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Summary of Technical Sessions and
Discussions

Water on Mars: New Ideas, Results, and Questions

How much water resides in the martian crust? What forms does it take and how is it distributed? What
role do the martian polar caps, atmosphere, and regolith play in the seasonal and climatic water cycles?
These were just a few of the many questions considered by the eighty-three participants of the Water on
Mars Workshop, held November 30th and December 1st, 1984, at the NASA/Ames Research Center,
Moffett Field, California. The meeting, which was sponsored by the Lunar and Planetary Institute and
hosted at NASA/Ames by Bob Haberle, is the first in a series of topical workshops that are planned as part
of the MECA Study Project.

The opening session of the Workshop focused on one of the most debated areas of Mars volatiles
research—the size of the planet’s past and present bulk water content. Current estimates of the inventory
of H,O on Mars range from an equivalent layer of liquid 10-1000 meters deep averaged over the planet’s
surface. The most recent of these estimates, presented at the Workshop, is based on the now popular belief
that the SNC class of meteorites represent actual samples of the martian crust. From a model of planetary
accretion and degassing founded on this assumption, it was determined that the present inventory of H,O
on Mars is equivalent to a global layer no more than 50 meters deep.

During the discussion generated by this estimate, several investigators expressed reservations about an
H,O inventory as small as a few tens of meters, for it appears to directly contradict the seemingly abundant
morphologic evidence that Mars is (or has been) water-rich. Others, however, argued that the interpretation
of much of this morphologic evidence is at best equivocal and that the case for a “wet” Mars is far from
established. The issue is further complicated by the possibility that various processes may have altered the
volatile budget of the planet over the course of its geologic history. In past discussions, the most frequently
cited of these processes have been cometary influx, exospheric escape, and chemical weathering. At the
Workshop, a new candidate was discussed—the possibility that shock waves generated by energetic
impacts may have blown off a significant fraction of the primitive martian atmosphere.

Interestingly, a device capable of resolving much of the controversy over the present water content of
the martian crust was on display in the hallway just outside the Workshop meeting room. Penetrators have
been proposed as an inexpensive means of creating a global seismometer network on Mars. Such a
network, consisting of perhaps ten or more well-placed instruments, could readily determine whether the
seismic propagation characteristics of the outer crust are indicative of a water-rich or water-poor planet.

The next session of the Workshop was devoted to a discussion of the seasonal water cycle. Atmospheric
water vapor measurements, compiled by Earth-based telescopes and the Viking Orbiter Mars Atmospheric
Water Detectors (MAWD), now span a period of over six martian years. Analysis of this data suggests that
the seasonal cycle is governed by both the sublimation and condensation of H,O at the poles and by its
adsorption/desorption within the regolith. So far, efforts to simulate the seasonal vapor cycle have failed
to reproduce the observed behavior. This result is not altogether surprising, since many aspects of the
seasonal cycle are still poorly understood. For example, how much water is transported in the non-vapor
state? What effects do the global dust storms have? Do net annual sources (or sinks) of atmospheric vapor
exist within the regolith? Answers to these and similar questions will hopefully be forthcoming following the
arrival of the Mars Observer mission in the fall of 1991; a primary objective of this mission is to determine
the temporal and spatial distribution of H,0, CO,, and dust over a complete martian year.




Following the seasonal discussion, attention at the Workshop turned to the martian climate, where the
topic that appeared to generate the most interest was the origin of the valley networks. The networks appear
to have been formed by a variety of fluvial and non-fluvial processes; yet, their almost exclusive occurrence
in the ancient, heavily cratered terrain suggests that, whatever processes were responsible for their
formation, they ceased to operate early in martian history. The central question is: why?

One analysis suggests that the impact creating the Argyre basin may have played a critical role. The basis
for this supposition is the observation that channel drainage densities appear to have undergone a dramatic
decline in terrains that post-date the Argyre event. An alternative hypothesis proposes a climatic link with
the formation of the Tharsis volcanic complex. In this scenario, the high obliquities that are thought to have
characterized pre-Tharsis Mars may have periodically resulted in the sublimation of large quantities of ice
from the poles and its preferential deposition as snow at equatorial latitudes. Sunlight, absorbed within the
snowpack, may have then led to significant melting, thus providing the necessary liquid water to carve the
channels.

Another aspect of the martian climate discussed at the Workshop was the long-term redistribution of
H,O within the regolith. Detailed studies of the thermodynamic stability of ground ice on Mars suggest that
there should be a net transfer of regolith H,O from the warmer equatorial latitudes to the colder poles.
Indeed, examination of high resolution Viking Orbiter imagery has revealed that the distribution of certain
terrain features, whose origins have been attributed to the presence of interstitial ice, appears restricted
to the latitudes poleward of 30 degrees. The absence of these features at more equatorial latitudes supports
the conclusion that much of the near-surface regolith in this region may be ice-free.

The final session of the Workshop was devoted to the question of H,O sources and sinks. Theoretical
arguments and recently acquired spectroscopic evidence suggest that water has played an important role
in the mineralogical development of the present martian surface. So too, various investigators have shown
that the mineralogy of the surface may exert a strong influence on the exchange and storage of regolith
H,O. Clays are of particular importance, for their relative abundance, particle size, and specific surface area
will determine both the regolith’s adsorptive capacity and diffusive properties. Interestingly, an examination
of Viking Orbiter imagery now indicates that the thick mantles of clay-size eolian material that were once
thought to blanket temperate and polar latitudes, are far less extensive than previously suggested. This
discovery implies a sizable reduction in the estimated volatile storage potential of the polar regolith.

If further emphasis were needed, the questions raised during the closing talks of the Workshop
highlighted the uncertainty that underlies much of our current knowledge of water on Mars. For example,
did large ice-covered lakes once fill the bottoms of the great equatorial canyons? Have the permanent polar
caps always been in their present geographic locations, or have changes in the planet’s moment of inertia
led to polar wandering? What role, if any, does groundwater play in the martian hydrologic cycle? For the
time being, these and many of the other intriguing questions raised at the Workshop remain unanswered;
however, the ideas and cooperative efforts stimulated by their open discussion will inevitably provide us
with new insights, and thus new questions, regarding the nature of water on Mars.

Summaries of the major results of the Water on Mars Workshop were presented by Heinrich Wénke,
Bruce Jakosky, Jim Pollack, and Mike Carr at a special session of the Fall Meeting of the American
Geophysical Union, held in San Francisco on December 3rd. The high level of interest displayed by the
participants at both the Ames Workshop and the special session at AGU bodes well for future MECA
workshops.
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THE PRESENT WATER CYCLE ON MARS: SOME THERMODYNAMIC
CONSIDERATIONS; Duwayne M. Anderson, Texas A&M University

Water-ice phase changes now occurring on Mars include:
adsorption~desorption; vaporization-condensation; and melting-
solidification. Conventional thermodynamic formulations
generally are adequate to describe water phase equilibria in
the martian setting, but discussion is required to resolve
certain difficulties that have been identified. For example,
the Clausius-Clapeyron equation can be applied to standard
water vapor adsorption-desorption isotherms to determine
standard heats of adsorption-desorption, albeit with the usual
complications of non-reproducibility due to hysteresis in the
adsorption isotherms. Complication appears when the
adsorption- desorption process is studied at temperatures
below 0°C. The isotherms show the same hysteresis effects as
they do above 0°C; the desorption curves are very reproducible
and the two inflection points that allow the mono layer and
two mono molecular layer surface coverage to be distinguished
are clearly evident. However, a choice of a standard state
for the water is required to construct the isotherms below
0°C; either ice I or the metastable supercooled water (1l).

If ice I is chosen, the adsorption-desorption curves
intersect the abcissa at a definite point at p/p°® = 1.0, where
p is the partial pressure of water vapor and p° is the
saturation pressure of ice I at the temperature of interest.
This choice is convenient and useful because it relates
adsorption- desorption data to the water-ice phase composition
diagrams that have now been determined for a number of frozen
earth and soil materials (2,3). A typical, idealized diagram
is shown in Figure 1 for two different total water contents.
The generalized ice and unfrozen water fields are identified
and the relationship between the total water content, wt,
and the ice-unfrozen water content at a fixed temperature is
illustrated. A similar illustration for w{ could be drawn
by analogy from the relationship wy = wjce + wy. At
a given temperature, the unfrozen water content can be shown
to correspond to the adsorbed water content at p/p° = 1.0 on
the corresponding water adsorption-desorption isotherm.

The latent heat, AH , associated with the unfrozen water-
ice transition is variable, diminishing as the temperature is
lowered (2). The symbol employed is conventional in chemical
thermodynamics and denotes the change in partial molar
enthalpy associated with the change in phase. Similar
considerations and notations have been employed in derivations
of freezing point depression and heat capacity equations that
also are directly related to the phase composition diagram
shown in Figure 1 (4).

Thermodynamic data on terrestrial earth and soil
materials at temperatures down to about -5°C are available to
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support some computations and qualitative, preliminary
conclusions extrapolated to the Mars environment. The data
are insufficient for use at lower temperatures, however,
Additional data are needed. Also needed is an agreed upon
thermodynamical nomenclature and notation as the foundation
for expanded discussion in systematic terms of the present
water cycle on Mars is prepared.

REFERENCES

Anderson D, M., Schwarz M. J., and Tice A. R. (1978) Water
Vapor Adsorption by Sodium Montmorillonite at =5°C.
Icarus 34: 638-644

Anderson, D, M. (1967) The Interface Between Ice and
Silicate Surfaces. Journal Colloid and Interface
Science 25: 174-191

anderson, D. M. and Morganstern N. R. (1973) Physics
Chemistry and Mecanics of Frozen Ground: A Review.
Permafrost: The North American Contribution to the
Second International Conference, National Academy of
Science: pp. 257-288

Low P. F., Anderson D, M. and Hoekstra P. (1968) Some
Thermodynamic Relationships for Soils at or Below the
Freezing Point. Water Resources Research 4: 379-394
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PROBLEMS IN THE PALEOHYDROLOGIC AND HYDROCLIMATOLOGIC
INTERPRETATION OF VALLEY NETWORKS; Victor R, Baker, Department of
Geosciences, University of Arizona, Tucson, Arizona 85721.

The valley networks of the heavily cratered uplands on Mars are considered the
most conclusive evidence for profoundly different hydroclimatic conditions in the first
billion years of Mars history (1,2,3). It is clear that degraded networks formed during
the heavy bombardment phase of cratering, ie. prior to 3.8 billion years ago. Younger
networks, termed "pristine" for equatorial regions (4), formed at the very end of heavy
bombardment and immediately thereafter. These younger valleys generally comprise
segments of larger networks with degraded components. This suggests that valley
formation was a prolonged process coeval with the heavy bombardment period and
extending just beyond that period in martian history.

Numerous empirical relationships are available that relate various parameters of
streamflow, such as mean annual discharge, to measurable properties of channel net-
works, including drainage area, drainage density, meander wavelength, channel width,
and slope (5). Where streamflow is the major component of runoff, it should be directly
related to the input of precipitation minus the loss of evaporation. The potential use
for these relationships for hydroclimatologic assessment is limited by several considera-
tions.

It is very difficult to measure network properties on Mars in a manner that is
directly comparable to measurements on terrestrial networks. The complexities of
heavily cratered terrain relationships make it exceedingly difficult to specify drainage
divides. Surface drainage divides can be estimated in some instances (6,7). However,
the lack of high-resolution topographic data precludes the definition of both surface
divides and subsurface (ground water) divides in broad, undissected interfluves.

Drainage density is perhaps the most useful parameter that relates terrestrial
network properties to climate (8). Although drainage densities can be specified for
Martian networks (9), the results are not comparable to Earth because of difficulties in
specifying drainage divides. Moreover, the most extensive networks are the most
degraded, and therefore cannot be precisely measured.

The transformation of rainfall to runoff is highly dependent on the general
mechanism of network formation. In the overland flow model (10) rainfall generates
hillslope rills that evolve to a dendritic network by piracy and cross-grading. More
likely in the development of a landscape is headward growth by abstraction (11). The
role of sapping is also extremely important in the headward growth of terrestrial net-
works (12). The latter process produces morphological similarities to Martian networks
(1,2).

The implication of sapping models for hydroclimate derives from the requirement
of precipitation to recharge the groundwater system. Sapping also requires initiation,
establishing a zone of low potential toward which a hydraulic gradient will drive
ground-water flow. Such zones on Earth are established by regional fluvial incision.

Even when the genetic mechanism is known for the network, it is difficult to
separate climatic controls on the network from structural or lithologic controls. For
example, low drainage density and incomplete reduction of divides may result from
immaturity of network development because of the short duration of favorable climate-
related conditions (e.g. high water tables). Alternatively the very high permeability of
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certain rock units (e.g. volcanic plains) may result in low hydraulic gradients and very
slow headward retreat.

Most terrestrial studies of paleohydrology derive from studies of channel net-
works, but it is clear that on Mars the networks consist of relict valleys. Valley
processes involve a considerable component of non-fluvial degradation in their origin.
Valley incision drives this degradation, but that incision may involve relatively small
discharges. For example, some geomorphologists hold that the most rapid process of
terrestrial valley formation is the "Eisrinde effect", which occurs in regions of peri-
glacial activity (13). The Eisrinde (ice rind) is the uppermost zone of permafrost which
extends beneath braided meltwater channels in subpolar areas such as Svalbard
(Spitzbergen). Seasonal melting and freezing beneath the stream bed concentrates
mechanical weathering of bedrock at precisely the point where annual melt-season
floods can remove the generated detritus. The result can be extremely rapid degrada-
tion, as much as 3000 mm/1000 yr. By contrast modern rates of terrestrial landscape
degradation range from 50 to 500 mm/1000 yr (14).

If valleys can form on Mars by processes similar to the "Eisrinde effect", then the
paleohydrologic implications of the valleys may not be as extreme as implied by models
that use rainfall to generate overland flow or recharge aquifers. Nor is it necessary to
justify long, continuous flow of surface water (15,16). Instead water can be transported
in the frozen state. The phase changes necessary for freeze-thaw activity and/or
surface streamflow might be generated by insolation changes associated with orbital
parameters (17) or with geothermal effects, such as might be associated with impact
(18) or with the volcanic emplacement of the intercrater plains. Thus, it may be appro-
priate to specify the most conservative deviation from modern hydrologic conditions on
Mars that could account for the ancient epoch of valley formation.

Whatever the mechanism of stream incision on Mars, valley widening and modifi-
cation was accomplished by a variety of non-fluvial processes. The relevant terrestrial
analogs include morphogenetic change from an ancient climate favoring fluvial activity
to a subsequent climate favoring mass wasting, eolian activity, and other hyperarid
processes of divide reduction (19). Debris production and transport by frost-related
processes was probably involved. Unfortunately the climatic conditions for the forma-
tion of whole landscapes, as opposed to certain diagnostic landforms, are not
established.

References: (1) D. Pieri (1980) Science, 210, 895-897. (2) V.R. Baker (1982) The
Channels of Mars, The Univ. of Texas Press. (3) M.H. Carr and G.D. Clow (1981) Icarus,
48, 91-117. (4) V.R. Baker and J.B. Partridge (19843) in Lunar _and Planetary Science
XV, Lunar and Planetary Inst., Houston, 25-26. (5) G.P. Williams (1984) in Develop-
ments and Applications of Geomorphology, Springer-Verlag, 343-367. (6) J.C.
Boothroyd (1982) N.A.S.A. Tech. Memo. 85127, 209-212. (7) J.C. Boothroyd and J.A.
Grant (1983) N.A.S.A. Tech. Memo. 86246, 182-184. (8) K.J. Gregory (1976) in
Geomorphology and Climate, John Wiley, 289-315. (9) V.R. Baker and J.B. Partridge
(1984) in Lunar and Planetary Science XV, Lunar and Planetary Inst., Houston, 23-24,
(10) R.E. Horton (1945) Geological Soc. America Bull., 56, 275-370. (11) A.D. Abrahams
(1984) Water Resources Research, 20, 161-188. (12) T. Dunne (1980) Progress in
Physical Geography, 4, 211-239. (13) J. Bulel (1982) Climatic Geomorphology,
Princeton Univ. Press. (14) C.D. Ollier (1981) Tectonics and Landforms, Longman.
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MARS WATER-ICE CLOUDS; P.R. Christensen, Department of Geology,
Arizona State University, Tempe, Arizona, 85287 and R.W. Zurek, Jet
Propulsion Laboratory, California Institute of Technology

The distribution of water in the martian atmosphere plays an important
role in the present meteorology of Mars. It also provides a key to
understanding the past climate and climatic changes because direct
observations of water and other volatiles provide a means for testing models
of volatile transport between the regollith and atmosphere, for determining
sources and sinks of volatiles, and for determining the time scales for
volatile migration (e.g. 1,2,3).

Many recent studies have addressed the questions of atmospheric water
vapor distribution and possible sources and sinks of water on the surface
using earth-based observations of water vapor abundances and observations
obtained by the Viking Mars Atmospheric Water Detector (MAWD) (e.g. 4,5,6,7,
and many others). 1In addition to water vapor, however, condensed water in
water-ice hazes and clouds plays an important role in the understanding of
the processes controlling the distribution and history of water on Mars and
must be included with water vapor in order to assess the total atmospheric
water abundance. Furthermore, the presence of water-ice clouds provides
direct evidence for the occurrence of saturation conditions within the
atmosphere., Finally, the seasonal, diurnal, and spatial distribution of
water clouds provides information about the variability of atmosphere water
on these time scales and about the surface and atmospheric properties which
influence cloud formation.

We have used Infrared Thermal Mapper (IRTM) mid-IR spectral observations
to locate water—ice clouds using the infrared absorption properties of
water-ice. The IRTM instrument obtained data in five thermal bands centered
at 7, 9, 11, 15 and 20 um, and one solar reflectance band between 0.3 and 3
pum (8). The thermal data are used to determine brightness temperatures,
referenced to the band for which they were determined (i.e., T7) that can be
used to measure spectral variations in the martian surface and atmosphere due
to non-uniform surface properties and atmospheric aerosols (9). 1In
particular, the 11 pym band IRTM is located within a broad 10 to 18 um
absorption feature characteristic of water 1ice, and 1s therefore sensitive to
the presence of water ice. The 20 um band only partially overlaps this
feature and the 7 and 9 um bands are nearly transparent to water—ice. Thus,
spectral observations can detect water-ice using differences between these
brightness temperatures, provided there is sufficient contrast between the
ground and atmospheric temperature (10).

Using this technique clouds and hazes have been detected and
characterized on Mars through two years of observations. They are
consistently observed in four northern hemisphere reglons centered over
Tharsis (-10°S to 50°N, 60° to 160°W), Arabia (0° to 20°N, 300° to 360°W),
Elysium (20° to 40°N, 190° to 220°W), and along the boundary between the
cratered uplands and the northern plains (-10°S to 10° N, 210° to 270°W).
Clouds in those regions were observed at all seasons when the atmosphere had
a low enough dust content to permit the spectral signature of water—ice to be
observed; during the global dust storm period (Lg 200° to 300°) clouds are
difficult to distinguish from dust,
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During the northern spring and summer (Lg 0° to 180°) when the
atmosphere 1is relatively free of dust, there is a distinct difference between
the cloud abundance in the northern and southern hemispheres, with clouds and
hazes being rare in the south. There are several possible explanations for
this difference. First, clouds will be less likely to form in the south due
to low, wintertime atmospheric temperatures and high atmospheric stability
(11). A second possibility involves the importance of orographic control for
cloud formation, resulting in more clouds centered over topographic highs
that are preferentially located in the north, Finally, northern hemisphere
clouds appear to occur preferentially over low thermal inertia regions which
are primarily located in the northern hemisphere. If seasonal rather than
surface, control is the dominant effect then the observed cloud pattern
should reverse during southern spring and summer. However, clouds are
difficult to detect during southern summer due to the presence of atmospheric
dust. Clouds are much less commonly observed in hoth the north and the south
during this season, but their presence within or beneath the dust haze cannot
be ruled out on observational grounds.

A second important class of water-ice clouds are those observed along
the boundary of the retreating north polar cap between Lg 340° and 65° (10).
These clouds occur at all longitudes around the cap and are generally
confined to within 15° of the cap boundary. After Lg 65° polar water-ice
clouds are no longer observed. Similar clouds are not observed along the
southern cap during retreat, although observations are again impaired by the
presence of atmospheric dust during this season.

The cloud opacities can be estimated using a 6-Eddington radiative
transfer model (10) which incorporates Mie scattering and the electrical
properties of water-ice. Assuming realistic, but non-unique, values for the
ice particle size and cloud temperature, the derived opacities range from
near—~zero to l.

In summary, IRTM observations provide a direct means of identifying
water—-ice clouds on Mars. These observations have sufficient spatial
resolution, and spatial and temporal coverage to permit a detailed
investigation of the important parameters governing their formation. They
are consistently observed in four major northern hemisphere locations and
along the edge of the retreating north polar cap. The IRTM data are
currently being assembled into an "atlas" to permit further studies of their
diurnal and seasonal behavior.
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MARS: GROUNDWATER MOUND DEVELOPMENT IN RESPONSE TO POLAR BASAL
MELTING; S. M. Clifford, Lunar and Planetary Institute, 3303 NASA Rd 1,
Houston, TX 77058,

Given a planetary inventory of Hy0 sufficient to saturate the pore volume
of the Martian cryosphere with ice, the deposition of dust and Hp0 in the polar
regions will create a situation where the equilibrium depth to the melting
isotherm has been exceeded, thus basal melting will begin and continue until
such time as the equilibrium depth is reestablished (Figure 1), The subsequent
deep percolation of meltwater will result in the rise of the local water table
in the form of a groundwater mound. The gradient in hydraulic head created by
the presence of the mound will then drive the flow of groundwater away from the
poles. As discussed in the companion to this abstract (1), this equatorward
flow of groundwater may play in important role in the climatic cycling of Hy0
on Mars,

The development of a groundwater mound in response to basal melting at the
Martian poles is analogous to a situation that has frequently been addressed
on Earth: the artificial recharge of an aquifer beneath a circular spreading
basin (2,3,4). As a result, the problem of groundwater mound development on
Mars can be readily addressed on the basis of well-established terrestrial
hydrogeologic models,

The simplifying assumptions that must be made to obtain an analytical
expression for the growth of a groundwater mound beneath a recharging source
aret i) the aquifer is homogeneous, isotropic, infinite in areal extent, and
rests upon a horizontal and impermeable base; ii) the hydraulic properties of
the aquifer are invariant in both space and time; and iii) the constant
downwaxrd percolation of water proceeds at a rate which is sufficiently small
(compared to the aquifer permeability) that the influx is almost completely
refracted in the direction of the local slope of the water table when it
reaches the mound (2,3,4).

After Hantush (2), the governing equation for the growth of a groundwater
mound beneath a circular recharging area is:

3%z . 132 , 2wy ev_ 3z

I TEE TR T g (1)

where 2 = h2 - h% y h 1s the height of the water table above the base of the
aquifer after an elapsed time t, hj 1s the initial saturated thickness of the
aquifer, h 1s a constant of linearization which represents the weighted mean
depth of saturation [approximated by h = .5(h + hj)], r is the radial distance
from the center of the mound, w is the rate of recharge, k is the aquifer
permeability, g is the acceleration of gravity, v is the groundwater viscosity,
and € is the effective porosity. The boundary and initial conditions that

apply to Equation (1) are: 2(£,0) = 0

W=wW 0<r‘<RW

3z(0,t)/3r = 0

0 r‘>RW
Z{ot) = O

These conditions correspond to four basic assumptions: i) that the water table
is initially horizontal, ii) the groundwater mound is symetric about its
vertical axis, iii) the effect of localized recharge on the shape of the water
table at large radial distances is negligible, and iv) the recharge is limited
to a circular region of radius Rw (2,3,4 .

Equation (1§ can be solved using Laplace and zero-ordered Hankel
transforms (2), thereby ylelding the following expression for the maximum
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Figure i, An ldealized cross section of the Martian polar crust illustrating the possible
time evolution of basal meltling.

height, hp, of the water table at a time t:
h:-h?.- I%:—g [w(uo) + (1 = e'uo)/uo] (2)

where Q = w mRZ, ug = R5ve /4kght, and where W(u,) is the well function for
a nonleaky aquifer given by:

wu= [T et0 du,
o = (3)

In Table 1 groundwater mound heights are presented as a function of time
based on aquifer hydraulic properties that might reasonably characterize the
Martian crust. In these calculations the aquifer was assumed to have an
initial thickness of 1 km, an effective porosity of 0,1, and a permeability of
10 md (10-14 n2), The recharge area was taken to be equal in size to the
Martian permanent north polar cap (R, = 500 km); while the assumed recharge
volume (Q) of .1 km3 H20 yr-1 is consistent with an average basal melting rate
within this area of ~10-4 m yr-1. Given these conditions, we find that the
resulting groundwater mound could grow to a height (hp - hi) of 1 km in 106
years.,

While the calculations presented in Table 1 assume an aquifer that is
initially unconfined, they may be considered reasonable approximations for the
case of an initially confined aquifer as well. Although it is clear that a
groundwater mound, as such, cannot develop under conditions where the pore
volume beneath the cryosphere is saturated with water, an increase in hydraulic
head will nonetheless result in response to basal melting., The magnitude and
time evolution of this increase will parallel that of the initially unconfined
case illustrated in Figures 1 and 2,

Clearly, the growth of a polar groundwater mound raises the possibility
that even an initially unconfined aquifer may eventually evolve to the point
of confinement., In that event, any further increase in calculated mound height
will again be realized as an effective increase in confined hydraulic head.,
Indeed, this interpretation is the appropriate one for the larger (21 km) mound
height entries listed in Table 1. In this regard, the hydrostatic head
represented by the last entry of 7250 m is the equivalent of the lithostatic
pressure exerted by a 3 km-thick layer of ice-rich permafrost; as such, it
probably reflects the maximum hydraulic head that could be achieved in a polar
subpermafrost aquifer,

Eventually the polar groundwater mound may reach the height where the
equatorward flow of groundwater will balance the vertical recharge that results
from basal melting. When this steady-state condition is reached, any further
growth of the mound will cease., Alternatively, if the permeability of the
Martian crust is extremely low, the continued increase in confined hyraulic
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Table 1. h Mxnd Heights as a Function of Time,*
Q
Time (yrs) uo w(uo) Mound Height (m)
b_ﬁ g, - hy)
- 1m0® 5,212 9.02m10~ )
AQUIFER ) suo: 7.369 3.48u07 2920
-

2,.5x10 8.688 1.95 5370

h . . 1.25x10 1189 3.9 725

A
b

T

*Assumed values: ;n’claity = 108, permeablity = 10-2 darcies, basal
melting rate = .1 km /yr, basal melting radius = 500 xm, initial
aquifer thickness = 1 km.

Figure 2. Schematic illustrating the various relations
in groundwater mound development,

head could eventually lead to the disruption of the overlying cap and
catastrophic flooding within the polar terrains (5).

Basal melting and groundwater mound development may represent important

stages in the regional and global redistribution of H20 within the Martian
crust. Further aspects of these processes, with particular emphasis on the
permeability requirements necessary to support large-scale groundwater flow,
are discussed elsewhere in these abstracts (1).
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2)

3)
L)
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MARS: PERMEABILITY REQUIREMENTS FOR A GLOBAL GROUNDWATER SYSTEM

DRIVEN BY POLAR BASAL MELTING; S. M., Clifford, Lunar and Planetary Institute,
3303 NASA Rd 1, Houston, TX 77058,

Based on recent estimates of the planetary inventory of H20 on Mars, it
has been suggested that Mars may possess subpermafrost groundwater systems of
regional (1) and possibly even global extent (2,3). If so, then the processes
of polar basal melting (4#) and groundwater mound development (5) will result
in the creation of a pole-to-equator gradient in hydraulic head, that could
drive the equatorward flow of a significant quantity of subpermafrost
groundwater over the course of Martian geologic history. The equatorward flow
of this groundwater may be balanced at mid- to equatorial latitudes by a net
vertical migration of H20 vapor, driven by the Martian geothermal gradient,
from the warmer depths to the colder near-surface regolith (6,7). In this way,
equatorial ground ice that is lost by sublimation to the atmosphere may undergo
a continuous process of subsurface replenishment (2,3,6,7).

The necessary permeability requirements for pole-to-equator groundwater
flow on Mars can be readily assessed on the basis of established models of
unconfined and confined steady-state well flow. As discussed in (5), a polar
groundwater mound will reach an equilibrium profile when the radial discharge
of groundwater within the aquifer system finally balances the amount of
recharge derived from basal melting (Figure 1). In this analysis the radius
of the well 'R,' is analogous to the radius of the recharge (basal melting)
area discussed in (5); while, as before, the groundwater mound height is taken
to be the difference between the maximum and minimum hydraulic heads (hp - hi).
The distance 'R' to the region of lowest hydraulic head represents the
separation between the regions of net vertical recharge (polar) and discharge
(equatorial), and is taken here to be of the same scale as the planetry radius
of Mars, These relationships are illustrated in Figures 2 and 3.

The governing equation and appropriate boundary conditions for steady

" unconfined well flow are (8):
[, amd] .,
or | Tox (1)

v’ =hn  (r=R)

Q = 2mhv (conservation ot mass)
where v is the specific discharge (the discharge per unit area) given by
Darcy's law:

. _ kg an
v > 5E (2)

Solving Equation (1) in light of the above boundary conditions, we obtain:

w¥ = nd+ %‘:—g in(R/r) (R sr) (3)
Evaluated at r=R,, Equation (3) yields an expression for the maximum hydraulic
head, from which we can obtain the following necessary permeability requirement
for unconfined steady-state well flow:
Qv
k = In (R
Trﬂg(hm D) (R/Rw) (4)
Of course, the possibility exists that the groundwater mound of an

initially unconfined aquifer could grow to the point of contact with the base
of the polar cryosphere; in this event, the aquifer may undergo a transition
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between confined conditions at the poles to unconfined conditions closer to the
equator. Indeed, the planetary inventory of Hy0 on Mars may be sufficiently
large that the subpermafrost aquifer has been confined at the poles from the
very outset of basal melting. Given either case, the solution presented in
Equation (4) will no longer apply.

To analyse the possibility of confined flow, we solve the steady confined
well equation, given by (8):

2 dh
] -0 (5)
and which is subject to the boundary conditions:
h = h, (r=R) Q = 2 rrhyv

Solving for the permeability in the same fashion as before, we find:

- Qu
k Zth,g(h - h.) 1n (r/Ry) (6)

In Table 1, permeabilities calculated from Equations (4) and (6) are
presented for a reasonable range of polar recharge volumes and net hydraulic
heads. The results indicate that a recharge volume of 1 km3 of HpO per Martian
year, introduced into a 1 km thick aquifer at the Martian poles, could drive
the flow of a similar volume of water to the Martian equator, given a regolith
permeability of 25 darcies and a éroundwater mound height of 100 m, If the
recharge volume is lowered to 10- km3 of H20 per Martian year, and if we
permit a net hydraulic head equivalent to the lithostatic pressure exerted by
a 3 km thickness of ice-rich permafrost, then the minimum permeability of the
‘regolith required to support a global groundwater flow system falls to
approximately 10-3 darcies, a value which lies within the lower extreme of
permeabilities for fractured igneous and metamorphic rock (Figure 4).

The significance of these minimum regolith permeability requirements can
be placed in perspective by comparing them with the regolith value assumed by
Carr (1) in his discussion of the possible role of confined aquifers in the
formation of Martian flood features. Based on the measured permeability of a
number of basalt aquifers on Earth, Carr (1) concluded that a reasonable
estimate of the permeability of the Martian megaregolith might be of the order
of 103 darcies, a value that is roughly 102 to 106 times greater than that
required to support a Martian groundwater flow system driven by polar basal
melting, It is important to note that these numbers represent effective
permeabilities., Therefore, if only a very small fraction of the Martian
regolith possesses a permeability as high as that estimated by Carr (1), then
the necessary minimum permeability requirements for global groundwater flow on
Mars will have been satisfied,

If the present planetary inventory of H,O on Mars exceeds, by more than
a few percent, the quantity required to saturate the pore volume of the Martian
cryosphere, then a subpermafrost groundwater system of global extent is likely
to exist. If so, then the long-term deposition of dust and Hy0 in the Martian
polar regions will eventually lead to basal melting and the development of
groundwater mounds at both poles. Given a geologically reasonable value for
the permeability of the Martian crust, the gradient in hydraulic head created
by the presence of these groundwater mounds could drive the pole-to-equator
flow of substantial quantities of H,0. From such a system, equatorial ground
ice could be readily and continuously replenished; obviating the need for the
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improbable scenario required of any atmospheric replenishment model (9).
Subpermafrost groundwater transport may therefore play an important role in the
long-term cycling of Hy0 between the Martian atmosphere, polar caps, and deep
regolith.
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Table 1. Minimm regolith permeability requirements for steady-
state flow,
Q (li/y!) Mourd Height (m) x (darcies)
UNCONT INEDs 1, 103 5
10 10 2.5x10
CONFINEDs 1, 102 %
- «6x10
103 102 2.6x107
10 10 2.6x10
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RADTATION-DOMINATED SNOWMELT ON MARS
Gary D. Clow, U.S. Geological Survey, Menlo Park, CA 94025

The currently favored hypothesis for the formation of the martian
valley networks is that they were cut by the action of running water.
Carr (1) has shown that liquid water can flow hundreds of kilometers in
ice-covered streams and that this behavior 1s remarkably insensitive to
climate. However, the generation of sufficient volumes of liquid water to
initiate streamflow remains a significant problem. Several global-
climatic models (2,3,4,5) have shown that greenhouse warming will not lead
to surface temperatures near the melting point of water until surface
pressures are approximately 1 bar. The existence of the valley networks,
coupled with the results of these studies, has been taken as evidence that
the climate on Mars differed radically when the valleys formed.
Furthermore, a recent study by Postawko (6) appears to make generation of
liquid water on Mars through the greenhouse effect even more difficult.
In her latitudinally resolved climatic model, Postawko demonstrates that
meridional heat transport will prevent equatorial temperatures from
reaching 273 K for pressures as high as 3 bars, unless the planetary
albedo was much lower than the present value or gases in addition to 002
and H20 were responsible for the greenhouse effect.

Nonetheless, microclimatic conditions may have occasionally existed
on Mars which were more conducive to the generation of liquid water than
those suggested by global-climatic studies. The present study is
concerned with the melting of snow in the equatorial zone during periods
of low winds, such that sensible and latent heat losses from the snow to
the atmosphere are minimized. The model developed for this investigation
incorporates a CO,— H,0 atmosphere over a snow layer of arbitrary
thickness and a rocky substrate. Sensible heat and water vapor are
transferred through the atmospheric boundary layer by a combination of
molecular diffusion and stability-dependent eddy diffusion based on the
Businger parametrization (7). Above the boundary layer, the atmosphere is
agsumed to be saturated with water vapor and to have an approximately
adiabatic temperature gradient. Downward traveling infrared fluxes due to
the COz_ind H,0 emission bands are calculated over the spectral range 50-
2000 cm “. Tﬁe model also includes penetration of sunlight into the snow,
the temperature~ and density-dependent thermal conductivity of snow, and
downward migration of meltwater within the snowpack.

The results can be viewed at several levels. All calculations have
been made at latitude 30°S under relatively "clear" skies (atmospheric
optical depth, 0.16), using the present martian orbital parameters and
solar conggant. The snow's albedo and density have been set at 0.5 and
0.25 g cm respectively. The windspeed at the top to the boundary layer
was set at 1 m 871 to minimize sensible heat tramnsfer to the air. At the
first level, mean annual surface temperatures were calculated for various
atmospheric pressures. As expected, mean annual surface temperatures
remain quite low (less than 205 K) for pressures lower than 100 mbars.
However, at 300 mbars the net radiative flux at the surface is so intense
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that snowmelt is pervasive. Steady-state solutions for the temperature
profile within a snowpack reveal that the profile becomes nearly
isothermal at depths greater than a few optical pathlengths in snow and
that the deep—snow temperature is enhanced above the surface value by an
amount dependent on the total solar flux absorbed by the snow and on the
ratio of the snow's optical pathlength to.its thermal conductivity. Under
clear skies, steady-state deep-snow temperatures can exceed surface
temperatures by 35-55 K in the equatorial zome if the optical pathlength
is 10 ecm. Although this effect is large, it is still insufficient to
allow melting at depth for a 100 mbar atmosphere under mean annual
conditions. Finally, the effect of seasonal solar insolation changes were
considered by starting with the mean-annual-temperature profile at
aerocentric longitude 180° and allowing Mars to proceed through its orbit
for 200 days. A 66—cm—-thick snow layer was selected for this

simulation. By midsummer, extensive melting occurred for a 100 mbar
atmosphere despite the cold temperatures deep within the rocky

substrate. The 273-K isotherm was also reached for a 30 mbar atmosphere,
although the melt volume appears to be too small to allow downward
migration of liquid water.

For a radiation-dominated regime, snow in the equatorial zone could
have melted at pressures considerably lower than 1 to 3 bars. The exact
atmospheric pressure at which this could have occurred is sensitive to the
ratio of optical pathlength to thermal conductivity for snow and depends
on the prevalence of low windspeeds for a significant fraction of the
martian year.
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MARS: LONG TERM CHANGES IN THE STATE AND DISTRIBUTION
OF Hzo. F.P. Fanale, J. R. Salvail, A.P. Zent, and S.E. Pos-
tawko; Planetary Geosciences Division, Hawaii Institute of Geo-
physics, University of Hawaii, Honolulu, Hawaii 96822

A model for H,0 distribution and migration on Mars has been
formulated which takes into account: 1) thermal variations at
all depths in the regolith due to variations in obliquity, eccen-
tricity and the solar constant; 2) variations in atmospheric PH,0
caused by corresponding changes in polar surface insolation; and
3) the finite kinetics of Hy0 migration in both the regolith and
atmosphere, Results suggest that the regolith H20 transport
rates are more strongly influenced by polar-controlled atmos-
pheric PH20 variations than variations in pore gas PH20 brought
about by thermal variations at the buried ice interface. The
configuration of the ice interface as a function of assumed soil
parameters and time is derived. Withdrawal of ice proceeds to
various depths at latitudes < 50° ang is accompanied by filling
of regolith pores at latitudes > 50° and transfer of H,O0 to the
polar cap. The transfer has a somewhat oscillatory character,
but only < lg/cm2 is shifted into and out of the regolith during
each obliquity cycle. The net irreversible and inexorable
transfer of H?O to higher latitudes involves between 1 x 106km3
and 1 x 107km of H,0 over the history of Mars for most reason-
able sets of assumptions. This mass is comparable to the amount
of material removed from deflated terrain at mid and low lati-
tudes and to the mass of the polar cap. We conclude that this
process combined with periodic thermal cycles played a major role
in development of the fretted terrain, deflationary features in
general, patterned ground, the north polar cap and the layered

terrain.
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SOURCES AND SINKS OF PRESENT DAY WATER WITHIN THE MARTIAN REGOLITH:
EVIDENCE FROM A TERRESTRIAL ANALOG OF MARTIAN WEATHERING PROCESSES-THE DRY
VALLEYS OF ANTARCTICA. Everett K. Gibson, Jr., SN4, Experimental Planet-
ology Branch, NASA Johnson Space Center, Houston, Texas 77058 (Presently at
Dept. of Earth Sciences, The Open University, Walton Hall, Milton Keynes,
England)

Initial information about the water abundances of the Martian regolith
was obtained from the gas chromatograph-mass spectrometer (GC-MS) experiment
on board the two Viking landers. Anderson and Tice (1979) noted that the
total amount of water released from Martian soils was estimated to range from
1.0 to 1.9 percent by weight. Small amounts of water were lost by the soils
at 2009C (<0.2 o70), but at 3509 and 500°C significant amounts(0.1 to 1.4 o7o)
vere detected during pyrolysis of soil samples. Water released during the
higher temperature interval was thought to be associated with decomposition
of hydrate minerals. Kotra et al. (1982) reviewed the release of volatiles
from possible Martian materials and noted the wide variety of minerals that
could be present within samples analyzed by Viking. Their studies noted that
the manner in which the Viking's volatile release information was obtained
may not account for significant amounts of volatiles or volatile-bearing
secondary minerals present within the Martian regolith.

It is well known that secondary minerals within soils and regoliths may
be reservoirs for significant amounts of volatiles. The nature of the authi-
genic secondary minerals in soils from the terrestrial analog for the Martian
regolith found in the Dry Valleys of Antarctica has been reviewed by Gibson
et al. (1983). 1In common with soils from other arid parts of the world (EIl
Baz and Prestel, 1980), soluble salt concentrations are characteristic of Dry
Valley soils. The origins of the water soluble ions forming the Dry Valley
salts is controversial: proposed origins include chemical weathering of rocks,
hydrothermal fluids, marine aerosols, and the evaporation of water from
marine incursions. Gibson et al. (1983) noted that the molar ratios of the
water soluble ions reflect the nature of the secondary minerals present. For
example, when the Na* and C1- molar ratios are ea$a1 (i.e. 1:1) the presence
of halite is indicated. Similarily, when the Ca¢" to C1~ ratio is 1:2, ant-
arcticite (CaCl,-gH,0) is present.

Most silicate mineral and 1ithic fragments in the Dry Valley soils exhibit
some degree of alteration. A major problem is in determining which alteration
effects are caused by in situ weathering and which are the result of other pro-
cesses. Some alteration resulted from hydrothermal activity in the source °
rock-epidote and sericite, for example, are hydrothermal minerals, and some
amphiboles have been replaced by biotite. In addition, weathering may have
occurred prior to deposition at the soil sites. It is also possible that some
of the diagenesis occurred during the subaqueous history of the soils.

There is, however, good evidence for present day weathering in the Dry
Valley soils. The sharp increase in iron oxide near the surfaces, especially
relative to fresh ferromagnesian minerals, demonstrates increased oxidation
towards the surface (Gibson et al., 1583). This phenomenon has been noted
previously by Bockheim (1979). Evaporites indicate ionic migration and
chemical activity even in the permanently frozen zones. Halite abundances,
for example, decrease systematically from the salt layer near the surface to
the bottom of a one meter deep soil pit. Even though halite abundances are
very lTow near the bottom, there is no indication of a break at the boundary of
the permanently frozen zone. Secondary calcite abundances increase with
depth; the reason for this is not presently understood. The presence of these
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evaporites also indicates that chemical weathering of rocks and possibly soils
has beenzgctiv§+within the soil profiles becasue some of the water soluble
ions (Ca®™, Mg¢™, K*, and C0.2-) in the evaporites originated by rock weather-
ing (Keys and Williams, 1981},

Individual silicate mineral fragments in both the active and the per-
manently frozen zones show evidence of chemical weathering (Gibson et al.,1983).
The characteristic effect of chemical weathering on the surfaces of minerals in
temperate climates is dissolution along crystallographically-controlled zones
of weakness (Berner et al., 1980). Such dissolution features are common on
the surfaces of susceptible silicate fragments (feldspars, amphiboles, and
pyroxenes) throughout the Dry Valley soils studied. Differential weathering
along exsolution Tamellae is present in some pyroxenes. Because such delicate
features would probably not survive sedimentary transport, they are evidence
for in situ chemical weathering.

~ Zeolites are well known for their ability to store volatiles. Zeolites
have been found in Dry Valley soils and their occurrance and habit shows their
fragile nature. They are euhedral, unabraded, and unfractured, which strongly
suggests in situ formation. Their presence in the Dry Valley soils is another
indication that diagenetic processes are active throughout the soils. Pedogenic
zeolites are not usually found in Antarctic soils. Chabazite and other zeolites
have been identified in rock cores from the Dry Valley Drilling Project (DVDP),
but their origin is attributed to hydrothermal processes (Berkley and Drake,
1981). Zeolites of sedimentary or pedogenic origin are fairly common in other
terrestrial climates. The presence of chabazites in the Dry Valley soils is
consistent with other occurrences in that they form in an arid environment
under saline, alkaline conditions (Hay, 1977).

Weathering of planetary surface materials results from both chemical and
physical interactions of the planet's surface with the atmosphere and, if pre-
sent, the hydrosphere and biosphere. The net result of weathering is to
modify the original surface materials and produce secondary materials that are
the products of an approach to equilibrium between the atmosphere and solid
body. The detailed study of the soils from the Dry Valleys of Antarctica has
produced an idealized soil profile which should be applicable to the Martian
regolith, The soil profile would be composed of four basic zones: (1) aeolian
zone; - (2) salt zone; (3) active zone; and (4) permanently frozen zone. Pro-
cesses operating within each of these zones tend to modify the original sur-
face materials. The three zones above the permanently frozen zone are the
regions where most of the chemical and physical weathering occurs.

It is known that Martian surface conditions may be favorable for chemical
weathering (Gooding, 1978; Booth and Kieffer, 1978). The primary silicates
would be expected to be reactive minerals such as pyroxenes, olivines, and
feldspars. Because of the possible existence of an extensive sub-surface sys-
tem of water ice or even liquid water (Clifford, 1981), water is probably
available to assist in the weathering of the reactive minerals. Such weather-
ing would result in the formation of clays, sulfates, carbonates, hydrates,
and zeolites. The formation of pedogenic zeolites under cold, arid Antarctic
conditions opens the possibility that zeolites may also form in the Martian
regolith., Terrestrial zeolites are especially common in soils derived from
volcanic ejecta (Hay, 1977), and such soils may be common on Mars. Zeolites
are well known for their volatile exchange and storage properties. Conse-
quently, the possible presence of a significant abundance of zeolites in the
Martian regolith may have a profound effect on the volatile budget of Mars.
Specifically, zeolites could be a repository of atmospheric gases including
C0,,.0,, and Hp0. Changes in pressure and temperature might induce Martian
ze611t€¢ to taEe up or release significant quantities of volatiles.
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