliquity increases, the preferred stable location for surface ice transitions from the high latitudes (during low obliquity) to the low latitudes (during high obliquity) [Mischna et al., 2003; Forget et al., 2006].  Lower latitudes become, in an annual average sense, the coldest places on the surface, and the atmospheric circulation acts to drive vapor to the surface at these locations.  As obliquity shifts again to lower values, this migration reverses, and surface ice returns to the polar regions once again.  These shifts in obliquity also modify the global circulation itself, driving a more vigorous, pole-to-pole Hadley circulation as the obliquity increases, and reducing the extent of the circulation as obliquity decreases.  Based on our understanding of the contemporary water cycle from spacecraft observation, along with conclusions drawn from the latest general circulation models, we are able to infer the magnitude of the water cycle, and therefore its impact on climate, during periods of different obliquity in the past.  At present, only trace amounts of water vapor are found in the atmosphere (<~50 pr-(m).  Numerical modeling suggests elevated vapor abundances during these transitional phases from low to high obliquity [Mischna and Richardson, 2005], with as much as three orders of magnitude more atmospheric vapor than at present [Jakosky and Carr, 1985].  This enhancement in water vapor, and the corresponding redistribution of surface ice directly affects both the atmospheric composition and behavior of the water cycle during past climate states.

Changes in the eccentricity of Mars are a compounding factor in past climate changes, through modification of the level of seasonal insolation experienced at the surface.  During periods of high eccentricity, seasonal extremes are enhanced, resulting in warmer (and wetter) summers and colder, drier winters.  The present-day orbital eccentricity is comparatively high (0.093), but through recent history has ranged from 0.0 (circular) to 0.13 with ~100,000 yr periodicity.  As with obliquity, the exact planetary history is not known beyond about 20 Ma.  Probability statistics, however, suggest a mean eccentricity over Martian history about 25% less than the present value (0.069 vs. 0.093), indicating a somewhat less extreme seasonality than at present.
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Figure 3:  Martian obliquity and eccentricity for the past 10 My (from Laskar et al., [2004]).  Present-day is at the right edge of the figure.  Beyond ~20 Ma, these values become chaotic and cannot be determined.
· Understand how the composition and density of the Martian atmosphere has changed over time.

Coupling studies of the geological history and paleoclimate of Mars is considered crucial for an understanding long-term habitability of the planet. Under the present Martian atmosphere (95% CO2, ~6 mb mean surface pressure) the greenhouse warming effect induced by the atmosphere is small—around 5 K.  The existence of liquid water early in Mars’ history, however, which requires substantially warmer surface temperatures, has led to the conclusion that the Martian atmosphere must have either been substantially thicker in the past, or contained some admixture of potent greenhouse gases.  
The current composition of the Martian atmosphere may hold clues to the existence of present-day active processes on the surface and/or in the subsurface domains. These active processes may be geological and/or biological in nature. Early discussion of Mars life detection by Hitchcock & Lovelock (1967) suggested that the presence of gaseous atmospheric disequilibrium could be a signature for the presence of life. Since that time, the concept of atmospheric disequilibrium has been adopted as the primary strategy for detection of life on extrasolar terrestrial planets and has guided the measurement strategy of such future NASA missions as the Terrestrial Planet Finder. Hitchcock and Lovelock (1967) specifically identified methane as a primary example of chemical disequilibrium for the oxidizing Martian atmosphere, since methane cannot be formed by any known atmospheric chemical process. Reports of the detection of methane in the current Martian atmosphere have raised the prospect for the existence of active biology in the modern Martian environment. Indeed, if life ever existed on Mars in the past, the durability and adaptability of life, as demonstrated in the terrestrial context, would suggest that life could endure through the ages as Mars evolved to its current state, so long as some habitable oasis persisted. 

· Conduct broad, high sensitivity surveys of the atmospheric composition of Mars, including the spatial (latitude, longitude, altitude) and temporal variability in methane concentrations, the detection of methane isotopologues, and the detection of other compounds that otherwise do not form within the atmosphere.

The first reported detections of Martian atmospheric methane in ground-based measurements of Krasnopolsky (2004) and in orbital spectra acquired by the Planetary Fourier Spectrometer (PFS) on Mars Express (Formisano et al. 2004) were based on the measurement of a single methane spectral line. More recently Mumma et al. (2009) reported ground-based measurements of two different spectral lines, which had the correct relative intensities for both being transitions of methane. These data provide a convincing demonstration for the existence of atmospheric methane. Both the Formisano et al. (2004) and Mumma et al. (2009) measurements suggest that methane concentrations vary spatially over Mars and seasonally, over the Martian annual and inter-annual cycles. This is a surprising result, since current photochemical models, which are fairly successful in reproducing observations of atmospheric hydrogen- and oxygen-containing compounds (Nair et al. 1994), would predict a 300-year decomposition lifetime for methane. However the observed spatial and temporal variability suggests empirically that the methane decomposition lifetime is orders of magnitude shorter.

The discovery of methane in the present Martian atmosphere may be key to unlocking the mystery of Mars’ climate transition from ‘warm and wet’ to ‘cold and dry’. The discovery of methane is somewhat unusual in that such a highly reduced gas is not stable in the present oxidizing environment, and has a photochemical lifetime of, at most, hundreds of years. Nevertheless, for methane to be found on present-day Mars means that there is an active source for the gas today, which further suggests that it was likely present long throughout Martian history, especially under early conditions which were less oxidizing than present.  Methane can be injected into the atmosphere through a range of processes, including methanogenesis in hydrothermal or magmatic systems, direct injection from volcanic activity, or biogenic sources. Under many abiogenic production scenarios, a host of other gases are also likely to be introduced into the atmosphere, including sulfur compounds (SO2, H2S), water vapor (H2O), carbon dioxide (CO2) and others.  Some of these gases can strongly modify the ambient atmospheric temperature, even in small quantities [Pavlov et al., 2000; Johnson et al., 2008].  While at present there is no clear indication of volcanic activity that introduces large amounts of these gases into the atmosphere, volcanism and outgassing were important components of the early Martian environment. And while volcanism (magma degassing) does not appears to be active on Mars today, there is evidence for recent lava flows on Mars that suggest active volcanism in the recent geologic past (Neukum et al. 2004). Based on terrestrial comparisons, another source of Martian atmospheric methane could be subsurface water-rock reactions (Allen et al. 2006). Note that abiogenic sources of methane, if localized, could provide important potential energy sources for supporting subsurface biological activity. 

As such, the levels of these trace gases was considerably higher than at present, magnifying their greenhouse influence to the point that they may have contributed many tens of degrees of warming to the planet, and allowed for the presence of liquid water at the surface.  The presence of these putative salty brine solutions at relatively clement temperatures would profoundly affect the behavior of the Martian water cycle.  

Methane observations of Mars from the Earth’s surface are quite challenging, since terrestrial atmospheric methane dominates the acquired spectra with the Martian methane contributing a very small incremental change. In addition, ground-based observations provide limited coverage of latitudinal and seasonal variability. The optimum approach to further our understanding of the character of the Martian atmospheric methane requires high sensitivity Martian orbital measurements over one or more Martian years.

While initial notions of the characterization of processes producing the Martian methane have centered on the detection of methane isotopologues, the terrestrial analogy suggests that the uniqueness of the source identification is weak if only methane isotopologues are utilized (Allen et al. 2006). Indeed the ratio of methane to ethane appears to discriminate between active biological and non-biological source processes much more effectively. Also, different methanogenic processes might produce also produce reduced sulfur- and/or nitrogen-containing compounds, which if detected in the atmosphere would provide further evidence to uniquely characterize the methane source. However, habitable subsurface oases could support processes—both biogenic and abiogenic—that could emit other discriminating trace gases to the atmosphere.

· Determine the vertical distribution of trace gases and their correlation with atmospheric dust and ice-loading to better understand the range of processes that could control the atmospheric lifetimes of atmospheric gases.

The atmospheric lifetimes of trace gases, including methane, influence calculations of the magnitude of the formation process and simulations of how the gas discharge plume evolves in space and time. The latter simulations can be used to infer the surface location from which the gas is being discharged to the atmosphere. However, errors in the understanding of the atmospheric chemistry of these trace gases will then introduce errors in understanding source processes and source locations. The newly-characterized very short atmospheric lifetime for methane (Mumma et al. 2009) has been explained as the result of heterogeneous chemistry not previously included in Martian atmospheric chemistry models (Atreya et al. 2006).

Objective 2: Follow the biological elements 

This objective seeks to understand the processes that affect the distribution of the basic elemental building blocks for life. This includes a detailed knowledge of carbon chemistry, as well as the other primary elemental building blocks of life (e.g. hydrogen, nitrogen, phosphorous and sulfur), plus a number of transition metals that have been shown to fulfill important catalytic roles in enzymes of terrestrial life forms; REF). Understanding the distribution of basic elemental building blocks for life also informs our understanding of the distribution of potential energy sources required by biological systems (see subsequent energy section) and may also shed light on the environmental conditions required for life’s origin. 

· Map the distribution and abundances of the bioessential elements (CHNOPS) and organic compounds particularly in relationship to water and potential (e.g. redox-based) energy sources. 
Understading the distribution and availability of the bioessential elements (and the mineral phases where they reside) is crucial for understanding the potential for an environment to originate and sustain life. While carbon has often been assigned a primary role in habitability discussions for Mars, it is important to note that the synthesis of the biomolecular building blocks for living systems also requires sources for hydrogen, nitrogen, oxygen, phosphorous and sulfur (the so-called CHNOPS elements). Understandng the processes that control the past/present distribution of the CHNOPS elements is regarded as essential to a more refined understanding of the habitability of Mars. Of particular importance from the standpoint of habitability is the distribution of biological elements in relationship to liquid water and energy (e.g. redox-based energy sources). 

Natural geological processes that concentrate the biological elements and micronutrients for life (e.g. hydrothermal circulation, evaporation, etc.) may significantly enhance the potential for life to originate and persist. Thus, understanding the distribution (past and present) of the biogenic elements and processes that control their distribution is considered essential for achieving a refined understanding of habitability and the potential for Martian life. This includes a knowledge of carbon sources (organic and inorganic) and sinks, including endogenic abiotic sources of carbon, as well as exogenous sources delivered to Mars via IDPs, meteorites and comets. Distinguishing between the various pathways for the sythesis of organic compounds on Mars will likely require the detailed in situ characterization of both the molecular structure and isotopic composition of the organic compounds preserved in sediments and ices and as atmospheric components. Given the high sensitivity required to characterize minor organic organic components that may be present in Martian materials, an important concern is the potential for forward contamination (organic compounds and/or microorganisms carried to Mars on various spacecraft and instrument components) and the potential for generating false positives. Clearly, missions designed to detect the elemental and molecular signatures of Martian life must be subject to protocols that will reduce the impact of forward contamination on in situ life detection experiments (National Research Council, 2006). This will include insuring high levels of spacecraft cleanliness (to reduce bioloads to an acceptable level) and in situ means for specifying levels and types of forward contamination (e.g. witness plates, etc.). 
· Map the distribution of carbon reservoirs in the crust (e.g. carbonates, CO2 clathrates, etc.) and atmospheric fluxes of key carbon containing volatiles (CO, CO2, CH4, etc.) to better constrain the past and present cycling of carbon on Mars.

The failure of Viking experiments to detect measurable carbon in the Martian regolith is consistent with a highly oxidizing surface environment on Mars, although the exact nature of the oxidants and their interactions are as yet poorly constrained. In addition, it has been pointed out that the Viking GCMS experiments would have been unable to detect certain relcalcitrant carbon compounds derived from the diagenesis of meteoritic organics (e.g. nonvolatile salts of benzenecarboxylic acids, and perhaps oxalic and acetic acid) and that are likely to be present in the Martian regolith (Benner et al. 2000). To understand the processes that control the distribution and availability of  carbon and the other biogenic elements in Martian surface environments, it will be important to develop a more detailed understanding of the geochemical processes that shape the redox conditions of the surface/near surface regolith.  Potentially important processes include electrical discharges from the atmosphere, the surface UV flux, and changes in redox-driven chemical processes with increasing depth in the regolith, etc. Thus, investigating the oxidation-reduction chemistry of surface materials on Mars will provide essential information for understanding the potential for Martian surface environments to harbor sources of organic carbon. 

· Map variations in the distribution and concentration of oxidants with increasing depth in the Martian regolith. Understand the processes that form oxidants and how they interact with regolith materials. Measure fluxes of redox sensitive gases in the lower atmosphere.
Objective 3: Follow the energy

An important area for advancing Mars astrobiology in the next decade is the development of models for habitability that are more encompassing and quantitative than simple metrics based on the presence, or absence of liquid water (Hoehler, 2007; Hoehler et al. 2007).  In particular, we need models that are not only capable of predicting whether life could be supported by a particular environment, but also how much biomass could be supported. Quantification of the energy potential of an environment could provide a decisive method for prioritizing landing sites for future missions. Such an approach represents an important step toward constraining past and present habitability of both surface and subsurface habitats in the next decade of exploration.

Earth’s ecosystems span about nine orders of magnitude in the amount of biomass they support.  This broad range reflects the compounded effects of a variety of physicochemical environmental factors that determine habitability. Taking water as a prerequisite, biomass abundance on Earth is determined principally by the availability of either chemical nutrients (most photosynthetic ecosystems), or energy (most non-photosynthetic and a small subset of (e.g. low-light) photosynthetic systems).  Energy-limited habitability – which on Earth accounts for the full nine orders of magnitude variation in biomass produced – may thus serve as a useful model for understanding both the long-term and present day habitability of the Martian subsurface, as well as the past habitability of Martian surface environments.

On Earth, energy availability acts on habitability in two principal dimensions:  1) an environment must offer a certain critical minimum Gibbs energy yield, as a prerequisite for biological energy conservation, in order to support life; 2) for a fixed set of physicochemical environmental parameters, the abundance of biomass supported at steady state, scales directly with energy flux, over a wide range of values.  Assessing energy-limited habitability on Mars would thus require the determination of the types and magnitudes of all potential metabolic energy sources for the environment in question.  For ancient surface environments, or deep (and presently inaccessible) subsurface environments, these quantities (in particular, the rate of energy provision) may be difficult to assess directly.  For this reason, terrestrial studies that enable the inference of energy flux from bulk geochemical features (e.g., experimental determination of water-rock reaction rates across a range of physicochemical phase space) will be an important supporting component of a next decade “follow the energy” strategy for Mars exploration.
· Follow potential biological energy sources in the Martian crust by mapping the geochemistry of the surface. Constrain the nature of rock-water interactions in the Martian crustal environments and quantify the potential energy sources present, both past and present.
For organisms on Earth, the relationship between energy flux and biomass abundance can be modified, significantly, by variations in physicochemical environment.  For example, the amount of biomass supported at steady state by a given energy flux can be expected to decrease as temperatures increase, or as pH deviates from an optimal range.  This observation presents a mechanism for weighing, on a common basis, the individual and compound effects of a variety of physical and chemical factors that influence habitability.  To take these factors (e.g., temperature, pH, water activity and chemistry) into account requires a means of constraining their ranges in environments under consideration.  This may be particularly challenging in assessing the prior habitability of ancient surface environments.  Nonetheless, the rock record may preserve some evidence of such conditions – for example, in the form of mineral assemblages that constrain the possible range of temperature and pH under which they formed.  
· Measure the temperature, heat flow and pH of modern surface environments on Mars and map spatial variations in the geothermal gradient of the Martian crust. Develop geochemical proxies for inferring the paleotemperatures and pH of ancient environments preserved in the rock record.
Question: Did pre-biotic chemical systems, or life, ever arise on Mars? Is life still present there today?
If life, or pre-biotic chemical systems developed on Mars at some time in the past, is there a record of its presence preserved as fossil biosignatures in the ancient sedimentary deposits of the crust? The exploration for Martian life involves two distinct pathways of investigation: The search for a fossil record of ancient life (exopaleontology) and the search for extant life forms (exobiology). The search for a fossil record of past Martian life involves access to ancient sedimentary deposits that represent favorable environments for the capture and long-term preservation of fossil biosignatures (Farmer 2000; Farmer and Des Marais 1999). The exploration for extant life forms on Mars involves the search for oases of liquid water where the basic building blocks of life and energy sources co-exist today. Owing to the lack of liquid water, the high radiation flux and oxidizing surface environment, the surface of Mars is presently unfavorable for the growth of organisms. Thus, if life is present on Mars today, it is likely to be found in the subsurface where zones of liquid water could be present. A key question is: Do subsurface liquid water environments exist on Mars today, whether as widely distributed deep aquifers, as localized (e.g. perched) aquifers, or as ephemeral microzones of liquid water (e.g. brine water films lining pore spaces in sediments, fluid inclusions within salt deposits, or interstitial brines within ice? 

The ancient highlands of Mars appear to preserve a record of geological environments that is far older than has been found on Earth. Even if life never developed on Mars, the search for a record of pre-biotic organic chemical systems preserved in the ancient sedimentary record of Mars could provide a context for understanding how life emerged on Earth, a place where the pre-biospheric rock record has been largely destroyed by crustal  recycling.

Question: Where are the highest priority locations on Mars to explore for past, or present life?

Recent orbital investigations have revealed many sites on Mars where water-formed minerals (sulfates, phyllosilicates, silica, hematite, etc.) are present at the surface, suggesting the presence of potentially habitable environments in the past (Poulet et al. 2005; Bebring et al. 2005; 2007; Langevin et al. 2005; Gendrin et al. 2005). Furthermore, ancient, water-rich paleoenvironments (e.g. playa evaporite and volcanic-hydrothermal systems) have also been identified by the Mars Exploration Rovers at Meridiani Planum and Columbia Hills, Gusev Crater, respectively (see previously cited references). These discoveries, both in orbit and on the ground, have provided important opportunities for prioritizing sites for future missions that will explore for habitable environments and life (Golumbek et al. 2009). Missions during the next decade should continue to enhance our knowledge of the sedimentary record of Mars, both from orbit and ground truth gained with landed rover payloads. An implicit requirement for attaining this objective is the ability to gain access to the highest priority landing sites with mobile, robotic platforms (rovers) properly instrumented to obtain a definitive mineralogy, geochemistry and organic chemistry for a wide range of surface materials. Precision landing and rovers that carry nuclear power sources (RTGs) will be highly desirable for enabling in situ life detection missions and targeted sample return missions. It is especially important that future payloads be able to fully characterize the geology, mineralogy and geochemistry of landing sites and to definitively identify a broad array of complex macromolecular organic compounds that could be signatures of life. Such an endeavor is likely to require international partnering to more effectively manage the costs of in situ life detection missions and Mars sample return(s).

· Target a robotic rover(s) to a site(s) of past aqueous sedimentation; Carry out scale-integrated analysis from outcrop-scale structures, to microscale textures to elemental and isotopic geochemistry and organic chemistry of aqueously-formed minerals (e.g., sulfates, silica, phyllosilicates, etc.). Biogeochemical measurements should emphasize the search for fossil biosignatures (including organic biomarker compounds, stable isotopic signatures, elemental ratios, etc.) regarded as indicative for life. 
In the search for extant life, access to the subsurface via drilling is also an important long-term objective. On Earth, microorganisms have been shown to occupy a broad array of extreme environments, including deep subsurface environments where life is sustained entirely by chemical energy. Such discoveries have dramatically increased the potential for subsurface habitable zones to sustain an extant Martian biota. Access to subsurface environments through deep drilling is regarded as an essential technology development that will be needed to implement future searches for a subsurface Martian biology. 
· Develop robotic drilling systems that capable of providing reliable access to shallow (meters to 10s of meters) and eventually deep (100s to 1000s of meters depth) subsurface environments, with coupled life detection experiments that can analyze cuttings and any subsurface water produced for evidence of organic compounds and/or potential biosignatures.
Question: What measurements will be needed for definitive life detection on Mars? 

Approaches to extraterrestrial life detection are still in their infancy. Definitive in situ methods must identify ways to address issues of forward contamination and the potential for terrestrial contaminants to create false positives. 

Important subsidiary questions that impact approaches to this is question include: If life developed on Mars, did it originate independently, or was it the product of a transfer of viable organisms from Earth, or some other place in the solar system (‘panspermia’)? If a putative Martian life form was the product of an independent origin, or evolved along a path dramatically different from a terrestrial precursor, definitive detection may require the development of more universal (i.e., non-terracentric) approaches.

· Develop universal approaches for the detection of extant Martian life forms that could be applied to a broad range of surface environments/materials. Develop protocols for distinguishing between terrestrial forward contaminants and in situ Martian life forms. 
Question: What role should Mars sample return play in the exploration for past or present Martian life? 
Mars Sample Return has been advocated broadly because the definitive detection of putative Martian life forms may not be possible using in situ robotic methods. The challenge of miniaturizing technologies needed for definitive life detection and the potential for false positives resulting from forward contamination, have been offered as strong incentives for sample return(s) from potentially habitable sites on Mars. While this will allow the application of the more sophisticated capabilities of terrestrial labs, MSR from a special region where habitable conditions exist, or have existed in the recent past, will require the implementation of extensive planetary protection protocols in order to effectively address issues of planetary back contamination (National Research Council 2009). While MSR could prove essential for definitive detection of fossil or extant biosignatures, it will add to the cost and complexity of Astrobiology missions. Such considerations comprise an important focus for future Mars Program planning.
· Target a Mars Sample Return mission to a site Mars where surface/shallow subsurface habitable zones (with liquid water, essential elements and energy sources) existed; acquire samples of surface and shallow subsurface rocks, soils and ices for return to terrestrial labs (see NRC 2009).
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