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Abstract

In this paper, we have analyzed neutron spectroscopy data gathered by the High Energy Neutron Detector (HEND) instrument onboard N
Odyssey for comparison of polar regions. It is known that observation of the neutron albedo of Mars provides important information about t
distribution of water—ice in subsurface layers and about peculiarities of thesé@&sonal cycle. It was found that there are large water-rich
permafrost areas with contents of upt®0% water by mass fraction at both the north and south Mars polar regions. The water—ice layers a
high northern latitudes are placed close to the surface, but in the south they are covered by a dry and relatively thick (10—20 cm) layer of s
Analysis of temporal variations of neutron flux between summer and winter seasons allowed the estimation of the masses afapes@O
which seasonally condense at the polar regions. The total mass of the southern seasonal deposition was estBnaléﬂ%lsgi which is larger
than the total mass of the seasonal deposition at the north by 40-50%. These results are in good agreement with predictions from the NASA A
Research Center General Circulation Model (GCM). But, the dynamics of the condensation and sublimation processes are not quite as consi
with these models: the peak accumulation of the condensed massaic@@red 10-15 degrees bf later than is predicted by the GCM.
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1. Introduction depresses the flux of epithermal and fast neut(bmake et al.,
1988; Feldman et al., 1993 herefore, neutron spectroscopy
Two years of neutron mapping measurements onboard thigom the low altitude polar orbit is a highly sensitive method
Mars Odyssey spacecraft are presented based on High Enerfgy measuring the global distribution of subsurface water on the
Neutron Detector (HEND) observations. The HEND instrumentplanet.
is a part of the GRS suite, which is responsible for detection of There is a direct correspondence between the energy of a
epithermal and high energy neutrons produced within 1-2 naletected neutron and the most probable depth at which it was
(for soils having very low hydrogen content) of Mars’ sub- produced. The production rate of fast neutrons has a maximum
surface(Mitrofanov et al., 2002, 2003a, 20036he neutron  at depths of less than tens of centimeters, while the epithermal
albedo and gamma-ray radiation of Mars are a result of th@eutrons mainly originate 1-2 m below the surface of dry soil.
bombardment of the martian surface by the nuclei of primarycombining the HEND measurements of neutrons in different
galactic cosmic rays freely penetrating through the thin Marenergy ranges from 0.4 eV to 15 MeV and higher, one may
tian atmospher@Masarik and Reedy, 1996)he leakage fluxof  reconstruct the water abundance distribution, starting from the

neutrons strongly depends on the presence of hydrogen atomgy, down to~1 m of depth. These data allow the testing of
Subsurface water of even a few percent by weight significantly 5 rious models that describe the layered structure of the soil in

the shallow subsurface.
* Corresponding author. Fax: +7 095 3331248. Neutron_ and gamma-ray m_easure_ments onboard Mars Odys-
E-mail address: max@cgrsmx.iki.rssi.rgM.L. Litvak). sey have discovered large regions with a huge amount of water—
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ice in the shallow subsurface placed poleward of 60 degrees #te moderation of neutrons is not so efficient. If the thickness
the north and south poléBoynton et al., 2002; Feldman et al., of the CQ layer is large enough, about 1 m or so, all of the
2002; Mitrofanov et al., 2002, 2003a, 2003b, 2004a, 2004b)escaping neutrons are produced in the,@Ost, and a further
These areas may be called northern and southern permafrastrease in the thickness of the g@oes not change the leak-
regions, because water—ice is stable over the entire martiaage flux of neutrons.
year at these latitude@Mellon and Jakosky, 1995; Mellon So, in summer, when the G@eposit sublimes from the sur-
et al., 2003, 2004)Ilt was also found that subsurface water—face, the flux of epithermal and high energy neutrons from the
ice has a layered structure at southern regions. It was sugoleward permafrost regions goes down. On the other hand,
gested that the bottom layer, containing on average 35-100%e flux increases during winter due to the deposition of at-
water—ice by weight, is covered by a relatively dry layer of mospheric CQ onto the surface.
varying thicknesgBoynton et al., 2002; Tokar et al., 2002; = Measurements of neutron flux onboard Mars Odyssey by the
Prettyman et al., 2004Petermining the amount of water—ice HEND and the Neutron Spectrometer clearly display signifi-
accumulated at the polar regions, and how deep it is placed beant variations of neutron flux between the summer and winter
low the surface, plays an important role in the understanding odeasons of a given yedMitrofanov et al., 2003a; Feldman
past and current changes of the climate on Mars. Moreover, it al., 2003a; Litvak et al., 2003a, 2003b, 2Q0/)e flux of ep-
may give rise to speculations concerning the search for tracéthermal neutrons above the permafrost regions varies between
of life. winter and summer seasons by a factor of several. The ampli-
Another phenomenon, which may be studied by nucleatude of the variations is larger at higher polar latitudes. At the
methods, is global seasonal redistribution of atmospherig COborder of the seasonal cap (minimal thickness of the @&
between snow depositions at the poles. Seasonal changes at ffusit), the increase is quite small (1.1-1.3 times), but at more
martian poles are a very significant feature of the martian clipoleward latitudes 80 N/80 S), the change in neutron flux
mate. This atmospheric redistribution involves more than 25%orresponds to a factor of 2-{Bitvak et al., 2003a, 2003b)
of the total atmospheric magBorget and Pollack, 1996The In this paper, we compare properties of northern and south-
spatial and temporal properties of this process are mainly corern permafrost regions using the data from neutron measure-
trolled by solar insolatior{Leighton and Murray, 1966)The  ments by HEND onboard Odyssey. The global neutron mapping
study of CQ and HO cycles is a high priority of martian cli- of Mars’ surface started in February 2002 at the end of southern
matology and may give us a more detailed understanding of theummer and is in progress now. It provides the unique oppor-
current and past climate on Mars. tunity to study the entire martian year of seasonal changes of
During the previous martian year, we have observed th&lars at high latitudes. Using these data, the comparative analy-
cyclic process of the accumulation of @®ost during fall and  sis between south and north poleward regions may be done in
winter when the temperature falls below the £&ndensation two ways. According to the first method, we will compare£O
point. During the spring and summer, the £@eposit subli-  frost-free ground soil surfaces to understand the major differ-
mates back into the atmosphere, revealing the residual pol@nces between the water—ice distributions. The second way uses
caps. While the northern residual cap is thought to consist afhe comparison of the time profiles of condensation and subli-
pure water—ice, in the southern region, thex@@posit does not mation of seasonal carbon dioxide deposits at different regions
completely sublimate during summer. The residual cap on théogether with the estimation of their total masses.
south pole is covered by a GGrost even during the southern
summer(Kieffer, 1979; Tokar et al., 2003y he annual balance 2. Instrumentation and condition of orbital mapping
of CO, deposition and sublimation is the important parameter
determining the climate of Mars. The knowledge of the be- HEND consists of four detectors to provide measurements
havior of this cycle in the past epochs is a means to build @f neutrons within the broad energy range from 0.4 eV up
model of climate changes on the planet. The thickness of COto 15 MeV (Boynton et al., 2004)It has three*He propor-
snow in the winter above-60 degrees of latitude varies from tional neutron counters coated by a Cd shield and placed inside
tens of centimeters up te1 m (Smith et al., 2001)Taking  moderating polyethylene enclosures with different thicknesses.
into account that the neutron production layer is about 1-2 nThese counters record thermal neutrons by neutron capture re-
thick, one may expect significant temporal variations of neuactions. When neutrons come into the detector volume, they
tron albedo for the northern and southern permafrost regioni®se energy in the polyethylene moderator and are brought
throughout the martian seasons. During the summer, the fludown to thermal energies. They are then detected by the pro-
and energy spectrum of the neutron albedo is determined by thportional counters. The moderation efficiency in polyethylene
production and moderation of neutrons inside a water—ice-ricldepends on its thickness. The Large Detector (LD) with the
layer of the subsurface. (The presence of hydrogen is the mathickest moderator{30 mm) is the most sensitive to neutrons
reason for strong moderation, because the H proton in the wavith energies 10 eV-1 MeV. The Medium Detector (MD) with
ter molecule gets about half of the energy at each collision witta 14-mm-thick moderator is used for detection of neutrons in
a neutron.) In contrast, during the winter, when the thickness afhe energy range 10 eV-100 keV. The Small detector (SD) with
the CQ deposit approaches its maximum, the layer of neutrorthe thinnest (3 mm) moderator is sensitive to neutrons with en-
production shifts from the regolith to the layer of overlying car- ergies from the cadmium threshold 0.4 eV up to 1 keV. The
bon dioxide, which contains a small amount of water and whereombination of data from all three detectors (SD, MD, and LD)
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provides information about the spectral density of the neutronmterval calculated for given detector in given set of energy
in the broad energy range from 0.4 eV to 1 MeV. channels.

The organic stylbene scintillator (SC/IN) is used to detect The galactic cosmic-ray flux induced spacecraft background
neutrons with energies higher than 1 MeV. This scintillator de4is removed from every measurement interval, resulting in a
tects high-energy neutrons by recording flashes of light frontime-series of background subtracted measurements of each of
recoil protons knocked out of the organic crystal lattice by neuthe HEND neutron signals.
trons. In space, this organic scintillator may also detect the There is also another source of background affecting the
primary protons of cosmic rays. In addition, cosmic-ray elecHEND detector. This background is due to neutrons backscat-
trons and secondary electrons produced by gamma-ray phototisred from the spacecraft. The data gathered during the aero-
are also well detected in the crystal. There is a special electronigraking phase of the mission shows that this background com-
board in the instrument, which separates counts of protons frofgonent is several times lower then the primary background pre-
counts of electrons by pulse shape analysis. This technique prgented in Eq(1). This backscattered background component
vides quite good quality of separation between protons angs proportional to neutron flux from Mars, i.e. it is propor-
electrons. The highest probability of making the mistake oftional to S;. One may take this component into account as an
detecting an electron signal as a proton signal in such separgdditional part of the efficiency function, which describes the
tions is about 10%, which corresponds to the lowest amplitude transformation of the incoming flux of neutrons into counts in
counts in the entire energy range. To reject the primary protonge detectors. However, we use the normalization procedure de-
of cosmic rays, HEND uses the active anticoincidence shield of¢riped below, where all signals;] from neutrons at different
Csl around the stylbene detector. It shields the organic scintilmeasurement intervalg)(are normalized by the maximum sig-
lator from the open sky except in the direction of the martian ) from Solis Planum. To first order, we believe that this nor-
surface. _ . _ malization procedure excludes the backscattering effect from

The Mars Odyssey spacecraft is a relatively massive body analysis. Once the time-series background subtracted data
which produces secondary nuclear radiation under bombarg;,e peen produced for each of the five HEND signals, the data

ment by the galactic cosmic-ray flux. Orbital neutron measure;s examined to determine if data collection occurred during a
ments made by the HEND instrument aboard Odyssey contaig|5,

collection |nte.rvals in the HEND dgteptors during the Cruise,y cluded from further routine data processing, as the goal of
and aerobraking phases of the mission when the spacecriﬁ<

tar t both Earth and M h b e routine data processing is to create a data set that allows
was far from Do arth an ars. The average number Of, o mination of the temporal and spatial changes in martian neu-

counts per collection interval in each neutron signal is taken a8 on albedo over time. The exclusion of data collected during

the isotropic galactic cosmic-ray flux induced spacecratt baCk'SPEs is based on visual inspection of the data combined with

ground.'The Isotropic gqlachp cosmic-ray flux induced back nformation from Earth observation of solar activity (i.e. GOES
ground is only an approximation of the spacecraft background., . . : : .

. . Spacecrafts). The visual inspections and comparisons with other
When the spacecraft is in an orbit close to Mars, the planet par; R
: . . : data sets do not guarantee that every collection interval that has
tially shields the spacecraft from the galactic cosmic-ray flux

The partial shielding decreases the number of galactic cosmi been influenced by heightened solar activity has been excluded.

rays hitting the spacecraft, therefore decreasing the secondfjrf js possible that weak traces of SPEs may remain in the data.
Y g P X g y The time of a single measurementi20 s. During this time,

nuclear radiation produced and causing a decrease in the spaTg:-

craft background counts. This decrease in background coun ge spac;gtl:raft tlrat\(elsfabout tl degree of arc ?V?r t?fe rsl%ngt.
per measurement interval is taken into account by multiplyin € spatial resolution for neutron measurements Is afiected by

the isotropic galactic cosmic-ray flux induced background bahe presence of the martian atmosp_here._The_resuIts of numer=
(1 — 2(1)/47), where2(1) is the solid angle subtended by ical simulations show that at certain points in the orbit the

Mars from the current point in the spacecraft orbit. The equaliStrument collects neutrons from as large a surface area as

tion used to estimate the background subtracted signédr E_SOQX 600 km. In some directions, the HE_ND _f|eld of VIew 1S
each HEND detector in theh measurement interval is: limited by the spacecraft body-@80 kg, primarily consisting
of Al), which is important for the data deconvolution because

4m — 2 - (1—cost;) 1) the probability of the interaction of neutrons with the space-

4r ’ craft body can be quite large. This also means that the HEND
where C;—measured counts duringh collection interval in  footprint area is not circular. It is smaller than 60500 km
given detector in given set of energy channéls,—counts from  and is offset from the nadir direction. However, the offset ef-
isotropic galactic cosmic rays iith collection interval in given  fect is negligible for the regions selected for this study, which is
detector in given set of energy channels (measured far awgyoven by directly comparing data for each surface element as
from Mars during cruise and aerobraking mission phages), = measured during both North-to-South and South-to-North flight
angular radius of Mars as seen from Odyssey dutihgollec-  conditions, when either the southern or the northern parts of the
tion interval,S;—background subtracted signalif collection ~ HEND field of view are partially screened by the spacecraft.

Si=C; — B; -




26 M.L. Litvak et al. / Icarus 180 (2006) 23-37

Another possible source of systematic error involves spatrogen (N)—2.7%; argon (Ar)—1.6%; oxygen (p—0.13%;
tial mixing as it was introduced byokar et al. (2002)and carbon monoxide (CO)—0.08%. The atmospheric column den-
Prettyman et al. (2004)rhe GRS, HEND, and NS have sim- sity was taken from the Ames GCM predictions for given re-
ilar spatial response characteristics and spatially mix the datgions and seasorgslaberle et al., 1993)
in comparable ways. For example, there is a transition region The layer of the C@ deposit can be described by only one
between high and mid southern latitudes in which the GRSfree parameter, which can be used to calculate column density
HEND, and NS sample both the polar water rich region andf the deposition. Using the best fitting value of this parame-
the dry low latitude region. This gives rise to a broad, smoothlyter, one may estimate the column density of the carbon dioxide
varying profile for the interpreted water abundance betweedeposition for different periods of time and for different sur-
low and high latitudes when spatial mixing is ignored, as wadace elements of the planet. The creation of a multidimensional
demonstrated by Tokar et al. and Prettyman et al. as mentiongdodel of CQ deposition (thickness vs time and position on the
above. These studies showed that the NS data were generaffjartian surface) is one of the main goals of this study. With the
consistent with an abrupt boundary between the ice-rich polagxception of the south polar residual cap, this layer disappears
region and the relatively dry mid-latitudes when spatial mixingduring the summer and has the largest thickness at the end of
was included in models of the counting data. Spatial mixingthe winter for each hemisphere.
was also shown to result in a systematic bias in the amount of The last layer (or layers) in our model describe(s) the struc-
water in the ice table, giving a lower bound on this quantity.ture of the shallow subsurface. To study the structure of the
Because we believe that this effect does not significantly biagegolith, one may use summer observations only, when the layer
averaged estimations of minimal water abundances in the s@f neutron production does not contain the layer of seasonal
lected regions, we did not account for this effect in our dateCO, deposition. We may define this study skl for deter-
analysis in the same manner as was doriEokar et al. (2002) mining the structure of the ground soil. When tfisskl is
andPrettyman et al. (2004) completed and the structure of the ground soil is known, one

Taking spatial resolution into account, we limited our datamay use observational data for fall-winter—spring seasons to
processing by the analysis of relative large regions only. For théetermine the variable thickness of the layer of Qf@posi-
northern hemisphere, we selected 74 partially intersecting rdion. This Task2 will provide the multidimensional model of
gions covering the surface area from*®0up to the North Pole.  this deposition.
The regions selected along the boundary of the northern ice- For simplicity inTaskl, we start by assuming that the ground
rich area 60°N) are 15 (longitude) by 10 (latitude). The soil has a homogeneous composition throughout its depth. Ac-
regions at the pole have sizes equal t6 ¥210°. The south- ~ cording to this assumption, the water content in the soil is de-
ern seasonal cap was covered by a grid of 98 regions startirgfribed by a single parameter: the water mass fractigym.
from 50°S. Like in the northern case, the southern border reThe composition of the dry soil fraction ( ¢hom) was taken

gions are 15 x 10°, and the southern near-polar regions areffom the APXS/Pathfinder observatiofig/anke et al., 2001;

72° x 10° (longitudex latitude). Foley et al., 2003a, 2003bJask1 in this case is associated with
searching for the best fitting value of the single free parameter,

3. Model dependent deconvolution of HEND neutron data  ¢hom: for the summer-time data gathered in HEND observa-
tions.

The measurements of the subsurface structure of Mars are If the model with depth-homogeneous soil is not supported
based on the comparison between the orbital observation dagy the observational data (see below), the next level of complex-
and predictions of numerical models of neutron leakage fludty corresponds to adding an additional layer to the structure
from the surface. To make this comparison, one needs to defirfif the soil. By weight, the top layer is composed of 2% water
the model of the neutron production layer. The simplest verand 98% soil with the composition found by APXS/Pathfinder
sion of this model has to contain 3 or 4 layers: the top laye{Wanke etal., 2001; Foley et al., 2003a, 2003t)e first value
is the martian atmosphere, the middle layer represents the vafeflects the minimal amount of bound water which may be
able deposition of carbon dioxide on the surface, and the bottofPund in the upper layers of the martian subsurface (see, for
layer (or two layers) correspond(s) to the structure of the sub€xampleFoley etal., 2003b; Prettyman et al., 2Q.0Bhe thick-
surface soil. Each layer is comprised of a different substancBeSS Of the upper layet,p, is used as the first free parameter
with a different composition of elements, and each layer ha8f the shallow subsurface. Water contefiown, is the second
unique properties for producing and moderating neutrons thdf€€ parameter of the subsurface structure. The bottom layer
escape from the martian subsurface up to the spacecraft. ~ CONSISts Of¢down Water wt% and (I- {down) SOil Wt% with

The martian atmosphere has variable thickness at differertPXS/Pathfinder composition. In this cadaskl is completed
points on Mars, and it also varies with the seasons of the maihen the best fitting values for both parameter§y™ and
tian year. It is known that the presence of the thin martian atgéomv'vrg, are found for each surface element according to the data
mosphere influences orbital neutron fluxes as a function of thesiccumulated during summer-time observations.
energy (see, e.gBrettyman et al., 2003To take these effects Besides selecting a numerical model to deconvolve water
into account, the layers of martian atmosphere were includedbundance in the martian subsurface from relative changes of
in the numerical modeling. The composition of the atmospher@eutron flux through the planet’s surface, one ought to apply a
was fixed as the following: carbon dioxide (€/2-95.32%; ni-  normalization to an absolute value of water content in a particu-
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lar region of Mars. The best candidate for such a reference area
may be founded at equatorial latitudes (Solis Planum) where 1.000_
neutron flux approaches its maximum value. It is the driest re- i
gion of Mars, and it is an area that is not affected by seasonalxy
CO;, precipitation. This normalization allows us to exclude the & 100t
systematic errors caused by effects of temporal variations of L E
neutron emission of Mars due to the variable flux of charged & I
particles from the Sun, variations of Galactic Cosmic Ray flux, m” 0.010 -
temperature drifts and possible degradation of the gain in the ’
HEND detectors. An additional analysis has also shown that [
temperature drifts (the HEND electronics and detectors are kept 0.001 I . . .
in the temperature range 026) and degradation of gain (com- )

parative analysis for different periods of the mission has con- 10-6 10* 10-% 100
firmed excellent stability of spectra shapes) are negligible. Energy (MeV)

.F.0r the analysis dISCU_SSGd n th|§ paper, we ha\./e fixed thIgig. 1. Efficiency functions for the HEND detectors. The thick line corresponds
minimal content of water in the martian surface (Solis Planumlo the efficiency of the inner scintillator styloene detector. The thin, dash and
at the 2% level. This choice is supported by the “ground truth”gash—dot lines correspond to the LD, MD, and SD detectors, respectively.
(APXS measurements of bound water, ety et al., 2003)
numerical simulations based on “winter” normalization, esti-pressjon:
mation of minimal abundance of wat@rettyman et al., 2004) )
and comparisons between HEND, NS and GRS data. S(P) = Z<Si — Mi(Pj)> @

The winter normalization procedure was initially suggested ! oj ’
by Feldman et al., 2003a, 2003Bollowing this approach, we
have selected and modeled HEND data gathered poleward

85°N during north polar winter Iy = [0°, 20°]). For these di ical simulati f I d del
measurements, we have used a two-layer model {s@D, cording to numerical simulations for selected mode| parame-
' tersP;, ando; is the total error including statistical and calcula-

fro-st.) ofthe mgrtlan subsurface. In this quel, the bottom SeMiion errors (MCNPX errorg- uncertainty of response functions,
infinite layer simulated the basement terrain composed of 100%e below)
H»0 and was covered by 65gn? of CO, frost (see, for exam- '

ple, Feldman et al., 2003a, 2003b, 200dsing such a normal-

i
g\pere S; are background subtracted counts from the HEND
sensorsi(=1,2,...,k), M; are model predicted counts ac-

The M; value may be calculated from following equation:

ization to winter north polar data, we are able to estimate the Esz
content of water in other regions of Mars. For Solis PlanumM; = / E(E) - Seff;(E) dE, 3)
such an estimation resulted in12: 0.1% water provided this £

region 1s fitted by a homogeneous model with APXS COMPOSk here dv/dE is the neutron leakage spectrum of the orbit sim-
tion and an unknown content of water.

ulated by MCNPX code for the selected martian model with the

A minimum abund_ancg of water in the martian subsurface iven atmosphere, regolith structure and thickness of fea3t
of around 2% by weight is also supported by the analysis OE

) see, for examplePrettyman et al., 2004, Appendix)BThe
Prettyman et al. (2004based on the saturation of fast Neutrons; . jiation of the martian surface is deduced from the known
gathered by the NS instrument.

) o . spectral density of CGR flux (see, for examgeedy, 198Y.
Finally, we have also found that estimations of the mini- Seff (E) is the detector efficiency function (sd&g. 1)
. . /A . .
mum water abundance at equatorial regions from neutron anghege response functions were generated from ground calibra-
gamma data (presentations of I. Mitrofanov/HEND, W. Feld-jions for each HEND detector as it was packaged in the flight
man/NS and W. Boynton/GRS at 6th International conferencgesion of HEND. (The HEND is a small instrument and sep-
on Mars, Pasadena, 2003, see &lstiman etal., 2003b, 20D4  arate detectors may influence each other.) To avoid possible
gives approximately the same values for Solis Planum. misleading interpretations due to systematic errors, we fixed the
When the solution tdaskl is found for a selected surface maximal errors{10% as estimated during ground calibrations

element of Mars, the best fitting parametersTaskl can be  of HEND data) of the response functions and have taken them
fixed, and the search for the solution Task2 is started with into account in the minimization procedq@_ E1 andE> de-

only one free parameter: the column denséyp, of carbon  fine the selected energy intenl
dioxide deposition. In numerical simulations, we also took into account the an-
The search for appropriate solutionsTaskl andTask2 is  gular dependency of the response functions for each HEND
based on the minimization procedure of the difference betweedetector as it was packaged in HEND flight version. For the
the set of observed counts in the HEND sensors (SD, MD, LDHEND, as a stand alone instrument, calibrations have shown
SC/IN) and the set of model-predicted counts, which correthat the angular dependency of the efficiency functions is not
spond to testing the model with the given parameter(s). Théhe dominating factor when compared to the energy depen-
minimization function can be presented as the following ex-dency. The difference between arbitrary functions @&fér1)
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o2 T 1 rrr 1T ) ) i ) )
C 4. Digtribution of water—ice at the Marspolar regions
oo & 3 . .
— O'ZO; $;¥$ A% ] We have solvediaskl to estimate the content of water in
§ r h ] the subsurface for enormous permafrost territories surrounding
w 0.15F + "u, .7 the north and south poles. All numerical calculations were per-
= E R -,»"E ] formed using the MCNPX Monte Carlo codé/aters, 1999)
° 4, Fast neutrons ’j ] X . . .
s 0.10F R NI L which transforms the flux of Galactic Cosmic Rays into the
- »-t et count rates in the detectors of HEND in orbit.
;g 0.05L Bt ermal neut ] The sensitivity of the tested model to the structure of the
3 [ prrhermat new V regolith is determined by comparing the statistics at different
© 0.00F o l B energy bands. Fast neutrons are mainly produced at smaller
r 1 depths than neutrons with lower energies (epithermal). Tak-
o 05; ] ing into account that the HEND detectors cover a relatively
-0. PRI PR B SR S R

large energy range (0.4 eV-15 MeV), one may verify the lay-
0 50 100 150 200 250 ) :
Ly (degree) ered structure of the martian subsurface by analyzing neutron

fluxes that registered in different energy bands of the HEND
Fig. 2. The illustration of the direct comparison between real HEND countinginstrument. This approach was realized through the minimiza-
rates (thick line) and best fit model predictions (thin line). tion procedurd?2) in which measurements of neutron fluxes at

different detectors (different energy bands) are compared with
and SeftE, «2) calculated for a given HEND detector can be model predictions. The selection between the homogeneous or
fitted by a normalization constant and is diminished if in datadouble-layered models is based on the incompatibility of low
processing we normalize to the counts registered above a pagnergy (SD, MD, LD detectors) and high energy channels (Styl-
ticular region. Onboard Odyssey, the HEND instrument is parben detector) in the minimization su(@). This occurs in the
tially screened from martian neutron flux by the mass of thecase that hydrogen is inhomogeneously distributed throughout
spacecraft. For example, for the fast neutrons with energies df€ depth. B _
about 1 MeV, the probability of no interaction may be roughly The martian atmosphere and the composition of the regolith

estimated as 0.08, showing that most 1 MeV neutrons traveliné;except hydrogen) play an important, but not dominant, role in

through the spacecraft are attenuated. But the comparison bté)_rmlng orbltal_neptro_n leakage spectrg. The major effect is de-
. . . ined by the distribution of hydrogen in subsurface layers of
tween maps (counting rates in HEND epithermal and fast neu-

tron detectors) created for North-to-South and South-to-North The first step was to test the homogeneous model of the sub-
flybys have shown that for the regions selected for the analysigurface for both polar regions (s@able 7. For the latitude

the effect of partial screening is non-significant. belts of the northern region, the homogeneous model works
Due to unavailable information about the spacecraft model\q,ery well and gives very high acceptance probabilities. We
we did not take into account in our data analysis the backscakelieve that a more complex model of the subsurface is not
tering of martian neutrons in the spacecraft body. To solve thifecessary for the northern permafrost region. The estimated av-
problem, we consider the spacecraft as a black body and uggage content of water—ice corresponds to 44%, 25%, and 13%
normalization to Solis Planum. We believe that this methodby weight for the northern polar region-80°N), the north-
in data reduction suppresses the problems with HEND's obern high latitude belt (78N—80°N), and the northern boundary
structed field of view to the first order of magnitude. belt (60°N-70°N), respectively. A similar analysis was re-
The quality of minimization may be estimated usingga  peated for the set of 74 regions (see Sec@provering the
distribution withn degrees of freedom, where=k — p (k is  northern permafrost territory. It was found that the homoge-
the number of independent signals, apds the number of Neous model of the subsurface also works well for this sample
free parameters in the tested model). Usually, the tested h{f Separate regions as it does for the data averaged along the

pothesis can be accepted if the probability to get the minimafetitude belts.
value, Smin(P;), due to random fluctuations o{sz is larger Implementation of the homogeneous model for the southern
L b _p

8 e water—ice-rich region has not been so succesdtible ). In
than 0.01-0.05. If the probability lies below the acceptance Il cases tested, the minimum of the functi@)was found to

level, one should conclude that the difference between mOd%e too large to have resulted from statistical uncertainty; the

predictions and observed counts is not a result of random ﬂucﬁrobabilities of acceptance for the homogeneous models did
tuations, and the model is not supported by observations. They exceed several percent. According to statistical rules, one
total numberk, of independent signals varies depending on thg, 55 19 reject the homogeneous model of the subsurface for the
model. latitude belts of the southern water—ice-rich region. One pos-
The correspondence between real HEND data and best #iple explanation may be that strong regional variations of the
model predictions is illustrated Hyig. 2where epithermal and  water content exist within the southern region. According to
fast neutron counting rates are compared with model estimahis theory, the homogeneous model could not describe the en-
tions. tire latitude belt, but it would be acceptable for separate regions
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Table 1 face (see alsd/itrofanov et al., 2004a, 2003bin the north,
Homogeneous model of regolith: content of water in different latitude belts  the data agrees with the depth-homogeneous model. It means
Martian season,  Coordinates Water Probability for homo-  that dirty water—ice may be found at surface level. On the con-
Ly content (%)  geneous model trary, in the south, the water—ice is covered by a dry top layer
120°—150 0°—360 441 06 with a thickness-15 g/cn?. Below the dry layer, the water—ice
>80°N content is found to be quite similar to the content of water—ice
120°—150 0°—360 248 0.4 in the North, except that the southern weight fraction of water
70°N-80°N is larger by 5-10% (see aldditrofanov et al., 2004a, 2003b
120°—150° 0°—360 125 07 Assuming a density of 1.6/gm? for this dry layer, the column
60°N-70°N density value may be converted to about 10-20 cm of dry blan-
330°—360° 0°-36C° 227 0.004 ket above the ice-rich soil at the southern permafrost territory.
>80°S Besides differences in the vertical structure and content of
330P_360° 0°—360 195 003 water, there is a sharp distinction in the spatial distribution
70°S-80°S of water—ice in the northern and southern hemispheres. In the
330P—360° 0°—360 11.2 007 south, the region with the maximum content of water—ice is
60°S-70°S significantly larger than in the north (s€&. 3). In the north-

ern hemisphere, the maximum content of ice is limited by the

e . . . boundary of the north residual cap. In the southern hemisphere,
within it. We also tested this possibility for a set of 98 different maximum ice content is distributed over a much larger territory.

surface elements (see SectR)nand again revealed the lack of One may say that it is roughly limited by latitudes poleward

correlation between the HEND experimental data and the NUs¢ 750g

merical simulation. In most of these regions, the derived accep- For both northern and southern regions, the average content
tance probabilities have been found to be below the acceptable |~ .o avceeds about 50-60% by v,veight which corre-

level. In fact, the homogeneous model has been rejected as gBonds to a volume fraction of more than 60%, i.e. the ice is

appropriate description of th? southern water—ice territory. the main substance of the subsurface. Even in the boundary
The next level of complexity of the subsurface model corre,q s he fraction of the ice by volume is still found to be very
sponds to the adding a double layer with free parametegs: |5 q6: ahout 13% by weight in the north and 25% by weight
andZgown (S€€ section above). To increase the sensitivity of th(?n the south. The high fraction of water—ice is relevant to the-
model to the layered structure, five observational signals fro”&ries of Mars evolutior{Mellon and Jakosky, 1995Dne has
the HEND detectors (SD, MD, LD, SC/IN for 0.85-2.5 MeV, {, nderstand how the subsurface was formed with this enor-
and SC/IN for>2.5 MeV) were used when testing the mini- 4,5 fractional volume of water—ice and was then preserved
mization of function(2). _ up to the current time. The ice content of the frost layer (more
The average HEND data for the southern latitude belts supnen 5004 by volume) is too great to be deposited by vapor dif-
portthe double-layered model of the subsurface. The best fitting,sion and condensation into pores (see dlskar et al., 2003
values of the free parameters correspond to a rather high accegyq Prettyman et al., 20041t means that ice must have been
tance probability (more than 30%). The average column de”SitMeposited by some other mechanism. The modern theories of
of the top dry layer is about 16-25/g, and the average \yater ice stability in the martian subsurface appeal to climate
content of water—ice is about 55% by weight above3@nd  yjariations resulting from quasi-periodic variations in orbital pa-
then decreases to 25% by weight at the southern boundary befmeters. Mars’ obliquity defining solar insolation of the mar-
60°S-70°S. The south residual cap is covered by J@st  tjan surface has ranged fromeltb 48 (Touma and Wisdom,
all year round and should be treated separately. However, thgy93: |askar et al., 1993, 2004} limate models predict that
neutron data show that the G@overage of the residual cap during periods of high obliquity, ice stability zones are shifted
at the South does not dominate the data for selected regioms the equator, while for low obliquity periods, they shrink back
within 80°-90 latitude during the summer season. Indeed, weoward the polar capgRichardson et al., 2002, 2003; Haberle
measured a very large increase of the neutron albedo for thig al., 2003; Mischna et al., 2003jor example, with obliquity
region during the winter season, when the seasonal layer 6f45° (several Myr ago), it is predicted that water ice should
CO; covers the surface. For the summertime, we found that thpe stable at the equator through the year (see, for example,
double-layered model of the surface is acceptable to fit the daRichardson and Wilson, 20p2During the past 300 kyr, the
from the south polar region. (This result differs from that foundobliquity has oscillated around 25During this time, the wa-
by Tokar et al. (2003andPrettyman et al. (2004) Therefore,  ter ice was stable only at polar zonesg(® latitudes) and was
the residual cap with dry CQice at the top was not removed removed from mid-latitudes. Traces of the shrinking ice-rich
from the data. mantle are found through geological surveys of regions laying
The detailed analysis of a large set of experimental data gatlbetween 30 and 60 latitude(Head et al., 2003)
ered for both the northern (74 surface elements) and southern It is interesting to compare ice depths found by the analysis
(98 surface elements) regions of Mars (Jebles 2 and Bre-  of HEND data with maps of ice table depth based on subsurface
vealed that the main difference between these regions is nate stability modelgMellon, 2003) In the case of the northern
only the content of water—ice, but the structure of the subsurterritories &60°N latitude), the ice stability model predicts ice
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Northern hemisphere—parameters of homogeneous model

North regions coordinates (degree) Water (%) Probability for homo-
Longitudel Longitude2 Latitudel Latitude2 geneous model
0 15 60 70 14 04
15 30 60 70 15 03
30 45 60 70 13 0.9
45 60 60 70 16 0.7
60 75 60 70 1® 0.3
75 90 60 70 1B 00
90 105 60 70 17 0.3
105 120 60 70 14 01
120 135 60 70 15 01
135 150 60 70 18 0.2
150 165 60 70 1% 01
165 180 60 70 14 05
180 195 60 70 15 0.2
195 210 60 70 24 03
210 225 60 70 29 0.3
225 240 60 70 24 0.7
240 255 60 70 25 0.8
255 270 60 70 22 03
270 285 60 70 15 02
285 300 60 70 B 01
300 315 60 70 2 05
315 330 60 70 B 04
330 345 60 70 a 01
345 360 60 70 17 04
0 18 65 75 18 04
18 36 65 75 18t 03
36 54 65 75 1% 04
54 72 65 75 1% 0.2
72 90 65 75 15 0.0
90 108 65 75 18 0.2
108 126 65 75 19 04
126 144 65 75 24 01
144 162 65 75 18 0.6
162 180 65 75 2B 0.1
180 198 65 75 22 04
198 216 65 75 24 0.3
216 234 65 75 36 0.6
234 252 65 75 36 0.5
252 270 65 75 2D 0.3
270 288 65 75 18 0.2
288 306 65 75 1a 0.2
306 324 65 75 8 0.2
324 342 65 75 19 0.1
342 360 65 75 15 0.3
0 24 70 80 23 0.6
24 48 70 80 2B 0.1
48 72 70 80 22 0.1
72 96 70 80 19 0.1
96 120 70 80 24 0.2
120 144 70 80 24 0.3
144 168 70 80 28 0.3
168 192 70 80 2B 0.1
192 216 70 80 29 0.2
216 240 70 80 31 0.6
240 264 70 80 2B 04
264 288 70 80 19 0.2
288 312 70 80 15 0.2
312 336 70 80 13 0.2
336 360 70 80 2D 0.1
0 36 75 85 33 04
36 72 75 85 3a 0.5

(continued on next page)
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Table 2 ¢ontinued)

North regions coordinates (degree) Water (%) Probability for homo-
Longitudel Longitude2 Latitudel Latitude2 geneous model
72 108 75 85 32 0.2
108 144 75 85 33 0.3
144 180 75 85 30 0.3
180 216 75 85 3@ 0.2
216 252 75 85 3@ 0.4
252 288 75 85 2D 0.2
288 324 75 85 23 0.2
324 360 75 85 33 04
0 72 80 90 5 0.1
72 144 80 90 4a 0.2
144 216 80 90 38 04
216 288 80 90 43 0.6
288 360 80 90 53 04
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Fig. 3. Distribution of water—ice in the northern hemisphere (solid line) andFig. 4. The depth of occurrence of the water bearing layer in the southern hemi-
southern hemisphere (dashed line). sphere.

depths ranges from several centimeters up to 20—-30 cm, while This means that the best fitting parameters, which describe
analysis of HEND data claims that water ice is homogeneouslyhe composition of the ground subsurface, can be fixed accord-
distributed throughout depth and may be actually observed ahg to Taskl. To estimate the seasonal deposition of carbon
surface level. For the southern hemisphere, HEND observationfioxide, we solvdask2 with the column density of the CQle-
are more similar to the model predictions except at polar latiposition as the variable parameter. Varying the column density,
tudes where the ice stability model predicts smaller water icene may find the best correspondence between model predic-
depths than were found in the analysis of neutron data. tions and experimental data by the minimizing functigp(see
Another work based on analysis of neutron data (NS/Marsection3 above).
Odyssey dataPrettyman et al., 20Q4laims that the regolith For the northern hemisphere, measurements started at the
in southern regions{60°S) may be fitted by a double-layered end of winter, so we have observed the transition from the max-
model with 2% water (by weight) in the upper layer,600%  imal presence of the CQleposit to the stage of its sublimation
water (by weight) in the bottom layer, and an upper layer colinto the martian atmosphere. In contrast, in the southern hemi-
umn density of~15 g/cn?. This is rather close to our estima- sphere, the initial period of observations corresponds to late
tions performed for the southern provinceq0°S) assuming a  summer, when the presence of £@eposition was limited by

soil density of 1.4-1.6 gem® (seeFigs. 3 and % the southern residual cap. Going farther into southern fall, we
have observed how the GQrost gets thicker as it condenses
5. Distribution of CO» deposition at Mars polar regions from the enormous mass of atmospheric carbon dioxide. In both

cases, the observational data allow the study of the dynamics of
Analysis of seasonal variations of G@eposition is based the seasonal caps and the determination of when the accumula-
on the solution offask2 of the HEND data deconvolutiofask2  tion of CO, reached its maximum. The last value may be used
may be considered whéfaskl has already been accomplished to estimate the total masses of the seasonal caps at both hemi-
(see Sectiod). spheres.
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Table 3
Southern hemisphere—parameters of double layered model
South regions coordinates (degree) Depth (cm) Water (%) Probability for double
Longitudel Longitude2 Latitudel Latitude2 layered model
0 15 —60 -50 250 26 04
15 30 —60 -50 250 26 04
30 45 —60 -50 250 7.3 04
45 60 —60 -50 100 81 04
60 75 —60 -50 150 250 04
75 90 —60 -50 100 126 0.6
90 105 —60 -50 100 151 05
105 120 —60 -50 150 245 0.3
120 135 —60 -50 200 250 04
135 150 —60 -50 150 81 0.6
150 165 —60 -50 250 118 0.9
165 180 —60 —50 250 6.9 0.6
180 195 —60 -50 100 35 0.2
195 210 —60 -50 250 45 0.3
210 225 —60 -50 200 36 04
225 240 —60 -50 150 32 05
240 255 —60 -50 200 27 0.7
255 270 —60 -50 250 44 0.7
270 285 —60 -50 200 33 04
285 300 —60 -50 250 35 0.8
300 315 —60 -50 75 29 0.8
315 330 —60 -50 250 51 0.8
330 345 —60 -50 250 6.7 0.8
345 360 —60 -50 200 4.0 04
0 15 —70 —60 200 250 0.9
15 30 -70 —60 200 266 0.6
30 45 -70 —60 100 123 0.8
45 60 -70 —60 150 177 04
60 75 -70 —60 75 213 0.7
75 90 -70 —60 100 432 0.3
90 105 -70 —60 100 426 0.7
105 120 -70 —60 100 318 0.5
120 135 -70 —60 100 314 0.3
135 150 -70 —60 150 399 0.9
150 165 -70 —60 150 326 04
165 180 —70 —60 150 240 0.5
180 195 —70 —60 100 151 0.7
195 210 —70 —60 150 221 0.2
210 225 -70 —60 100 140 0.8
225 240 —70 —60 200 318 0.8
240 255 -70 —60 200 288 0.7
255 270 —70 —60 150 221 0.4
270 285 —70 —60 150 251 0.5
285 300 —70 —60 200 402 04
300 315 —70 —60 200 541 04
315 330 —70 —60 150 237 0.9
330 345 -70 —60 75 9.9 0.8
345 360 —70 —60 250 325 0.8
0 18 -75 —65 150 400 0.5
18 36 -75 —65 150 400 0.6
36 54 -75 —65 150 391 0.7
54 72 -75 —65 103 277 0.1
72 90 -75 —65 80 450 0.2
90 108 —75 —65 120 610 04
108 126 -75 —65 130 540 0.3
126 144 -75 —65 160 700 0.2
144 162 -75 —65 125 490 0.2
162 180 -75 —65 165 700 0.2
180 198 -75 —65 163 700 04
198 216 -75 —65 115 380 0.2
216 234 —75 —65 100 265 0.6

(continued on next page)
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Table 3 ¢€ontinued)

South regions coordinates (degree) Depth (cm) Water (%) Probability for double
Longitudel Longitude2 Latitudel Latitude2 layered model
234 252 —75 —65 100 212 0.7
252 270 -75 —65 100 287 02
270 288 —75 —65 100 278 04
288 306 -75 —65 100 323 0.3
306 324 -75 —65 100 400 01
324 342 -75 —65 100 250 0.8
342 360 —75 —65 150 265 0.6
0 24 —80 -70 125 526 0.7
24 48 -80 —70 125 528 0.7
48 72 —80 -70 125 625 05
72 96 —80 —70 125 66.2 05
96 120 —80 —70 125 650 05
120 144 -80 —70 125 550 01
144 168 —80 —70 125 664 01
168 192 -80 —70 100 395 0.3
192 216 —80 —70 125 682 01
216 240 -80 —70 125 601 04
240 264 —80 —70 125 653 0.6
264 288 -80 —70 125 738 05
288 312 —80 —70 80 364 0.3
312 336 -80 —70 100 47.0 01
336 360 —80 —70 6.0 253 04
0 36 -85 —75 100 66.3 04
36 72 -85 -75 100 488 0.3
72 108 -85 -75 125 624 0.3
108 144 -85 -75 125 645 0.2
144 180 -85 -75 100 493 0.2
180 216 -85 -75 80 367 0.2
216 252 -85 -75 125 700 0.3
252 288 -85 —75 100 682 0.3
288 324 -85 -75 80 438 0.1
324 360 -85 -75 40 315 0.2
0 72 -90 —-80 100 531 0.5
72 144 —-90 —80 100 644 0.2
144 216 -90 —-80 100 513 0.1
216 288 -90 —-80 100 644 0.3
288 360 -90 —-80 100 550 0.2

Neutron and gamma-ray spectroscopy are able to providatitude dependence of the condensation and sublimation of the
independent estimations of the g@eposit’s mass. The total CO, deposit in the early spring. When carbon dioxide starts to
massM of the CQ deposit covering the surface of a particular sublime from the lower latitudes, it is still stable or even is still
region may be estimated & = A x S x h =5 x C;. Where  accumulating at higher latitudes. There is a time delay of the
A is the density of the C®deposit;x is the linear thickness maximal accumulation of condensed mass for higher latitudes
of the CQ deposit,S is the surface area, an@j; is the column  in comparison with lower latitude belts near the borders of the
density of the seasonal deposit. seasonal caps. It is also seen that the peaks of accumulation at

We estimated the column density of the deposition 06 CO high latitudes are broader and smoother than the peaks observed
for each of 172 selected regions in the northern and souther lower latitudes belts.
hemispheres of Mars. Additionally, the whole period of obser- The contribution to the total COmass varies for different
vation was divided into a set of time intervals which cover thelatitude belts. Although the polar regions are covered by the
transition between different seasons of the martian year. Thetbickest layer of CQ, they contribute a significantly smaller
were 11 and 12 such periods selected for northern and southeinaction to the total mass of the seasonal cap when compared to
hemispheres, respectively. The multidimensional modeling othe lower latitude belts with a larger area.
the CQ deposition on Mars is based on the solutionJaxzk2 Estimations of the annual changes of the total mass of the
of the HEND data analysis for 814 cases for the north (74 surseasonal caps are also presenteHigs. 5, 6(bottom graph). In
face elements 11 season periods) and for 1176 cases for theddition to HEND data on these graphs, we present recent nu-
south (98 surface elementsl2 season periods). merical simulations of the seasonal cap masses derived from the

The time history of the condensed mass of the;@&posit GCM (shown by dashed lin§mith and Zuber, 20Q3Analysis
at different northern and southern latitude belts is presented aof the HEND observations shows that the maximum condensed
the upper graphs dfigs. 5, 6 For both poles, there is a definite mass at the North may be estimated a8430.2) x 10'° kg (see
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Fig. 5. Changes in the GOmass of the northem seasonal cap as a function 0fFig. 6. Changes of the mass of the southern seasonal cap as a function of time.

time. Temporal behavior of the total m f the northern nal | . -
ime. Temporal behavior of the total mass of the northern seasonal cap (so LPemporal behavior of the total mass of the southern seasonal cap (solid line)

line) a_nd GCM predictions (dashed_llne) are shqwn on the bottom gfaph' Curvegnd GCM predictions (dashed line) are shown on the bottom graph. Curves
showing changes of the GQleposit mass at different northern latitudes are - . . .

. . s showing changes of the GQleposit mass at different southern latitudes are
shown on the top graph as a function of time. The thin line corresponds toshown on the top graph as a function of time. The thin line corresponds to
the 60°N-70°N latitude belt; the thick line corresponds to the°®8-75°N b grap ’ P

latitude belt; the dotted line corresponds to the€’KB-80°N latitude belt, the the 60°S-70°S latitude belt; the thick line corresponds to the*6575°S

dashed line corresponds to 78—-85°N, and the dash-dotted line corresponds latitude t.)elt; the dotted line COrreSopondS 0 the’ $080°S Iat|'tude belt, the
t0 80°N—90°N dashed line corresponds to 75-85°S, and the dash-dotted line corresponds

to 80°S-90°S.

Fig. 5) It was observeq aL,‘ ~ 5° between th? end O,f north—_ HEND, Mars Odyssey/NS, and the GCM estimation of CO
ern winter and the beginning _of_northern Spring. Th|_s value Srost at polar latitudes [see NS results published~&idman
found to be close to the predictions of the GCM (§68. 9. ¢t 5 ' (2003a, 2003p)demonstrates quite a good correspon-
But, it is the only case of good correspondence between thgence petween different types of data. Our data analysis shows
numerical simulations from the GCM and the HEND experi-t the time lag between the HEND and GCM estimations of
mental measurements. According to the GCM, the maximun,e masses of the polar caps is found to--3 weeks. This
mass of the C@deposit in the northern hemisphere has to 0c-yjscrepancy should mainly be attributed to the moderate lati-
cur significantly earlier ¢10 degrees of) than was found ,des.

from analysis of the HEND data. The shapes of the GCM and  The main conclusion that may be derived here is that neutron
HEND mass time profiles also look quite different. The largesfopservations give a very similar estimation for the mass of the
difference between the two mass estimations may be up to 30%orthern seasonal cap in comparison to numerical simulations
for particular seasonal intervals. of the martian atmosphere (see, for examplajth and Zuber,

It is difficult to explain this effect by systematic errors in 2003. But, the obtained variations of the condensed mass at
HEND data analysis. The systematic errors (if they exist) playhe northern hemisphere do not correlate well. The last fact re-
a dominant role in the wrong estimation of @®ost column  quires close attention and further data analysis to understand
density (-axis inFigs. 5, §, but do not significantly change the the nature of the phenomenon.
observed time history of condensation/sublimation processes For the southern seasonal cap, the maximum accumulation
(x-axis in Figs. 5, § because they act equally on datasetsof condensed C®mass may be estimated as3& 0.2) x
gathered at different times. Moreover, the comparison betweeh0'® kg (seeFig. 6). This maximum is observed at the end of
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?)

southern winterf; ~ 150°-160). Comparison between GCM
numerical simulations and HEND results shows good corre-
spondence between both time curves. The HEND mass curve
less below the GCM time profile, but the difference between
these curves is not as large as it was found to be for the north- .3
ern hemisphere. The estimations of the maximum mass of the &
southern seasonal cap also provide similar values in both cases.3
However, the observed moment of peak mass accumulation is
about 10 degree df; later than predicted by the GCM. This is
similar to the northern hemisphere case.

Previous estimations of the mass of the LC@eposition
were derived from predictions of the GCM as from analysis of
Mars Global Surveyor (MGS) experimental dé&mith et al.,
2001, 2003; Kieffer and Titus, 2001; Yoder et al., 2Q083)r
MGS, the redistribution of C@mass between the martian poles
influences the spacecraft in orbit. Using precise models of the
gravity potential, it is possible to convert distortions of the Fig. 7. Comparison between HEND G®@ost column density and MOLA snow
spacecraft orbit into the variable masses of the seasonal ca ths for same martian seasons. The measurements fo-B5°N latitude
(Smith et al., 2001, 2003: Yoder et al., ZOOZBhis approach is elt are shoyvn by squares a_nd m_easurements f6N¥8Q°N latitude belt are

. . shown by triangles. The straight lines represent best fits extracted from the ap-
strictly mod_el dgpendent and does not have very high aCCUracy;  imation of the data by a linear model.

So, the estimations made bpder et al. (2003torrespond to

the broad range from.3 x 10 up to 86 x 10*° kg for the

h I The total f1h th tirrlations. Using results published Bmith et al. (2001and
northern seasonal cap. 1he fotal mass ot the SOUINEIn SEasORm ¢, 4y et al. (2003ajogether with current estimations of

cap was estimated to be 30—-40% larger than for the northere

cap. . - . .
N h estimations of the COn nsity. To explain our es-
The neutron and gamma-ray measurements are sensitive t%ug estimations of the Gnass density. To explain our es

the column density (¢cn?) and cannot provide estimations of tlmatpns of the C@ deposit density, we have included a graph
. . o ) (se€eFig. 7) describing the dependency of the £&blumn den-

the linear thickness of the GQldeposition. It is hecessary to sity (g/cm?, HEND data) on the deposit's linear thickness (cm

know the density of the C&deposit to convert column density y ' P '

to linear thickness measured in cm (column densitinear MOLA data, published irSmith et al,, 2001 Each data point

thicknessx density). The density of the seasonal deposit can be" the graph corresponds to a particular martian season for

. ._—Wwhich HEND and MOLA data are available. Here we present
taken from MOLA data onboard MGS for the previous martian : . o o
year(Smith et al., 2001, 2003; Yoder et al., 200B)may also two northern latitude belts: 7F0N\-80°N and 75°N-85°N. The

be estimated from the direct comparison between the colum(ﬁvm(—)nt correlation between the two types of data allows us to

density of CQ measured by neutron instruments and the CO _el_ﬁtratit the ?eTizltyfi?t];nth?hCﬂ;()S:iIr?rric ?|veir:1:a§|tudne bglr'; ¢
thickness variation measurements by MOLA. e slopeotaline g In€ experimental points IS an estimate

Such attempts have already been done using neutron spe%f-the CQ deposit density 0.9 g/cm? for 75°N-85°N and

troscopy data gathered onboard Mars Odyssey (HEND, NS[Tel'1 g/en® for 70°N-80°N, seeFig. 7, this technique was

and elevation data from MOLA/MG3/itrofanov et al., 2003a; sted inAharonson et al., 2004, in prgsFaking into account
Aharonson et al., 2004, in prshe quality of the,MOLA' the scattering of the experimental points, it is difficult to draw

measurements is very high at polar latitudes where the thicistrong conclusions about the latitude dependence of the inferred

ness of the C@deposit is close to its maximum value. But, the CO, deposit density. But, these results may be an indication that

measurement quality is low at the border of the seasonal Caﬁl:rh;gglt;:itsa-dependent density effects may be detected in fur-

where the thickness is too small in comparison to the MOLA
resolution of about 20 cm. On other hand, the HEND mea- )

surements are not very sensitive to the thickness of the COP- Conclusions

deposition at the polar regions because the column density

of the CQ frost is comparable to the thickness of the layer Inthis paper, we have compared polar regions of Mars using
in which the neutron production occurs. After a thickness ofneutron spectroscopy data from the HEND instrument onboard
about 1 m, a larger thickness of G@Qoes not lead to a change Mars Odyssey. Analysis of the neutron albedo of Mars may
in neutron production. But at low latitudes, HEND has a higherbe considered a powerful tool for studying the distribution of
efficiency than MOLA for measurements of the £layer be-  water—ice in subsurface layers of the planet. Regional variations
cause even several centimeters of@Banges the leakage flux of the neutron flux observed at high northern and southern lat-
of neutrons enough for reliable measurements of the seasontiides during the summer seasons are mainly produced by a
deposition(Litvak et al., 2003a, 2004)Taking this factinto ac- non-homogeneous surface distribution of water—ice. Temporal
count, one concludes that the polar latitudes{B%) present variations of the neutron flux as a function of the martian sea-
the most favorable region over which to perform density essons result from the time-dependent nature of the deposition of

[2]
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atmospheric C@ These data can be converted into estimationsequires a significantly larger number of parameters and enor-
of the masses of the GQleposits that seasonally condense atmous time for calculation and verification.
the polar regions.
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