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From the time of the first spacecratft flyby of Mamsl965 until the late 1970s, Mars has
been characterized as a resource-poor planet whins€Q, atmosphere and numerous craters
made it seem more closely related to the Moon tharkEarth (Mutch et al., 1976). This early
view of Mars was not encouraging for near-term haeploration because all the materials
required for a voyage to Mars and establishingse Itlaere would have had to be transported
from Earth, including the fuel for the return trip.

More recent spacecraft investigations have draalbtichanged this view. Although the
surface appears barren, a large amount of wates mesent at both poles as extensive (~1000
km diameter) layered deposits as much as ~3-4 lap (Ricardi et al., 2005; Plaut et al. 2007).
There is also geophysical evidence that ice is spdead in the shallow (top meter) subsurface at
mid- to high-latitudes (Boynton et al., 2002) anaynibe present at greater depths elsewhere on
the planet (Clifford, 1993).

Estimates of the total inventory of water on Mars laased in part on the amount of
water required to produce the enormous scours iassdavith the Martian outflow channels
(Carr, 1996). These erosional depressions — whieleas of kilometers wide, hundreds of
kilometers long, and up to 1-2 km deep -- genemthanate full-born from localized regions of
collapsed and disrupted terrain. The scale obtheded and streamlined forms found within
their beds, combined with the absence of any ifiehbte tributaries, indicate an origin by
catastrophic floods, apparently fed by the catasitiodischarge of subpermafrost groundwater
(Baker et al., 1992, Max & Clifford, 2001). Thedbinventory of water on Mars has been
estimated as equivalent of a global layer ~0.51t&m deep (Carr, 1986, 1996).

The growing evidence for abundant water, combingld thein situ and remote
detection of evaporites (such as sulfates, gypsanbonate), various salts, metals (Fe, Mg, Ti,
Na and Al), and, most recently, large plumes ofcgpheric methane (Mumma et al., 2009),
have led to a substantial revision of the resouh@acterization of Mars. These materials are
the basic feedstock of the modern chemical engimg@ndustry and could be harvested and
utilized to support and expand the human explanatioMars and beyond (Zubrin, 1996; Fergus,
2003).

A new paradigm of a resource-rich Mars should nevednsidered central in planning
for future human travel to Mars — where Mars idorger simply a remote, dead-end destination
but rather a self-sustaining outpost that can sasve stepping stone to the exploration of the
asteroids and outer Solar System. Mars has thealaesources to make plastics, metals, and



many other materials necessary for the sustairpbience and expansion of human settlements
(Max and Clifford, 2000, Pellenbarg, et al., 2003).

The question is no longer “does Mars have reso@fcest rather, how do we assess
and exploit these natural resources?”, and "howthay affect the human exploration of Mars
and beyond?” We now have the ability to utilize tiatural resources of other planets and
moons to sustain the human exploration of spatetirhe to go.

Methanein Subsurface Mars

The possibility that an abundant supply of hydrboas may be stored in the Martian
subsurface is supported by the apparent subsunfagia of the methane recently detected in the
Martian atmosphere (Formisano et al., 2004; Kraslsty et al., 2004; Mumma et al., 2004,
2009). Various studies suggest that large quasititienethane may have been produced — either
biogenically or abiogenically — within the subsuda As on Earth, once methane is produced,
some may become trapped in the subsurface wherayibe affected by local physical and
chemical processes, while the remainder will mgthtough primary and secondary porosity
paths, ultimately to be vented to the atmosph&vben subsurface methane is trapped as gas,
under pressure, in the presence of water or icantform methane hydrate (clathrate) (Max et
al., 2006; Kargel and Lunine 1998; Fisk and Giovann1999; Max and Clifford, 2000).
Sequestration of only a small proportion of thigmaee gas flux over a long period of time
could result in the production of very large regsrwepresenting both a potential source of
energy and supply of hydrocarbons for the prodaatibchemicals and other raw materials.

On Earth, the conditions necessary for the formationatural gas hydrates are found at
depth in permafrost and beneath the ocean in camt@hmargin sediments. Marine methane
hydrate, at least that found along the tectonigadlgsive eastern margin of North America,
appears to be underlain by an active communitynageobic methanogenic bacteria (Wellsbury
and Parkes, 2003). The isotopic composition ofimeamethane hydrate is almost always
dominated by evidence of bacterial production mmBHarth’s deep biosphere. But methane can
also be produced abiogenically, as a fractiongti@auct of magma crystallization or by
reactions with basalt or carbonate in subperma#iqstfers — yielding local partial pressures
ranging up to many bars, depending on local peritigadonditions and the availability of both
carbon and water. Whatever its origin on Marghalanet’s internal heat flow has declined
with time, the resulting downward propagation d freezing-front at the base of the cryosphere
would have resulted in the incorporation any sulaser methane as hydrate -- in concentrations
that may have ranged from a dispersed contamit@ntassive deposits (Max and Clifford,
2000).

In permafrost regions on Earth, methane hydratevwatdr ice form a compound
cryogenic zone whose extent is determined by tbal lmean surface temperature, geothermal
gradient, and the increase in confining presswaedbcurs with depth. A Gas Hydrate Stability
Zone (GHSZ) occurs within the region of the cristttsatisfies these criteria, below which
methane persists solely as a gas (Dickens et%87; Max and Clifford, 2000; Max, 2003;
Kargel et al., 2007). A similar zone is definedtbg subsurface temperature and pressure
conditions found on Mars (Figure 1) (Max and Cliefp2000; Clifford et al., 2009).
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Figure 1. Schematic diagram of a hydrocarbon sy$te Mars, illustrating the relative
positions of the base of the water ice cryosphmet l{nes) and gas hydrate stability zone
(black lines) assuming a mean global geothermdltheaof 15 mW m? (solid lines)

and 30 mW nf (dashed lines) Figure adapted from Clifford e{2009).

At the 200 K average surface temperature of Masthane hydrate is not stable at a
confining pressure of less than ~140 kPa (Sloa@7)l8lthough, at the colder temperatures
characteristic of latitudes >60°, it may be found@nsiderably shallower depths. Given a
reasonable estimate of the thermal propertieseoMartian crust, the base of the GHSZ is
expected to vary from ~5-12 km at the equator,1tb-24 km at the poles (Figure 1, se also
Clifford et al., 2009); although the base of the&Hnay occur at much shallower depths where
there is active methane venting (Max et al., 2@&nhanced local geothermal activity. While
the size of the GHSZ can be estimated, the extenhich this stability zone is actually
populated with hydrate is unknown.

Hydrate does not necessarily remain stable orntasiformed. Methane hydrate, as are
other hydrates formed from a single hydrate fornspgcies, are governed by very reversible
reactions. That is, under pressure-temperatureitons of hydrate stability, if the vapor



pressure of the hydrate-forming material in theemys media is higher than in the hydrate,
hydrate will accrete. If the vapor pressure wdg the hydrate forming molecules will diffuse
from the hydrate to the surrounding media. Thatf ke concentration of dissolved gas falls
below a certain level, the hydrate dissolves witifouming a gas phase. This is fundamentally
different from dissociation, which is caused byalg temperature and/or pressure to conditions
outside of the hydrate’s stability field (Max et,&006). One of the reasons why {@Qdrate is

so rare on Earth is that G& much more soluble in water and its concentnatias to be much
higher for it to form than methane hydrate.

One possible explanation for the observation adliazed sources of atmospheric methane
(Mumma et al., 2009) is that they are vents assetiaith local fault or joint systems, which
may provide conduits from reservoirs of methane gapped beneath the BGHSZ, to the
surface. In such a leaky system, methane gas tesggupward slowly and irregularly, due to its
buoyancy either as a gas or dissolved in a fldide concentration of gas dissolved in water
becomes more saturated as the water rises angdhastatic pressure decreases. At some point
a separate gas phase is formed, potentially aatiglgrthe continued upward flow of fluid and
gas.

Venting has the potential to advect heat upwarchfoeneath the cryosphere. In doing so, it
can result in an ‘up-doming’ of the isotherms im thcinity of the vents, thinning the regions
where both ice and methane hydrate are stabler@iu On Earth, in the northern Gulf of
Mexico, a number of methane vent sites have betansixely studied as part of an assessment
of natural gas resources that utilized seismic,daafloor sampling, drilling, and heatflow
measurements, as well as measurements of the tetupeand composition of the vent fluids
(Max et al., 2006). In regions where the GHSZ bitkian otherwise uniform thickness, the
focused upward flow of relatively warmer gas anilflalong fractures from depth introduces
heat into the region surrounding the vent and distbe regional geotherms. A hydrate-free
halo is defined by thermal conditions in which thethane hydrate surrounding the vent is
unstable, creating a bell-shaped thermal anomalieoed on the vent. This anomalous up-
doming of the base of the gas hydrate stabilityezZz®GHSZ) is a consequence of the
reversibility of the hydrate reaction that makes fitormation and dissociation of gas hydrate
supremely responsive to changes in local confipiggsure or temperature.

TheMartian Natural Gas Play:

The first requirement for hydrocarbon exploratisméetermining whether conditions for
the generation of sufficient hydrocarbons to cosgwa hydrocarbon province exist.
Identification of a gas province is based on batbad and indirect evidence. On Earth, direct
evidence might consist of the detection of largets@f natural gas from the seafloor or, on land,
subaerial mud volcanoes, both of which are goodssiat large reservoirs may be present in the
subsurface. Indirect methods consist of drill camalyses or remote survey methods such as
seismic, magnetic, gravity, and electrical methaasongst others. While the volume of
methane venting from the reservoir is large endhghit could be used as an industrial
feedstock, the scale of the methane venting inglsctitat much larger volumes of methane still
reside in the Martian subsurface, and may alscatdian active methane generation system.



With reference to the approximately 2.8 X 1@ (or 1 Billion Standard Cubic feet, in oil
and gas industry nomenclature) of methane thatvesated in a single plume, approximately 2.1
x 10° m* (13,200 barrels) of high energy density ~3.54 X307 (~950,000 btu/fi fuel similar
to jet or diesel fuel could have been produced fittamd the other available feedstock if the
vented methane could have been captured (assumiageaage composition of 8,3 and 0.84
kg/L density for diesel fuel). In the process akimg this fuel, large amounts of hydrogen (2.65
x 10° kg) would also be released, although the reactioatsare needed to accomplish these
conversions of the basic feedstock into useful petglrequire multiple steps and the hydrogen
may be tied up in other types of compounds ratiem being available for use in its own right.
This same amount of methane, along with the otraremeadily available components, could be
fabricated into many tons of plastic.

Exploration for Methane Hydrate

Exploration for methane hydrate and gas depositglars can be conducted with the full
panoply of exploration techniques used on Eartmynd which are suitable for autonomous or
robotic use.

Basin Analysis. Strictly speaking, there are no direct analogfieonany depositional
basins of Earth, which are the result of tectoctovdy, rapid weathering and erosions, and
sedimentation. However, certain areas of Markaosvn to possess considerable thicknesses of
sedimentary strata. It has also been suggestedrih@ean once occupied the northern plains.

If so, then considerable erosion and sedimentgrgsiton may have occurred in the region
adjacent to the shoreline, throughout the earlphyof Mars when water may have been stable
on the surface. Basins that would have actedags fior sedimentary material, and which would
have been subject to the generation of secondaogipp within the resulting strata, may have
been formed from impact activity and tectonism.

Geophysical Evaluation: Reflection and refraction seismic exploration dooé carried
out on Mars, as it is on Earth, either by humanautonomously, by robotic spacecraft. Seismic
exploration offers the opportunity of not only idiéying reflective interfaces, but also
determining their bulk and shear moduli by measerenof their p—wave and s-wave velocities
and attenuation characteristics. There is a gngahtory of analyses and successful techniques,
particularly in permafrost areas, that can be appdiirectly to seismic interpretation on Mars.

Ground Penetrating Radar (GPR): GPR is an increasingly important tool in the
investigation of a wide range of solar system digje&nd is particularly well-suited to the
investigation of ice-rich (and. thus, dielectrigdlbw-loss) environments — such as the Martian
polar layered deposits, the icy satellites of theepplanets and comets. GPR has resolved
details of subsurface structure over a wide rarigiepths. GPR produces reflection data similar
to reflection seismics, and has similar attenuag@metration, and imaging issues, although they
are indicative of electromagnetic, rather than atioal, properties. However, neither refraction
studies nor interval velocities can be determinégd GPR from a single orbiting satellite;
although both the reflection structure and attapnanay both be determined. It may also be
possible to distinguish between water ice and nmetlgdrate using signal analysis and
attenuation characteristics.

Drilling: Drilling is the one sure way to identify subsudageology and composition
using sampling and downhole analysis and well wstded logging techniques. Autonomous



drilling and coring of at least short boreholes hasn done on Earth’s seafloors and could be
transitioned to the special conditions of the stefaf Mars.

Beyond Mars

The icy moons of the outer planets (Europa, Calli@anymede, Enceladus, Tethys,
Dione, Rhea, Mimas, and lapetus) may all have wagex considerable proportion of their mass.
Both Europa and Ganymede are thought to possesternarans at depth beneath a crust of
water ice. Methane is also known to exist on almemof these icy bodies. Where an ice-
covered ocean exists, the zone of hydrate staliiityextend from the shallow subsurface to a
depth of many kilometers beneath the 273 K isothelepending on the local
hydrothermal/geothermal gradient. An ocean hefated below, however, may have significant
convection zones and complex currents that cowalllp control methane gas hydrate and ice
thickness.

A Hydrocarbon Key to Sustained Human Exploration of the Solar System

Mars and the moons of the outer planets may haesdources that could sustain human
habitation and provide for the acceleration of horagploration and habitation within the solar
system. A new paradigm for exploration of the selgstem can be based on the identification
and utilization of widespread water and hydrocasy@mincipally methane, ethane, and propane
gas and liquids.

There are some of the practical implications ofréeent discovery of large plumes of
methane venting from the subsurface of Mars. fif@ant deposits of gas hydrate can be found
on Mars, they could be used to fabricate a widayaof materials necessary to support human
habitation. Methane could provide the basis ferfdbrication of plastics that could be used for
constructing facilities and machines, and for mghligh energy density chemical rocket fuels
for both return journeys to Earth and for moreatistexploration. The presence of methane
hydrate may provide one of the cornerstones fordrusustainabilityyn Mars. With its lower
escape velocity, and critical natural resources;sMauld be used as a stepping stone to
exploration of the solar system.
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