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TERRESTRIAL LACUSTRINE SEDIMENTARY DEPOSITS AS MARTIAN ANALOGS? J. Nussbaumer 2,
'Department of Mineralogy, Natural History Museum, London, UK, ZJohannes Gutenberg University, Mainz,

Germany, email: jurn@nhm.ac.uk.

Introduction:  Sedimentary rocks at the Meridiani
landing site show a broad diversity of sedimentary
structures suggesting aqueous sedimentation [1] of still
unknown duration, timing, and nature. Many of these
structures have well known terrestrial analogies owing
to different flow-conditions, atmospheric conditions,
sediment composition and different locations in lake
basins. Lacustrine sediment facies include mainly the
beach, shallow shorelines, the deeper part of the lake
and inflowing rivers forming deltas (Fig.1). Upper-
carbonic lacustrine sediments in Argentina (28°45” S,
66°21" W) show some analogies to martian sediments
and may be helpful to understand climatic conditions
and the duration of aqueous activity on early Mars.
These lake sediments were deposited in a tectonic
graben-structure, between migmatites and quarzites.
They passed different climatic phases and water levels,
showing warve-like layers, aeolian dunes, deltaic
sequences and ripple-like sedimentary structures.

Fig. 1: Different lake sediments, adapted from [2].

Beach and dune sediments: These grey-white
laminated sandstones show fine mm-scale foliation and
aeolian cross-bedding (Fig. 2). The main components
are quartz, feldspar and kaolinite. The minerals are
moderately sorted and rounded with grain sizes varying
between 0,1 and 0,8 mm. Flat polyedric

accumulations, formerly hematite, form “desert roses”.

Shallow water sediments: These rocks form in
shallow water near the beach. Layers of 10-20 cm are
characteristic with ripple marks (Fig. 4), alternating
with layers of shale.

Fig. 2: Sedimentary rock showing aeolian cross bedding,
image width ~20cm.

Fig. 3a: Terrestrial “desert rose”, pseudomorphosis of
hematite to gypsum, Image width ~20cm,

Fig. 3b: Possible martian analog, MI Mosaic, image
width ~5¢cm, Image courtesy NASA/JPL/Cornell.

The grain sizes of the shales are 0,02 - 0,1 mm. The
grain sizes within the rippled layers are ~ 0,25 mm.
The grains are mostly angular and well sorted. The
orientations and dimensions of ripples indicate specific
paleo-flow directions and velocities. Ripple structures
of 2,5 cm height and 10-12 cm length are formed in
water flowing with velocities of 30-40 cm/s. In quiet
flow conditions, fine dark silt layers deposit above the
ripples, forming thin lines.
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IMPACTITES ON MARS: WHAT SHOULD WE EXPECT AND WHAT IS THE ROLE OF VOLATILES?
G. R. Osinski and H. J. Melosh, Lunar and Planetary Laboratory, University of Arizona, 1629 E. University Blvd.,

Tucson, AZ 86721-0092, USA (osinski@lycos.com).

Introduction: Mars possesses the most diverse
impact cratering record of any planetary object in the
Solar System [1]. Impact craters are also one of the
most common geological landforms on Mars. Further-
more, impact craters offer a window into the subsur-
face, and their characteristics provide insights as to the
composition, structure, and physical characteristics of
the martian crust and its volatile inventory.

The diversity of martian impact craters and their as-
sociated deposits (impactites) have been attributed, in
part, to the widespread presence of volatiles in the mar-
tian subsurface. It is well known that volatiles play an
important role in the impact cratering process; in par-
ticular, with respect to impact melt generation and
ejecta deposition. The terrestrial impact cratering re-
cord currently provides the only ground-truth data on
the effects of impacts into volatile-rich (i.e., sedimen-
tary) targets.

The aim of this paper is to provide an up-to-date as-
sessment of the processes and products of impacts in to
volatile-rich targets on Earth and to apply this knowl-
edge to the martian impact cratering record. Some pre-
dictions as to the type of impactites that should be
found on Mars will also be made.

Classification of impactites: The classification of
impactites is still the topic of ongoing debate within the
impact community; however, the most widely accepted
and standardized scheme is that proposed by “The Sub-
commission on the Systematics of Metamorphic Rocks
of the IUGS” [2] (Table 1). It is generally believed that
the type of target rocks governs the type of impactite(s)
produced during an impact event. This will be dis-
cussed below.

Crater-fill deposits: It has generally been ac-
cepted that coherent impact melt rocks and impact melt
sheets are not generated in impact structures formed in
sedimentary (i.e., volatile-rich) targets [e.g., 3]. This is
despite the fact that, theoretically at least, impacts into
sedimentary rocks should produce as much or more
melt than impacts into crystalline rocks [3]. This anom-
aly has been attributed to the formation and expansion
of enormous quantities of sediment-derived vapour
(e.g., H,O, CO,, SO,), resulting in the unusually wide
dispersion of shock-melted sedimentary rocks [3]. In-
stead, in impact structures formed in predominantly
sedimentary targets, the resultant impactites have been
referred to as lithic impact breccias that are supposedly
melt free (Table 1).

However, recent work at the 23 km diameter, ~23
Ma Haughton impact structure, Canada, has shown that
the crater-fill impactites are not lithic impact breccias

as previously thought but are, in fact, impact melt rocks
[4-6]. Haughton occurred into a ~1.7 km thick sedi-
mentary target sequence overlying crystalline basement
rocks. Impact melts derived from sedimentary rocks
have also been found at the Ries [7-9] and Chicxulub
impact structures [e.g., 10]. Thus, it is apparent that
impact melting in volatile-rich targets is much more
common than previously thought. It follows that impact
melt sheets should be common on Mars, even in impact
craters that comprise volatile-rich targets.

Proximal ejecta deposits: Two of the most un-
usual aspects of martian impact craters are the presence
of lobate or so-called ‘fluidized’ ejecta deposits, and
the layered nature (often two or more layers) of the
ejecta [1]. Two conflicting mechanisms have been pro-
posed to account for these features: (1) interaction of
ejecta with volatiles in the subsurface [e.g., 11], or (2)
ejecta interaction with the atmosphere [e.g., 12].

Ejecta deposition is one of the least understood as-
pects of impact cratering, which is due, in part, to the
lack of preservation of ejecta deposits at the majority of
terrestrial impact sites. The ~24 km diameter, ~14.5 Ma
Ries impact structure, Germany, is one of the excep-
tions. The Ries target sequence comprises volatile-rich
sedimentary rocks (~500-800 m thick) overlying crys-
talline basement. In addition, three main proximal
ejecta deposits have been recognized at the Ries: (1)
Bunte breccia, (2) surficial, or ‘fallout’, suevites, and
(3) coherent impact melt rocks. The latter two litholo-
gies overlie Bunte breccia. Thus, the Ries ejecta depos-
its may provide a good analogy to fluidized, layered
martian ejecta deposits.

What are the emplacement mechanisms for the Ries
ejecta deposits and what can they tell us about ejecta
deposition on Mars? It is generally accepted that the
Bunte breccia represents what remains of a continuous
ejecta blanket that is consistent with ballistic emplace-
ment [e.g., 13].

The emplacement mechanism(s) of the suevites is
less well understood. It is generally accepted that these
impactites were deposited subaerially from an ejecta
plume. However, recently, it has been suggested that
the suevites represent impact melt flows that were em-
placed outwards from the crater centre during the final
stages of crater formation and that they were never air-
borne [9]. This has also been suggested for the impact
melt rocks at the Ries [14] and for proximal ejecta de-
posits at Haughton [4—6]. Importantly, the Ries impact
melt rocks were derived entirely from the crystalline
basement, whereas the volumetrically dominant
suevites incorporated substantial amounts of volatiles
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from the sedimentary cover (i.e., the Ries suevites rep-
resent volatile-rich impact melt flows) [9]. It is, there-
fore, suggested that some of the fluidized ejecta depos-
its on Mars may represent volatile-rich melt flows.
Where ground ice was in the near subsurface, it is
likely that volatiles could have subsequently been in-
corporated into these flows, extending their runout dis-
tances considerably, as proposed by Carr et al. [11]. In
terms of the type(s) of impactites expected in proximal
ejecta deposits on Mars, if these analogies with terres-
trial impact craters are correct, suevite-like deposits and
patches of more coherent impact melt rocks would be
expected.

Distal ejecta deposits: As suggested by Schultz
and Mustard [15], it is probable that clasts of impact-
generated glass will be present in distal ejecta deposits
on Mars (i.e., in ejecta deposited >5 crater radii away
from the source crater).

Summary: Impact melt rocks and glasses are
likely to be much more common on Mars than previ-
ously thought. By analogy with the terrestrial impact
cratering record, it is expected that massive impactites
in the form of coherent impact melt rocks and suevite-
like deposits will be found within and around martian

impact craters (see Table 1). In addition, as proposed
by Schultz and Mustard [15], impact melts are likely to
be found in distal ejecta deposits. Finally, some of the
fluidized ejecta deposits on Mars may have originated
as volatile-rich impact melt flows.

References: [1] Strom R. G. et al. (1992) In Mars,
383-423. [2] Stoffler D. and Grieve R. A. F. (1996) Interna-
tional Symposium on the Role of Impact Processes in the
Geological and Biological Evolution of Planet Earth. [3]
Kieffer S. W. and Simonds C. H. (1980) Reviews of Geo-
physics and Space Physics, 18, 143—181. [4] Osinski G. R.
and Spray J. G. (2001) Earth Planet. Sci. Lett., 194, 17-29.
[5] Osinski G. R. and Spray J. G. (2003) Earth Planet. Sci.
Lett.,, 215, 357-370. [6] Osinski G. R. et al. 2004. Meteor.
Planet. Sci., Forthcoming. [7] Graup G. (1999) Meteor.
Planet. Sci., 34, 425-438. [8] Osinski G. R. (2003) Meteor.
Planet. Sci., 38, 1641-1668 [9] Osinski et al. (2004) Meteor.
Planet. Sci., Forthcoming. [10] Jones A. P. et al. (2000) In
Impacts and the Early Earth, 343-361. [11] Carr M. et al.
(1977) JGR, 82, 4055-4065. [12] Schultz P. H. and Gault D.
E. (1979) JGR, 84, 7669-7687. [13] Horz F. et al. (1983)
Rev. Geophys. Space Phys., 21, 1667-1725. [14] Osinski G.
R. (2004) Unpublished Ph.D. Thesis, University of New
Brunswick. [15] Schultz P. H. and Mustard J. F. (2004) JGR,
109, E01001.

Table 1. Classification of impactites from a single impact event [2]. Although this scheme was drawn up based
mainly on the terrestrial impact cratering record, most of these impactite types should also be expected on Mars.

PROXIMAL IMPACTITES
|
[ |

DISTAL IMPACTITES
|
[ |

Shocked target rocks | | Unshocked target rocks | | Shocked target rocks | | Unshocked target rocks |
[ J [ |
[ I I
l l Impact melt  Clasts of target rock
Allochthonous Parautochthonous
|
[ |
| Impact breccia | | Impact melt rock | Cataclastic Target Tektite Microtektite
breccia rocks
L ]
——
Without impact  With impact
melt clasts melt clasts
| | | | |
Lithic impact Suevite Clast-rich Clast-poor Clast-free
breccia * impact melt impact melt impact melt
| rock rock rock
| [ [ |
[ ] | [
Dikes Massive impactites Massive rock Air fall beds

(layers, lenses, etc.)

Crater-fill impactites
(inside crater rim)

Crater floor

Proximal ejecta deposits
(outside crater rim)

and/or breccia

Distal ejecta deposits
(>5 crater radii)

* Lithic impact breccias have been referred to as clastic matrix breccias or fragmental breccias at many impact sites.
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A REASSESSMENT OF THE MARS OCEAN HYPOTHESIS. T. J. Parker, Jet Propulsion Laboratory,
California Institute of Technology, 4800 Oak Grove Dr., Pasadena, CA 91109, timothy.j.parker@jpl.nasa.gov.

Introduction: Initial work on the identification
and mapping of potential ancient shorelines on Mars
was based on Viking Orbiter image data (Parker et
al.,, 1987, 1989, 1993). TheViking Orbiters were
designed to locate landing site for the two landers and
were not specifically intended to map the entire
planet. Fortunately, they mapped the entire planet.
Unfortunately, they did so at an average resolution of
greater than 200m/pixel. Higher resolution images,
even mosaics of interesting regions, are available, but
relatively sparse. Mapping of shorelines on Earth
requires both high-resolution aerial photos or satellite
images and good topographic information.

Three significant sources of additional data from
missions subsequent to Viking are useful for
reassessing the ocean hypothesis. These are: MGS
MOC images; MGS MOLA topography; Odyssey
THEMIS IR and VIS images; and MER surface
geology at Meridiani and Gusev. Okay, my mistake:
Four.

MOC images: MOC images are comparable in
resolution to high altitude aerial photographs, and
have been very useful for making comparisons with
Viking Orbiter-based maps. But MOC images
typically cover areas of a few tens of square
kilometers.  Mosaics do exist, but these take
considerable time for acquisition of repeat imaging of
a specific target, particularly at the equator. So,
placing observations into regional context is difficult.

MOLA topography: As mentioned above, Pre-
MGS topography of Mars was far too coarse to be of
use in testing the horizontality of proposed
shorelines. MOLA topography is high enough in
resolution to make testing of horizontality and
continuity of mapped shorelines a straightforward
process. MOLA topography could probably be
described as the most important contributor to the
analysis of proposed shorelines on Mars. MOLA
topography has enabled the identification of what
appear to be erosional terraces at the highlands
margin that might have been carved by coastal
erosion. The highest such terrace clearly identified
lies at +1400m elevation, nearly 3km higher than the
Opportunity landing site.

THEMIS IR and VIS: THEMIS IR data,
particularly the daytime IR images, are about
100m/pixel, already better than twice the resolution
of the average from Viking Orbiter, and should be
global by the end of the Odyssey mission. Already,
sufficient data exists to make nearly continuous

regional basemaps of scientifically interesting areas.
THEMIS VIS images are better than 20m/pixel, and
in some areas can already be assembled into regional
mosaics. But even without contiguous coverage from
VIS, an individual THEMIS VIS image can provide a
regional context for disconnected MOC images
(figure 1). These data are being assembled into
mosaics of key areas previously studied in Viking
data, to test the shoreline hypothesis at higher
resolutions.

Mars Exploration Rovers: The landing sites for
Spirit and Opportunity were selected to “follow the
water” to the best of our abilities, given the
knowledge gained from orbiter instruments and the
limitations of the landing system to deliver the rovers
safely to the surface. While “scientifically
interesting” is inversely proportional to “safe for
landing”, it was still possible to select landing sites
with high potential to deliver on the “follow the
water” promise. And deliver they did!

Meridiani Planum. Prior to landing, the regional,
hematite-bearing deposit was interpreted either as a
subaqueous precipitate or a volcanic ash or other
volcanic deposit subjected to hydrothermal alteration
by groundwater. The landing site placed the rover in
a small crater with immediate access to sulfate-rich
sediments with clearly recognizable subaqueous
depositional structures (e.g., water-formed current
ripples). To date, Opportunity has found this
sedimentary deposit to be remarkably uniform in
composition and stratigraphy over the 750 meters
between Eagle Crater and Endurance Crater. The
evaporite composition and finely laminated
stratigraphy over this region implies subaqueous
deposition in a large body of shallow water. The
regional extent and topographic placement of the
Meridiani Planum deposit requires either a very large
lake or playa environment (for which the entire
northwest confining topography is absent) or a
northern plains ocean (with evaporite platform
deposition at its margin at equatorial latitudes).

Gusev Crater: Spirit landed on cratered plains on
the floor of Gusev Crater. This plains surface is
comprised of basaltic blocks — likely ejecta from the
numerous small primary and secondary craters on the
floor of Gusev — and soil at the top of a regional flow
feature emerging from the mouth of Ma’adim Vallis.
This flow could be an old lava flow, or a debris flow
with basalt clast composition. Examination of the
interior of Bonneville Crater failed to reveal any in
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situ outcrops that might have help to settle this of the hills suggests that these outcrops are layered,
question. Recently, Spirit made the transgression but the nature of deposition and the composition of
from this plains surface to the base of the Columbia the layered material isn’t known at the time of this
Hills, and is currently examining it’s first exposures writing.

of in situ outcrop material. Preliminary examination

Figure 1: Compilation of MOLAtopograpy on Viking MIM (background) with THEMIS IR (100m/pixel),
VIS (18m/pixel) and MOC (1.5-4.5m/pixel) of an area along “contact 1” or the “Arabia Level” mapped by Parker et
al., 1989, based on Viking MDIM resolution.



Second Conference on Early Mars (2004)

PALEOLAKE AND DENSE VALLEY NETWORKS
CHASMA, VALLES MARINERIS

ORIGINATED BY PRECIPITATIONS WITHIN MELAS

C. Quantinl, P. Allemandl, N. Mangold2 , G. Dromartl, C. Delacourtl, 'Laboratoire de Sciences de la Terre, UMR 5570-CNRS-
UCBLyonl et ENS Lyon, Bat. Géode, 69622 Villeurbanne, ?Laboratoire IDES, CNRS et UPS, Bat. 509, 91405 ORSAY.

cathy.quantin@univ-lyonl.fr

Introduction: The paleo-valley networks on Mars are
the most obvious features attesting that water cycle
was different than today. These water-worn features
are mainly contained in the Noachian highlands [1]
could have been induced by atmospheric precipitation
contributing to the hypothesis of a warm and wet early
Mars [2,3]. Such conditions imply that the atmosphere
was denser than today with an efficient green house
effect to allow an elevation of the surface temperature
[3,4,5,6]. If such conditions occurred during the
Noachian, several geological processes must have been
active over this period like the deposition of
carbonates. Currently, no evidence of such processes
has been found. Moreover, climatic models [e.g.7]
predict that Mars has always been cold and dry as
today. All this considerations leaded to alternative
interpretations of the origin of Martian valley networks
as ground water sapping [i.e.8] or subglacial valleys
[i.e.9]. After this debated Early Mars, the Hesperian
and Amazonian period would have been dry and cold.
Valles Marineris, dated at Hesperian period, displays
many enigmatic sedimentary figures whose formation
under warm and wet conditions is controversial
because of their age. Here, we report evidences of
dense valley networks issue from atmospheric
precipitations [10] connected to a paleolake within
Valles Marineris.

Melas Chasma dense valley networks:

Morphological  features:  Thermal Emission
Imaging System (THEMIS) images reveal valley
networks within Melas Chasma (Fig. 1). We observe
two valley networks separated by a divide which
corresponds to a pass in the topography. Both
networks are highly organized until the fourth order
for the Western watershed and the fifth order for the
Eastern one (Fig. 1B). Those features attest of the
maturity of these networks. Moreover, the drainage
densities of these networks are in the same range as
terrestrial density studied at same resolution (1.1 km™
for the western watershed and 1.5 km™ for the Eastern
one). The morphological details of these networks
reveal an inner channel within one of the valleys
attesting that stable water has flowed within these
valleys and has eroded them. The presence of dense
hydrographic networks within Melas Chasma attests of
climatic conditions auspicious to stable liquid water at
the surface of Valles Marineris.

Origin of hydrographic networks: The head of the
network valleys are scattered at different altitudes: i.e.
at the base of Valles Marineris Wallslopes (suggesting
ground water sapping), along the divide which is 2 km
under the base of the Wallslopes or on the opposite
mount 1 km above the divide. Moreover, the geometry
of the networks is correlated to local slope [11] with
dendritic pattern in case of slope lower than 1.3° and
parallel pattern in case of higher slopes like runoff
pattern on Earth. All these features suggest that the
network has been supplied by precipitations.

Westem ..
Watershed

Eastern
watershed

10 km

- — - Divide
b)

Figure 1: Melas Valley networks. a) Day-time THEMIS
infrared images, b) Valley mapping from THEMIS images
(Visible and infrared) and MOC (Mars Orbiter Camera)
images.

8010.pdf



Second Conference on Early Mars (2004) 8010.pdf

Elevation (km)
-5.547 to-4.546
-4.54610-3.546
-3.5461t0-2.545
-2.545 t0-1.545
-1.545 to-0.544
-0.544 o456
0.456 10 1.457
1457 to 2,457
2457 to 3458

[ [EPUTe

Figure 2: Digital Elevation Model (DEM) of the outlet
area of the Eastern watershed.

Evidences of a paleolake as outlet: On the DEM,
the outlet of the Eastern watershed corresponds to a
completely enclosed depression (Fig. 2). This enclosed
depression is observable in the morphology on day-
time THEMIS images (Fig. 3a). The floor of the
depression studied on THEMIS visible images (Fig.
3b) displays many sedimentary features attesting of the
complex hydrological history of the area. For instance,
different lines suggest paleo-shore lines. Combining
the DEM with observations, the lines correspond to
iso-elevations. The shoreline corresponding to the
maximum level of the paleolake implies a water
volume of 157 km® just at the outlet of the previously
described hydrographic networks. This water volume,
the lacustrine figures and the morphological maturity
of the networks imply a duration at least of several
thousands years of climate conditions favorable to
stable water at the surface of Mars.

Conclusion:  Atmospheric precipitations have
occurred on Melas Chasma at least during several
thousand years forming dense hydrographic networks
and a paleolake. Melas Chasma which formed during
the Hesperian period demonstrates that wet and warm
conditions allowing an efficient water cycle existed
after 3.5 Gy on Mars.

References: [1] Craddock, R. A. and Howard A.

(2002),JGR,107,d0i10.1029/2001JE001505.[2] Masur
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F.P. et al. (1992), in Mars, Univ. of Ariz. Press, 1135-
1179. [5]Squyres S.W. and Kasting J.K. (1994),
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94,1-13. [8] Laity J.E. and Malin M. (1985), Geol.
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ROCK WEATHERING AND GEOMORPHOLOGY OF THE COLUMBIA
HILLS: THE ROLE OF GROUNDWATER. J.W. Rice, Jr.!, S. W. Squyresz, and the
Athena Science Team. 'Mars Space Flight Facility, ASU, Tempe, AZ 85287,
jrice@asu.edu, % Cornell University, Ithaca, NY.

The second phase of the MER Spirit mission, in Gusev crater, began when the
rover entered the province of the Columbia Hills. The rover traveled over 3km

to arrive at this destination. The Columbia Hills rise up to 90m above the

basaltic plains that Spirit spent the first 5 months investigating. These

plains appear to be impact gardened lava flows that have subsequently undergone
aeolian reworking. The Columbia Hills are embayed by the plains and are
therefore much older materials. The origin and composition of the Columbia
Hills, as of this writing, are still unknown. Several possible origins have

been considered: eroded and partially buried impact crater rim, central peak of
former crater, volcanic construct, or remnant of a formerly extensive crater

fill deposit. The slopes of the Hills are covered with boulders and

outcroppings of rock appear to be present along the flanks. Heretofore
previously unseen deep cavernous weathering (case hardening and core softening)
of rocks was observed upon crossing the contact with the plains. This type of
weathering typically involves groundwater and salts. Several of these rocks

have unusual morphologies (pedestals or fingers projecting away from rock's
center with terminal clumps) that are somewhat similar in appearance to rocks
seen at Meridiani Planum. Immediate plans are to perform IDD work on outcrop
material and then ascend the summit of Husband Hill, which is the highest peak
in the Columbia Hills, and winter over here.
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Introduction: Previous in-situ measurements of
soil-like materials on the surface of Mars, in particular
during the on-going Mars Exploration Rover missions,
have shown complex relationships between composi-
tion, exposure to the surface environment, texture, and
local rocks. In particular, a diversity in both composi-
tional and physical properties could be established that
is interpreted to be diagnostic of the complex geologic
history of the martian surface layer. Physical and
chemical properties vary laterally and vertically, pro-
viding insight into the composition of rocks from
which soils derive, and environmental conditions that
led to soil formation. They are central to understanding
whether habitable environments existed on Mars in the
distant past.

An instrument — the Mole for Soil Compositional
Studies and Sampling (MOCSS) - is proposed to allow
repeated access to subsurface regolith on Mars to
depths of up to 1.5 m for in-situ measurements of
elemental composition and of physical and thermo-
physical properties, as well as for subsurface sample
acquisition. MOCSS is based on the compact PLUTO
(PLanetary Underground TOol) Mole system devel-
oped for the Beagle 2 lander and incorporates a small
X-ray fluorescence spectrometer within the Mole
which is a new development. Overall MOCSS mass is
~1.4 kg.

Taken together, the MOCSS science data support
to decipher the geologic history at the landing site as
compositional and textural stratigraphy — if they exist -
can be detected at a number of places if the MOCSS
were accommodated on a rover such as MSL. Based
on uncovered stratigraphy, the regional sequence of
depositional and erosional styles can be constrained
which has an impact on understanding the ancient
history of the Martian near-surface layer, considering
estimates of Mars soil production rates of 0.5...1.0
m/billion years [1] on the one hand and Mole subsur-
face access capability of ~1.5 m.

MOCSS Overview

MOCSS (Mole for Soil Compositional Studies and
Sampling) is an instrument that obtains depth profiles
of soil chemical, physical and thermophysical proper-
ties and can repeatedly obtain subsurface soil samples
from depths up to 1.5 m to be used by lander or rover-
based (whatever the accommodation) instruments as
desired. MOCSS uses a tethered, electro-mechanical
penetrometer or ‘Mole’ that travels into the subsurface

by soil displacement through the action of an internal
hammering mechanism and can reach depths of more
than 1 m depending on soil compaction and strength
properties. MOCSS carries an X-ray fluorescence
spectrometer (XRS) and temperature sensors. From
Mole soil penetration behavior, depth-resolved physi-
cal properties of the regolith (cohesion, friction angle,
bulk density, and porosity) are deduced and subsurface
temperature measurements allow determination of
thermal diffusivity, thermal conductivity, and soil
characteristic grain size. The XRS allows vertical
profiles of soil chemical properties to be obtained from
undisturbed soil. A sampling device built into the Mole
tip can retrieve a 5 gm sample from each Mole subsur-
face excursion. A tether reel being part of the MOCSS
system retrieves the Mole to the surface, supported by
Mole reverse hammering, and allows repeated subsur-
face deployments.

T
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Fig. 1: View of PLUTO Mole system (length 365
mm, mass 860 g) providing heritage to MOCSS.

Figure 2 illustrates the concept of MOCSS opera-
tion. MOCSS is closely based on the PLUTO (PLane-
tary Underground TOol) subsurface soil sampling
system flown on the Beagle 2 lander which however
lacked an XRS internal to the Mole [2].

The XRS proposed for MOCSS is based on heri-
tage from the Pathfinder APXS and Beagle 2 XRS
instruments but is somewhat miniaturized to allow
accommodation within the Mole.

XRS Accommodation: The XRS instrument is
placed inside the rear of the 25 mm diameter Mole
which itself is modified from the Beagle 2 Mole to
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allow easier integration of the XRS. Front end elec-
tronics functions are within the Mole whereas the
overall MOCSS back-end electronics functions are
implemented in local electronics mounted to the
MOCSS assembly.

Fig. 2: Principle of MOCSS Mole deployment and
locations of XRS in Mole back end and of sampling
device in Mole front.

The Beagle 2 XRS used a dual-source concept for
sample excitation with Fe-55 and Cd-109. This same
concept is implemented in the MOCSS XRS. A silicon
PiN diode detects X-rays fluoresced from the sample
by the sources, providing primary X-rays of Mn (5.90
keV and 6.49 keV) and Ag (22.16 keV and 24.94
keV). The instrument is sensitive to X-rays in the 1 —
27 keV range, allowing the detection of elements from
Z =11 (Na) to Z = 46 (Pd), including the capability of
in-situ trace element analysis for elements of interest
including Rb, Sr, Y, Zr which is currently unavailable
with the MER Alpha Proton X-ray Spectrometer
(APXS).

Impact on Mars Science: An integrated interpre-
tation of depth-dependent regolith chemical analyses,
Mole penetration rate and temperature measurements
yields fairly direct measurement of many properties of
Martian materials. Moreover, the fulfilment of the
science objectives of the MOCSS investigation bene-
fits by correlating all data sets obtained as a function
of depth. The data are complementary and taken to-
gether provide great insight into the geological history
of the site investigated. A past history of liquid water,
particulary sediments deposited in an evaporitic envi-
ronment would likely concentrate Cl, Br, Sulfate, and
possibly  carbonate.  Furthermore, cohesion of
evaporitic materials would likely be higher since many

evaporates act as cements. Layers of different chemical
composition would be deposited by evaporation of
liquid water or ice. Even though the XRS instrument
cannot measure ice directly, MOCSS measurements of
thermal diffusivity and thermal conductivity derived
from temperature measurements yield direct informa-
tion about the presence of ice in soils, thus comple-
menting the XRS results. The thermophysical proper-
ties of soil also provide key information for modelling
the transport of volatiles between the atmosphere and
regolith. In particular modelling the exchange between
water vapor and ice in soil is crucial to understanding
how any ice identified was emplaced in the planet’s
past. Finally, samples obtained with MOCSS and ana-
lyzed in analytical instruments on the host spacecraft
(rover or lander) may yield information about the na-
ture of oxidizing compounds, their depth distribution,
and correlation with presence/absence of organic com-
pounds in soils [3]. This helps answer the question
whether the subsurface of Mars preserves biosigna-
tures that are destroyed on the surface.

References: [1] G.J. Flynn (1990). Accretion of
Meteoritic Material onto Mars: Implications for the
Surface, Atmosphere, and Moons. In The Environ-
mental Model of Mars (COSPAR summary, edited by
K. Szego), [2] L. Richter, P. Coste, V.V. Gromov, H.
Kochan, R. Nadalini, T.C. Ng, S. Pinna, H.-E. Richter,
K.L. Yung (2002). Development and testing of subsur-
face sampling devices for the Beagle 2 lander. Plane-
tary and Space Science 50, pp. 903-913, [3] Stoker
C.R., and Bullock M.A. (1997) JGR 102 ES5, pp.
10,881-10,888.
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Introduction. Mars is a planet enriched by ground-
water [1,2]. Control of subsurface hydrology by tectonic
and igneous processes is widely documented, both for
Earth and Mars [e.g., 3]. Impact craters result in exten-
sive fracturing, including radial and concentric periph-
eral fault systems, which in the case of Earth have been
recognized as predominantly strike-slip and listric exten-
sional, respectively [4]. In this work we propose that
basement structures of Mars largely result from impact-
induced tectonism, except in regions that are dominated
by magmatic-driven activity such as Tharsis [e.g., 5]
and/or possible plate tectonism during the extremely
ancient period of Mars e.g., [6]. In many cases, impact-
induced faults appear to have been reactivated and/or
displaced by subsequent magmatic-driven groundwater-
flow and collapse processes [7].

Fractured impact crater floors: These features are
concentrated in the ancient cratered highlands along the
margins of plain regions and within the lightly cratered
plains near the canyon system of Valles Marineris [8].
Moats within some of these craters of varying diameters
and relative ages surround plateaus and contain broken
material (Fig. 1). The moats appear to be restricted to the
margins of highly degraded crater rims. Only certain
craters in a given region, however, display these charac-
teristics. Schultz and Gliken [8] proposed that modifica-
tional processes were localized by the impact structures
and restricted to the crater interiors. They interpret this
to be the result of heat generated by a tabular magmatic
intrusion injected beneath the brecciated zone of an im-
pact crater, which raises the temperature of the overlying
material. Thawed materials would then subsequently
escape through the peripheral fracture system surround-
ing the crater, or alternatively, a metastable state of liqui-
fication could occur, if the material is confined or the
rate of thawing exceeds the rate of escape. The collapsed
material within a moat marking a highly degraded im-
pact crater rim forms ridges around a central plateau
region (Fig. 1B). This suggests that the degradational
processes may have been controlled by extensional con-
centric faults, possibly initiated during the inward col-
lapse of the transient crater walls [4] and/or by concen-
tric fractures produced by the uplift of the crater floor,
possibly resulting from the injection of a tabular magma
body beneath the crater floor [8]. The water-enriched

source region, which may have contributed to the forma-
tion of the features shown in Fig. 1A,B, has been de-
stroyed, suggesting that the formation of the moat may
have involved hydrologic processes. In addition, a de-
pression that transects an impact crater (Fig. 1B) forms
part of a longer valley, which terminates at the western
margin of the Hydaspis Chaos (Fig. 1, V-B). This sce-
nario may be explained by tabular intrusions being in-
jected under crater floors and/or by hydrologic processes
controlled by structures within impact craters [8].

Progressive highland subsidence and collapse:
Rodriguez et al. [9] described the progressive highland
subsidence and collapse of the Late Noachian subdued
crater unit [10] in Xanthe Terra (Fig. 1). They propose
that regional subsidence and collapse resulted from the
release of pressurized groundwater in confined caverns.
The release of water described in [9] served as an impor-
tant, previously unproposed source of the water that
carved the outflow channels. Terraced terrain marked by
both chaotic terrain and channel bedforms (Fig. 2) may
also indicate the release of large quantities of water and
related collapse. These observations suggest that the
plateau material was degraded and removed more effi-
ciently from within craters than from the surrounding
country rock (Fig. 3).

Crater-related fracture networks: Layered materi-
als are pervasive on Mars [11] and may contain numer-
ous buried impact craters of varying degradational states
(Fig. 3). We propose that impact-induced fracture sys-
tems dominate the fracture population in the ancient
highlands, away from volcano-tectonic regions
[7].Intermingling concentric and radial fracture systems
from multiple impact crater events will result in complex
crater fracture networks (CFN). Periods of rapid and/or
modest surface burial, or periods of lesser bombardment
and higher burial, will result in regions with relatively
less abundant buried impact crater populations. As a
consequence, the CFN will be less developed. On the
other hand, heavy bombardment coupled with slow deg-
radation and/or surface burial are expected to result in
denser buried crater populations and highly developed
CFN. We propose that the highland plateaus are strati-
fied into zones of variable fracture density. Fractures
radial to impact craters will tend to converge near the
buried craters’ interior deposits. Since heat flow is hy-
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drothermally transferred more rapidly and effectively
along fracture planes, a consequence of this scenario is
that pulses of heat, generated by magmatism, for exam-
ple, will result in a highly anisotropic heat flow distribu-
tion, with higher heat flow and thus warming in areas of
high fracture density. Valley networks dissecting the
crater rims in the ancient highlands [1] suggests that
crater interior deposits may have contained significant
amounts of water-laden sediments. Therefore, buried
impact craters are likely to be ice-enriched regions
within the Martian permafrost [2]. Warming of the crater
interior deposits might have resulted in melting of large
volumes of water and intensive hydrothermal circulation
and fracture enlargement, forming conduits that allowed
subsurface distal migration of volatiles as well as escape
to the surface. We propose that circulation within
densely fractured regions will be highly effective at re-
moving crater materials, possibly forming cavities, and
resulting in the storage of large amounts of water within
the subsurface conduit systems and porous media. Lat-
eral interconnection will be enhanced by subsequent
impacts. For example, impacted-induced basement
structures and uplifted and overturned strata that dip
away from the crater will interconnect regions with dif-
ferent permeability and volatile content. We propose that
the distinct topographic levels visible in the plateau re-
gion of Fig. 2 can be explained by the successive col-
lapse of densely fractured zones. The distribution of
moderately vs. highly fractured zones, particularly if
stratigraphically controlled, will determine the number
of collapsed plateau levels in a given highland region. If
collapse occurs to great depths, or the thickness of the
collapse region is relatively thick, the plateau surface
might respond by simple crustal warping and fracturing.
On the other hand, if collapse occurs to shallow depths
or the thickness of the collapse region is relatively thin,
chaotic material may result. Evidence such as truncated
impact craters preferentially preserved at distinct levels
of subsidence (Fig. 2) and collapse features more com-
mon on crater floors (versus surrounding plateau mate-
rial; Fig. 1) collectively add credence to our hypothesis
that suggests preferential removal of subsurface crater
interior deposits. Yet fracturing and collapse of crater
floors were not localized to individual impact structures.
Non-uniform groundwater and heat flow may explain
why only certain craters display the characteristics de-
scribed above for a given region. The formation of
moats encompassing crater infill (e.g., Fig. 1) suggests
that impact-induced fractures are more densely packed
around the periphery of the crater rather than beneath the
central fill.

We propose that CFN formed primarily during the Noa-
chian resulting in global interconnectivity of the subsur-
face groundwater systems. Nevertheless, variations such
as heatflow and planar and vertical fracture density and

distributions, will result in highly heterogeneous degrees
hydrologic activity manifested at the surface, which may
mimic regionally-driven and closed hydrologic envi-
ronments. Thus, we propose that the subsurface hydro-
logic evolution of the planet has may have involved
groundwater mobilization at global scales at rates ranges
ranging from negligible to extremely significant.

Fig. 1. A.THEMIS day-time infrared composite. 50 km in di-
ameter impact crater with a moat around a central plateau
(CA). North is at top. Lobate features (L). Impact crater with
poorly developed moat (red arrow. A 30 km wide, 300 m deep
depression transects the crater (blue pointer). B. Composite of

SRR - W T -
Fig. 2. MOLA DEM. Image is 350 km wide. Noachian plateau
region located to the north of Eos Chasma. Chaotic materials
occur at several topographic levels (CL-A to E). Channel
bedforms (blue arrows).Arcuate scarps (red pointers).

i T 2z

Fig. 3. THEMIS day-time infrared
subframe showing Noachian pla-
teau near Hydaspis Chaos. Arcuate
scarp 1000 m high exposes layered
sequence.
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Introduction: The formation of outflow channels is
classically attributed to the catastrophic discharge of
groundwater  [e.g.1,2]. Documented modes of
confinement and release of groundwater, trapped within
the Martian cryosphere include: catastrophic release of
groundwater from confined aquifers [3], both
catastrophic and non-catastrophic release of groundwater
segregated from the permafrost into confined caverns [4],
and catastrophic release of groundwater extracted from
the permafrost by thermal convection [S]. Multiple
events groundwater release resulted in the collapse of
plateau materials [3,6,7], and the formation of chaotic
terrains, which are mostly located at the head source
regions of the outflow channels [6]. Crater counting of
the outflow channel floors indicates a late Hesperian age
[8], though outflow activity may have started as early as
the late Noachian[8,9,10,11].Based on geologic mapping
and geomorphic assessment using Viking-, Mars Global
Surveyor-, and Mars Odyssey-based information of a
highland region located east of Valles Marineris and
bounded to the south, west, and north by Aureum,
Hydraotes, and Hydaspis Chaos, respectively (hereafter
referred to as the subsided plateau region--SPR; Figure
1),we propose new hypotheses, which can potentially
explain the following unresolved issues: (1) sources for
the large volumes of water required to carve the outflow
channels, (2) mechanisms of outflow reactivation, which
do not involve recharging of the head source region, and
(3) an alternative mode of formation for chaotic terrains.

Highland subsidence: The SPR consists mostly of
Late Noachian smooth to undulatory intercrater plains
materials (unit, Npl2), which are marked by partly buried,
mostly rimless and flat-floored impact craters [5]. The
surface of the SPR is transected by northwest- and east-
trending valley systems (E.G.: Figure 1, V-A). The
contact with adjacent regions of the subdued cratered
unit is gradational in places and sharp in others (Figure 1,
SC, GC). Considerable changes in elevation occur over
relatively short distances at contacts. For example, a
maximum elevation difference of 2 km over a distance
of 100 km is observed at the sharp boundary between
SPR and the floor of valley A (Figure 1, SC, V-A).In the
western part of valley-A (Figure 1, V-A), linear shallow
scarps, (Figure 2B, S), scarp-bounded valleys (Figure 2B,
V), and Graben-Horst systems (Figure 2B, GH) are
visible. We propose that these features are the

manifestation of different degrees of relative
displacement along normal fault planes, which possibly
resulted due to ground subsidence [12].

Post-outflow chaotic terrains: South of the
Hydaspis Chaos, the surface is heavily fractured with
abundant scarps and graben systems in the northern
region of the SPR. In this region the plateau margin
breaks up gradually into chaotic material (Figure 3). The
chaotic material clearly overlaps the surface of the
outflow channel (Figure 3), which implies that it, at least
in part, post-dates the surface of the adjacent outflow
channel. These observations are not fully consistent with
a strictly genetic association between chaotic regions and
the outflow channels [e.g. 3, 6, 8], in which collapse of
the ground formed the chaos, as water and debris were
released catastrophically to form the associated outflow
channels.

Evidence for outflow reactivation: Elevation
profiles of channel floor remnants (Figure 1, RM-A, B,
C) taken from MOLA data reveal that these regions have
the same maximum and minimum elevation values.
These regions also display similar geomorphic
characteristics and interpreted to result from
contemporaneous surface flow activity during early and
intermediate stages of excavation of the outflow
channels [8]. A northern branch from the Hydraotes
Chaos (Figure 1, HB-1) crosscuts the channel floor
remnant C (Figure 3). Topographic and crosscutting
relationships indicate that two more Hydraotes branches
formed subsequently (Figure 1, HB-2, 3). The latest
branch is in turn intercepted by the Tiu Vallis lower
channel floor (Figure 1, TLC), as indicated by a
marginal scarp contact. These observations indicate that
reactivation of the flow from the Hydaspis source region
may have taken place.

Discussion: Our observations indicate that the
warped and densely fractured surface of SPR resulted
from ground subsidence. Ground subsidence possibly
resulted from compensational sinking due to the removal
of underground geologic materials by subsurface flow
and/or by igneously induced segregation of the water
phase within the permafrost into discrete regions, which
was subsequently released to the Martian surface. In
both cases, in multiple underground levels of caverns
[13] are likely to result. Subsurface structural control,
which is consistent with the existence of caverns, is
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supported by well-defined SPR boundaries and
geometric patterns of ground subsidence and collapse
features that mimic the trends of adjoining valley
systems and basement structures. In the vicinity of the
Hydaspis Chaos region, for example, the SPR is highly
fractured, interpreted here to mark collapse of unstable
regions of the SPR margin; the formation of the chaotic
terrain postdates both the stage of plateau subsidence and
the excavation of the adjacent outflow channels. In this
particular case, we propose the following sequence of
events (from oldest to youngest): (1) during the early to
middle Noachian large volumes of water are locally
stored in multiple levels of confined underground
caverns [4], (2) subsequent release of water from these
confined systems to the Martian surface, from the late
Noachian to the late Hesperian, combines with the
transport of water from distal regions within the putative
Tharsis aquifer [14] into the cavernous system, possibly
routed through subsurface conduits [4] and/or fracture
systems [13], and (3) the emergence of floodwaters from
the Hydaspis and other Chaotic regions in the circum-
Chryse region carve the outflow channels. The Hydaspis
Chaos is mainly made up of a cluster of collapsed craters
(Figure 1,CC). Since the lower elevations of the crater
floors represent regions of relatively lower lithostatic
pressure over the confined caverns, and the ground is
densely fractured beneath the craters, they are regions
where deconfinement is more likely to occur. In the
proposed geologic scenario, as water drained away from
the caverns, sinking and fracturing of the plateau surface
would take place due to a decrease in the basal
supportive hydrostatic pressure, ultimately resulting in
the formation of the SPR. Reconfinement of the system
might result from freezing of its surface region. Buildup
of the hydraulic head and outflow reactivation might
occur if the hydrostatic pressure increases, which could
be caused by (1) thickening of the permafrost seal, (2)
sinking of the cavern roof and/or (3) thermal heating of
the region related to another pulse of Tharsis-driven
magmatic activity [e.g.,14]. After water fully drains
away from the caverns, relatively shallow, late-stage
collapse would occur over the unstable caverns with
little or no volatile release, primarily during the late
Hesperian [8].

During the early and middle Noachian, relatively
warmer climatic periods and/or episodes of high
magmatic activity [8,9,10,11] may have resulted in
poorly developed and zones of unstable permafrost.
Breaching of caverns and deconfinment of pressurized
groundwater may have occurred extensively and
frequently. We propose that the integration of cavernous
networks, the volumes of confined groundwater and the
confining hydrostatic pressure would have been lower
than during periods or regions of highly developed
permafrost. Water emanations from these subsurface
regions would have resulted in local to regional,

primarily non-catastrophic, dissection of the surface.
Low availability of groundwater, reconfinement by
surface freezing or a drop in the hydraulic head may
partly account for the low degrees integration and zonal
development of valley network observed in Noachian
surfaces [6].
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27-41. [2] Baker V.R. (1982) The Channels of Mars,
University of Texas Press, Austin. [3] Carr M.H. (1979) JGR,
84, 2995-3007. [4] Rodriguez J.A.P. et al. (2003) GRL, 30,
1304. [5] Ogawa Y. et al. (2003) JGR 108, 8046. [6] Carr M.H.
(1996) Water on Mars, Oxford Uni. Press. [7] Lucchitta, B.K.
et al. (1994) JGR 99, 3783-3798. [8] Rotto S. and K.L. Tanaka
(1995) USGS Map 1-2441. [9] Scott, D. H. (1993) USGS I-
Map 2208. [10] Nelson, D. M., and R. Greeley, (1999) JGR
104, 8653.[11] Scott, D. H., and K. L. Tanaka, (1986) USGS
Map 1-1802-A.[12] Krassilnikovl et al. (2003) Vernadsky
Microsymposium 38, #051. [13] Rodriguez J.A.P. et al (2004)
LPS XXXV, #.11 [14] Dohm J.M. et al. (2001) JGR 106,
32,943-32,958.

Figure 1. Context MOLA based DEM. North is up. White
circle indicates the location of the MOC subframe in Figure 2.
White rectangle indicates the location of the THEMIS image
subframe in Figure 3. North at top.

Figure 2. (Left)
MOCNA image
ml1800610 . Width is
2.77  km.  North
azimuth is 93. 12°.
Figure 3. (Right)

THEMIS day IR
103883003. Width is
32 km. North is up.
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LIFE DETECTION ON THE EARLY EARTH. B. Runnegar, NASA Astrobiology
Institute, Ames Research Center, Moffett Field CA 94035 (bruce.runnegar@nasa.gov).

Finding evidence for first the existence, and then the nature of life on the early Earth or
early Mars requires both the recognition of subtle biosignatures and the elimination of
false positives. The history of the search for fossils in increasingly older Precambrian
strata illustrates these difficulties very clearly, and new observational and theoretical
approaches are both needed and being developed.

At the microscopic level of investigation, three-dimensional morphological
characterization coupled with in situ chemical (isotopic, elemental, structural) analysis is
the desirable first step. Geological context is paramount, as has been demonstrated by the
controversies over AH84001, the Greenland graphites, and the Apex chert “microfossils”.
At larger scales, the nature of sedimentary bedforms and the structures they display
becomes crucial, and here the methods of condensed matter physics prove most useful in
discriminating between biological and non-biological constructions. Ultimately, a
combination of geochemical, morphological, and contextural evidence may be required
for certain life detection on the early Earth or elsewhere.
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PALEO-EARTH, PALEO-MARS: DIFFERENT PLANETS, SIMILAR CLIMATE MODELING
CHALLENGES. D. L. Santiago' and L. C. Sloan', 'University of California, Santa Cruz (Department of Earth
Sciences, UC Santa Cruz, 1156 High Street, Santa Cruz, CA 95064, santiago@es.ucsc.edu).

Introduction: General circulation models
(GCMs) for the Earth and Mars have been
developing largely in isolation for the past three
decades. While Earth climate models can be tested
more rigorously to actual conditions due to the
abundance of observational data, both in modern and
past climate studies, Mars climate modeling is faced
with a greater abundance of unknowns.

However, when Earth models are used to look
into our planet’s deep past, we are faced with
challenges similar to those encountered when looking
at the climate of another planet. Most importantly,
the relative effects of climate forcing mechanisms are
unknown for many intervals in Earth’s past and for
Mars (for example, unknown greenhouse gas (GHG)
concentrations, or unknown meridional heat transport
levels). Quite often, Earth and Mars GCMs cannot
duplicate the climate that is seen in the geologic
record; these records include geomorphology on
Mars and abundant proxy climate data on Earth.
Understanding the processes that govern climate on
both planets could benefit by increased dialogue
between the Earth and planetary atmospheric
modeling communities. Here, some specific
comparisons between the models themselves and the
particular challenges in each discipline are identified
as a starting point for this dialogue.

Comparison of Mars and Earth Climate
Modeling issues:
Model Structure and Components

Nature of climate forcing (in order of longest to
shortest timescales) and applicability (low, medium,

or high applicability)

Earth Mars
Plate tectonics High Low
Orbital forcing | High High
GHG High Medium/high

(unknown)

Volcanism High High
Biophere Medium Low
Extraterrestrial | Low/medium Medium/high
Impacts (unknown) (unknown)

Earth Mars
Land surface Yes Yes
Ocean Yes No (but for
Early Mars?)
Atmosphere Yes Yes
GHG | Variable Yes -CO2 cycle
H20 Yes Yes
Dust Variable Yes
point | In development | In development
source
pollutants

Sea Ice Yes No

Common problems in both climate modeling
communities
*  Cloud physics and parameterizations
* Resolving various point source pollutants
o Volcanic output
o Role of aerosol and dust forcing
¢ Full inclusion of direct and indirect
feedbacks of individual GHGs
* Rate of meridional heat transport
* Tuning: both planets, and particularly Earth,
are tuned for the present day environments
and processes
¢ Climate/earth system component coupling
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