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[1] The Mercury Atmospheric and Surface Composition Spectrometer (MASCS) on
the MESSENGER spacecraft has made the first high-spatial-resolution observations of
exospheric calcium at Mercury. We use a Monte Carlo model of the exosphere to track
the trajectories of calcium atoms ejected from the surface until they are photoionized,
escape from the system, or stick to the surface. This model permits an exploration of
exospheric source processes and interactions among neutral atoms, solar radiation,
and the planetary surface. The MASCS data have suggested that a persistent, high-energy
source of calcium that was enhanced in the dawn, equatorial region of Mercury was
active during MESSENGER’s three flybys of Mercury and during the first seven orbits for
which MASCS obtained data. The total Ca source rate from the surface varied between
1.2� 1023 and 2.6� 1023 Ca atoms s�1, if its temperature was 50,000 K. The origin of this
high-energy, asymmetric source is unknown, although from this limited data set it does
not appear to be consistent with micrometeoroid impact vaporization, ion sputtering,
electron-stimulated desorption, or vaporization at dawn of material trapped on the
cold nightside.
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1. Introduction

[2] Mercury possesses a tenuous atmosphere that is colli-
sionless down to the planetary surface, i.e., a surface-bounded
exosphere. The atmosphere was discovered by the Mariner 10
airglow spectrometer, which recorded emission from hydro-
gen, helium, and possibly oxygen [Broadfoot et al., 1974,
1976]. Ground-based observers have discovered a number of
additional species, including Na [Potter and Morgan, 1985],

K [Potter and Morgan, 1986], Ca [Bida et al., 2000], and Al
and Fe (which were given strict upper limits by Bida and
Killen [2011]). The MErcury Surface, Space ENvironment,
GEochemistry, and Ranging (MESSENGER) spacecraft
instrument payload includes the Mercury Atmospheric and
Surface Composition Spectrometer (MASCS) [McClintock
and Lankton, 2007], the Ultraviolet and Visible Spectrome-
ter (UVVS) channel of which successfully detected Mg in
Mercury’s exosphere during two of MESSENGER’s three
flybys of Mercury [McClintock et al., 2009; Vervack et al.,
2010]. MASCS observations during the orbital phase of the
MESSENGER mission, which began in March 2011, have
confirmed the presence of O, although at a much lower
intensity than the Mariner 10 upper limit [Vervack et al.,
2011].
[3] Whereas the Na component of Mercury’s exosphere

has been regularly observed from the ground for more than
25 years, Ca detections are more sparse as the Ca emission is
fainter than that of Na and at a wavelength difficult to
observe from the ground. Bida et al. [2000] reported detec-
tions of Ca emission above Mercury’s poles. From the line
widths, they estimated a temperature ≳12,000 K. This
energetic Ca was hypothesized to result from ion sputtering
in regions of the surface open to precipitating solar wind
ions, as had been suggested for the origin of high-latitude
enhancements in Na emission [McGrath et al., 1986].
[4] Killen et al. [2005] reported results from 22 nights of

Ca observations from the Keck Observatory between 1997
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and 2002. A general increase in Ca radiance was seen
between 1997, when no emission was detected, through
2000. This increase was attributed to increases in the
g-values, the product of the photon flux at the Ca resonant
transition wavelength (422.7 nm in the rest frame of a Ca
atom) and the scattering efficiency per atom, with the column
density varying only by a factor of �2 between 1998 and
2000. These observations confirmed the presence of an
energetic Ca source. Killen et al. [2005] concluded that the
likely source of exospheric Ca was either ion sputtering or
dissociation of molecular calcium (possibly in the form of
CaO or CaS) launched from the surface in micrometeoroid
impact vapor. Photodissociation of CaO by Lyman-a imparts
�2 eV kinetic energy (equivalent to �3 km s�1) to the
resulting Ca neutral, sufficient to explain the hot component
of the Ca exosphere that has been observed. If CaO is the
source, this formation mechanism also predicts the existence
of an escaping oxygen component to Mercury’s exosphere.
[5] Before orbit insertion, MESSENGER made three

flybys of Mercury during which high-spatial-resolution
observations of emission from neutral species and ions in
Mercury’s exosphere were completed by UVVS [McClintock
et al., 2008, 2009; Vervack et al., 2010]. These observations
revealed the presence of two previously unobserved species,
Mg and Ca+, and yielded high-spatial-resolution maps of
Na, Ca, Ca+, and Mg in the tail extending over the nightside
of the planet and over Mercury’s poles (Ca+ was detected in a
narrow region �2–3 Mercury radii anti-sunward of Mercury).
From orbit, UVVS observations of the three neutrals Na, Ca,
and Mg have been made almost daily, and searches have been
conducted for other neutral and ionic species, both known
(e.g., K, Al, Fe, Ca+) and expected (e.g., O, S, Mg+) to be
present.
[6] A puzzling feature of the neutral observations is that

Na, Ca, and Mg exhibit distinct spatial distributions that
cannot be explained by differences in photoionization life-
times or the effects of solar radiation pressure. The impli-
cation is that these three species have distinct source
mechanisms and/or are ejected from distinct regions on the
surface. Burger et al. [2010] applied the results of Killen
et al. [2004] to demonstrate that low-energy photon-stimu-
lated desorption (PSD) – the desorption of atoms from the
surface by ultraviolet (UV) photons – was the primary
source of the escaping sodium population during the first
two flybys. In contrast, the observed calcium and

magnesium were ejected with velocities indicative of high-
temperature sources (>10,000 K) [Vervack et al., 2010;
Killen et al., 2010], consistent with the ground-based
observations of Ca [Bida et al., 2000; Killen et al., 2005].
However, Sarantos et al. [2011] determined that at least two
source temperatures were needed to explain the MESSEN-
GER Mg observations. A high-energy source was required
to explain the data far from Mercury, whereas observations
close to the planet indicated a reservoir of volatile Mg acted
upon by lower-energy source processes.
[7] In this study, we present model simulations of the Ca

emission observed by UVVS during the three flybys and
seven early MESSENGER orbits. We present an empirical
description of the spatial and energy distributions of the
likely Ca source. Description of the physical mechanism
responsible for this source must await a better understanding
of how the source region varies with time, surface geology,
and magnetospheric and solar wind interactions with Mer-
cury’s surface. The organization of this paper is as follows.
In Section 2 we describe the UVVS observations obtained
during the MESSENGER Mercury flybys. In Section 3, we
describe the Monte Carlo model, possible Ca source and loss
processes, and how these processes are implemented in the
model. Model simulations of the flyby data are shown in
Section 4 to characterize the Ca source. In Section 5, we
apply these results to the data obtained by UVVS during the
first four days of orbital science operations. Section 6 pre-
sents a summary of our results and a discussion of possible
physical mechanisms that can explain the dawn source of
atomic calcium.

2. UVVS Observations of Calcium

[8] MESSENGER executed three flybys of Mercury
before entering orbit on 18 March 2011. Important para-
meters related to these flybys are given in Table 1, including
Mercury’s true anomaly angle (TAA), heliocentric distance,
and heliocentric radial velocity. Further details regarding
these data and the observational geometries beyond those
presented below have been given by McClintock et al.
[2008, 2009] and Vervack et al. [2010].
[9] The flyby data have been divided into sub-groups on

the basis of the particular flyby and the observational strat-
egy. Tail observations were made during all three flybys in
the region anti-sunward of Mercury during MESSENGER’s

Table 1. MESSENGER Trajectory Parametersa

Orbit Number C/A (UTC) TAA (deg) r (AU) dr/dt (km/s) t (h) g (phot/s) l⊙ (deg) dl⊙/dt (deg/day)

M1 2008 Jan 14 19:04 285 0.35 �9.7 0.49 22.2 185 �1.3
M2 2008 Oct 6 08:40 293 0.34 �9.2 0.47 22.8 3 �1.0
M3 2009 Sep 29 21:55 331 0.31 �4.9 0.39 16.9 0 �0.1
22 2011 Mar 29 02:24 74 0.35 9.7 0.49 21.9 356 �1.3
23 2011 Mar 29 14:28 76 0.35 9.8 0.50 21.8 355 �1.3
24 2011 Mar 30 02:33 79 0.36 9.9 0.50 21.6 354 �1.4
25 2011 Mar 30 14:37 81 0.36 9.9 0.51 21.4 354 �1.5
26 2011 Mar 31 02:41 83 0.36 10.0 0.52 21.2 353 �1.6
27 2011 Mar 31 14:46 86 0.37 10.0 0.53 20.9 352 �1.6
28 2011 Apr 01 02:50 88 0.37 10.1 0.54 20.6 351 �1.7

aMESSENGER’s flybys of Mercury are prefixed with “M”. C/A = time of MESSENGER closest approach to Mercury (time of periapsis during the
orbital mission), TAA = true anomaly angle, r = Mercury’s distance from the Sun, dr/dt = Mercury’s radial velocity relative to the Sun, t =
photoionization lifetime, g = g-value from Killen et al. [2009], l⊙ = subsolar longitude in IAU planet-fixed coordinate system, and dl⊙/dt = rate of
change of the subsolar longitude. Owing to a spacecraft “safe hold” before the M3 closest approach, no data were obtained after 21:48 UTC during that
encounter.
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approach toward the planet. Calcium was observed in the tail
during the second and third flybys, designated M2 and M3,
respectively (Figure 1). Images have been constructed from
the observations using the method of McClintock et al.
[2008]. UVVS does not make two-dimensional observa-
tions of the calcium tail; instead, it captures the emission
along successive lines of sight in a 1� � 0.04� slit. The
spacecraft location and the direction of the line of sight
change between observations.
[10] Images of the flyby observations, presented in

Figures 1a and 1b, were constructed by mapping each radi-
ance measurement to the point where the UVVS line of sight
crossed the noon–midnight plane – the x�z plane in the
Mercury solar orbital (MSO) coordinate system, in which x
points sunward, z is perpendicular to Mercury’s orbital plane
and is positive northward, and y completes the right-handed
system – and interpolating the irregularly scattered points
onto a regular grid. The spacecraft rocked along its noon–
midnight axis to map the tail in the north–south plane; the
changing angle of the line of sight relative to the equatorial
plane is not represented in the projected image. Figures 1c to
1e compare the tail observations from M2 and M3 using the
method of Burger et al. [2010]. In Figure 1c, we show the
radiances from all measurements for which the UVVS line
of sight intersected the noon–midnight plane between 2 RM

and 3 RM from the equatorial (z = 0) plane (hereafter, the
“upper region”), where RM is Mercury’s radius or 2440 km.
The solid lines give the average radiance in 0.1 RM bins

along the tail. Figure 1d shows the points for which the lines
of sight intersect between 1 and 2 RM from the equatorial
plane (the “mid region”); in Figure 1e, only those points
falling within 0.5 RM of the equatorial plane (the “central
region”) are shown. There is no evidence of a north–south
asymmetry in either the M2 or M3 tail data (auxiliary
material Figures S1 and S2).1

[11] The Ca emission in the tail at 422.7 nmmay have been
brighter during M2 than M3, although the scatter in the data
is large. At 4 RM anti-sunward of Mercury, the Ca intensity
ratio R = IM2/IM3 was 1.8 � 1.6 for observations in the upper
region, 1.9 � 1.0 for those in the mid region, and 2.0 � 1.4
for those in the central region. Looking at all the tail data
within 8 RM, the average of IM2/IM3 is 1.4� 1.0, 1.5� 1.2, and
1.4 � 1.8 for the upper, mid, and central tail regions, respec-
tively, with the uncertainties given by the standard error in
the mean of all the binned points in that region. These ratios
were computed by finding the mean and standard deviation
within 0.1 RM bins along the MSO x-axis (the solid lines in
Figures 1c–1e). Binned results are needed because different
points were sampled during M2 and M3, and binning pro-
vides common reference points.
[12] Fantail observations (Figure 2a) of Ca were made

during all three flybys as MESSENGER crossed the planet’s
nightside. For these observations, the spacecraft initiated a

Figure 1. Comparison between tail data from M2 and M3. (a) Constructed image from M2 (see text for
details). (b) Constructed image from M3 with the same color scale as in Figure 1a. (c) Comparison of M2
and M3 tail data for which the UVVS line of sight crossed the noon–midnight plane between 2 and 3 RM

from the equatorial plane. The individual data points are shown by filled red and blue circles for M2 and
M3, respectively. The solid lines give the mean values within bins of width 0.1 RM along the tail. (d) Com-
parison of M2 and M3 tail data for which the UVVS line of sight crossed the noon–midnight plane
between 1 and 2 RM from the equatorial plane. (e) Comparison of M2 and M3 tail data for which the
UVVS line of sight crossed the noon–midnight plane within 0.5 RM of the equatorial plane.

1Auxiliary materials are available in the HTML. doi:10.1029/
2012JE004158.
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roll maneuver that allowed the latitudinal dependence of the
tail within �2 RM to be measured. Although the brightnesses
appear to be consistent for all three flybys, a direct com-
parison is not possible as MESSENGER’s distance from the
planet (indicated by the top axes in Figure 2a) was different
for each of the fantail maneuvers. A common feature of all
three flybys was that the emission was brightest when
pointing in the dawn (MSO �y) direction parallel to the
equatorial plane.
[13] During M3, UVVS measured altitude profiles of Ca

emission over the poles (Figure 2b) [Vervack et al., 2010].
The emission within 1600 km of the surface can be

approximated by the exponential I ¼ I0e� r�r0ð Þ=h, where r is
the distance from Mercury’s center; r0 is Mercury’s radius
(so that r � r0 is the altitude above the surface); I0, the radi-
ance at the surface, is 5.0 kR and 3.6 kR at the north and south
poles, respectively, and h is the e-folding scale height
(1840 � 140 km and 1700 � 200 km at the north and south
poles, respectively). The exponential decrease with altitude
was similar over both poles; however, I0,NP/I0,SP = 1.4� 0.1,
indicating a north–south asymmetry in the emission. The
model simulations described below show that a small asym-
metry in the source location does not affect the distribution in
the fantail or tail (see Figure 10). Differences in the observing
geometry over each pole cannot account for this asymmetry
(demonstrated below by model simulations of the UVVS
observations along the lines of sight; see auxiliary material
Figure S3, which shows that an isotropic calcium exosphere
does not result in a polar asymmetry). The temperature
implied by these scale heights is >30,000 K or a mean energy
>2.6 eV. This temperature does not take into account the fast
photoionization rate for Ca (7.2 � 10�4 s�1), so the actual
source temperature is likely larger.

3. Exospheric Model

[14] We used a Monte Carlo model of neutral exospheres
that has previously been applied to the study of the sodium
distribution in Mercury’s exosphere observed during the first
and second MESSENGER flybys [Burger et al., 2010;
Mouawad et al., 2011]. Packets representing collections of
calcium atoms were ejected from the surface with specified
spatial and velocity distributions. We assumed that all the
calcium is ejected in atomic form from the surface with an
initial velocity defined by a Maxwellian flux distribution,

fM vð Þ � v3e�v2=v2th , where v is the speed, vth ¼ 2kT

mCa

� �1=2

is

the thermal speed, k is the Boltzmann constant, andmCa is the
atomic mass of a calcium atom (40.1 times the mass of
hydrogen, or 6.7 � 10�23 g).
[15] Killen et al. [2005] suggested that calcium might be

ejected in molecular form and subsequently photodissociated
to produce energetic atomic Ca. CaO, one of the most likely
molecular species, has a photolysis lifetime of�200 s [Berezhnoy
andKlumov, 2008]; therefore, the CaO scale height is <100 km,
if we assume that CaO was produced by a low-energy process
such as impact vaporization. Our source mechanism is con-
sistent with this hypothesis, but because UVVS did not
observe below this height we cannot distinguish between an
energetic surface process launching atoms into the exosphere
and an energetic atom created at low altitude in a molecular
exosphere.
[16] The number of atoms represented by each packet

(the “content” of the packet) is tracked during the simulation.
Loss by photoionization reduces this number. The Ca pho-
toionzation rate at 1 AU is 6.96 � 10�5 s�1 during normal
(quiet) solar conditions (W. F. Huebner and J. Mukherjee,
Photo rate coefficient database, 2011, http://phidrates.space.
swri.edu). Over the course of a Mercury year, the Ca photo-
ionization lifetime at Mercury varies between 23 and 52 min
due to Mercury’s changing heliocentric distance in its
eccentric orbit. During the flybys, the Ca lifetimes were 29,
28, and 23 minutes for M1, M2, and M3, respectively

Figure 2. (a) Calcium fantail measurements from each of
the MESSENGER flybys of Mercury. The bottom axes indi-
cates the direction of the MASCS boresight relative to the
equatorial dawn direction, with positive values indicating
that UVVS pointed north of the equatorial plane and negative
values indicating southward pointing. The top axes gives
the radial distance of MESSENGER from Mercury’s center.
(b) Emission over Mercury’s north (red) and south (blue)
poles observed by UVVS during M3. Exponential fits to
the data are shown by the solid lines. In the exponential fits,
z = (r � RM) where r is the distance from Mercury’s center
and RM is Mercury’s radius.
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(Table 1). Packets that return to the surface or escape the
region of interest (a sphere of radius 15 RM centered on
Mercury) are removed from the simulation.
[17] The motion of packets is governed by Mercury’s

gravity and radiation pressure. Because we are interested in
the exosphere deep within Mercury’s Hill sphere (which
varies between 72 and 102 RM over the course of a Mercury
year), we ignore the effects of solar gravity. Solar photons
with the energy of the resonant transitions are absorbed and
almost immediately emitted, producing the isotropic, reso-
nantly scattered emission UVVS observes. Because the
photons are incident from a single direction and emitted
isotropically, an atom experiences an impulse in the direc-
tion of the incident photon. The acceleration due to radiation
pressure on a Ca atom is given by

ar ¼
X
i

hgi
mCali

ð1Þ

where h is Planck’s constant, li are the resonant transitions,
and gi are the g-values of each transition. Thus, the magni-
tude of the radiation pressure and the resonant-scattering rate
both depend on the g-values. The solar flux at the transition
wavelength depends on the distance from the Sun and the
radial velocity between the neutral atom and the Sun. Ca
absorption in the solar atmosphere forms a deep Fraunhofer
absorption line in the solar spectrum, such that when the
radial velocity of the atom is near zero, the solar photon flux
at the resonant wavelength is 19% of the flux when Mer-
cury’s radial velocity is maximized (� 10.1 km s�1) and the
transition wavelength is Doppler-shifted into the wings of
the Fraunhofer absorption line. The g-values for Ca as a
function of radial velocity were computed by Killen et al.
[2009] and are given in Table 1 for an atom at rest with
respect to Mercury at the time of each flyby. Radiation
pressure acts in the anti-sunward direction (MSO �x). Ca
resonance lines at 272.2 nm and 456.7 nm are included in
the radiation pressure calculation in addition to the 422.7 nm
line, although combined they contribute only �1% of the
total effect. The g-value is computed at each time step from
the instantaneous radial velocity of the packet. For a Ca atom
at Mercury, the magnitude of the acceleration due to radia-
tion pressure is given by:

ar ¼ 0:28
g0:352 vrð Þ

d2

� �
ð2Þ

where ar is the radiation acceleration in units of cm s�2, d is
the distance of Mercury from the Sun in astronomical units
(AU), and g0.352(vr) is the g-value at 0.352 AU as a function
of the radial velocity relative to the Sun vr for the Ca
422.7 nm transition as given in Figure 12 of Killen et al.
[2009] in units of photons atom�1 s�1. Because radiation
pressure depends on the number of incident photons, ar = 0
for atoms in Mercury’s shadow.
[18] The first and second flybys occurred at similar true

anomaly angles and were characterized by similar Ca life-
times and g-values. Mercury was closer to perihelion during
the third flyby (M3), and the lifetime was 20% shorter than
during the first flyby. The solar flux increases with
decreasing heliocentric distance, but the flux at the reso-
nance wavelength decreases with decreasing magnitude in

the heliocentric radial velocity (|dr/dt|); these combined
effects caused the g-value to be 24% smaller during M3 than
during the first flyby (M1). This outcome had two effects:
the smaller radiation pressure decreased the escape rate
down the tail, and calcium was intrinsically fainter during
M3 than during the first two flybys (i.e., the same column of
Ca produced less emission during the third flyby).
[19] The integration time for each packet was randomly

chosen from a uniform distribution between the start and end
times of the simulation, with the total integration time taken
to be four times the Ca photoionization time (given in
Table 1). The Ca density and radiance were determined by
the state (position, velocity, and content) at the end of the
simulation. Because the integration times for the packets are
distributed between the start and end times of the simulation,
some of the packets represent atoms that have just been
launched from the surface, whereas some have persisted for
several times the photoionization timescale and have had
their content substantially reduced. The content of a packet
relative to its initial content is exp(�tSun/t), where tSun is the
time a packet spends in sunlight out of Mercury’s shadow,
and t is the photoionization time. No photoionization occurs
while the packet is in the planet’s shadow.

4. Modeling MESSENGER Flyby Data

4.1. Isotropic Source

[20] We first consider the exosphere that results from an
isotropic source of Ca (i.e., one that is uniform over Mer-
cury’s surface). Such a source allows us to evaluate the
inhomogeneities in the actual source and estimate those
regions on the surface that may have a greater source flux.
[21] The UVVS fantail data from all three flybys are

compared in Figure 3 with model simulations for Maxwel-
lian initial flux distributions and for temperatures ranging
between 5000 and 50,000 K. The mean radiances in the
models are scaled to the mean observed radiances in the
entire data set from that flyby, giving estimates of the total
Ca source rate (because, under the assumption of optically
thin emission, radiance is linearly proportional to the source
rate, all other parameters being equal).
[22] It is evident that an isotropic source is not consistent

with the data. These models do not reproduce the fantail
measurements for any of the flybys (Figures 3a–3c). Com-
parisons with the tail data from M2 are shown in Figure 4
and the complete M3 data set is shown in auxiliary
material Figure S3. Figure 3d compares the approximate
dawn–dusk ratio observed by UVVS with that predicted by
the models. The dawn–dusk ratio was determined from the
ratio of the UVVS measurement closest to dawn pointing to
the measurement closest to dusk pointing. Because the
spacecraft was moving toward Mercury during the fantail
sequence, the dusk measurement sampled closer to Mercury
than the dawn measurement during each of the three flybys;
however, because the model simulates the emission along
the actual UVVS lines of sight, no bias is introduced in the
comparison of the model with data despite the fact that the
dawn–dusk comparison is not made along directly opposing
lines of sight. Because a spacecraft safing event occurred
before the completion of the spacecraft roll during M3, the
dawn–dusk ratios are shown only for M1 and M2. The iso-
tropic models are poor fits to the data, as the observed
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dawn–dusk ratio is greater than 1 for both flybys (Idawn/
Idusk = 6.7 and 4.8 for M1 and M2, respectively) and the
model predicts dawn–dusk ratios <1 for source temperatures
<50,000 K. The dawn–dusk ratio is <1 for these isotropic
simulations because the dusk lines of sight probed deeper
regions of the exosphere. The decrease in Idawn/Idusk at low
temperatures is indicative of the smaller scale heights at
these temperatures.
[23] The M2 tail measurements show another possible

asymmetry in the Ca source (Figure 4). Within �4 RM of the
planet, the model over-predicts the emission in the tail for
points far from the equatorial plane (Figure 4a) relative to
the emission close to the equatorial plane (Figure 4c). In
other words, an isotropic model that accurately reproduces
the data in the upper region does not produce enough

emission in the central tail region. This mismatch suggests a
source concentrated near the equator, i.e., one with a higher
source flux (number of Ca atoms ejected per square centi-
meter) in the equatorial regions than in the polar regions.
This spatial variation differs from that indicated by the
simultaneous observations of Na made by UVVS, which
imply increased flux of Na in the polar regions [Burger
et al., 2010]. This effect is not apparent in the M3 tail
observations (auxiliary material Figure S3). Auxiliary
material Figures S3b and S3c also indicate that the north–
south asymmetry in the M3 pole data is not simply an effect
of the observing geometry; if it were, the isotropic model
would display a similar asymmetry over the poles. Instead,
the calcium distribution itself must be asymmetric.

Figure 3. Comparison of fantail data from the three flybys with models having sources isotropically dis-
tributed over Mercury’s surface and Maxwellian flux distributions with T = 5000 K, 10,000 K, 20,000 K,
and 50,000 K. (a) Comparison of M1 data with models. (b) Comparison of M2 fantail data with models.
(c) Comparison of M3 fantail data with models. (d) The observed (broken lines) and modeled (solid lines)
dawn-to-dusk ratios. The method for computing this ratio is described in the text. The modeled ratios are
shown as a function of source temperature. No ratio for M3 is shown because a spacecraft safing event
prevented UVVS from observing in the dusk direction during that flyby.
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4.2. Dawn Calcium Source

[24] The results from the isotropic models suggest a sub-
stantial dawn enhancement in the Ca source. To simulate
this enhancement, we have parameterized the Ca flux from
the surface as having an exponential decline with increasing
angular distance from the center of the source. We define
each point on the surface by its longitude l and latitude m
relative to the subsolar point, where l = 0� is the subsolar
meridian, l = 90� is the dusk meridian, and m varies from
�90� at the south pole to 90� at the north pole. In MSO
coordinates, a unit sphere is defined by the radius vector

r ¼ x; y; zð Þ ¼ cos l cos m; sin l cos m; sin mð Þ ð3Þ

The flux at each point on the surface is given by:

f l;mð Þ ¼ f0e
�f l;mð Þ=sð Þ ð4Þ

cos f ¼ r � r0 ð5Þ

where f0 is the maximum flux from the surface, s is the
angular width of the source, and r0 is a vector from Mer-
cury’s center to source center. Comparisons between the
models with the source centered at the dawn, equatorial
point [(l, m) = (� 90�, 0�)] and the fantail data from the
three flybys are shown in Figures 5–7. The model fits to the
M2 and M3 data from the mid-tail region are presented in
Figure 8, and fits to the M3 polar data are in Figure 9.

[25] We can draw several conclusions regarding the nature
of the Ca source from these model simulations. From the M1
comparison (Figure 5), although the data were obtained over
a limited region of the exosphere, we conclude (a) the tem-
perature of the source was ≥20,000 K, and (b) the width of
the source region is �20�. For the low-temperature sources
(5000 K and 10,000 K, Figures 5a and 5b), there is too little
escaping material as evidenced by the “turn-up” when
pointed at dusk (line-of-sight angles approaching 180� rela-
tive to dawn). Even though all the Ca is released from the
dawn region in this model, Ca atoms with an initial speed
≲4.3 km s�1, the escape speed fromMercury, are pulled back
toward the planet and seen over the dusk hemisphere. Some
Ca escapes, pushed into the tail by radiation pressure, but the
combined forces of solar radiation and gravity globally
redistribute most of the material. The best fits to the M1 data
are with (T, s) = (20,000 K, 20�) and (T, s) = (50,000 K, 25�).
[26] Models of the M2 fantail region (Figure 6) give results

similar to those for M1, although the tail measurements
(Figure 8a) give additional constraints. The lower-temperature
models (T = 5000 K and T = 10,000 K) fail to send enough Ca
into the tail past �3 RM and do not reproduce the observed
dawn–dusk asymmetry except for the smallest (s = 10�)
source region. The tail data are sensitive to the source tem-
perature, but not to the size. The fantail data, however, are
sensitive to both parameters. A source with T = 20,000 K and
s = 20� is a good fit to the fantail observations, as it is for the
M1 fantail data, but the tail data require a more energetic
source. The best fit to the entire M2 data set is a source with
T = 50,000 K and s = 25�–30�. Such a source produces the
appropriate dawn–dusk ratio in the fantail (Figure 6) and
enough Ca in the tail at distances <8 RM (Figure 8a). This
source is also a good fit to the M1 data.
[27] The M3 coverage was improved over the M2 obser-

vations owing to the addition of the polar scans and the
longer spacecraft roll during the fantail sweep. For M3, the
5000 K and 10,000 K models fail for two reasons. First, they
do not send enough material into the tail (Figures 7a and 7b);
and second, the scale heights above the poles are too small
(Figure 9). However, in contrast to the situation for M1 and
M2, it is possible to fit the fantail data with the colder (i.e., less
energetic) sources – still narrowly confined to the equator –
because the dawn–dusk asymmetry was not measured during
this flyby as a result of the spacecraft safing event.
[28] All three phases of the M3 data set (tail, fantail, and

polar scans) are well fit by a 50,000 K source with s = 20�–
25� (Figure 7 and auxiliary material Figure S4). This source
reproduces the dawn enhancement seen in the fantail, the tail
data within 8 RM of Mercury, and the Ca scale height
observed over both poles. The one feature that is not cap-
tured with this model is the north–south asymmetry in
brightness observed over the poles and, to a lesser extent, in
the fantail data. This asymmetry suggests a northward offset
in the source of �5–10� in latitude (Figure 10). The distribu-
tions in the tail during M2 and M3 were not sensitive to small
latitudinal changes in the source (e.g., Figures 10d–10f).
[29] The data from all three flybys are consistent with a

source having (T, s) = (50,000 K, 25�). The Ca source rate,
S, is computed by integrating equation (4) over Mercury’s
surface: S =

R
f(l,m)dW, where S is measured in Ca atoms

ejected over the surface per second and f0 in equation (4) is

Figure 4. Comparison of M2 tail data with models featur-
ing a source isotropically distributed over the surface and
Maxwellian flux distributions with T = 5000 K, 10,000 K,
20,000 K, and 50,000 K. (a) The upper tail region. (b) The
mid-tail region. (c) The central tail region.
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measured in cm�2 s�1. Table 2 lists the source rates derived
from selected model parameters that best fit the data. The
mean estimated source rate during all three flybys is
1.5 � 0.3 � 1023 Ca s�1, corresponding to a maximum
surface flux of 2.5 � 0.5 � 106 Ca cm�2 s�1. The source
rates during M2 and M3 were approximately equal, whereas
the M1 source rate was �70% that of M2 and M3. The
source may be offset � 5–10� north of the equator, although
the UVVS observations were sensitive to a possible offset
only during M3.

4.3. Constraints on a Cold Ca Source

[30] In the preceding analysis, we assumed that the data
can be fit by a single-temperature model. In this section we
evaluate the limits on a possible cold Ca source.
[31] During the first two flybys, UVVS was not sensitive

to a low-energy, non-escaping component of the Ca exo-
sphere because the UVVS lines of sight did not probe suf-
ficiently close to the planet. Simulations of both a global,

isotropic Ca source and a source concentrated at dawn with a
temperature < 2000 K produce no emission along the M1 and
M2 lines of sight. From these data, therefore, it is not possible
to place constraints on a possible low-temperature source.
[32] The observations over the poles during M3 were

those best suited for determining the contribution of a pos-
sible low-energy component to the exosphere. Because a
low-temperature (T ≲ 2000 K) source would provide no Ca
to the regions viewed by the tail and fantail lines of sight, we
assume that the best-fit dawn source [(T, s) = (50,000 K,
20�), and displaced northward 5� from the equator] supplied
the Ca to these regions. This same model is also a good fit
to the pole data; therefore a cold source must have a
flux sufficiently small that its contribution would not
adversely affect the fits of the combined hot and cold sour-
ces. We find that a globally isotropic cold component of
1000 K, 2000 K, or 5000 K could have a maximum source
rate of 7 � 1022 s�1, 5 � 1022 s�1, or 3 � 1022 s�1,
respectively, without significantly affecting the fit to the data

Figure 5. Fits to the M1 Ca observations with a source centered at the dawn equatorial point.
Fits are shown for the source width varying between 10� and 40� and source temperatures of
(a) 5000 K, (b) 10,000 K, (c) 20,000 K, and (d) 50,000 K.
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provided by the hot source alone. Similarly, if the cold com-
ponent has the same spatial distribution as the hot component,
the maximum source rate could be 1� 1023 s�1, 6� 1022 s�1,
or 4 � 1022 s�1 for 1000 K, 2000 K, or 5000 K sources.
[33] The Ca production rate from micrometeoroid impact

vaporization has been estimated from the results of several
workers [e.g., Cintala, 1992; Borin et al., 2010]. The Ca source
rates calculated in these studies vary from 3.9 � 1023 s�1 to
3.5 � 1026 s�1 (summarized by Borin et al. [2010]) and
depend on the micrometeoroid flux to the surface, the relative
fractions of the impactor flux supplied from the asteroid belt
versus cometary dust, the assumed surface composition, and
the microphysics of impact plume production. Our upper
limits on the exospheric source due to impact vaporization
(if the isotropic source is produced entirely by impacts) is
< 0.2 times the smallest of these estimates if the vapor is
produced at 1000 K and < 0.1 times the smallest estimate if
the vapor is 5000 K. These results suggest that further study

of the impact vapor production rate at Mercury and a better
understanding of the cold, near-surface component of the
exosphere are needed to understand this exospheric source.

5. Results From the MESSENGER Orbital Phase

[34] UVVS began regular observations of Ca in Mercury’s
exosphere on 29 March 2011. We have applied the results
from the flybys to the first seven MESSENGER orbits dur-
ing which UVVS obtained observations, covering the first
four days of orbital science observations, to determine
whether the Ca source remained in the dawn equatorial
region. Table 1 lists the start time for each orbit considered
(measured from MESSENGER apoapsis) along with Mer-
cury’s heliocentric distance and radial velocity.
[35] A comparison of the UVVS data from the first science

orbit (orbit 22) with isotropic models and models having a
dawn source with s = 25� is shown in Figure 11. The local

Figure 6. Fits to the M2 Ca fantail observations with a source centered at the dawn equatorial point.
Fits are shown for the source width varying between 10� and 40� and source temperatures of
(a) 5000 K, (b) 10,000 K, (c) 20,000 K, and (d) 50,000 K.
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time and distance from Mercury’s center of the point closest
to Mercury’s surface observed in each UVVS spectrum
(the tangent point) is indicated in Figure 11a. Local times
between 6 hours and 18 hours are over Mercury’s dayside.
Tangent distances <1 indicate that the line of sight inter-
sected Mercury’s surface. Only spectra with a signal-to-
noise ratio (SNR) >2 and for which the lines of sight do not
intersect the surface are included in the model fits to the
data. Auxiliary material Figures S5–S10 compare the data
and models for orbits 23–28 in the same format.
[36] By inspection, it can be seen that the isotropic models

at the three temperatures presented (5000 K, 20,000 K, and
50,000 K) fail to fit the data from the first seven orbits. The
orbital data are most consistently fit with a dawn source
having s = 25� and a temperature ≥20,000 K. This outcome
is shown quantitatively in Figure 12a, which gives the

minimum c2-statistic for the three dawn-source models
considered here, computed from

c2 ¼ median
Di � SMið Þ2

s2i

" #
ð6Þ

where S is the Ca source rate, and Di, si, and Mi are the
observed radiance, uncertainty in the radiance, and modeled
radiance per unit source rate for UVVS line of sight i,
respectively. We have used this modified c2 rather than the
usual c2-statistic because (a) outlying data points can skew the
fit to the data, and (b) the model employed here is fairly sim-
ple. For these fits, we have found the minimum c2 by varying
only a single free parameter – the total source strength, S. A
more sophisticated model should include additional free
parameters such as source temperature (T), source width (s),

Figure 7. Fits to the M3 Ca fantail observations with a source centered at the dawn equatorial point.
Fits are shown for the source width varying between 10� and 40� and source temperatures of (a) 5000 K,
(b) 10,000 K, (c) 20,000 K, and (d) 50,000 K.
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and the location of the source center on the surface (l0, m0).
For the purposes of this paper, we wish only to show that the
dawn Ca source used to explain the UVVS flyby data is also
more consistent with the data obtained during the early
MESSENGER orbits than an isotropic Ca source.
[37] The source rate (Figure 12b and Table 2) during this

periodwas approximately constant, with S = 1.7� 0.2� 1023 s�1

if T = 20,000 K and S = 2.3� 0.2� 1023 s�1 if T = 50,000 K.
This behavior suggests the morphology of the source on the
surface was similar to that seen during the flybys with an
�30% increase in the source strength compared with M2 and
M3. We have not evaluated the extent to which the fits could

Figure 8. Fits to the (a) M2 and (b) M3 tail data using a
dawn equatorial source with s = 25� and source temperature
varying from 5000 K to 50,000 K.

Figure 9. Fits to the M3 (a) north pole and (b) south pole
data for a dawn equatorial source with s = 25� and source
temperature varying from 5000 K to 50,000 K.

Table 2. Summary of Best-Fit Models for a Dawn Source of Ca in
Mercury’s Exosphere

Orbit (l0,m0) s (deg)
S (s�1)

(T = 20,000 K)
S (s�1)

(T = 50,000 K)

M1 (�90,0) 20 1.1 � 1023 poor fit
M1 (�90,0) 25 poor fit 1.2 � 1023

M2 (�90,0) 25 poor fit 1.6 � 1023

M2 (�90,0) 30 poor fit 1.5 � 1023

M3 (�90,5) 20 poor fit 1.8 � 1023

M3 (�90,5) 25 poor fit 1.7 � 1023

22 (�90,0) 25 1.7 � 1023 2.4 � 1023

23 (�90,0) 25 1.8 � 1023 2.6 � 1023

24 (�90,0) 25 1.5 � 1023 2.3 � 1023

25 (�90,0) 25 2.0 � 1023 2.6 � 1023

26 (�90,0) 25 1.6 � 1023 2.0 � 1023

27 (�90,0) 25 1.9 � 1023 2.5 � 1023

28 (�90,0) 25 1.7 � 1023 2.2 � 1023

Figure 10. Effect on M3 models of shifting the Ca source
northward between 0 and 20� latitude. The Ca source for
all models has (T, s) = (50,000 K, 25�).
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be improved by variations in the size, temperature, and
location on the surface of the dawn source region. To first
order, however, the location and extent of the source were the
same during the flybys and first seven orbits and were fixed
in Mercury local time rather than associated with a particular
geologic feature or the surface composition.

6. Discussion

[38] We have presented models of UVVS observations
of Ca in Mercury’s exosphere. The data from the three
MESSENGER flybys of Mercury and the first four days of
the MESSENGER orbital observations point to a persistent,
high-energy source of Ca located in Mercury’s dawn,
equatorial region. We modeled the data under the assump-
tion that all the Ca is emitted from a region on the surface
centered at the dawn, equatorial point (displaced northward
by �5–10� latitude during M3). The source flux in the
model decreases exponentially with distance from the source
center with an e-folding width of �25�, corresponding to a
circle on the surface of radius �1100 km. If the size, mean
energy, and location of the source remained constant, then
the source strength increased from 1.2 � 1023 Ca s�1 during

the first MESSENGER flyby in January 2008 to 2.3 �
1023 Ca s�1 at the beginning of the primary MESSENGER
orbital mission phase in March 2011. During the period 29
March – 1 April 2011, variations about the mean source rate
showed no resolvable temporal trends; i.e., the orbit-to-orbit
variations about the mean source rate of � 2 � 1023 Ca s�1

were smaller than the mean uncertainties in our the uncer-
tainty in our one-parameter fits. The standard deviations
about the mean source rates were 0.19 � 1023 s�1 and
0.25 � 1023 s�1 for the 20,000 K and 50,000 K sources,
respectively, compared with mean uncertainties of 0.48 �
1023 s�1 and 0.41 � 1023 s�1.
[39] Previous workers have concluded that Ca is emitted

from the surface at a high temperature [Bida et al., 2000;
Killen et al., 2005, 2009]. Our results are consistent with this
conclusion: we have constrained the temperature to be
≳20,000 K and likely �50,000 K. Observations close to the
planet are equally well fit by sources with temperatures of
20,000 K and 50,000 K, but not 10,000 K; however,
observations of the Ca tail far from the planet (≳3 RM from
Mercury’s center) over the nightside made during M2 and
M3 require the higher source temperature. UVVS cannot
observe this far from Mercury during the orbital phase;

Figure 11. Comparison of UVVS data and model simulations from MESSENGER orbit 22. (a) UVVS
observing geometry showing the local time (red) and distance from Mercury’s center (blue) to the point
closest to Mercury’s surface along the UVVS line of sight (the tangent point). (b) Comparison between
data and isotropic models with temperatures of 5000 K (red), 20,000 K (green), and 50,000 K (blue). Data
points in black, shown with one-standard-deviation errors, are included in the c2-fitting. Yellow data
points have either a signal-to-noise ratio <1 or a line of sight intersecting Mercury’s surface and are not
included in the fits. (c) Comparison between data and dawn-source models centered on the dawn equato-
rial point with s = 25�.
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consequently, we cannot constrain the source temperature as
precisely with data obtained in orbit as we did during the
flybys.We have assumed in this work that Ca was ejected with
a Maxwellian flux distribution. Although this assumption may
not be valid, the temperatures we derived are indicative of the
mean energy of the actual flux distribution.
[40] We have also placed limits on a possible cold source

of Ca due either to impact vaporization by micrometeoroids
or the process acting in the dawn region that produces the
energetic Ca, regardless of what that process may be. A cold
(≲5000 K) source would have contributed only to the emis-
sion over the poles that was observed during M3; a higher-
energy source is required to reach the distances measured
during the fantail and tail observations. The pole data are well
fit by the energetic source, so we have determined the upper
limit on cooler sources by estimating the source rate of a cold
component that would perturb the fit of the combined cold
and hot sources. Our estimates of the isotropic cold source
rate are below published estimates of the Ca production rate
from impact vaporization [Borin et al., 2010], implying that
either (a) atomic Ca is produced at a lower rate than predicted
by the models, or (b) Ca is produced in impact vapor plumes
at a temperature ≲1000 K. The colder the vapor, the more
Ca could have been produced without contributing to the
observed emission. We do not believe that substantial
molecular Ca production in impact plumes is consistent with
our data. Ca-bearing molecules would either condense or
dissociate to produce hot Ca, a scenario we ruled out with
isotropic models in Section 4.1.
[41] Energetic Ca can be produced by several mechan-

isms. Ion sputtering and electron-stimulated desorption

(ESD) are capable of ejecting both atomic and molecular Ca
from the surface at high speeds [Johnson, 1990; Madey
et al., 1998]. Killen et al. [2005] proposed that high-tem-
perature atomic Ca can be produced from the dissociation of
molecular Ca (CaX, possibly in the form CaO or CaS). Data
from the MESSENGER X-Ray Spectrometer (XRS) show a
correlation between S and Ca on the surface suggesting the
presence of Ca-bearing sulfides and a possible source of exo-
spheric CaS [Weider et al., 2012]. However, the Ca abundance
is 2–3 times the S abundance [Nittler et al., 2011], and other
molecular species are possible. Because these molecules
photodissociate close to the surface and the observations uti-
lized here do not probe these lowest altitudes, our model
cannot currently determine whether the Ca is ejected from the
surface in atomic or molecular form.
[42] A dawn–dusk asymmetry in the exospheric density is

not unique to Ca. Although the MESSENGER flybys did not
show evidence of a dawn enhancement in Na, a diurnal asym-
metry has previously been seen by ground-based observers
[e.g., Sprague et al., 1997; Schleicher et al., 2004; Potter
et al., 2006]. Potter et al. [2006] found that the dawn–dusk
Na emission asymmetry varies over the course of a Mercury
year. Moreover, observations of the 2006 Mercury solar
transit found no evidence of a dawn enhancement, in contrast
to the finding of Schleicher et al. [2004] from similar obser-
vations made during the 2003 transit.
[43] Sprague [1997] proposed amechanism for an enhanced

exospheric source of Na at the dawn terminator: magneto-
spheric Na+ ions are implanted and neutralized on the night-
side surface and then desorbed when they rotate into sunlight.
This model is consistent with Na observations by Schleicher

Figure 12. (a) Best-fit source strength for MESSENGER orbits 22–28 for a dawn model with s = 25�
and T = 20,000 K (green), and T = 50,000 K (blue). The solid lines show linear fits to the results; the bro-
ken lines indicate the mean source rate at each temperature. (b) Modified c2-statistic described in the text
for orbits 22–28 for 5000 K (red), 20,000 K (green), and 50,000 K (blue) sources.
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et al. [2004] showing a small scale-height enhancement (�150
km, equivalent to a 1500 K source) over the dawn hemisphere.
Similarly, Ca+ photoions precipitating onto the surface could
supply Ca to the nightside. Some observations suggest that
Ca+ ions precipitate onto the nightside. UVVS documented
Ca+ over Mercury’s nightside in a small region located� 2–3
RM from the planet’s center and centered in the equatorial
plane [Vervack et al., 2010]. MESSENGER has also observed
examples of extreme loading and unloading events in Mer-
cury’s magnetotail indicative of intense magnetospheric sub-
storms [Slavin et al., 2010]. During substorms, plasmoids can
be ejected both down the tail and toward the nightside surface.
The UVVSmeasurements suggest that if plasmoids impact the
surface, they might contain Ca+. These ions may sputter
material directly, althoughwe see no evidence that a detectable
amount of Ca is sputtered from the nightside. However, the
Ca+ implanted on the surface provides a Ca source to be lib-
erated as it rotates into sunlight. The mechanism by which it is
ejected is uncertain, as it depends on how the Ca is bound to
the surface. Ca or CaX might desorb, but their production
mechanism from precipitating Ca+ ions and binding state to
the surface are not known.
[44] An alternate proposal, suggested byMura et al. [2009]

and Leblanc and Johnson [2010], explained this asymmetry
by thermally driven migration of Na from the dayside to the
nightside, where it becomes cold-trapped until the surface
rotates into sunlight. This mechanism is not as efficient at
redistributing the refractory species Ca as it is for the volatile
Na. Ca sticks to the surface everywhere and is less likely to
be photo- or thermally desorbed on the dayside, limiting its
mobility. Essentially, the entire surface acts as a cold-trap such
that Ca atoms are no more likely to become trapped on the
nightside than on the dayside. In addition, the short photo-
ionization time implies that Ca ejected on the dayside would
not travel far before being ionized and picked up by the solar
wind. Similarly, CaX produced on the dayside would photo-
lyze before it could travel far from its production site.
[45] An additional weakness of both these hypotheses is

that they require a persistent Ca source either from recycled
photoions or dayside desorption. Approximately 50% of the
photoions are picked up by the solar wind and lost down the
tail, so the surface reservoir would be quickly depleted.
Another source of Ca is thus needed to replenish the supply.
Meteoroid impact vaporization may supply the required Ca,
although we have shown that the production rate of Ca at
temperatures >1000 K is too low to supply the observed Ca.
If a large amount of Ca were produced in colder vaporization
plumes, it would not have been detected by UVVS. It also
could not be transported to the nightside in the manner
described by Mura et al. [2009] and Leblanc and Johnson
[2010] for the reasons given above. On the nightside, how-
ever, CaX produced in impact plumes would not photodis-
sociate or escape, but instead would build up on the surface.
In this scenario, CaX is produced everywhere and photo-
dissociated Ca is produced everywhere on the dayside, but
observable amounts of Ca are produced only over the dawn
hemisphere. The CaX concentration on the surface would be
greatest just before dawn, having built up slowly over the long
Mercury night. Neither the CaX desorptionmechanism nor the
manner by which the CaX is bound to the surface is clear.
[46] If the dawn source of Ca is Ca or Ca-bearing mole-

cules desorbing as they rotate into sunlight, one would

expect there to be a seasonal variation in the Ca source rate,
because the terminator does not move across Mercury’s
surface at a constant rate and even reverses for a short period
when Mercury is near perihelion. When this fact is taken into
account, the Ca data presented here do not appear to be
consistent with material vaporizing at dawn. Table 1 gives
the rate of change of the subsolar longitude at the time of the
flybys and the orbits studied here. If the primary source of
dawn Ca was material on the surface desorbing in sunlight,
then M1 and M2 would have comparable source rates and
the source would have been greatly reduced during M3
when the Sun appeared to stand still in the sky. The fact that
the M3 source was at least as strong as the M2 source sug-
gests that UVVS did not see material from the nightside
desorbing when emerging into sunlight. However, analysis
of data over multiple Mercury years is needed to better
constrain the seasonal variability in the source rate.
[47] Models of the interaction of the solar wind with Mer-

cury’s magnetic field predict proton and heavy solar wind ion
precipitation onto the surface [e.g., Benna et al., 2010]. These
precipitating ions have been proposed as a source for exo-
spheric Na by direct sputtering [McGrath et al., 1986], chemi-
cal sputtering followed by PSD [Potter, 1995; Mura et al.,
2009], or ion-enhanced diffusion followed by PSD [Sarantos
et al., 2010; Burger et al., 2010]. Na often shows polar
enhancements in its emission [Potter and Morgan, 1990;
Schleicher et al., 2004; Killen et al., 2007; McClintock et al.,
2008], which are likely caused by one or more of these ion
precipitation effects; however, high-latitude emission is
noticeably absent in the Ca observations compared with
equatorial regions. Na observations made during M1 and M2
exhibited high-latitude emission associated with ion precipi-
tation [Burger et al., 2010], although the observations were
made in a region populated by atoms that had been pushed into
the tail by solar radiation pressure. Ca produced by solar wind
precipitation would not be pushed as far back into the tail due
to the short photoionization lifetime and weaker radiation
pressure. During the orbital phase, UVVS may have observed
regions on the dayside open to precipitating ions, although we
cannot be certain without magnetospheric models using the
appropriate IMF conditions. However, while we cannot rule it
out, our models of the dawn source do not appear to indicate an
additional component from sputtering on the dayside.
[48] McLain et al. [2011] proposed that ESD is a possible

source of exospheric neutrals and ions. Hybrid simulations of
electron transport and precipitation in Mercury’s magnetosphere
suggest that electrons do precipitate at the dawn equatorial point
[Schriver et al., 2011]. Although electron precipitation might
eject Ca and CaX from the surface, we identify two problems
with this hypothesis as an explanation for the observed Ca
emission. First, the models of Schriver et al. [2011] predict
electron precipitation onto other regions of the surface that
show no evidence of Ca emission. Second, we have shown that
the Ca source size and rate are stable on timescales of days,
whereas the magnetosphere varies on time scales of seconds
to hours [Slavin et al., 2010, 2012]. Because the Ca photoion-
ization lifetime is �0.5 h, we would expect orbit-to-orbit var-
iations in the Ca exosphere unless the mean electron
precipitation rate (averaged over this time) is constant.
Although such constancy is possible, the ion precipitation flux
fluctuates on short timescales [Benna et al., 2010] and day-to-
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day variability in the Na polar enhancements has been observed
[Killen et al., 2007], suggesting magnetospheric variability.
[49] Future work should concentrate on determining the

day-to-day variability in the energetic Ca source by model-
ing the UVVS data from each MESSENGER orbit sepa-
rately to determine the source size, location on the surface,
and temperature. Modeling the source variation with time
will better constrain the source mechanism. Searches for
cold and isotropic components should be continued to
understand all possible mechanisms that contribute to Mer-
cury’s exosphere. Moreover, improvements to models of the
molecular component of the exosphere should be made to
determine the limits on possible molecular sources of Ca.
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