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[1] Due to Mercury’s extremely small obliquity, variations in orbital eccentricity are likely
to have been the dominant cause of changes in polar temperatures on Mercury throughout
the bulk of its history. In the last 10Myr, the eccentricity has varied between 0.1 and 0.3.
Over the past 100Myr, eccentricity extremes of nearly zero to greater than 0.4 have likely
been reached. We calculate the temperature in the near-polar region (within 10� of the
North Pole) as it varies in response to past eccentricities. These calculations show periods
with dramatically different temperatures, diurnal amplitudes, and long period thermal
cycles—all of which can have a dramatic effect on longitudinal variations in long-term
subsurface ice stability. Given forthcoming topographic data, thermal models including
long-term eccentricity can help constrain when past ice might have been delivered
to Mercury.
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1. Introduction

[2] The planet Mercury is well known for its 3:2 spin-orbit
resonance (87.969 day revolution, 58.646 day spin) and eccen-
tric orbit, e=0.206 [Colombo and Shapiro, 1966]. The thermal
effects of this spin-orbit configuration have been previously
studied, showing that the eccentricity and 3:2 resonance results
in a longitudinal asymmetry in temperatures [e.g., Soter and
Ulrichs, 1967; Paige et al., 1992, Paige et al., 2012]. Addition-
ally, a low obliquity (2.11� 1 arc min; Margot et al. [2007])
leads to near-polar craters with temperatures low enough to al-
low ice to be stable on geologic timescales [Ingersoll et al.,
1992; Paige, 1992; Vasavada et al., 1999]. However, Mercury
has not always been in its current orbital state.
[3] In the very distant past (likely>3.5Gya), Mercury may

not have been in the current spin-orbit resonance [Correia and
Laskar, 2004] and likely reached higher obliquities [Peale,
1974; Laskar and Robutel, 1993; Bills and Comstock, 2005].
Obliquity since that time is likely to have been near to its
current, Cassini State-driven value. Since this initial period,
Mercury’s orbital eccentricity has been both dramatically
higher (up to ~0.4) and lower (down to nearly 0.0) than present
[e.g., Laskar, 1988]. Orbital inclination also varies but is
not addressed here as it does not have a direct effect on
surface insolation. Therefore, we claim that over most of the
past >3.5Gyr, eccentricity variations represent the dominant

change in surface insolation on Mercury. Here we aim to
examine the thermal effects of those variations.
[4] The eccentricity of Mercury’s orbit has likely varied

from near zero to roughly 0.4 throughout its history (on the
109 year timescale) and at least 0.1–0.3 in the recent epoch
(on the 107 year timescale). We examine the effects of these
eccentricity variations on insolation and temperatures within
10� of the Mercurian poles. We comment on the effect these
variations might have on the distribution of volatiles in near-
polar craters and temperatures at depth. Volatile deposits can
serve as a record of past orbital extremes, and orbital models
can shed light on volatile origin. Radar observations of
Mercury showed bright reflections from near-polar craters
[Slade et al., 1992, Harmon and Slade, 1992, Harmon et al.,
1994; Harmon, 2010]. These radar measurements should only
be sensitive to highly concentrated (~40% by volume), nearly
“clean” water ice [Harmon et al., 2011]. Such pure ice may
imply very recent (<50Mya) delivery [Crider and Killen,
2005], warranting a detailed look at eccentricities reached
during this epoch. New data from the Messenger spacecraft
[Neumann et al., 2012; Lawrence et al., 2012; Paige et al.,
2012] confirms high ice concentrations and recent ice mobil-
ity. The question remains as to whether these deposits are
recent or could be relics of a past epoch. Here we broadly
explain the effect orbital eccentricity variations had on the past
thermal environments and explore the possibility that ancient
ice deposits have survived.

2. Mercury Orbit

[5] Insolation variations on Mercury are unique in the
solar system. They result from the combination of high
eccentricity, low obliquity, and a 3:2 spin-orbit resonance.
Importantly, two longitudes (0� and 180�) alternate between
being (longitudinally) subsolar during perihelion passage,
causing them to receive substantially more insolation than
other longitudes. Soter and Ulrichs [1967] labeled the
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equatorial crossings of these longitudes “hot poles” and the
equatorial longitudes at 90� and 270�, which are subsolar
only at aphelion, “warm poles.” We will extend these terms
to imply all latitudes at longitudes 0� and 180� as “hot lon-
gitudes” and 90� and 270� as “warm longitudes” throughout
this paper. The name “cold pole” is generally reserved for
the latitudinal (North and South) poles. Additionally, the
current eccentricity is large enough that the orbital angular
velocity near perihelion exceeds the spin angular velocity,
resulting in an apparent retrograde motion of the Sun when
viewed from the Mercurian surface. This causes extended
days along the hot longitudes, when the sun hangs in
the sky near local noon, and double sunrises and sunsets
along the warm longitudes [Soter and Ulrichs, 1967;
Cuzzi, 1973].
[6] As eccentricity increases, the temperature difference

between the warm and hot longitudes also increases. At the
cold poles, the radiation pattern will become less symmetric
about the rotational axis, tending to a “polar ellipse” rather
than a “polar circle.” The retrograde solar motion will also
become more extreme with eccentricity, causing longer,
warmer “retrograde days.” Additionally, higher eccentrici-
ties will cause the hot longitudes to become hotter and the
warm longitudes colder.
[7] The long-term eccentricity variations of Mercury have

been examined using a variety of different models, including
analytical secular perturbation models [i.e., Brouwer and
Clemence, 1946; Brouwer and Van Woerkom, 1950;
Bretagnon, 1984; Laskar, 1984a, 1984b; Knezevic, 1986;
Boccaletti and Pucacco, 1998] and numerical integrations
[i.e., Laskar, 1988; Sussman and Wisdom, 1992; Laskar,
1994; Ito and Tanikawa, 2002; Correia and Laskar,
2004]. Several general features emerge from these studies.
Most important for the present discussion are large, nearly
periodic oscillations in eccentricity, mainly due to secular
perturbations from Venus and a lesser extent from Earth
and Mars [Brouwer and Van Woerkom, 1950; Murray
and Dermott, 1999]. Over the past few million years, most

models agree, in a general sense, with the secular perturba-
tion theory of Brouwer and Van Woerkom [1950] and its
minor corrections by Knezevic [1986] but show that this
solution should only be considered a first-order approxima-
tion. These calculations result in quasi-periodic (~1Myr
period) oscillations in eccentricity between approximately
0.1 and 0.3.
[8] For timescales longer than a few million years, numer-

ical integration reveals limits of the secular theory. Laskar
[1988] used a semianalytic method using a secular model
for short, orbital time periods, combined with numerical
integrations over longer timescales. This system has been
validated with comparison with direct integration, as in
Correia and Laskar et al. [2004], and reveals the importance
of chaotic behavior in determining orbital elements in the
distant past. As the results are inherently chaotic, exact
values of eccentricity are difficult to predict, but repeated in-
tegrations can reveal statistical likelihoods of a given eccen-
tricity. These models predict likely 100Myr timescale
variations from approximately zero to 0.4 eccentricity [e.g.,
Laskar, 1988; Correia and Laskar, 2004].
[9] It is clear that the orbital eccentricity of Mercury does

exhibit large oscillations. Given an early tidal damping of
Mercury’s obliquity [Correia and Laskar, 2004] and lack
of resonant forcing [Peale, 1974, 2006] or evidence of
impacts [Correia and Laskar, 2012] available to increase
obliquity once damped, eccentricity variations should have
the largest influence on near-surface temperatures out of
any events in the past several billion years. Here we seek
to understand the thermal implications of those variations.
Figure 1 illustrates the result from a secular perturbation
model (Knezevic [1986]—which is an update of Brouwer
and van Woerkom [1950]) in red and a result of an example,
long-term, semianalytic integration [Laskar, 1988] in blue.
The semianalytic model, although more accurate than the
secular model, should only be strictly relied upon to about
�10Myr, and model results at earlier times represent one
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Figure 1. (in red) Secular perturbation model results for Mercury’s eccentricity over the past 100Myr
from Knezevic [1986], which represent an update of Brouwer and Van Woerkom [1950]. (in blue)
Semianalytic integration model results for Mercury’s eccentricity over the past 100Myr from Laskar
[1988]. The semianalytic model, although more accurate than the secular model, should only be strictly
relied upon to about �10Myr, and model results at earlier times represent one of many possible chaotic
results but show a likely range of eccentricity variation.
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of many possible, chaotic results but show a likely range of
eccentricity variation.
[10] In summary, we assume the recent dynamics (in the

past ~10Myr) of Mercury to be defined by a 3:2 spin-orbit
resonance, with zero obliquity and a semiperiodic variation
in eccentricity between 0.1 and 0.3, so we choose to model
these eccentricities to represent this recent 10Myr. If deliv-
ery of ice is truly recent [Crider and Killen, 2005], this
period may dominate the distribution of ice. Earlier than that
time, nearly circular orbits (0 eccentricity) and eccentricities
exceeding 0.325 and reaching as high as 0.425 are likely to
have occurred [Correia and Laskar, 2004]. This has been
the largest variation to Mercury’s insolation since a capture
into a 3:2 resonance and Mercury’s spin pole was driven into
a low obliquity Cassini State, likely shortly after the Caloris
Basin impact formed (~3.7Gya, Le Feuvre and Wieczorek
[2011]; Correia and Laskar [2012]). To represent this
long-term period, we model eccentricity values of 0 to 0.4.
If volatile distributions retain some correspondence to these
extremes, it may imply an ancient origin. We briefly address
the impact this would have on volatile stability on Mercury,
which is primarily left for future work.

3. Thermal History

[11] The calculation of surface temperatures of Mercury
began shortly after the determination of the 3:2 spin-orbit
resonance by Colombo [1965]. Notable models were
presented by Soter and Ulrichs [1967], Morrison [1968,
1970], Cuzzi [1973], Paige et al. [1992], and Mitchell and
de Pater [1994], all with increasing complexity in subsur-
face thermal properties. Here we adopt the subsurface ther-
mal model of Vasavada et al. [1999], which treats the
subsurface as a porous regolith (1800 kgm�3) with an over-
lying 2 cm-thick extremely porous layer (1300 kgm�3). This
simplified model has been shown to be consistent with radar
observations of Mercury [Mitchell and de Pater, 1994] and
surface and subsurface temperatures on the Moon
[Vasavada et al., 1999, Vasavada et al., 2012]. This paper
will focus on temperatures in the region lying within 10�
of latitude of the cold poles, where near-surface ice is most
likely to exist.
[12] Figure 2 illustrates calculated current temperatures in

the polar region (similar to Paige [1992]) for a spherical planet
with a noncratered surface. As Mercury has negligible obliq-
uity, and is assumed zero here, these results correspond to
either pole. Each quadrant is a map of 70 separate one-
dimensional thermal models spaced every 1� in latitude and
11.25� in longitude. Maximum, minimum, and average tem-
perature values are taken over a biannual (two Mercury-year)
period, which represents one complete insolation cycle. White
lines mark latitude in 2� steps (80�, 82�, 84�, 86�, and 88�);
contour intervals are 2K (for minimum), 10K (for mean),
and 20K (for maximum), respectively. These models use the
same conditions as Vasavada et al. [1999], including one-
dimensional, plane-parallel, thermal model with the two-
layered thermal properties, 95% emissivity, 0.1 albedo,
and 33mWm�2 lower boundary heat flux (see more details
in Appendix A).
[13] Several first-order patterns emerge. Biannual mini-

mum (Figure 2a) and mean (Figure 2b) temperatures display
an imprint of the longitudinal asymmetry in insolation,

resulting in warmer temperatures along the hot longitudes
due to the resonant perihelion passage. A curious rise in
minimum temperature near the cold pole is due to continu-
ous partial nighttime illumination caused by the finite
size of the solar disk (approximately 2� in the Mercurian
sky). The rectangular shape of the contours of maximum

(a)

(b)

(c)

Figure 2. Modeled current polar temperatures of a crater-
free Mercury: Biannual (a) minimum, (b) mean, and
(c) maximum. White lines mark 80�, 82�, 84�, 86�, and
88� latitude; 0� longitude is at the bottom. Contour intervals
are at 2, 10, and 20K, respectively.
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(Figure 2c) temperature can be thought of as a “burnt in” im-
pression of the two hottest days of the year when Mercury is
at perihelion, which form the long sides of the rectangle, and
the impression of the noontime illumination of the warm
longitudes at aphelion forming the short sides.
[14] The central aim of this paper is to understand how tem-

peratures should vary in Mercury’s polar environment in
response to eccentricity changes. Figure 3a illustrates the
change in the biannual surface temperature at 89� latitude on
Mercury due to eccentricity changes. Note the growth of impor-
tance of the “retrograde days” (at ~days 35 and 135) with
increasing eccentricity, especially at 90� (and 270�) longitude.
At 0.4 eccentricity, a large peak (292K in this model) also

grows at 0� (and 180�) longitude at local “noon.” To put the ex-
tremes experienced at this eccentricity in perspective, running
this model at the equator, not shown here, shows that this
peak reaches 805K midday and dips to 111K at night for a
flat surface.
[15] Additionally, we would like to examine temperatures

within shadowed craters, as these are the areas most likely to
harbor ice. We chose to model craters assuming a spherical
section (as in Ingersoll et al. [1992]) with depth-to-
diameter ratios of either 1:5 or 1:16. These were chosen to
represent craters of less than ~10 and between ~10 and
25 km diameter, respectively [Pike, 1974, 1977; Paige,
1992]. A cratered surface will diminish temperature
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Figure 3. Temperatures on (a) a flat surface or (b) 1:5 and (c) 1:16 depth-to-diameter ratio craters at 89�
latitude for Mercury at 0.0, 0.2 (current), and 0.4 eccentricity.
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variations, as crater floors are illuminated only by reflected
light from the partially illuminated crater walls and
reradiated infrared light from the entire crater (calculated
here as described in Siegler et al. [2011] and Ingersoll
et al. [1992]). The representation of a crater as a spherical
section allows for an analytical insolation function, as radia-
tion is scattered equally to all surfaces within the crater
[Siegler et al., 2011]. All our model results are for a point
at the center of such a crater. Figures 3b and 3c show polar
temperatures within (at the center of the floor) a crater placed
at the same 89� latitude.
[16] As an example, at 0.4 eccentricity, the peak tempera-

ture in a crater with a depth-to-diameter ratio of 1:5 will drop
to 186K; for 1:16, 101K. Minimum temperatures also drop
(71K for a flat surface, 58K for 1:5, and 45K for 1:16 at 0.4
eccentricity), as do mean (143K for a flat surface, 98K for
1:5, and 61K for 1:16 at 0.4 eccentricity). Temperatures at
depth are approximated by the mean temperature (actual
modeled temperatures at 1m depth are 153, 103, and 65K,
namely due to geothermal heat and temperature-dependent
thermal properties).
[17] We can expand this analysis by mapping tempera-

tures for a crater floor placed at any location. Although
some knowledge of actual crater size and location does exist
[e.g., Vasavada et al., 1999; Harmon, 2010], and high
resolution topography will soon be available (Mercury Laser

Altimeter instrument aboard the MESSENGER spacecraft;
Cavanaugh et al. [2007]; Neumann et al. [2012]), here we
wish to examine the theoretical spatial effect of eccentricity
changes, placing an identical cratered terrain at every point on
the map. This will reveal if there are any expected longitudinal
trends in temperature conditions conducive to ice retention.
Figure 4 attempts to compile all of these variations.
[18] Figures 4a–4c illustrate the same quantities as shown in

Figure 2 but at various eccentricities. Taking advantage of the
symmetry that results from Mercury’s ~0� obliquity and 3:2
spin-orbit resonance, we only need one quadrant to illustrate
the effects over the entire polar region (which can simply be
mirrored about 0� and 90� longitude), so four representative
eccentricities can be plotted at once.
[19] Figures 4a–4c show the effect of eccentricity changes

(0.0, 0.1, 0.3, and 0.4 eccentricity) on the modeled tempera-
tures presented in Figure 2. The essential feature is an oscilla-
tion of the ellipticity of temperature contours about the pole,
from circular at e=0.0 to highly elongated at e=0.4. The
e=0.0 case illustrates that the 3:2 spin-orbit resonance
alone produces no effect on longitudinal surface temperature
distribution but only serves to localize effects of eccentricity
(which would itself have no impact for a fast rotator). Only
in the unique combination that occurs on Mercury will this
“polar ellipse” occur. This effect becomes more extreme at
0.4 eccentricity, where temperatures dramatically increase
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Figure 4. Modeled minimum, mean, and maximum temperature results for Mercury at various eccentric-
ities for a crater-free surface, one covered by craters with 1:5 depth-to-diameter ratio and one covered
by craters with 1:16 depth-to-diameter ratio. As obliquity is zero, all four quadrants about the pole can
be mirrored, allowing us to plot only one example quadrant at each eccentricity. White lines mark 80�,
82�, 84�, 86�, and 88� latitude; 0� longitude is at the bottom.
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along 0�/180� (hot longitudes) but decrease along 90�/270�
(warm longitudes).
[20] A flat surface is not likely to promote long-term ice

stability (1m of ice will be lost in a billion years at ~100K;
e.g., Siegler et al. [2011]) as all modeled mean temperatures
exceed roughly 130K. However, as illustrated in Fig-
ures 4d–4f, temperatures in a crater with 1:5 depth-to-
diameter ratio are such that it may be able to harbor ice. If
the surface were covered with craters, one could imagine that
the distribution of ice might expand along the 90�/270� axis
and contract along the 0�/180� axis. Figures 4d and 4e show
that as eccentricity decreases, warmer temperatures reach to
higher latitudes. This can also be seen in maximum tempera-
tures (Figure 4f), where relatively low temperatures extend
further equatorward during high eccentricities. So, somewhat
counter intuitively, when eccentricities are high and perihelion
is closer to the Sun, ice actually has a greater area over which it
might be stable. Despite the change in orbital radius, mean
temperatures do not vary dramatically at the hot longitudes.
The most extreme changes occur at the warm longitudes.
[21] In the case of shallower 1:16 depth-to-diameter craters

(Figures 4g–4i), the drop in temperatures is even more
extreme. However, equatorward of ~86� latitude, light will
shine over the crater wall, illuminating the floor, actually caus-
ing it to be slightly warmer than a flat surface (due to radiation
off of the crater wall). This leads to a sharp latitudinal bound-
ary at which crater floors will suddenly become illuminated
(at latitude = tan[depth/diameter], so this same transition
happens at ~78� latitude for 1:5 depth-to-diameter). However,
note that this model does not account for sloped crater walls.
This boundary varies little with eccentricity, changing only
slightly due to the apparent angular diameter of the Sun. Small
craters containing ice outside these boundaries (as have been
seen in the radar data sets down to as low as 67� latitude along
~60� W longitude; Harmon [2010]) imply either large-scale
topography underlying these craters (which could preferen-
tially tilt them poleward as in the case of the newly discovered
“Northern Rise” along that longitude) or very young, mobile
ice. These low-latitude craters would be especially susceptible
to changes in eccentricity and might be used to date recent ice
delivery or mark recent redistribution.

4. Implications for Ice Stability and Mobility

[22] It is important to note that any true model of volatile
stability and mobility requires a model of supply. In the
case of Mercury, the present supply of water molecules, or
even solar wind hydrogen, which may lead to water forma-
tion [e.g., Crider and Vondrak, 2003], is highly uncertain.
Extrapolating the rate of volatile delivery into the distant
past would be even more speculative. Additionally, this
paper is aimed to examine the theoretical spatial variations
in the thermal environment rather than use a detailed topo-
graphic thermal and volatile mobility model [e.g., Paige
et al., 2012]. In light of these constraints, we can only focus
on thermal effects on ice stability and mobility that should
be independent of supply as a basis for future work based
on new topography measurements.
[23] Paige [1992] illustrated current temperatures of a flat

surface near the North and South poles of Mercury, showing
that the inclusion of a simple cratered terrain would lead to
areas where ice could be stable even with no supply

(their stability criteria was a time-averaged loss rate less than
1 kgm�2 Gyr�1 for exposed water ice, which occurs at
~100K). Using Figures 4c, 4f, and 4i, it is apparent that, at
all modeled eccentricities, surface ice should only be
expected at latitudes above approximately 88� in craters with
depth-to-diameter ratios shallower than 1:16, which appears
to be consistent with radar observations [Harmon, 2010].
[24] This is only part of the story. At slightly higher

temperatures (~100–130 K), ice can be stable if buried
[e.g., Paige et al., 2010; Paige et al., 2012]. In this tempera-
ture range, ice will also be mobile enough to redistribute
itself [Schorghofer and Taylor, 2007; Siegler et al., 2011].
Areas with larger thermal gradients (higher yearly maximum
temperatures that stay below ~130K, when ice is generally
unstable in the top several meters; Paige et al. [2010])
could feasibly have mobile ground ice, migrating at a rate
determined by the thermal gradient, which varies with depth
[e.g., Schorghofer, 2010].
[25] Long-term variations will also affect subsurface ice. A

dry regolith layer above subsurface ice will serve both to
diminish the maximum temperature felt at depth and to inhibit
upward diffusion of volatiles. If an overlying layer is entirely
ice free, temperatures will damp to approximately the mean
temperature (see Figures 4b, 4e, and 4h) by ~1.5m depth. At
certain longitudes (roughly along 90�/270� longitude line),
the change in mean temperature due to eccentricity can be
up to 30K for a flat surface, 25K for a 1:5 depth-to-diameter
ratio, and nearly 45 K for a 1:16 depth-to-diameter ratio.
As these changes happen over long periods of time
(105–106 years, see Figure 1), these differences in mean
temperature would imply similar amplitude changes in tem-
peratures at depths of tens of meters.

5. Conclusions

[26] The high-latitude regions of Mercury have gone
through substantial changes in temperature over the course
of the last 4Gyr. These changes are primarily due to eccen-
tricity variations. The thermal effects of the eccentricity
oscillations, with 105–106 year period [Brouwer and Van
Woerkom 1950], are large enough that they need to be taken
into account when modeling long-term ice stability.
[27] Maximum temperatures over much of the region

poleward of 80� can vary by up to 80K on a flat surface or
about 45K in a crater (with a 1:5 depth-to-diameter ratio)
over the past few 107 years, causing extreme changes in sur-
face volatile stability. Mean temperatures can vary by 30K
on a flat surface and up to 45K in a crater (with a 1:16
depth-to-diameter ratio), implying large temperature
changes at depth. Ice buried below a protective layer of
regolith, which will both diminish the maximum tempera-
ture and cause a barrier to outward vapor diffusion, may be
able to survive at greater temperatures. If locations found
to contain ground ice today were highly unstable in a past
eccentricity, this may argue for recent (in the past 107 years)
deposition of ice.
[28] If thermal environments in radar bright areas are

stable for water ice at all eccentricities experienced, it may
imply that the ice deposits of Mercury are very old (likely
as old as the Caloris basin impact ~3.7Gya). However, this
would require a mechanism to allow ice to be mobile enough
to form coherent blocks, despite impact gardening. We are
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not aware of any laboratory experiment that has shown an
ability to make nearly pure ice by migration of water vapor
through regolith, especially at temperatures below 150K.
The same questions and laboratory work that are being
applied to nearly pure ground ice formation on Mars may
also be applicable here and might prove fruitful for future
research. If pure ice cannot be formed by redistribution of
buried deposits, this implies that the radar coherent deposits
on Mercury are indeed young (less than 50Myr; Crider
and Killen [2005]; Hurley et al. [2012]). This could be
confirmed by observation of ice in craters that were unstable
at 0.35–0.4 eccentricity, which would also imply a ~50Myr
upper limit age.

Appendix A: Mercury Orbit and Thermal
Model Details

[29] The solar radiation, incident upon the surface of a
spherical planet (as is assumed in this paper), can be
written as

F ¼ S

r2
cos g½ �k k; (A1)

where S = 1370W/m2 is the solar flux at 1AU, r is the
distance from the Sun (in AU), g is the solar zenith angle
or angular separation between local zenith and direction to
the Sun, and the clipping operator is

xk k ¼ xþ xj j
2

: (A2)

[30] This expression yields x if x is nonnegative and yields
0 otherwise. For times when the solar disk (which measures
roughly 2� in the Mercurian sky) is partially obscured, ‖ cos
[g]‖ from equation (A1) reverts to the more general cos[g],
and S is scaled by the portion of the solar disk exposed
above the horizon (similar to Cuzzi [1973]). Our model also
includes a value of solar limb darkening as found in Negi
et al. [1985].
[31] On a surface with albedo A, the absorbed radiation is

Q ¼ 1� Að ÞF ¼ 1� Að Þ S
r2

cos g½ �k k: (A3)

[32] Our thermal model thus needs to compute the tempo-
ral variations in solar zenith angle g, at each point, and
temporal variations in solar distance r.
[33] In a binary orbit, the distance varies according to

r ¼ a
1� e2

1þ e cos f½ �
� �

; (A4)

where a is semimajor axis, e is eccentricity, and f is true
anomaly or angular distance from periapse.
[34] At a point with coordinates {latitude,longitude}={θ,f}

and a time when the subsolar point is at location {θs,fs}, the
solar zenith angle is given by

cos g½ � ¼ sin θ½ � sin θs½ � þ cos θ½ � cos θs½ � cos f� fs½ �: (A5)

[35] Since the obliquity of Mercury is very small, we can
take θs= 0, and due to the 3:2 spin-orbit resonance, the
subsolar longitude varies with time according to

fs ¼
3

2
M � f ; (A6)

where M is mean anomaly and f is true anomaly. The mean
anomaly varies linearly with time, according to

dM

dt
¼ n; (A7)

where n is mean motion. True anomaly has a nonlinear
variation with time but is related to mean anomaly via
Kepler’s second law, which is

r2
df

dt
¼ a2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� e2

p dM

dt
: (A8)

[36] A common strategy for computing true anomaly
as a function of time is to use the intermediate variable
eccentric anomaly E, which is related to mean anomaly
via Kepler’s equation

M ¼ E � e sin E½ �; (A9)

and is also related to true anomaly via

tan
f

2

� �
¼

ffiffiffiffiffiffiffiffiffiffiffi
1þ e

1� e

r
tan

E

2

� �
: (A10)

[37] Kepler’s equation can be solved iteratively via the
Newton-Raphson method,

E1 ¼ M (A11)

Ejþ1 ¼ Ej þ
M þ e sin Ej

� �� Ej

1� e cos Ej

� � (A12)

[38] This converges quadratically in eccentricity, and the
third term is thus accurate to order e6.
[39] Time-varying temperatures as a result of this surface flux

are then calculated using a layered numerical thermal model.
Most of the details behind this thermal model have been
presented in Siegler et al. [2011], including a model to calculate
temperatures at the center of a bowl-shaped crater (that is a
section of a sphere). Vasavada et al. [1999] details the regolith
thermal and density structure (with a 2 cm upper layer, density
1300kgm�3, kc = 9.22� 10�4, w =1.48, and lower layer,
density 1300 kgm�3, kc = 9.3� 10�3, w =0.073, where thermal

conductivity k ¼ kc 1þ w T
350

	 
3� �
) is assumed in the current

paper, with modifications of the albedo (assumed 0.1) and heat
flux (assumed 33mWm�2). A slightly revised regolith model
has been developed for the Moon and may also be appropriate
for Mercury but would have only a minor impact on results
presented here [Vasavada et al., 2012]. Timesteps were typi-
cally 300 s with 400+ layers, each 5mm thick. Models were
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run from a fixed initial temperature (typically 100K) for >50
Earth years (~200Mercury orbits) to assure thermal equilibrium
had been reached.
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