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     Introduction: A great deal of evidence supports the
statement that water was abundant on Mars in its early
history and that much of that inventory still exists to-
day as ice and permafrost in the sub-surface, very
likely with liquid water below that [1], [2].  A recent
study [3] suggests that liquid water will be subject to
widespread hydrothermal convection driven by the
geothermal gradient, or the geothermal gradient aug-
mented by magmatic intrusions.  Subsurface convec-
tive flow patterns for Mars conditions are of the roll
and plume types, with warm, upwelling plumes melt-
ing through the permafrost region and approaching
closer to the surface and exhibiting higher upward flow
rates than rolls (see Fig. 1). Water temperatures within
upwelling plumes can range from 40 – 100 oC, at their
base, to 0 – 10 oC at their top (even colder for saline
solutions), depending on local heat flux and perme-
ability structure of the host rock (see Fig. 2). These
convective patterns are stable and long-lasting, and
could provide a potential habitat for microbial life by
bringing nutrients to and through microbial communi-
ties living in subsurface soil and rock. Upwelling
plumes could function as ‘columns of life’.  Further,
for the higher geothermal heat fluxes of the past, flow
will be episodic, characterized by occasional periods of
enhanced flow rates and re-organization of the spatial
arrangement of plumes, possibly providing a stimulus
for evolution.
    Fisk & Giovannoni [4] argue, based on the diversity
of electron donor-acceptor mechanisms that microbial
life on Earth has developed and on the similarities
between the chemical and mineralogical make-up of
Earth and Mars, that many chemolitho-autotrophic mi-
crobes that inhabit the Earth’s seafloor could likely
survive in the Martian subsurface. Likely microbial
candidates would include anaerobic thermophiles that
utilize sulfur and carbon dioxide and iron, examples of
which are found in abundance within mid-ocean ridge
vent systems.
    Microbes in Mid-Ocean Ridge Systems as Exam-
ples. In hydrothermal vents at mid-ocean ridges and
other vent fields, there are many examples of microbes
(mesothermophiles and hyperthermophiles) that utilize
aerobic and anaerobic chemolithotrophic energy
sources [5], typically in the temperature range 70 - 110
oC.  These rely primarily on sulfur and hydrogen
chemistry. There is evidence for interactions between
thermophilic species. There are also examples of mi-
crobes (cryophiles) that can live in briny water inclu-
sions in ice.
    Some Anaerobic Energetic Reactions.  Common
reactions that provide energy for anaerobic thermo-
philic microbial metabolism on Earth include:

Sulfate reduction (e.g., Archaeoglobus profundus, at
90 oC)

Methanogenesis (e.g., Methanococcus igneus, at 86oC)

Denitrification (e.g., Pyrobaculum sp., at 103 oC)

Another possible source of energy: pyrite formation

    Simple Monod Model for Microbial Metabolism.
For a simple stoichiometry of the form

and assuming Monod (enzyme) kinetics for metabolic
reactions, the following set of governing equations ap-
proximate transport, diffusion and reaction in the sub-
surface:

where A represents an electron donor (e.g., CH4, H2,
H2S ), B is an electron acceptor (e.g., O2, S, SO4, NO3,
CO2), M represents microbial biomass, Ki equals half-
saturation and k equals max. utilization rate, V is
Darcy velocity, e is porosity, Di equals diffusivity, kd is
death rate of microbes.
     Estimate of Growth Potential.  Numerical solu-
tions of the above equation set in general two and three
dimensional settings, with even more complex meta-
bolic models, are available [6].  Here, estimates of so-
lutions will suffice. Making a steady state assumption,
and assuming that B is in excess (B >> KB), neglecting
diffusion and assuming locally uniform flow,  A = KA

c / (1 - c), and c = kd / (b k), which implies that

         M ~  (QA/L)/(c k)  =  V [A]in b/ (e L kd)

where [A]in is the concentration of electron donor in
fluid being entrained into a plume.   Typical  ranges  of
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values for the various coefficients for Earth-based mi-
crobes are:  b = 0.33 - 0.50, KA ~ O([A]in),  kd ~ 10-4 -
10-1 /day, e ~ 0.01 - 0.30, k ~ 10-2 - 10/day. Represen-
tative flow rate V in rolls and plumes for hypothetical
hydrothermal convection on Mars [6] ranges from
2x10-4 - 6.5x10-3 m/day.  This yields the estimates:
M ~  10-2  [A]in/L    for weak convection (rolls), and

    short-lived microbes
M ~  102  [A]in/L     for strong convection (plumes),

    hardy microbes
If [A]in ~ 10-5 g/cc and L ~ 1,000 m, then  M ~ 10-6 g/cc
which converts to about 106 microbes/cc in a plume.
    Conclusions:  Regions of warm to hot water should
exist in the Martian subsurface (40-100 oC). The
lower-lying northern plains are a more likely place for
the fully saturated flow model assumed here, but if the
H2O inventory is sufficiently large, then the model
may be applicable to parts of the southern hemisphere
as well.  Warm, flowing water in long-lasting upwell-
ing plumes and convective rolls is capable of carrying
dissolved minerals continuously to and through any
microbial communities living within a hydrothermal
convection system. Estimates of metabolic rates vs
transport rates suggest that microbial life at concentra-
tion levels up to 10-6 g/cc (106 microbes/cc) might be
sustainable over a spatial interval of 1,000 meters.
Temperature structure within plumes provides a range
of temperature zones and the chemical make-up could
allow a series of life zones, ranging from habitations
for thermophiles deep in the regolith at the base of
plumes to mesophiles in the middle regions to
cryophiles at plume tops.  If plumes breached the sur-
face occasionally, there could have been biomass resi-
due deposited on the surface.  There is also the possi-
bility of seeps of very low concentrations of by-
product gases such as methane.
  Numerical simulation of convective patterns with rea-
sonable values of controlling parameters such as geo-
thermal heat flux and permeability structure and solu-
bilities of various compounds, allows estimation of the
maximum rate at which required substrates and nutri-
ents could be delivered to any microbial communities
living within convective plumes. When coupled to mi-
crobial metabolic models, these reactive transport
simulations can provide an estimate of the possible
size and spatial distribution of such communities.
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Figure 1.  An example of pure-water subsurface
hydrothermal convection under Mars-like conditions.
Sides of box are 10 km each (vertical not to scale).
Surface shown is the interface between underlying liq-
uid water and overlying frozen soil, i.e., the 0 oC iso-
therm.  The interface reflects the underlying regions of
convective motion. The label ‘500 darcy’ refers to sur-
face value of permeability; permeability and porosity
decrease exponentially from the surface down. Surface
temperature is – 60 oC and heat flux at the bottom is 40
mW/m2.

Figure 2.  Temperature structure within hydrothermal
convection plumes and rolls in the subsurface. Blue
surface is the 10 oC isotherm, Green is 20 oC, and
chartreuse is 30 oC.  The box region is 10 km on a side.
Basement temperatures can range from 40 to 100 oC
depending on vigor of convection. Closeness of plume
top to surface depends in part on salt content.
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