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In order to assess the thermal stability of polar ice deposits, we
present model calculated temperatures of flat surfaces and surfaces
within bowl-shaped and flat-floored polar impact craters on Mer-
cury and the Moon. Our model includes appropriate insolation cy-
cles, realistic crater shapes, multiple scattering of sunlight and in-
frared radiation, and depth- and temperature-dependent regolith
thermophysical properties. Unshaded water ice deposits on the sur-
face of either body are rapidly lost to thermal sublimation. A subsur-
face water ice deposit is stable within 2° latitude of the Moon’s poles.
Meter-thick water ice deposits require billions of years to sublime if
located in the permanently shaded portions of flat-floored craters
within 10° latitude of the poles of Mercury and 13° latitude of the
poles of the Moon. Results for craters associated with radar features
on Mercury are consistent with the presence of stable water ice de-
posits if a thin regolith layer thermally insulates deposits at lower
latitudes and within smaller craters. A regolith cover would also re-
duce losses from diffusion, ion sputtering, impact vaporization, and
H Ly and is implied independently by the radar observations. Per-
manently shaded areas near the Moon’s poles are generally colder
than those near Mercury’s poles, but the Moon’s obliquity history,
its orbit through Earth’s magnetospheric tail, and its radar-opaque
regolith may limit the volume and radar detectability of ice deposits
there. (© 1999 Academic Press
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I. INTRODUCTION AND BACKGROUND

A relatively old idea in planetary science, that volatiles ma)
be cold trapped in permanently shaded regions near the po
of the Moon and Mercury (Watscet al. 1961, Thomas 1974),
was revitalized when strong, highly depolarized (circular po
larization ratio> 1) radar echoes were received from the pole
of Mercury (Sladeet al. 1992, Harmon and Slade 1992, Butler
et al. 1993). The anomalous radar response was interpreted
indicate ice deposits by analogy with radar returns from th
icy galilean satellites and Mars’ south polar residual ice ca
(Goldstein and Morris 1975, Muhlemaat al. 1991). Water is
the favored composition because of its relatively high cosm
abundance and low vapor pressure. The inverted polarizati
ratio is thought to arise from volume scattering by density vari
ations, voids, or particles within weakly absorbing water ice
The radar beam is deflected *8@crementally by a series of
forward scattering events, each of which preserves the ser
of polarization (Hagforset al. 1997). The radar cross section
may be further enhanced by the coherent backscatter opposit
effect (Hapke 1990). Recent observations have shown that t
restrial ice fields produce a similar radar response (Rignot 19¢
Haldemann 1997). The exact scattering mechanisms operat
in each environment and the physical structures that produ
them are still debated (e.g., Hagfetsal. 1997). Considerations
of the possibility of volatiles other than cubic water ice can b
found in Spraguet al. (1995), Butler (1997), and Jenniskens
and Blake (1996).

Two experiments have searched for a similar radar respor
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bistatic radar experiment claimed to detect a slightly enhance
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slightly depolarized signal from a region near the south pole CO, NH, SO, H,0 S
(Nozetteet al. 1996). Higher resolution Arecibo radar obser-  1000.00f T T T 3
vations by Stacet al. (1997) revealed no extensive areas with_ r / /]
anomalous radar properties near either pole. They did dete} 100-00¢
ice-like radar properties for several smali km) regions, but ¢ i
some of these were in sunlit areas and may be explained betlg  10.00¢
by surface roughness effects. The lunar experiments had a le€ Eo

favorable geometry than the observations of Mercury but werS 1.0 2 / ey A

capable of probing permanently shaded areas. The sub-Eai5

Q.

o

>
L

latitude was 4-6during the lunar experiments, half that of the 0.10F / / .
Mercury experiments. Including the finite size of the solar disk F | ]
and each body’s solar obliquity, the edge of the solar disk rise 0.01 o . .
1.85 above the horizon at the Moon’s poles ané°labove >0 100 Temp;ri?we P 250
Mercury’s. Earth-based radar experiments see further into per- '
manently shaded areas on Mercury, but cannot completely prob€IG. 1. Evaporation rates into a vacuum as functions of temperature f
the polar terrain of either body. For example, an observer m§, NHz, SO, cubic KO0, and § (solid orthorhombic sulfur) ices. Vapor
be~22 above the horizon to see the bottom of a 10-km crat@fessure data were taken from t8®C Handbook of Chemistry and Physics
While lunar radar results are presently inconclusive, the neutr Lﬁie 1993), Brysoret al. (1974), and Moses and Nash (1991). The calculatio
! vaporation rates follows Watsenal.(1961). The dashed line marks the rate
spectrometer aboard the Lunar Prospector spacecraft has foMghich one meter of ice would survive for 1 billion years. The curves cro:
evidence for polar water ice deposits (Feldneaal. 1998). The this line at 59, 71, 78, 112, and 218 K.
possibility that polar ices are present on both bodies is intriguing
considering their different histories and environments.

Several recent studies have sought a deeper understandingosi long deposits will survive, and what their composition ma
the sources, evolution, and sinks of volatiles on Mercury aré. Thermal modeling by Paiga al. (1992) showed that the
the Moon (Morgan and Shemansky 1991, Potter 1995, Rawlitgsnperatures of flat surfaces near Mercury’s poles preclude
et al. 1995, Butler 1997, Killeret al. 1997). Volatiles are de- stability of exposed water ice deposits (i.e., polar caps) due
livered to their surfaces by impactors and planetary outgassihggh sublimation rates. However, the temperatures within pern
Volatiles also are derived from the regolith by impact vaporizaently shaded, shallow topographic depressions near the pc
tion, photon-stimulated desorption, and ion sputtering of surfapermit the stability of meter-thick, cubic water ice deposits ove
minerals with subsequent chemical reactions. Calculations shihwe age of the Solar System (Paigjeal. 1992, Ingersolkt al.
that water retained from meteoroid or comet impacts or wat&®92). Thermal models of the Moon’s poles predict that sites c
produced through solar wind sputtering alone probably coupdible of sustaining ice deposits should exist there also (Ingers
produce detectable deposits on either body. Molecules in s@t-al. 1992, Salvail and Fanale 1994).
lit areas will hop in ballistic, collisionless trajectories until lost Arecibo radar maps of Mercury’s poles (Harmeiral. 1994)
by photodissociation, photoionization, other less important explace many radar features within polar impact craters obsen
spheric loss processes, or landing in a permanently shaded dpgaviariner 10. The ice-like radar response of the locations al
Butler (1997) found comparable time scales for loss by phtheir correlation with areas of permanent shadow (and thus
todestruction and loss by cold trapping for both water and.CQemperature) make a compelling case for the presence of
Therefore, a fraction of molecules delivered to either body’s sudeposits on Mercury. While previous thermal modeling stu
face will survive other loss processes and form polar deposiiss have verified the thermal stability of water ice deposits
Watsonet al. (1961) noted that once deposits form, their losthese locations, the simplifications included in the models lirr
rate cannot exceed the rate of thermal sublimation (evaporatitm}ir usefulness when making quantitative comparisons with t
from the condensed phase. Figure 1 shows the sublimation ratedar observations. In this paper we present a more compl
of several volatiles as functions of temperature. These rates angl systematic study of the temperatures near the poles of M
used to gauge the stability of volatiles in this study, althougtury and the Moon. We present new model calculations of tl
actual loss rates may be lower for several reasons. A fractismrface and subsurface temperatures within bowl-shaped :
of the sublimed molecules may recondense before being losflai-floored polar impact craters using improved estimates
photodestruction (Killeret al. 1997). If an ice layer is covered surface thermophysical properties and impact crater shapes.
by a thin regolith layer, the ice would be protected from peakso specifically model craters on Mercury observed to produ
surface temperatures and surface loss processes. Then thedonsegalous radar responses and lunar craters recently identi
rate could be limited by diffusion through the regolith covein Clementine imagery and ground based radar maps. We be
(Salvail and Fanale 1994, Killegt al. 1997). by describing our thermal model for flat surfaces and explorir

Because of the importance of thermal sublimation, the tertie effects of thermophysical properties on subsurface tempe
peratures of polar surfaces that may act as volatile cold traps ames. We then describe our scattering model for impact crate
the key factor that determines where ice deposits will condengénally we present our results, compare them with the hic
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resolution Arecibo radar maps of Mercury, and discuss sevepat= 0.073. The lower value of is primarily due to the larger

implications for ice deposits on Mercury and the Moon. solid conductivity. The temperature dependence of the heat «
pacity is taken from Ledlovet al. (1992). They derived an ex-

pression based on lunar sample measurements but applicabl
the range of temperatures on Mercury. We assume an albe
of 0.10 and an infrared emissivity of 0.95. The internal hee
fluxes of Mercury and the Moon are assumed to be 0.020

The temperature response of surface and subsurface layarg (Schubertet al. 1988) and 0.033 W n? (Langsethet al.
to solar, infrared, and internal energy fluxes is determined k@72, 1976), respectively. The albedo, emissivity, and intern
their bulk thermophysical properties, namely their solar albedwgat fluxes are both uncertain and spatially variable. Howeve
infrared emissivity, density, thermal conductivity, and heat caeasonable variations in them do not significantly change ol
pacity. The properties of the regoliths of Mercury and the Moazalculated temperatures.
have been derived from ground- and spacecraft-based observade use a time stepping, finite difference model to solve th
tions, lunarin situ measurements, and returned samples. Tkimermal diffusion equation in one dimension. Depending on tt
major results are that (i) the near surface layers on Mercury aamssumed thermophysical properties, between 12 and 30 mo
the Moon are similar and spatially uniform over large scalelayers are used to resolve the shape and depth of the thert
(ii) the mean temperature increases with depth in the top fewave in the subsurface. The orbital position and orientation
centimeters, (i) the density increases with depth as determirtde body is updated at each time step. The size of the so
by radio emissions over a range of wavelengths, and (iv) thesk and darkening of the solar limb follow the formulations
thermophysical properties change abruptly near the surfacepég\llen (1973). The temperature of the surface (extrapolate
evidenced by rapid cooling of the uppermost layer just after suinem the top three layers to the actual surface using a seco
set (or eclipse) followed by slow cooling of the surface duringrder scheme) is determined by an instantaneous balance of
the night. Accordingly, thermal models that best match obseniacident solar, conducted, emitted infrared, and internal ener
tions have modeled the regoliths as loosely packed particuléiteces. The temperature gradient at the deepest model layer:
material with temperature- and depth-dependent thermophysiftated to equal that produced by the internal heat flux. The mod
properties (Linsky 1966, Morrison 1970, Keihm and Langsetime step and number of model layers are chosen to resolve
1973, Cuzzi 1974, Ledlowvet al. 1992, Mitchell and de Pater 2-cm physical layer and to extend well below the depth of diurn:
1994 and references therein). temperature variations. The model is run until the bottom laye

Mitchell and de Pater (1994) constructed a two-layer modeuilibrate.
that is largely consistent with the variety of lunar measurementsBecause of Mercury’s 3:2 spin orbit resonance, one diurn
and the radiometry of Mercury’s surface from Mariner 10. Theeriod at any point on Mercury’s surface is equal to 3 sidere:
model consists of a 2-cm-thick top layer that is highly insulatindays, or 2 sidereal years, or 176 Earth days. Consequently, lon
and a lower layer that is more dense and conductive. Therniadies 0 and 180 always experience noon at perihelion, while
radiation between grains, which is strongly temperature depdongitudes 90 and 270 always experience noon at aphelion.
dent, dominates solid conduction (within and between grairBhe temperature variation within the Moon’s surface layers h¢
at temperatures above350 K in the top layer. Solid (phonon) a diurnal and seasonal component. Our lunar model tempe
conductivity is dominant within the lower layer. The sizes antlires are output over a span of 12 diurnal periods, or nearly
packing of grains, rather than composition, more likely accouritsar year. Each diurnal period is 29.5 Earth days. Because t
for the different modes of conduction within each layer. ThBloon’s solar obliquity is only 1.54 temperatures at low lati-
widespread presence of this two-layer stratigraphy can be éxdes are determined predominantly by the diurnal period at
plained by ubiquitous micrometeorite bombardment that churmary little with season. Temperatures of surfaces very close
the top layer and compresses the lower layer. the poles have a large seasonal variation.

Our model, like the model of Mitchell and de Pater (1994),
consists of two layers that differ in thermal conductivity an
bulk density. The top layer extends from the surface to a depth
of 2 cm and has a bulk density of 1300 kg#nThe lower layer ~ We ran our two-layer model with the thermophysical prop
has a bulk density of 1800 kgTA. The thermal conductivity has erties described above (hereafter called Model TWO). We al
the formk(T) = k¢[1 + x(T/350)], whereT is temperaturek.  ran one-layer models which use only the properties of the bc
is the solid conductivity, angt is the ratio of radiative to solid tom (Model BOT) or top (Model TOP) layer of the two-layer
conductivity at a temperature of 350 K. We chose valuelg.of model. These results show the effects of temperature- and der
and x that best represent the range of measured and derivigpendent thermophysical properties. They also constrain t
values. Our top layer has the values of a lunar regolith sampdgitude range of surface or subsurface ice deposits unaffect
from Apollo 12, withk, = 9.22 x 10*Wm~1K~tandy =1.48 by reflections, emissions, or shadowing from surrounding tc
(Cremers and Birkebak 1971). Following Mitchell and de Pat@ography (i.e., polar caps). All calculations presented in th
(1994), the bottom layer hdg =9.3 x 107> W m~ K~! and section neglect the internal heat flux because its contributic

Il. THERMAL MODELING

A. Temperatures of Flat Surfaces: 1-D Thermal Model

Temperatures of Flat Surfaces: Model Results
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600 ' : : : 3 night and the mean temperature is nearly constant with def
When conductivity is a strong function of temperature (Mode
S00E 3 TOP), energy conducted downward along a temperature gre
x 3 entduring the day is released along a steeper gradient of op
“5; 4005— _ site sign at night. In this case the mean temperature increa
g 3005_ _ with depth and the equilibrium temperature at depth is accot
£ i ingly higher. Below the 2-cm top layer, the temperature pre
® ook 3 files of Model TWO resemble those of Model BOT shifted tc
3 higher temperatures by the presence of the top layer. &¢,(0
100 — - 0°W) the temperatures at depth in Models BOT, TOP, and TW
: . . : : 3 are 365, 463, and 427 K, respectively. The top layer in mod
0 ° H ;L?rs ofter NOOLE’ 20 TWO significantly affects temperatures at depth even thoughiif
thin compared to the penetration depth of the temperature os
200 lation.
E 3 Figure 4 shows the temperature variation below the Moor
30F 3 surface at ON and 85N. The effects of temperature-depender
o 300 4 conductivity are less prominent because of lower temperatu
s E j onthe Moon. Also, because of the shorter diurnal period, tel
2 Bop 7 perature oscillations penetrate less deeply and are more in
;a 200 F 4 enced by the 2-cm top layer. In fact, temperatures at depth
® asof 3
100g : E 0.0t { oof
50E . . , , 3 \\
0 5 10 15 20
Hours after Noon -0.2 —0.2r
E
FIG. 2. Surface temperature as a function of local time at the equators (=
Mercury (top) and the Moon (bottom). Results of the two-layer model (Mode & oA 1 704
TWO) are plotted as solid lines. The entire surface layer in Model BOT (dashe«
has the thermophysical properties of the high thermal inertia, bottom layer ¢  _p6} {1 -—osf
the two-layer model. The entire surface layer in Model TOP (dotted) has th
thermophysical properties of the low thermal'inertia, top layer pf the two-laye o8 a —os ¢
model. The Mercury results are for 9 longitude. During perihelion Mer- 100 200 300 400 500 600 700 100 200 300 400 500 600 700
cury’s orbital angular velocity briefly exceeds its spin rate, resulting in a brie Temperoture, K Temperature, K
secondary sunrise and sunset at this longitude.
0.0 -

is negligible at temperatures abow&0 K. Therefore temper- —0.2}
ature is constant with depth below the penetration depth of tt ¢
sunlight-driven temperature oscillation. =

Figure 2 shows surface temperature as a function of local tinr
at the equators of Mercury and the Moon. Temperatures are W

2 04
a —vV.ar

!
2 Y

SR RO Y 1 Y

radiative equilibrium during the day, but at night temperature - '.::

are determined by the bulk thermal inertigp€)/2, of the sur- s ﬁ b : d
face layers. Although the bulk thermal inertia of Model TWO ™45 200 300 400 500 600 700 " 100 200 300 400 500 600 700
is dominated by that of the lower layer, its surface temperatui Temperature, K Temperature, K

drops quickly after sunset as the top layer loses its heat. It subse- , - . .
. . . I1G. 3. Diurnal minimum, mean, and maximum temperatures as functior
_quer_1t|_y cools slowly during the night as _Storeq heatis Cond_UCt epth on Mercury. These curves represent the extreme and mean tempera
inefficiently through the top layer and is radiated at relativelyperienced at each depth (they are not instantaneous profiles). (a) Resul
lower temperatures. our two-layer model (Model TWO) at {0, 0°W). The top, 2-cm layer has a
Figure 3 shows the diurnal temperature variation below Megmall but strongly temperature-dependent thermal conductivity. The lower lay
cury’s surface at (TN, OOW) and (85N, OOW)_ When the ra- has a greater conductivity with little temperature dependence. (b) Results fr

diati t t d dent t of the th | models in which the entire surface layer has the thermophysical properties of
iative (temperature dependent) component of the thermal CQfi . model BOT, dashed) or top (Model TOP, dotted) layer of the two-lay

ductivity is unimportant (Model BOT), heat is conducted withhodel. (c) Model TWO at (83N, 0°W). (d) Models BOT and TOP at (88N,
equal efficiency into the subsurface during the day and outaatw).
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T T T T T T T T a C T T T T =
0.0 1 0.0} . E E
h 700E Mercury, OW 3
-0.2f 1 -oz2f . 600
E x
& & 500E
T —04f 1 -0.4f - b E
a8 2 3
D 400
-0.6} 1 -0.6} : a E
GE) 300E
(1] c [ E
—0.8L.u . . \ %] . . . E
100 200 300 400 100 200 300 400 200
Temperature, K Temperature, K § E
100F 3
oo} - ' ' ] oofn o . ' ] - I I I I ]
N ;:,.--/‘/’ 0 20 40 60 80
i Latitude
s i
-0.2 I " b 3 T T T T 3
E \'" :’:l‘ 700F Mercury, 90W E
2 -0.4f t 1 -—osl hy ;
3 I b 600 F E
| ) « f :
-0.6 I 1 -0.6} : 1 g 500
| b i d 2
-8l e . 08l . . o 400
100 200 300 400 100 200 300 400 b4
Temperature, K Temperature, K € -
o 300
FIG. 4. Diurnal minimum, mean, and maximum temperatures as functions 200
of depth onthe Moon. These curves representthe extreme and mean temperature 3
experienced at each depth (they are not instantaneous profiles). (a) Results of 100 _ _
our two-layer model (Model TWO) at°l. The top, 2-cm layer has a small . , . \
but strongly temperature-dependent thermal conductivity. The lower layer has a
gly ‘emp P y it 0 20 40 60 80

greater conductivity with little temperature dependence. (b) Results from models .
in which the entire surface layer has the thermophysical properties of the bottom Latitude

(Model BOT, dashed) or top (Model TOP, dotted) layer of the two-layer model. ¢ r T T T T
(c) Model TWO at 85N. (d) Models BOT and TOP at 85l. E

400
lunar Model TWO are very close to those of lunar Model TOP. X ;
The penetration depth increases with latitude on the Moon as ¢ 300;
the seasonal component of the insolation cycle becomes more% :
significant. At the pole, the temperature oscillation penetrates g F
approximately 122 or 3.5 times deeper into the regolith thanat € 200
the equator. 2 :

Surface and subsurface temperatures as functions of latitude :
on Mercury and the Moon are shown in Fig. 5. The maximum 100F

surface temperature (the radiative equilibrium temperature) and : . . , .
the constant temperature at depth are plotted for the models 0 20 40 60 80
described above. The results for longitude¥/0and 90W on Latitude

Mercury also represent longitudes 280 and 270W, respec-
tively. Because Mercury’s orbital eccentricity is large, the max- F'G: 5. Maximum surface temperature and temperature at depth as fur
. . . tions of latitude. Sunlit surfaces are in radiative equilibrium and maximum su
Imum temperature at the equator andis 130 K hlgher than face temperatures (solid line) are independent of surface thermophysical pr
that at 90W. The lunar curves represent all longitudes. Modglties. planetary heat flow is neglected, so temperature is constant with de
TOP has the highest temperatures at depth on Mercury becats@v the attenuation depth of the surface temperature oscillation. Tempe
of the effect of radiative conduction. Differences between motires at depth are shown for the two-layer model (Model TWO, dot-dash) ar
els are less at the poles because of overall lower temperatlj?é?OdEIS in which the entire surface layer has the thermophysical properti
and smaller diurnal temperature variations. The temperature o tP @ bottom (Model BOT, dashed) or top (Model TOP, dotted) layer of th
L -layer model. (a) and (b) represent longitudes on Mercury that experien
depth for lunar Models TWO and TOP are similar because gdon at perihelion and aphelion, respectively. (c) Lunar results are independ

the relative importance of the top layer in Model TWO. of longitude.
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C. Temperatures within Impact Craters: Motivation craters. The depth, floor diameter, rim height, and rim width as
We now extend our model to include the effects of topoara. hfunction of crater diameter have been measured from spacec
pograp ages of Mercury and the Moon and are taken from Pike (198

specifically "T‘paCt craters. .PO.S't'V€ topography near the pc)Ilaer‘?d Heikenret al. (1991), respectively. Craters up to 10 km ir
of a planet with a small obliquity may prevent poleward area

from receiving any direct sunlight. These permanently Shadqsga\meter have a depth-to-diameter ratio of about 1:5 and ¢

areas receive only scattered solar energy and emitted therEx%"lVI'Shaped' Larger craters have relatively more floor area ¢

. ess steep walls. The depth-to-diameter ratio decreases @5
energy from the surrounding topography and energy from t

e . . .

planet’s interior. Permanently shaded surfaces are warmed to t%relOO—km craters. Craters of agiven diameter are slightly sh
. : lower on Mercury.

extent that they “see” hot, sunlit areas. Temperatures are there;

Ateachtime step, the modelfinds the directinsolation incide

fore sensitive to the orientations of the surface and surrounding each element. Elements can be shaded onlv by the oopo
topography. We consider the permanently shaded areas within : y oy P

. ) - ....rim of the crater in the direction of the Sun. The model accour

the walls of impact craters because of their association with the .

- of the curvature of the planet when calculating the angle to tl

radar features on Mercury and the ubiquity of craters on the . o

. horizon (the opposite rim) and the angles between elements.

surfaces of both bodies. cattering calculations and resulting temperatures are depent
The redistribution of energy within a partially sunlit |mpactS 9 g P P

crater takes place within a closed system bounded by the crﬁ%ﬂ ?v)\//?slza}f(’;z;;:;oeurﬂho:‘hsec;remCe of shape parameters and

. . ; : o]
walls. Scattering models in previous studies were reduced to angiar and infrared energy scattered between surface eleme
IS _calculated following techniques used in thermal enginee

alytic calculations by assuming that impact craters of all sizes
were sections of spheres with varying depth-to-diameter ratii%s and computer graphics for Lambertian surfaces (Siegel 2
(Paigeetal.1992, Ingersolét al. 1992). The flux of scattered ra- 9 P grap 9

Lo . o Howell 1981, Gorakt al. 1984). The energy transferred from
diation is constant for all points within a bowl-shaped crater an o : . :

S .surface elementto j can be mathematically described by defin
the permanently shaded region is isothermal. These calculations . . ) .
L ; . ing «i; as the fraction of energy emitted by elemerthat is
showed that water ice is stable to evaporation over billions Of.
o |r?C|dent on element,
years within craters near the poles of Mercury and the Moon, val-
idating the water ice hypothesis. However, detailed comparisons 1 coss cosf; dS
between theory and observation are hampered by the idealized % = d—2'
ij

crater morphologies. For example, the latitudinal extent of the

features observed on Mercury is significantly greater than trbvaﬁereei ando; are the angles between the surface normals
predicted. Only craters with diameters less than 10 km are bonIernentsi and j and the line connecting their cented, is

. e
shaped. Larger cratgrs _h.ave broad, flat floors (Pike 1988). Thﬁ% distance between their centers, @l is the surface area
craters may have significantly colder permanently shaded r

. . . . ?_elementj . The factor of Y= converts between intensity and
?Aﬁgig‘:g&j;elsggo) and may extend the region of ice stabil Mx. If F; is defined as the flux of enerdgaving elementj,

In order to calculate the temperatures within craters of argpen an equation

trary shape, we have created a finite element radiative heat trans- N
fer model that accounts for the scattering of solar and infrared Fi=A - Zpi aij + E;
energy to all orders and coupled it with our flat surface thermal =

model. The model steps through time, updating the orbital po-
sition and orientation of the planet. The incident solar energydgn be written for allj =1, N grid elements inside the crater.
calculated at each surface element within a bowl-shaped or fldthen calculating scattered insolatiody; is the albedo of ele-
floored impact crater. We then calculate the multiply scattergtent j and E; is the direct insolation incident on elemejt
components of the solar energy and the emitted infrared enefgéhen calculating scattered infrared energy, is the infrared
The total energy flux incident on each element is fed into tiemissivity andE; is the blackbody temperature of elemgnt
1-D thermal model, which is run as described in the previog@@multaneously solving th&l equations yields af; for each
sections. Because of the low albedo of the regolith, infrared r@lement. The energy absorbed by each elemehy ig\;. We
diation from the sunlit portions of the crater dominates scatterethploy the iterative Gauss—Seidel method to efficiently redu
solar energy in warming the shaded portions of the craters. the matrix. The factors;; are calculated only once. The direct
insolation, multiply scattered insolation, and multiply scattere
infrared radiation incident on each surface element at each til
step are input to a one-dimensional subsurface thermal mod
Each impact crater is modeled as ax332 square grid of  We validated our scattering model in several ways. Our resu
surface elements. The surface area, height, and orientatioioabowl-shaped craters are identical to the analytic solutions
the center of each element are calculated from a spherical Segersollet al. (1992) and Paiget al. (1992). Our model is a
tion for bowl-shaped craters or a truncated cone for flat-flooregore complete version of Hodges (1980) and produces simi

D. Temperatures within Impact Craters: Scattering Model
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results for lunar flat-floored craters. Temperatures of perma- TABLE I
nently shaded areas from Salvail and Fanale (1994) are higher Diameters and Locations of Lunar Polar Craters
than ours (e.g., 60 K higher for crater X on Mercury) and those of

published analytic solutions. One reason may be that they used Crater Diameter (km) Latitude Longitude
an incorrect 59-day diurnal period for Mercury. Our results arg (amundsen) 100 84.7S 85E
independent of the grid size used. Temperatures are sensitivegof 13 89.9N 90E
course, to the crater shapes used. A discussion of the errors inthe 19 87.2N 52W
crater shape parameters used can be found in Pike (1988). Se{ffansenF) 60 852N S3E
G (Gioja) 40 82.8N 4W
eral effects that we do not account for may reduce temperaturg ermite) 100 856 N 85W
within craters. These include the multiple shadowing effects @f (pjaskett) 110 82.3N 179 E
small-scale roughness and crater central peaks (Hodges 198Qhackleton) 20 89.7S 111E
the higher albedo of the crater floor if covered by ice, and the 32 88.5S 87w
wavelength- and direction-dependent properties of the surfa\i}‘e ﬁ ggég ggg
albedo and emissivity (Mukast al. 1997, Butler 1997). W (Wiechert) 41 840S 163 E
X 33 85.2S 178 W

E. Temperatures within Impact Craters: Results

We modeled hypothetical 10-km bowl-shaped craters, 40-km
flat-floored craters, and 100-km flat-floored craters at all lgal pole positions (Jean-Luc Margot, personal communicatior
cations as well as specific craters observed near the poleCeéters with degraded rims were excluded. The diameters a
Mercury and the Moon. For Mercury we modeled the cratefscations of all modeled craters are listed in Tables | and Il ar
observed to contain the radar features that are listed in Harmgitown graphically in Figs. 6 and 7.
et al. (1994). We estimated their diameters from Davé¢sl. Our model output for the 50-km-diameter crater C (8.7
(1978). Tim Colvin of the RAND Corporation (personal com471.3W) on Mercury is shown in Fig. 8 and illustrates feature:
munication) provided new estimates of their locations based edmmon to many craters. The figure shows the maximum al
areanalysis of Mariner 10 imagery. A later version of this workverage temperatures experienced by each surface element «
was published as Robinsat al. (1998). Clementine imagery one diurnal cycle. The permanently shaded region is bound
(Nozetteet al. 1996) and Arecibo radar maps (Statyal. 1997) by a steep gradient of both maximum and average temperatu
contain the best estimates of the locations of lunar polar cratersthis example it covers the equatorward interior wall and entir
Diameters were measured from the Arecibo maps. Locatioffor of the crater. The coldest surface elements are located
were taken from the Arecibo maps after shifting the locationie crater floor adjacent to the equatorward wall.
of the lunar poles to match Nozet¢ al. (1996). Recent topo-
graphic mapping of the lunar polar regions using delay Dopplgijj. APPLICATION TO THE STABILITY OF ICE DEPOSITS
radartechniques (Margetal.1997) has produced nearly identi-

In the following sections we discuss the implications of ou
thermal modeling results for polar ice deposits. We assess t
stability of ice deposits by comparing the maximum and ave|
age surface temperatures over an insolation cycle with calculat

TABLE |
Diameters and Locations of Mercury’s Polar Craters

Crater Diameter (km) Latitude Longitude 10SS rates of volatiles due to thermal sublimation. Because tl
vapor pressures of volatiles are exponential functions of tempe
C 50 87.7N 171.3W ature, sublimation loss rates are controlled by maximum ter
D 39 88.3N 1354W  peratures. Average temperatures are relevant for deposits t
(E; ;g 22:22’ 1;3',3"\,{ are insulated from extreme daytime temperatures, perhaps
L 18 85.3 N 719w burial under centimeters of regolith. Based on the rates shoy
M 35 86.3N 435w in Fig. 1, 1 m of water ice evaporates in 1 billion years at a
N 18 855N 10.0W temperature of approximately 110 K. Temperatures of appro
P 20 83.5N 53.9W  imately 60, 70, and 220 K are required to sustain deposits
S ;g g;gs ig'iw CO,, NHg, and § (orthorhombic), respectively. The values in-
S 21 805N saow crease by about 20 K if the time scale is reduced to 1 millio
T 25 80.5N 203w Years or if the initial thickness is increased to 1 km. We us
U 45 87.1S 13W  the above temperature limits to predict where radar-detectal
v 41 8L.1S 84.9W  deposits could survive the age of the Solar System. Kélesu.
\;(V 122 gg'gg 11317\3/\,\/ (1997) estimate that at temperatures less tham0 K, the in-
Y 15 874N 1526w flux of water from meteorites and asteroids balances or excee

all global losses, providing another reason to suspect that tf
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FIG. 6. Locations of impact craters near Mercury’s north (top) and sout
(bottom) poles observed to contain anomalous radar features (Hatrain
1994). The locations were derived from a recent reanalysis of Mariner 10 dg
(e.g., Robinsoret al. 1998). We estimated their diameters from the maps o
Davieset al.(1978). The crater locations are overlain on Arecibo 13.5-cm rady
maps of Mercury’s poles, after Harmenal.(1994). The gray levels show spe-
cific cross section in the depolarized (unexpected) sense of circular polarizati
The spatial resolution is-15 km. Harmoret al. (1994) estimate that their north
pole data should be shifted 2.&titude toward 180W longitude (up) and their
south pole data should be shifted l&titude toward 270W longitude (left) to

VASAVADA, PAIGE, AND WOOD

A. Temperatures of Flat Surfaces

The results for flat surfaces are relevant for continuous d
posits (i.e., polar caps or permafrost layers) on or beneath 1
surfaces of Mercury or the Moon. Figure 5 shows that wat
ice deposits lying exposed on the surface are not stable on eit

_BON.

best match the crater locations.

. 80S."
858
gow; 1 A 90E
ey
w
;180
FIG.7. Locations of impact craters near the Moon'’s north (top) and sout

temperature is an appropriate limit for the stability of water ic@ottom) poles. Clementine imagery (Nozeéeal. 1996) and Arecibo radar

deposits. We calculate temperatures using bare ground albe

aps (Stacyet al. 1997) contain the best estimates of the locations of lune
t craters. Diameters were measured from the Arecibo maps. Locations w

assuming that all volatiles must migrate to the polar regions aggen from the Arecibo maps after shifting the locations of the lunar poles

be cold trapped over bare ground.

match Nozettet al. (1996). Craters with degraded rims were excluded.
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O 5% 100 150 200 250 300 350 400

Ternperaturs, K

FIG. 8. Diurnal maximum (top) and average (bottom) surface temperatures within crater C (87.7N, 171.3W) on Mercury. The colors represent the m:
and average surface temperature of each element over one diurnal cycle. Permanent shadow covers a large fraction of the crater’s intericearuyia baogke
gradient in surface temperature. The coldest region is on the crater floor adjacent to the equatorward rim. At noon the°Saboige2t8 horizon toward the
lower right. North is toward the upper left.

body. The surface temperature at the pole is 174 K (Mercury) aatlow temperatures and its relevance for calculating temper
159 K (Moon). Buried water ice deposits are stable to thermtaires below a thin regolith cover. More practically, model TWC
sublimation within 2 latitude of the lunar poles. Temperaturesequires a much smaller time step which makes it prohibitivel
at the poles below the extent of the temperature oscillation amepensive when used with the scattering model. Temperatui
147 K (Mercury) and 93 K (Moon). An exposed polar cap conwithin lunar craters are calculated over one diurnal period
posed of sulfur is stable within°l(Mercury) and 4 (Moon) summer solstice and perihelion. The maximum temperatur
latitude of the poles, or4Mercury) and 40 (Moon) latitude if are the same as if calculated over the full seasonal cycle, t
buried. the average temperatures are too large with2i latitude of
the pole. A correction can be estimated by comparing the fl
surface curves in Fig. 12d with those of Fig. 5. Calculation
We use Model TOP for all crater calculations. The choice @6r hypothetical craters were performed al@ngitude. The in-
Model TOP is justified by its small difference from Model TWCOternal heat flux is included because it is important at the lo

B. Temperatures within Impact Craters
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shaped craters with the same depth-to-diameter ratio. The ar
to the horizon as seen from the crater floor is smaller in shallc
craters, which means that they have less permanently sha
area at a given latitude. The physical size of craters matters o
for the largest craters, for which the curvature of the planet d
creases the visibility of the sunlit walls from the shaded floor
but increases the amount of sunlit area. While the temperat:
distributions within craters on the Moon are symmetric about tf
north—south axis (Fig. 11), those of Mercury may be asymme
ric depending on the time lag between local noon and periheli

(Fig. 10).
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FIG.9. Diurnal maximum and average surface temperatures within 40-ki
flat-floored craters on Mercury (left set of columns) and the Moon (right se
of columns) at several latitudes. The left column of each set shows maximt
temperatures. The right column of each set shows average temperatures.
crater rim is drawn as a solid line. The results also apply to the same latituc
in the southern hemisphere.

temperatures within permanently shaded areas. In these art
the temperature just below the attenuation depth of the diurr
oscillation is nearly equal to the average surface temperatu
Temperature increases with further depth.

Figure 9 shows the maximum and average surface temp
atures within 40-km bowl-shaped craters on Mercury and tt
Moon for latitudes 70-90°. Figures 10 and 11 show our results
for observed craters on both bodies. Figure 12 shows how t
thermal stability of ice deposits varies with latitude and crate
diameter. The results share some general characteristics. S
lower craters contain colder but smaller permanently shaded
eas, and vice versa. In fact, temperatures of permanently sha
regions depend more strongly on crater shape than on latitus

The steeper walls of deep craters receive sunlight at smaller ini:
cidence angles and scatter and emit energy more directly towgd

eiseae

DO we

UL

0 50 80 110140170
Temperature, K

1G. 10. Diurnal maximum and average surface temperatures withi
ers observed near Mercury’s poles. The left column of each set shows m

their interiors. The scattering angle between the sunlit wall aRglim temperatures. The right column of each set shows average temperatt

the shaded floor is larger in flat-floored craters than in bowihe crater rim is drawn as a solid line.
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- —— 7 deposits exposed on their floors. Figure 12b shows that 10-k

T craters within 2 latitude of Mercury'’s poles can harbor water ice
deposits if the deposits are protected from extreme surface te
peratures. The permanently shaded portions of 40-km crate
100-km craters, and all observed craters contain regions whe
average temperatures are below 110 K. Figure 12¢ shows that
posed water ice deposits would quickly evaporate within 10-ki
craters on the Moon. Surface deposits can survive within &
40-km and 100-km craters that contain permanently shaded ar
and within all observed craters that were modeled. Thermal
protected water ice deposits can survive in 10-km craters with
about 10 latitude of the poles, as shown in Fig. 12d.

Figure 13 illustrates how the amount of permanently shade
area within craters varies with their diameter and latitude. Ver
large craters nearthe Moon'’s poles have significantly less permn
nently shaded area than their counterparts on Mercury becal
of the Moon’s greater obliquity. Figure 12 can be used to predil
the sizes and the latitudes of craters that contain regions in whi
ice deposits are stable. The size of the region relative to the s
of the crater can then be estimated from Fig. 13.

C. Comparison with Radar Features on Mercury

One of the goals of this study is to better determine the ten
peratures of surfaces on Mercury that produce ice-like rad
responses. How do the results of our model compare with tl
observed sizes and latitudinal distribution of radar features? T
radar maps of Harmoet al. (1994), shown in Fig. 6, are a com-
pilation of many observations and have a resolution ®b km.
We can make two inferences by comparing our results with sp
cific features. Craters very near the poles of Mercury, such
craters C and D, contain large regions in which surface tempel
tures never exceed 110 K. The regions where the model predi
stable surface or subsurface ice deposits are consistent with

T sizes of the radar features at those locations.
/ \ -.] More surprising, radar features are seen within craters whe
\ . f T 0 50 B0 110 140 170 model surface temperatures greatly exceed 110K, such as cra
\__,/ ) Temperature, K S and T. The coldest regions within those craters have maximt

surface temperatures above 145 K and cover a very small fre

FIG. 11. Diurnal maximum and average surface temperatures withkion of their crater floors. Most of the floor within each crater i
craters observed near the Moon's poles. The left column of each set shows i@t permanently shaded and experiences much higher tempe
imum temperatures. The right c_olu_mn of each set shows average temperatyigges. However, if the stability of these deposits is controlled b
The crater rim is drawn as a solid line. the diurnal average surface temperature, our model results
consistent with deposits large enough to produce crater siz

Figures 12a—12d show the diurnal maximum and averatfgdar features.
temperature experienced by tbeldestsurface element within
craters on Mercury and the Moon. Flat surface temperatures are
shown for comparison. According to Fig. 12a, exposed water iﬁ\e Insulation from Extreme Temperatures
deposits are not stable within 10-km craters on Mercury. Water
ice deposits can survive on the floors of 40-km craters as faModel calculated surface temperatures within craters N, P, ¢
as 8 latitude from the poles, beyond which their permanentlR, S, T, and Y on Mercury are significantly above the limit for
shaded area is warmer than 110 K. Water ice is stable in 100-kong-term stability of water ice. Yet these craters contain larg
craters as far as 1@atitude from the poles, beyond which theyradar features on the Arecibo maps. What accounts for this d
contain no permanently shaded area. Many of the craters @epancy? If the craters were uncharacteristically shallow, the
Mercury associated with radar features can have stable watempeemanently shaded areas would be colder but also smaller. T

IV. BURIED ICE DEPOSITS
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FIG. 12. Diurnal maximum and average surface temperatures within craters on Mercury and the Moon. Curves are shown for 10-km bowl-shape
(dashed), 40-km flat-floored craters (dash-dot), 100-km flat-floored craters (dotted), and craters observed near Mercury’s or the Moon'sex)le@|Biternal
maximum surface temperature of the coldest surface element within craters on Mercury. The maximum surface temperature of an unshaded surface is
comparison. (b) Diurnal average surface temperature of the coldest surface element within craters on Mercury. In shaded regions the aveesgpesattaee
is nearly equal to the temperature just below the attenuation depth of the surface temperature oscillation. The average surface temperahameof suriace
is shown for comparison. (c) Same as (a) but for lunar craters. (d) Same as (b) but for lunar craters.

is implausible for craters such as S and T, which already contaittude beyond lab measurements at 132 K (Brysioal. 1974).
small permanently shaded areas. Perhaps our assumed tentparever, the limit would have to be150 K for our model to
ature limit should be higher. The limit of 110 K was calculategredict surface ice deposits within all of the observed craters.
using vapor pressure data extrapolated by several orders of nagit of ~190 K is more consistent with the sizes of the observe
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100 ' ' ' ] closest to Mercury’s poles. Burial is favorable in other way:
®op DT 0 Croter _.-~7'1 notconsidered in our model. A regolith cover limits evaporativ
g 80 - 100 km Crater 7 = loss by acting as a barrier to diffusing molecules. This coul
: [ 77 150 km Crater 7 ,+11  raise the effective temperature limit by tens of degrees Kelvi
3 60 e 714 asdiscussed in Salvail and Fanale (1994). A thin regolith cov
& i et VA would also protect the deposits from sputtering by solar win
% 40 JPa - /," FE ions and ablation by interstellar UV.

e E--" ./ ST
€ 20f P 4 B. Comparison with Observations
o - e ]
* o . ‘ T T . We have suggested that lower latitude ice deposits observ
70 75 80 85 g0 onMercury are thermally protected by a thin regolith layer. But
Latitude ler et al. (1993) suggests that a regolith cover may also explal
differences in the radar cross section of the deposits betwe

100 T . T observations of Mercury at different spatial resolutions and b

5 [ =~ 10 km Croter ] tween observations of Mercury and Mars. Butéral. (1993)
- I —— 40 km Crater - . . .

g 80F .. 100 km Crater _.-~"+ found relatively low radar reflectivities compared with those o
< [ —- 150 km Crater -7 ] Mars’ south polar residual ice cap. The difference could arise
3 sof e -  theice deposits were unresolved or if some energy was absort

g i -7 .-~ 1 byaregolith cover. If due only to the latter, Butletral. (1993)

= a0l -7 i /./’ . estimate that a regolith cover with a density~ef000 kg nT3
s LT e 1 would be 0.5 m thick. The higher resolution Arecibo maps re
g 20f g "1 vealedthatthe actual ice coverage within the features descrit
o i T e ] by Bulter et al. (1993) may have been as little as 10%. The
ol L L e 1 tradeoff between coverage and absorption, quantified in Fig.
70 75 80 85 90 of Butleret al.(1993), indicates that the regolith layer is proba
Latitude bly less than 0.5 m thick. A regolith cover between 0.1 and 0.5

FIG. 13. Permanently shaded area as a function of latitude for impaggICk W,OI‘”d be sufﬂqent tO_ da_mpen surface temperature Va”.‘
craters on Mercury (top) and the Moon (bottom). At high latitudes, lunar cratd©@NS Without absorbing a significant percentage of the radar si
have less permanently shaded area than craters of the same diameters on MefkyAlthough lunar ice deposits have not been unambiguous
because of the Moon'’s 1.54bliquity with respect to the Sun. detected by radar, the results from the neutron spectrome

aboard Lunar Prospector are consistent (although not unique

) . i e of relativel re water ice buried under ter
radar features. At 150 K and 190 K, measured sublimation raWIth the presenc IVEly pure w ! uried u

i . _Eﬁscentimeters of regolith at the Moon’s poles (Feldnedral.
are 1 m per 10years ad 1 m per year, respectively, making th'%g?g)
)98).

explanation implausible. Perhaps the deposits are compose
elemental sulfur and the calculated temperature limit is 220 K.
With this limit our model results match the radar features, but as
pointed out by Butler (1997), they also predict a (sunlit) surface Explanations of how ice is deposited and buried are specul
polar cap t latitude wide. A polar cap is neither observed inive. Water ice is delivered to the surfaces of Mercury and th
Mariner 10 imagery nor suggested by the Arecibo radar malgtoon by comets, asteroids, meteorites, interplanetary dust, sc
ping. wind reduction of crustal Fe and outgassing. Several lines of
It seems implausible that surface ice deposits are presentéasoning favor an episodic source, such as one or more com
several craters that contain radar features. Instead we sugfpestiuse gradually emplaced deposits would be mixed with n
that the deposits are buried beneath the attenuation deptlci@imeteoritic material and dust and not be detectable by rad
sunlight driven temperature oscillations and remain at a constdfdrgan and Shemansky (1991) further argue that impact v
temperature nearly equal to the average surface temperatureoliization and interstellar H lay could destroy deposits from
we compare a limit of 110 K withveragesurface temperatures,continuous sources as quickly as they accumulate. More wo
our model predicts the sizes and latitudinal distribution of theeeds to be done to understand the retention of volatiles afte
radar features without also predicting a polar cap on or beneatimetimpact, the possible formation of a temporary atmosphe
the surface. A subsurface polar cap would be expected only if fad a protective ionosphere), and the migration of water to tl
temperature limit were greater thari30 K. Our model results poles in a collisional atmosphere.
are consistent with stable water ice deposits at the locationdHow are the deposits buried, and what controls the dep
of all observed radar features if they are thermally protected burial? Gardening by micrometeorites, which disturbs th
by burial, although burial is not required for the large craterggolith and erodes crater walls, is an important and ubiguitol

Deposition and Burial
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process on the surfaces of both bodies. Ice deposits mightdemtail where particles directions are more isotropic (Lanzerc
covered by ejecta or by mass wasting. Killetal. (1997) esti- et al. 1981).
mate that local meteoriticimpacts and lateral transport ofimpactSeveral groups propose to use groundbased radar and sp
debris will form a 1-cm layer in 50 million years. The resultingraft UV spectroscopy, neutron spectrometers, and radar to st
cover probably would not be uniform. Another possibility is thgbotential ice deposits on Mercury and the Moon. Polar orbitir
sublimation results in a self-sealing residue. A slightly dirty iceadar systems have the distinct advantage of being able to pr
deposit might sublimate until its contaminant load forms a layat depth and create maps from an ideal viewing geometry.
that thermally or diffusively limits sublimation of the underly-combination of radar mapping and supporting image and t
ing ice. The final thickness of the layer would be the attenuatigographic data will be most useful for comparison with theot
depth of the temperature oscillation if the layer is primarily aand models. Neutron spectrometry does not resolve individt
insulating layer. Because the diffusion rate is proportional tteposits, but is hecessary to determine composition. UV sp
the regolith temperature, the final thickness of a diffusion lintroscopy and other methods that search for trace exospheric -
ited residue also may be the attenuation depth of temperatoegures of condensed volatiles may be ambiguous if the depo!
oscillations (see Figs. 4 and 10 of Salvail and Fanale 1994)e not in diffusive contact with the exosphere. In the long terr
This process requires that a large initial volume of ice be lostito situ devices that can withstand the extremely cold tempe
sublimation in order to build the residue. atures near these deposits will best determine their nature :
composition.

Our major conclusions are that (i) water ice deposits on u
shaded surfaces (polar caps) are not stable against sublima

Nearly every crater on Mercury that has both a relatively und@¥er the age of the Solar System on either body, (ii) unshad

graded rim and regions where temperatures permit the stabil] §urface ce |s.st§1ble withir? Zatitude of the Iungr poles.,
of surface or subsurface water ice also has a radar feature a896:“® deposits within the permanently shaded portions of in

ciated with it. In other words, Mercury’s available cold traps afgactcraters are stable as far a%40d 13 latitude from the poles

full. The Mercury radar features cover roughly*d@?, which of Mercury and the Moon, respectively, and (iv) ice deposits a

implies 10° kg of water per meter thickness. Because volatileséable within all of the craters observed to produce an ice-lil

will migrate to the coldest cold traps given sufficient time, th%adar response on Mercury, although some deposits must be

presence of ice deposits in warmer, lower latitude craters arg%é'éa_‘tw from extreme daytime temperatures by a regolith cov

for a large supply of water, a very recent comet impact, or oth },mal under several centimeters of regolith provides protectic
unexpectedly high suppIy,rates ’ rom several important loss processes and is consistent with

Our model results for craters observed near the Moon’s po%esrvatlons of ice deposits on both Mercury and the Moon.

suggest that lunar cold traps are larger and colder than those
within craters on Mercury, mostly because of the smaller solar
qu>§ at th.e M.oo_n. The latitudinal extent of permanently shadgdWe thank John Harmon, Tim Colvin, Jean-Luc Margot, Nick Stacy, Do
regions is similar on Mercury and the Moon because the iBampbell, and their respective colleagues for sharing their results. We benef
creased apparent size of the solar disk at Mercury’s orbit afgin the comments of Bruce Murray, Dewey Muhleman, Martin Slade, and t
the Moon’s Sma” Ob“qu'ty have S|m||ar effects Several facto'rgviewers. A.V. thanks Andy Ingersoll for interest and support of this project.
other than temperature have undoubtedly influenced whether the
Moon’s cold traps are as full as Mercury’s. The Moon may have REFERENCES
had a significantly larger obliquity in its early history (Ward

. llen, C. W. 1973 Astrophysical QuantitieSlhe Althone Press, London.
1975) which would have greatly reduced the amount of colé, physical Q

. L ... Arnold, J. R. 1979. Ice in the lunar polar regiodsGeophys. Re84, 5659—
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V. DISCUSSION AND CONCLUSIONS
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