





These values are exceptionally close to the
laboratory-measured permittivity value of bulk CO>
ice [12] and distant from the bulk water ice value (¢’
= 3.15) and the pure COz clathrate value (estimated €
"= 2.85). An alternative hypothesis is that the RFZ;
material is porous water ice, but this can be strongly
discounted based on theoretical and empirical mod-
els of &' of porous water ice vs. thickness. By the
same arguments, the proposed CO> material also
cannot be very porous, and €’ should be close to the
bulk value, which is corroborated by other observa-
tions.

With the permittivity estimates, radar time delays
were converted to depth, and for RFZ3 a mean thick-
ness of 210-220 m and a volume of 4,200-4,400 km?
result. This is unlikely to be the entire volume be-
cause MRO’s orbital inclination precludes SHARAD
sounding poleward of ~87°S, where RFZ3 appears to
extend.

We do find a very good spatial correlation of
RFZ3 with the stratigraphic unit (named “Aas”) im-
mediately beneath the SPRC [13] and use this geo-
logic unit as a basis for extrapolation, yielding a vol-
ume estimate range of 9,500 to 12,500 km?. For
comparison, the CO2 in the SPRC is estimated to be
< 380 km? [14]. The equivalent atmospheric pressure
of the extrapolated RFZ3; volume is 4-5 mbar, com-
peting in magnitude with the current atmospheric

Figure 3. Lobate debris apron (LDA) complex east
of the Hellas Basin in the southern hemisphere,
found to contain massive glacial ice, up to 800 m
thick [15]. (a) outline of LDA based on mapping in
CTX imagery draped on MOLA-based topography.
SHARAD tracks for Fig. 4 indicated. (b) Surface
lineations indicating past flow, sketched onto geo-
logic map (green is the LDA, brown is the massif).
Separate flow lobes can be delineated in this way.

Figure 4. Examples of radar detections of an older
unit below main LDA ice deposit, providing evidence
for an older glaciation. (a-¢c) SHARAD data with
subsurface reflections from top and bottom of lower
unit indicated with arrows (see Fig. 3 for locations).
(d-f) Surface clutter simulations. Where an echo in
the data does not exist in the simulation, the echo

can arise from a subsurface reflector. (g-i) Simu-
lated echo brightness maps and points of primary
surface echo location. Ground track of MRO shown
as horizontal line. The two simulations confirm the
subsurface source of echoes and their geographical
locations.  Note significant variability between the
lobe crossed by (a) and (b) compared to (c).

pressure of 6-7 mbar. The other three reflection-free
zones may also contain a component of CO», but the
reflector geometry is not favorable for estimating
permittivity.

Mid-latitude glaciations: SHARAD confirmed
the previously hypothesized existence of massive
glacial ice in the middle latitudes of Mars, within
features known as “lobate debris aprons” (LDAs)
that exhibit flow features on the surface, although the
surface is composed of rocky debris and dust, similar
to surrounding areas [15,16]. In contrast to polar ice,
these LDAs lacked initial evidence for a layered in-
ternal structure detectable by the radar. The lack of
layering supported the idea that these were largely
formed in a single, widespread event. Questions
remain regarding relative timing between different
regions and whether the glaciers are the remnant of a
larger ice sheet, or represent the final stage of coa-
lescing, alpine-style glaciers. The formation mecha-
nism of the protective surface layer is of course still
a major unknown.

We have further examined a large LDA complex
in the eastern Hellas region using many SHARAD
observations. Through this analysis we have found
evidence for an older glacial event represented by
additional radar reflections near the base of the de-
posit; furthermore, significant lateral variability
within the older unit indicates that it could have been



formed through the alpine-style glaciation process,
while the relatively more recent unit exhibits much
less lateral variation. This could imply different cli-
matic regimes leading to the two events.

Conclusions: Orbital radar studies using SHA-
RAD have revealed quantifiable patterns of accumu-
lation, large-scale erosional events, and composi-
tional variations in the polar deposits of Mars includ-
ing a large, previously-undetected reservoir of CO2
ice. Studies of mid-latitude glacial deposits indicate
the preservation of ice from multiple glaciations that
resulted from the transfer of ice from the polar re-
gions to lower latitudes.

All of these observations provide important and
entircly new constraints for the modeling of past
climate in order understand the long-term evolution
of volatiles on Mars.

Acknowledgements: This work was supported
by the MRO project through a JPL contract to JWH,
and NASA grant NAG5-12693 to JWH. We thank P.
Choudhary for assistance with data analysis.

References: [1] Fishbaugh, K.E. et al. (2008)
Icarus, 196, 305-317. [2] Head, J.W., et al., (2003)
Nature 426, 797-802. [3] Picardi et al. (2005) Sci-
ence 310(5756), 1925-1928. [4] Seu et al. (2007)
Science 317, 1715-1718. [5] Phillips et al. (2008)
Science, 320, 1182-1185. [6] Holt, J.W. et al. (2010),
Nature 465, 446-449 [7] Smith, 1.B. & Holt, J.W.
(2010) Nature 465, 450-453. [8] Seu, R. et al.

(2007) Jnl. Geoph. Res., 112. [9] Putzig N. E. et al.
(2009) Icarus, 204, 443. [10] Karlsson et al. (2010)
LPSC 41, Abs. 1781. [11] Grima C. et al., (2009)
Geoph. Res. Lett., 36,1.03203. [12] Pettinelli et al.
(2003) Jnl. Geoph. Res. 108, 8029. [13] Kolb et al.
(2006) LPSC 37, Abs. 2408. [14] Thomas et al.
(2009) Icarus 203, 352. [15] Holt et al. (2008) Sci-
ence 322, 1235. [16] Plaut et al. (2009) Geoph. Res.
Lett., 36, L02203.





