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Abstract

The discovery measurements of Mercury’s exospheric magnesium, obtained by the
MErcury Surface, Space ENvironment, GEochernistry, and Ranging (MESSENGER)
probe during #ts second Mercury flyby, are modeied to constrain the source and loss
processes for this neutral species. Fits {o a Chamberlain exosphere reveal that at least two
source temperatures are required to reconcile the distribution of magnesium measured far
from and near the planet: a hot ejection process at the equivalent temperature of several
tens of thousands of degrees K, and a competing, cooler source af temperatures as low as
400 K. For the energetic component, our models mdicate that the column abundance that
can be attributed to sputtering under constant southward interplanetary magnetic field
(IMF} conditions is af least a factor of five less than the rate dictated by the
measurements.  Although highly uncertain, this result suggests that another energetic
process, such as the rapid dissociation of exospheric MgO, may be the main source of the
distant neutral component, I meteoroid and micrometeoroid tmpacts eject mainly
molecudes, the total amount of magnesium at aftitudes exceeding ~100 km is found to be
consistent with predictions by fmpact vaporization models for molecule lifetimes of no
more than two minutes. Though a sharp increase in emission observed near the dawn
terminator region can be reproduced if a single meteoroid enhanced the impact vapor at
equatorial dawn, it is much more likely that observations in this region, which probe
heights increasingly near the surface, indicate a reservoir of volatile Mg being acted upon

by lower-energy source processes.
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1. Introduction

Mercury is enveloped by a rarefied collisionless exosphere whose source is largely
the surface of the planet itself, which is continuously being bombarded by a flux of
micrometeoroids, solar-wind ions, and ultraviolet (UV) photons. Known exospheric
constituents include H, He, Na, K, O, and Ca {e.g, Killen et al., 2007}, and Mg, which
was recently discovered by the MErcury Surface, Space ENvironment, GEochemistry,
and Ranging (MESSENGER) spacecraft {(McClintock et al, 2009) Because the
exosphere reflects a combination of surface composition, the composition of vaporizing
micrometeoroids, and the escape rates of atoms from the various source processes, we
expect the detection of other atomic and molecular constituents of Mercury’s exosphere
by MESSENGER (Solomon et al., 2001) and by fiture missions such as BepiColombo
(Milillo et al., 2010).

On its way to imsertion into orbit around Mercury in 2011, MESSENGER flew by the
planet three times, on January 14, 2008, October 6, 2008, and September 29, 2609,
During the first of these encounters (M1), the Uliraviolet and Visible Spectrometer
(UVVS) channel on the Mercury Atmospheric and Surface Composition Spectrometer
(MASCS) instrumeni on MESSENGER observed the planet’s exosphere at the resonant
emission lines of Na (5890 and 5895 nm), Ca (422.7 nm), and H (121.6 nm)
{McClintock et al., 2008). During the second (M2) and third (M3) flvbys, UVVS also
observed the Mg (285.2 nm) line (MeClintock et al., 2009; Vervack et al. 2010).

MESSENGER probed the nightside (tail} and ferminator exospheric regions with
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unprecedented spatial coverage but did not observe the dayside exosphere (except for H).
These observations revealed substantial differences even for chemically related species.
Calcium appeared to peak near the equatorial dawn flank during all three fiybys, sodivm
wag enhanced at high latiudes, and magnesium appeared to be uniformly distributed
during M2 but enhanced above the northern pole during M3,

The differences in the distributions of individual species point fo differing ejection
mechanisms and relate, perhaps, to different regions of surface composition and’or
mechanisms of global circulation and surface replenishment. Sodium has been the most
extensively studied species because its favorable spectroscopic properties enabie its jong-
term monitoring from Earth, yet the relative importance of several proposed source
processes is still under debate {e.g, Killen et al., 2001; Killen et al., 2004, Mura et al|
2009) and their interpiay may exhibit an annual trend (Leblanc and Johnson, 2010). At
the time of the MESSENGER flybys, the main source of fow-tatitude sodium production
was found to be photon-stimulated desorption (PSD); the efficiency of this source was
enhanced at high latitudes by solar wind precipitation (Burger et al, 2010); finally, the
dayside content was consistent with a moderate degree of thermal accommodation upon
interaction with the surface (Mouawad et al., 2011), Although the calcium distribution
obtained by MESSENGER remains unexplained, its high temperature in the tail is
consistent with the possible photodissociation of an exospheric molecule such as CaO as
suggested by ground-based observations (Killen et al., 2005).

The measurements of Mg by MESSENGER were first analyzed by Killen et al.
{2010}, They showed that the observed magnesium tail was hotter than can be expected

by direct impact vaporization, and they attributed these high temperatures 10,000 K} to
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vaporization of ~30% of the magnesium vapor in molecular form (MgO) followed by its
dissociation. They noted that the exospheric temperature was poorly constrained, even
more 5o near the planet, where no single temperature could be made to fit. In this paper
we claborate upon the Killen et al. {2010) analysts using a large number of simulations
that seek to constrain many unknown physical constants for this species, such as the
tifetime of the proposed molecule, the inferred exospheric source rates, and the relation
between the exosphere and the surface content. In Sections 2 and 3 we describe the
observational sequence, we analyze the measurements using a Chamberlain {1963) model,
and we provide evidence of multiple source components and rates. In Section 4 we detail
our exosphere model assumptions and place limits on the possible contributions from
several proposed source processes of exospheric magnesinm: (1) solar-wind 1on
sputtering in polar areas that are only partially shielded by the planetary magnetic field,
{(2) production of magnesium atoms due to micrometeoroid impact vaporization, and (3)
dissociation of & Mg-bearing molecule such as MgO with a firite lifetime. In Section 5
we demonstrate that low-altitude data obtained near the dawn terminator strongly suggest
the presence of either an addifional local scurce or, more likely, a source that is colder
than impacts or sputiering. The paper concludes with a summary of the major findings in

Section &.

2. Observations of magnesium during the second MESSENGER flyby

During the second MESSENGER flvby, the UVVS spectrometer scanned Mercury’s

exosphere at the Mg 285 2.nm line with a 0.1° % 1° field of view. The measurements,




detailed by MecClintock et al. [2009]. were organized spatially and temporally in the

tollowing sequence:

+  Ag the spacecraft approached Mercury and at downstream distances between 14
R, and 2 R, (where R,; is Mercury’s radius, or 2 440 km), both the equatorial and
the high-latitude neutral tail were observed.

+  While inside Mercury’s shadow (and near closest approach). the spacecraft
executed a ~180° voll, inmially pointing toward dawn, then rotating through north
toward the dusk direction, while moving toward the planet from about 3,000 km
(1.2 Ry to within 450 km (0.2 R, )} above the planetary surface.

*  As the spacecraft exited the shadow past closest approach and at distances = 1 000

km, the lines of sight pointed toward the planetary shadow and intersected the

surface in the equatorial near-nightside and dawn terminator regions.

In what follows we refer to the set of observations obtained first upon initiaj approach to
Mercury as “tail measurements,” to the set of observations obtained second during the
spacecraft roll as “fantail measurements,” and fo the third and final set as “near-
terninator measurements.” Observations of magnesium on the dayside were not
conducted during the flybys, The excitation mechanism is presumed to be resonant
scattering of sunlight. Hence, the instrument sees thai portion of the exosphere that is
iHuminated, t.e., outside Mercury’s shadow.

Excepting the shadow, the tail and fantail lines of sight probed exospheric material
from the spacecraft to infinity. During these two sequences the closest tangent point
outside the shadow was ~1100 km above the surface. Because the minimum ejection
speed for a magnesium atom to reach this altitude is 2.3 ka/s, or ~50% of the escape

velocity, these lines of sight survey energetic atoms. In marked contrast, the



163

164

165

166

167

168

169

measurements near the dawn terminator probed material much closer to the surface, with
lines intercepting the shadow at progressively diminishing heights, starting at 162 km
altitude and eventually reaching the surface. Obviously. a wider spectrum of ejection
speeds can populate these altitudes compared to altitudes scanned by the tail and fantail
observations., Another difference is that Hnes of sight near the terminator are onty 200

800 km fong (1.e.. from the spacecraft to the shadow or surface).

3. Fits to a Chamberlain exosphere

in order to remove geometrical effects, the exaspheric measurements were first fit to a

Chamberlain {1963) model. The mstrument MEeAsUres intensity,
4ol = gNpps =J;a glryn(r) ds, (1)
8§F

where g is the emission probability (photons s atom™) at the relevant Doppler-shifted
resonance line, Nios is the column abundance, ris the radius vector from the planet
center, s is the distance along the line of sight (LGS) from the spacecrafi location Kep (0
mfinity {or to the shadow in the case of the measurements near the terminator), and the
neutral density » is a function of altitude and source temperature. Two model free
parameters must be determined by least squares fitting of the model to the data weighted
by the measurcment uncertainty: the temperature, 7, and the surface density, ng, of the
source. We have run models having with exobase temperatures between 100 K and
50,000 K and have excluded from the model intensities, /, the portion lying inside the
planetary shadow.

Comparisons of modeled and observed magnesium in the tail regions ave presented in

Fig. 1. followed, in Fig. 2, by fits of the fantail and near-terminator measurements. The
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modeled column abundances were converted o line intensity using a g-factor for Mg at
2832 am of g = 0.317 photons s atom™' given Mercury’s radial velocity of v,= - 9.2
kmi/s during the fivby (Killen et al |, 2009, 2010). The tail data (Fig. 1} are ordered by the
distance -x downstream of Mercury where each line of sight intercepts the noon—midnight
meridian (x-z) plane, and by the distance £ of this intercept above the equatorial plane.
The fantail data (Fig. Za) are shown versus the boresight angle with respect to dawn
{where dawn = {° and north = 90°), and the near-terminator lines (Fug. 2b) are plotted
against the spacecraft altitude from the planetary shadow. The best-fit parameters, n, and
T, for each model, along with the reduced chi-squared error, '/ {(where v is the number

of measurements minus two) and the corresponding production rate of magnesium atoms,

8§ = et for an assumed Maxwellian velocity distribution {where m is the

2 2K ;T

mass of a magnesium atom and K, is the Boltzmann constant), were computed using all
~200 lines of sight.
[Insert Fig.1: Fig.2]
Inspection of Figs. 1 and 2 leads to the following conclusions:
1} A single “warm”™ (7 £ 10,000 K) source underestimates the tail measurements
and overestimates data near the planet.
23 A single hot source can describe measurements obtained far from the planet

with production rate ~{(8-15) x 10° atoms cm” s

Models having
temperatures = 20000 K are indistinguishable given the uncertainty in the

measurements {see [igs. 1 and 2}
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3) o single temperature can describe the data near and far from the planet in an
internally consistent manner. The rates and temperatures needed to fit the tail
measurements underestimate the magnesium abundance near the surface.

These remarks effectively summarize the conclusions of the analvsis by Killen et al.
(2010}, The wnprovement up to this point is that we have fit all measurements together
here, a treatment that accentuates the conclusion of several distinet components.

In Fig, 3 we have fit the measurements in the weighted least-sguares sense to & two-
component Chamberlain model, I(r) = mr Hr, Teoor) + mopr Kr, Thor). where nyr
(rayr) and Teoor (Thor) are the surface denstiy and temperature, correspondingly, of the
cool (hot) components of the exosphere. In this case the added constraint of non-negative
surface densities must be enforced in mimimizing the squared residuals in order to obtain
physically meaningful solutions. We have found that the superposition of a hot source
(Tuor = 20,000 K) with a cooler source (Teoon < 3000 K) improves the description near
dawn compared fo residuals obtained with a single-component model {e.g., compare Figs.
2 and 3a-b and the related y*/v error shown in Table 1 when Zcoor = 3000 K is assumed).
in particular, Figs. 3c-d demonstrate that the exospheric signature at low altifudes is
reproduced best if Tepon = 400 K is assomed, which describes thermalized ejecta (also
see Table 1). At 7= 400 K the mean velocity of a magnesium atom leaving the surface is
1 km/s, so the altitude reached is ~132 k. Such a low-energy source 15 undetectable
given only tail and fantail measurements, and lies below the scale of Fig. 3c.

[Insert Figure 3: Insert Table 1}

In conclusion, Chamberlain models indicate that at least two distinct temperatures and

source rates of a few times 10° atoms cm™ 5~ are required to fit the data. In the next
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section we investigate the kinds of physical processes that might be consistent with these

CEQRITEINENES.

4. Relative roles of sources populating the magnesinm tail

4.1 Model formulation

Mercury’s neutrals are subject fo losses via ballistic escape, radiation acceleration
{strong for Na, weak for Ca, and negligible for Mg), adsorption upon surface impact, and
photoionization. Thus, they are continuously resupplied by the surface via a number of
processes, mcluding photon-stimulated desorption and thermal desorption that act upon
volatiles, as well as micrometeoroid impact vaporization and sputtering by the solar wind
and recycied magnetospheric ions that act upon both volatile and refractory species (e.g.,
Kiilen et al., 2007).

Near Mercury the magnesium neufrals are subjected only to gravitational forces,
because for this species the radiation presswre 13 a very small fraction of Mercury’s
gravity and the photeionization lifetime is ~ 57 h (MeClintock et al., 2009). Hence, the
magnesivm production and ifs distribution are modeled with an analytical model of
particle transport in 4 collision-free exosphere (Hartle, 1971). The model uses Liouviile’s

theorem to compute the density of neatrals,

3 -
nx)=[fle,v)d v, (2)
at an exospheric location r, where / is a truncated distribution function relating the
constants of mofion In a gravitational field w f{r). vy}, the velocity distribution

function of released particles from the surface. Prior 1o applying it to the study of



magnesium transport at Mercury, we modified this model to simulate the velocity
distribution function of sputtered particles, we used it to describe the source rates of the
lunar sodfum exosphere, and we validated it against ground-based observations {Sarantos

etal, 2010},

4.1.1. FExospheric sources

The sources we initially considered are the tvpical processes that have been
hypothesized to produce exosphenc refraciory gases: impact vaporization, sputtering, and
molecular dissociation. However, we later allowed for the possibility of less energetic
sources acting upon a limited reservoir of volatile particles because we found that low-
aftitude data could not be reproduced by high-energy sources. Source processes can be
co-added because of the collisionless nature of the exosphere, but they compete for the
same surface reservoir. Thermal processes act upon the top monolayer; sputtering affects
the top ~10 nm. and impacts tap the top | um or more of the surface.

Sputtering by solar wind ions is a potential source of energetic atoms. Originally
introduced to explain the rapid temporal variability and the high-latitude enhancements
seen in Mercury's sodivm exosphere (e.g.. Killen et al., 2001), this source is regulated by
the interaction of the solar wind with the magnetosphere formed by Mercury’s planetary
magnetic field The fraction of the surface that can be exposed to solar wind ions varies
m response mainly to changes in the interplanctary magnetic field (IMF) {e.g., Sarantos et
al., 2001; Sarantos et al., 2067). The rate for this source is proportional to three uncertain
parameters: the abundance of magnestum in the regolith, the sputtering vield per incident

ion, and thie inflax onto Mercury’s surface and composition of the solar wind.

Comment: Menslzos, i this OK
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Impact-driven vaporization caused by micrometeoroids is expected to be a source of
exospheric atoms (e.g, Morgan et al. 1988; Cintala 1992; Morgan and Kilen, 1997,
Killen et al., 2001). The amount of vapor produced in this way is proportional to the
mflux of micrometeoroids and depends on their velocity distribution. The mean impact
velocity may exceed 20 km/s at Mercury’s orbit, and is even higher than that for larger
meteoroids or during meteoroid sireams. Possible temperatures for impact vapornization
ejecta of 2500-3000 K, dependimg on the impact encrgy and the thermophysical
properties of the target material, are obtained in hypervelocity mpact experiments
(Fichhom, 1978} Uncerainties in the physical properties of the regolith and the
impactors, the assumed micrometeoroid mass flux and velocity, and the method used to
calculate the vapor vields each contribute to roughly a factor of five uncertainty in the
estimated vapor production rates (e.g., Cintala, 1992; Killen et at., 20053,

Molecules can be produced in the vapor + liquid + solid phase that follows
micrometeoroid tmpact. According to quenching theory, chemical reactions during the
collisional phase of the cloud (107 ~ 107 s) lead to the formation of metallic oxides and
hydroxides (e.g., MgO, CaQ3, CaOH) {Berezhnoy and Klumov, 2008; Berezhnoy, 2010).
Such molecules may photolvze or dissociate due to their high internal energy and
produce high-energy atoms of Mg, Ca, O, as well as other species. We adopt the premise
that a dissociating molecule is a major source of energetic atomic Mg (Killen et al., 2010},
The same mechanism has been suggested by Killen et al. {2003} to be the main reason
why Mercury’s neuatral Ca tail is extremely hot. Besides the uncertainty in total impact
vapor, the anknowns for this source include the abundance ratic of atoms versus

molecules of the same species in the vapor cloud, and the molecular dissociation lifetime

and temperature,
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Although less energetic sources such as photon-stimulated desorption or thermal
desorption cannot act on intrinsic magnesium that is bound in silicate phases, such
processes could act on recycled, gravitationaily returning atoms that were originally
vaporized from silicates by impacts and sputtering, The main uncertainty here is whether
reabsorbed Mg physisorbs, or weakly adsorbs 1o the surface following return, so that
fower energy processes can re-eject them to the gas phase. The rate for low-energy
sources cannot exceed the return rate of atoms delivered by energetic processes, which

can be constrained from high-altitude measurements.

4.1.2. Exospheric sinks

Our model explicitly accounts for losses due to ballistic escape and sticking. Each
returning atom is assumed fo stick with wat efficiency. For those atoms that are
generated by a dissociating molecule we also inciude losses due to the formation of a
stable molecule with a finite lifetime (Section 4.4). However, the possible role of the
surface as a sink requires some discussion.

Previous investigations have demonstrated that the efficiency of exospheric Na
ejection is related to a surface reservoir whose content varies with distance from the Sun.
A complex balance between the exospheric and the surface supply anises because (1) the
dayside reservoir for the very efficient processes (e.g., thermal vaporization and PSD)
can become depleted in local time if the resupply rate is not sufficiently large {Leblanc
and Johnson, 2010} (2) the resupply rate is diffusion-limited (Killen et al,, 2004; Burger
et al., 2010} and (3) solar wind precipitation may enrich the surface by enhancing

diffusion through creation of vacancies (Mura et al., 2009; Burger et al., 2010} In

14
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sedium simulations by Leblanc and Johnson (2010) and Mura et al. {2009}, each test
particle is tracked even when trapped at the surface.

Unbke Na, which is a trace species of the regolith, observations of Mg by
MESSENGER allow us to infer that the regolith turnover rate (“gardening rate™) can
most likely provide sufficient fresh targets to populate the exosphere with this species.
We demonstrate that only 1f the impact vapor consists mainty of molecules with half-
hives in excess of ~2 min do the required sowce rales approach the gardening rate
(Section 4.43. Otherwise, our results suggest that, to first order, the Mg surface supply for
hot processes can be trested as infinite. However, what is Himited is a possible reservoir

of volatiles which mayv be tieeded to explain the measurements at fow altitudes (Sections

2

surface: one that is strongly bound in silicate phases and can be released only by impacts
and sputtering, and one that originates from atoms and molecules that have returned to
the surface following emission from the silicate population. The latter component should
physisorb with lower binding energy than Mg in silicates so that it can be vaporized by

lower-energy processes.

4.2 Ion spuitering

Stmulations of sputtered magnesium are initialized with the flux of precipitating sclar
wind jons predicted by a magnetohydrodynamic (MHD) model of Mercury’s
magnetosphere (Benna et al., 2010). The model predictions uader the southward IMF B

field that prevailed during the second MESSENGER flyby are shown in Fig. 4a. The

assumed solar-wind conditions were: #iw = 20 ¢in Foe ™ 400 ks, and {5, B, B.] = [-

3 and. 5.2y Therefore, we assume in our simulations two populations of Mg at the

: £, 4 N
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8. 4, -10] nT, where . and V. are the solar wind density and velocity. respectively, and
the IMF is given in Mercury solar orbital coordimates, where x is directed from the center
of the planet toward the Sun, = is normal to Mercury’s orbital plane and toward the north
cetestial pole, and y1s in the direction opposite to orbital motion,

The production rate due to lon sputtering is obtained by assuming a sputtering vield,
Y, weighted by protons and alpha particles, of 0.1 per ion impact (Wurz et al, 2007). an
upper limit for the magnesium abundance in the regolith of ¢= 0.17 by number (Wurz et
al., 2010y, and a precipitating flux of Few = 2 % 10% solar wind ions em™ 7! poleward of
£50° dayside latitude. These parameters vield a sputtered flux, Fopppr = ¢¥Fgp. 0036 1

10¢ Mg atoms em” 57! and a modeled near-surface density, mg, of ~6 atoms em at polar
cusp latitudes. The mean ejection energy for this process is approximately half the
binding energy, which is assumed to be 3.6 eV in this simulation. and the energy. E. and
directionality of the ejecta are described by the Sigmund-Thompson function (e.g., Wurz
et al., 2007);
6F E
T = b B B By

where £y = 3.6 ¢V the magnesium binding energy to the regolith grains, Fuye, = 430 eV

{(E+E)/E,, }cosé (33

the maximum energy that can be imparted to the ejected magnesiom atoms by 3 keV
protons, aid & the angle from local vertical. Due to the effects of soil porosity, the atoms
are sputtered primarily perpendicular to the surface, with the vield assumed to lessen as
cos 8.

Subject to these assumptions, our simulations demonstrate that the coatribution by

sputfering to the fantail measurements varies from about 10% for observations near the

equator {0 about 30% for those over the northern pole {Fig. 4b). On average. about 20%

16
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of the column abundance observed during these measurements can be attributed fo
sputfering.

[Insert Fig. 4]

These predictions are uncertain for two reasons. First, the predicted tocation and flux
of the plasma reaching the surface are not only model-dependent but are also sensitive to
the asswned solar wind conditions. These conditions can be inferred only mdirectly
because MESSENGER observes neither the solar wind nor the IMF while inside the
magnetosphere. More importantly. the magnetosphere during M2 was exiremely dynamic
(Slavin et al., 20093 vet the exospheric consequences of shori-term {~1 min)
magnetospheric variability due to magnetic reconnection have not been evaluated by any
maodel to date. Bearing these uncertainties in mind, we conclude that, although sizeable,
the contributions by sputtering alone cannot provide the entire energetic component and
so the MESSENGER measurements indicate that some other energetic source process is

at play.

4.3. Impact vaporization

To first order the influx of micrometeoroids to Mercury’s swface is assumed to be
isotropic. We model the production of atomie magnesium during impacts as following a
Maxwellian distribution at temperatures 3,000-5.000 K. Under the assumption that
meteoroid impacts produce both atoms and molecules, we include in our simulations the
dissociation products of Mg — Mg + O. Three unknowns are the dissociation cross
sections, the resulting velocity distribution of the dissociated ejecta, and the molecule

lifetime.
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Lacking experimental results, we assume that the molecules dissociate due to their
high internal energy {thev are hot, hence unstable, if they are produced during impacts).
In this case, a wide spectrum of gjecta energies can be expected. so our assumed
energetic Mg distributions from dissociation are Maxwellian at equivalent temperatures
of at least 5,000 K {» 0.5 ¢V}, The dissociation lifetime 1 of Mg may be very short. 4 s
according to scalings fromy other diatomic meolecules {Berezhnoy, 26105, However,

metallic oxides in Earth's atmosphere are fairly stable, with a known lifetime for NaO of

42 s (Sell and Plane, 2002), In this Section we present models in which the molecule is .

assumed to break up inwnediately upon production {z = 0} and the exobase is Mercury’s
surface: in the following section we present models with fintte t, where the exobase is
extended.

If T ( and sputtering confributions are small, then we effectively recover the two-
component Chamberlam fits (see Table 1) for the partitioning of atoms and molecules

the vapor. A match between the model results and the magnesium measurements in the
fantaif and near-terminator regions, fit together to describe the global distribution of
magnesium self-consistently, is shown in Fig. 5, where “Model Sum”™ refers io the total
contribution by sputtered magnesium, impaci-driven atomic magnesium, and magnesium
from dissoctation. We also ran models where the molecules were allowed to dissociate
only on the dayside and bevond the shadow (photolvtic scenario), and found, in that case.
that the molecwie production rates must be about a factor of three higher than the rafes
quoted in Table | to put the same number of atoms in the tail. As in Section 3, the wide
range of possible values for these sources can be traced fo measurement uncertainties
because pairwise combinations of all models differ by statistically insignificant amounts.
In summary, we conclude that the high-altitude measurements can be explained by the

processes stadied here if approximately one-third to one-half of the total ameount of
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exospheric magnesium due 10 impacts comes directly in atomic form, and the rest results
from the dissociation of a molecule, with the fotal rate summing to (2— 4} » 10° Mg
atoms cm™” s if the molecule photolyzes, or to about {1~ 2) x 10° Me atoms cm™ s if

the molecule vibrationally dissociates.

[Insert Fig. 5}

Can impact vaporization rates produce the observed tail abundances? The total vapor
rate produced by micrometeoroid impacts at 0.342 AU was estimated by Killen et al.
(2010 o be M., = 2.7 x 107 atoms em™ 7! for all species. The model is based on the
assumption that the delivery of meteoroid material at Earth’s vicinity is at a rate 0of 3 »x 10
1€ o em” for particles smaller than | cm (Love and Brownlee, 1993); this rate can be
scaled 10 Merowry’s distince from the Sun, 0.342 astronomical units (AU) at the fime of
the second MESSENGER fivhy, following Cintala (1992); and the thermodynamic
parameters of aluminum onto enstatite and a regolith porosity of .5 (Morgan and Killen,
1997: Killen et al,, 2005) may be adopted. On assuming a magaesfum abundance in the
regolith between the lunar values and those recently estimated for Mercury’s regolith by
Wurz et al. (2010), ¢= 0.05 — 0.17 by nwmnber, we estimate the magnesium production
1

rate due to a untform micrometeoroid influx o be (1.3-4.7) * 10° Mg atoms em™ 57

This vaperization rate, which includes the products of MgO if formed 1n the cloud

expansion, is consistent with the rate inferred from the taill measurements, < (2-4) % 100 .

Mg atoms em™ 57 if the molecule lifetime is very short. A point that will be studied next,
and which was not addressed by Killen et al. (2010), regards the effect of a finite

molecule lifetime on impact-driven arguments,

4.4. Extended exosphere models
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If the molecuie has a finite lifetime, the requnred rates will exceed those guoted above
because a fraction of the molecule population returns to the surface before it is
dissociated. We tested a source of Mg by dissociation of MgO at different altitudes from

the surface. We computed the loss flux to dissociation of MgO molecules as a function of

alfitude, r, having corrected the disiribution function fir) for the survival probability. .-

em;(r,v)fr

. where #{rv) 13 the time elapsed since gjection from an altitude r, and 1 the
molecule lifetime {e.g., Cul et al., 2008). This loss flux, which is the production rate of
new atoms, was used to initialize the atom redistribution model of Eq. 2 where the Hmits
of integration mow relate to jumps both from higher and from lower aititudes. The
molecule lifetime was treated as a free parameter with an assumed range between 1-1000
8.

In the right panel of Fig. 6 we present profiles of the dissociating flux from an MgO
molecule produced from the surface at a rate of 10° molecules em™ s'. On the left the

resulting profiles for energetic Mg atoms are shown, along with the © = 0 profile at the

same rate and dissociation femperature. It can be seen that: (1) the profiles from an

extended exosphere are less steep, meaning that particles can escape easier from a given .-

altitude at the same assumed dissociation temperatare; (2) at 1= 1 s the model approaches

the idealized © = 0 model of the previous section, and (3) if the molecules are stable,
higher ejection rates are necessary to populate the tail with the same number of atoms.
With the exception of the production rate, the profiles are so similar that we cannot
separaie the effects of a different temperature of the original molecule (T = 3000 ~ 5000
K}, the different dissociation temperatures (5000 — 20000 K tested). and the different
lifetime 1.

Two questions that we can now answer are: can the swiace Himit the delivery rate of

magnesium to the exosphere? And what is the possible lifetime of the putative Mg-

_question?
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bearing melecule? A limit to the rate that the surface can provide is the gardening rate.
For a turmover rate at Mercury that is {en times that of the Moon, the top pm is turned
over once every 25 vears: this rate brings ~6x10" new Mg atoms em” s over such a
time to the upper pwm, which is the depth from which impact vaporization draws is
supply. This rate exceeds the exospheric rates by more than an order of magnitude if the
molecule has an infinitesimal lifetime (see previous Section}. If 7 is loager, our
simulations indicate that:
¢ For v = 1000 s the required source rales 1o populate the tail exceed the
gardening rate.
*  For t = 100 s the data necessitate a rate of (2-3) 107 mol em® s, 1e., less
than the gardening rate but up to 19 times the impact vaporization rate given
by Cintala (1992).
* For 1= 10 s a best fit requires (3-7) x10° mol em” s, no more than three
times the rate quoted in the previous Section,
Our prediction of short dissociation lifetimes for MgO can be fested with laboratory

experiments.,

5. Magnesiom near the surface

We can approximately reproduce the magnesium 1a:l under the assumption that the
source processes are sputtering and umform impact-driven release, bul we cannol
reproduce the distribution near the terminator where half the exospheric content is not
predicted by these processes {compare Fig. 5b to Fig. 3).  Because of observational
constraints, we cannot ascertain what causes the enhancements observed in this region

We suggest two possibilities that mav explain the magnesium distribution near the
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planetary surface: one relating to a local source of impacts (Section 3.1}, and one relating

1o a reservour of adsorbed particles (Section 3.2).

3.1 4 single ~0.5 m impactor o1 equentorial dewn?

We can visuatize what is inherently different about the measurements obtained near
the dawn terminator by mapping with our particle transport model the “footprint™ of
atomns that scatter Hght into the mstrument for different boresights and tangent heights.
Some examples are shown in Fig. 7 for a uniform source having temperature 7= 5,000 K.
finsert Fig. 7]

For lmes of sight pointing far from the surface (in the tail and fantail observations),
MESSENGER UVVS observed primarily the escaping component; hence the
mstrument’s effective field of view is large. Fig. 7a shows a typical mesasurement
obtained in the tail prior to the spacecraft entering the shadow, and Figs, 7b to 7d show
the beginning, muddle, and end of the fantail sequence. As expected, the main
contributions to the observed column abundance drift from being approximately equally
weighted between dawn and dusk in the tail to being primarily dawn, then north, then
dusk during the fantail sequence. Particles mapping ocutside the shadow originate mainky
from the nighiside surface and contribute approximately two-thirds of the Chamberiain
cofumn abundance; ~one-third of the total column abundance 1s contributed by particles
originating on the dayside. {This resuit implies that the molecule production rates quoted
in the paper should be increased by a factor of three if the molecule is destroved by

photons rather than being vibrationally dissociated. ). As a wide area of the surface

]
[



contnibutes 1o the tail and fantw!l measurements, localized “disturbances” such as a
surface density enhancement or a meteoroid mmpinging on Mercury’s near-equatonal,
mormning sector would go undetected until the spacecraft pointed near the surface.

in contrast, for lines of sight nearly mtercepting the dawn termimator surface, the
ejecta mapping Into the mstrument’s field of view are very localized. As the spacecraft
comes out of the shadow, the population sampled is slowly drifting towards the equatorial
dawn and morning sectors in successive bnes of sight (Fig. 7e — £}, We conclude that the
megasurements near the termingtor are sensitive to localized sources. This point is further
studied in Fig. 8.

Having evaluated the impact-driven column abundances element by element as in Fig.
7. we then combine them by different amounts to investigate possible asymmetries m a
least-squares manner. Furst, we determine the location of the possibie meteorord 1mpact
by iteratively e¢nhancing the weight of “pixels” starting at equatorial dawn, then
progressively expanding the “size” of the assumed impact area. The shape of the near-
terminator curve s fit best 1f we enhance only one pixel, that sifting at the dawn
terminator with an extent of + 10° in longitude and latitude. Then, the production rate and
its partitioning into the two impact-driven populations is determined by least-squares
regression. This outcome 1s shown in Fig. 8 for assumed local enhancements of vapor
rates over the uniform model by factors of four and efght. As seen in the lefi column,
these models are indistinguishable from fantal measurements, but the models having
enhancement factors of 4-8 represent the near-terminator observations mereasingly well.

fInsert Fig. 8]
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A meteoroid stream 13 not a suitable explanation because streams would be expected
to have a hemispherical dependence and not be so localized (J. Vaubaillon, personal
commonication, 2010). A single impactor in a small region around dawn is possible.
According to cur estimates, enhancements of the local impact-driven release rate by
factors of 4-8 would require the meteoroid to have a diameter of ~0.3 m; impacts of
objects of such a size occur once every 3-4 days at Mercury. The likelihood that this
mpact happened around dawn wiathin ~ 1000 5 prior to this observation so that the clowd

remained localized is low.

5.2, A source of volatile Myp?

An alternative, more likely wayv to interpret the near-terminator measurements is to
assume that retuming Mg atoms from an energetic process do not strongly bind with the
surface and can be re-emifted to the gas phase when exposed to UV photons or to the
high temperatures of the dayside surface, Such a hypothesis is suggested by the two-
component Chamberlain fits (Section 3). As illustrated by Fig. 3, a low-energy source
produces a sharp increase in cclumn abundance as the spacecraft probes areas near the
planet, i.e, withm 100 km of the surface. Note, however, that the population consistent
with a T == 400 K. Chamberlain model woudd be effectively concentrated on the nightside
during this sequence {e.g., see Fig. 7).

A source concentrated on the dayside would produce the same sharp exospheric
profile over the termmator but would require much higher source rates than those of a

uniform model (Table 1). To investigate the possibility that the terminator measurements

24
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for Mg might be consistent with photon.stimulated desorption (PSD} or thermal
desorption of adsorbed ejecta, we rap models under the premise that, in addition to
uniform impact vaporization of atoms and molecules, sowrces included a dayside source
having a cos (x) or cos”™ () dependence on the solar zenith angle, ¥ a varving
temperature of 100-1500 K, and no emission from the nightside. We found excetlent fits
o the observed profile for asswmed source temperatures of ~700-1200 K. However, the
required rates to match the measurements with these dayside source models were oo
high, 5 x 10° Mg atoms em™ 8™, to be provided cither by the return rate or by the
gardening rate; such rates can be justified only if returning particles do not stick and
rebound multiple times, which is probably a poor assumption for refractory elements
such as Mg,

In conclusion, the Huminated limb-scan profiles can be matched at acceptable
source rates only if the putative cold source extends to the nightside. That is. some
process other than PSD and thermal desorption would be required o eject low-energy Mg
neutrals. Perhaps electron-stimulated desorption (ESD) is responsible for T = 400 K
neutrals since magnetospheric clectrons have access to the nightside; no ESD
measurements are available for this species, however.  Note that the inferred rate from a
T = 400 K source corresponds to a few times 10° atoms em™ &7 (Table 1). Although our
simulations have not carefully treated the reservoir in the top monclayer of the surface,
flux of this magnitude could approximately be provided by the return rate of impact-
driven atomic Mg and by surface-directed Mg from dissociation of a molecule with a

finite tifetime, Al but 1-2 % of magnesium atoms from a 3000-35000 K source are

[
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gravitationally bound, and approximately half the dissociating flux from a molecule will

be directed towards the surface.

6. Conclusions

Comparison of the measurements of Mg in Mercury’s exosphere with a large number of
simufations have suggested the following possibilities: (1) scale-height arguments imply the
presence of at least two distinct remperatares; (2) energetic  processes, such as
mticrometeoroid mmpact vaporization, ion sputtering, and dissociation of a Mg-bearing oxide,
can supply the exospheric population at high alatudes, but no single process dominates; (3)
the lifetime of the putative molecule may not exceed ~100 s in order to supply the needed
rates given the replenishment rates of the surface by gardening; and {4) at low altitudes, low-
energy processes appear to act on a limited reservoir of volatiles that may be provided by
recycled atoms from hot processes. A visual sumimary of the paper’s results appears i Fig. 9.

Preliminary analvsis of third flvby data (not discussed at length in this paper)
mdicates similar temperatures and source rates in the tail and polar regions to those
presented here. We cannot confirm the volatile source because observations of
magnesium on the equatorial dawn region were nol conducted by MESSENGER during
s third flyby as a result of a spacecraft safe-hold event (Vervack et al., 2019).

Improvements to the model will require laboratory measurements of appropriate physical

constants {e.g.. molecule lifetime and dissociation cross-sections, and i{emperature-

programmed desorption yields for adsorbed Mg). The measurements expected during the
orbital phase of the MESSENGER mission promise to further constrain these results. For

mstance, if impacts populate the high-altitude Mg exosphere as inferred here. there



should be a correlation of exospheric content with spacecraft passages through the
interplanetary dust plane (Kameda et al., 2009). A source of volatiles can be verified or

refuted during repeated illuminated bimb-scanning opportunities.
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Table 1. Two-component Chamberlain models obtained by superposing a cool source,

1060-3000 K. and a hot sourcs, 7> 10060 K.

Model: Aoy J(T=3000 K) -+ rg 5y J(T)

il r RenT Ser (%1 Sur (x10° LIV
(atoms em™)  (x10°K)  {atomscm™) em™” sy em”sh

61 10 127 2.4 09 6.23

14.8 20 8.7 60 1.0 548

168 30 &5 6.8 1.1 329

177 40 8.7 7.2 1.3 5.20

ig.1 50 9.0 74 1.3 5.13

Model: Ropy I(Tm ETH] K) + Hour I{T)

oLy r HoHT Sir (x10° Sur (x10° iy
(atoms em™)  (xI0°K)  (atomsem™)  em” ™) em? s

298 10 i2.1 4.4 09 5.87

397 20 9.0 39 0.9 5.03

418 30 89 62 1.4 4 84

426 40 g2 6.3 1.4 475

430 30 9.5 6.4 1.6 471

Notes: Listed are the corresponding surface density, ap, production rate, 8, and redoced
- 2, . el

chi squared error, y°/ v, for different assumed values of the exobase temperature, 7. The

models are fit to all measurements. (LT=Low Temperature, HT » High Temperature)
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Figure Captions

Fig. 1. All Mg observations obtained during MESSENGER’s second flyby were fit to
Chamberlain models. Shown here are lines of sight through the tail that intercept the
noon-midnight meridian plane (a) 2 0 4 Ry from the eguaterial plane; (b3 1 to 2 Ry from
the equator: and (¢} inside Mercury’s shadow. The measurements and their uncertainiies
are shown in red. Three models shown, which have temperatures of 3,000 {dotted black
liney, 20,000 (blue line) and 50,000 K (magenta line), indicate that atoms in the tail are

very energetic.

Fig. 2. Weighied least-squared fits of (a) the fantail and (b) near-terminator
measurements to Chamberlain models subject also o the tail data Only a poor
description of the low-altitude measwrements near dawn can be achieved with a single

temperature.

Fig. 3. Two-component models are improvements over single-component models at fow
altitudes, especially if a low-gnergy source (T = 400 K} is assumed (panels ¢ and d}. The
fantail observations, where the line of sight drifts to infinity, constrain the encrgetic
process, whereas the source having the smaller temperature dominates the near-

terminator measurements, which probe altitudes near the surface,
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Fig. 4. (a) The adopted location and flux of protons bombarding the surface of Mercury,
obtained from a MHD model of Mercury's magnetosphere (Benna et al, 2010% {b)

amownt of magnesium that can be attributed to sputtening under these conditions,

Fig. 5. A possible model of Mercury’s magnesium exosphere consisting of three assumed
source processes: spuitering {in green), tmpact vaporization of atomic Mg {in black), and
dissaciation of MgOQ (in blue). In contrast to the mode! shown in the next figure, here the
molecule 15 asswmed to break up iomnediately upon production (r = 0), In this Himiting
case the inferred rates can be provided by impact vaporization of atoms and molecules for
magnesium abundances in the regolith of five percent or higher. The sputtering

contribution to the near-terminator measurements is below the scale shown.

Fig. 6. (&) Flox of dissociating MgO as a function of radial distance and an assumed
molecule Lifetime, 1, as the source rate for an extended exosphere model; (b) profiles of
energetic Mg resulting from the dissociation of MgO with arbitrary ©. A production raie
of 10° molecules em™ 7 and a dissociation temperature of 20,000 K are assumed; T+ 0
is the profile used in the simplified case of Fig. 5 at the same temperatare. Ejection rates
of a stable molecule must evidently be higher in order to produce the same column
abundance 1n the tail. Based on a comparison to the gardening rate, the molecule must be

short-fived, © < 2 min, to explain the measurements.

Fig. 7. Relative confributton by planctary surface elements to the modeled column

abundance for an isotropic impact vaporization source {7= 5000 K) and for selected lines
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of sight: {a) typical line through the equatorial tail when the spacecraft lies outside the
shadow; (b)-(d) the beginning, mid-point, and end of the fantail sequence; {e3-{f) first and
last lines of sight for the near-terminator sequence. In these plots, the mtegrated column
abundance from a model of umiform ejection has been divided to extract the originating
locations of particles that map outside the planetary shadow {and hence contribute to the
measurementsy. The main point illustrated is that particles that affect the pre-dawn
observations originate from a limited region nearby. The subsclar point is indicated by

the white dot.

Fig. 8. In addition 10 the assumnption of a low-energy source (Fig. 3), models of the near-
terminator measurerments markedly wnprove 1if a single meteoroid impacted Mercury
within =10° of equatorial dawn around the time of these observations: {upper panel)
model with no equatorial enhancement at dawn; (middle panel) model with a factor of
four, and {fower panel) model with a factor of eight enhancement over the uniform
impact vaporization rate. In each case the “background” surface density, mg, needed to
match the data is shown in black {7"= 3000 K} and blue {7 = 20,000 K). It is surm:sed
that a single meteoroid should have produced the equivalent flux of ~—(6-8) * 10°
atoms/molecules cm™ 57 within a brief period prior to the last few measurements for this

scenarto to work.

Fig. 9. Schematic depiction of potential processes promoting Mg to the exosphere. The

gardening rate in the top micron suflices to provide the exospheric rates, shown here for



785  brief meolecule lifetimes. The recycling rate of bound ejecta could replenish an
786 unexpected reservoir of volatiles at rates of ~10% atoms om™ 57,
787
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