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ABSTRACT

From observations of the metallic species sodium {Na), potassium (K), and magnesivm {Mg) in Mescury's
exosphere, we derive implications for source and loss processes. All metaliic species observed exhibnt 4
distribution andjor line width characteristic of high to extreme temperature ~ tens of thousands of
degrees I The temperatures of refractory species, including magnesium and calcium, indicate that the
seurce process for the atoms observed in the tail and near-planet exosphere ale consistent with fon spat-
tering and/or impact vaporization of a molecule with subseguent dissociation into the atomic form. The
extended Mg tail is consistent with & surface abundance of 5-8% Mg by numbet, if 30% of impact-vapor-
ized Mg remains as MgQ and half of the impact vapor condenses. Globally, jon sputtering is not a major
source of Mg, but locally the sputtered source can be larger than the impact vaper source, We conclude
that the Na and K in Mercury's excsphere can be derived from a regoelith composition similar to that of
Luna 16 soil {or Apolio 17 orange glass), in which the abundance by number is 0.0027 {0.0028) for Na and

G.0006 (00045} for K

Published by Elsevier Inc.

1, Introduction

We present observations of the metallic species sodiur (Naj,
potassium (KL and magnesiumm {Mg] in Mercury's exosphere.
Although sodium and potassium have been observed previously
from ground-based platforms {e.g., Potter et ai, 2002}, we present
a map of the Na/K abundance ratio over the observed sunlit disk of
the planet. Magnesium was discovered in Mercury's exosphere
during the second flyby of the innermost planet by the MErcury
Surface, Space ENvironment, GEochemistry, and Ranging (MES-
SENGER) spacecraft {McClintock et al, 2008). Here, we present
an analysis of the observed Mg column abundances and a discus-
sion of the implications for source and loss processes. All metallic
species observed exhibit a distribution and/or line width charac-
teristic of high to extreme temperature. The femperatures of
refractory species, includinig roagnesium (Mg} and calcium (Ca),
indicate that the source process for the atoms observed in the tail
and near-planet exosphere are consistent with lon sputtering and/
or impact vaporization of a molecule with subsequent dissociation
into the atomic form. The very high energy metailic speciss may
indirate that a resonance process of some kind is acting to produce
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a highly energetic gas that may not be thermal. We discuss the re-
sults in the context of assumed surface cotnposition, and we agsess
the source and loss processes as constrained by the modeled mag-
netospheric configuration at the time of observation and other
ancillary information,

2. Observations

We report in Section 2.1 observations of potassium and sodium
in Mercury's exosphere taken at the McMath-Plerce solar tele-
scope on Kitt Peak, Arizona, in support of the first MESSENGER fiy-
by (M1} on January 14, 2008, [n Section 22, we present
observations of magnesium taken with the Ultraviolet and Visihle
Spectrometer (UVVS) channel of MESSENGERs Mercury Abtmo-
spheric and Surface Composition Spectrometer {MASCS) instru-
ment during the spacecraft’s second Mercury Hyby (M2) on
Ocetober 6, 2008 {McClintock et al, 2049 Although potassium
has been observed previcusly {Potter and Morgan, 1997, Potter
et al., 2002, and references therein), we present a map of the ratio
of sadium to potassium in Mercury's exosphere. Physical data per-
tinent to the chservations or data reduction are listed in Table 1.
The high Doppler shift of Mercury with respect to the Sun is advan-
tageous for these ohservations.
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Table 1
wercury ephenerides for observations.

Date Species  Rom (ALY helioentric  Phase fmguiar.
radial velocity  angle (77 diameter
™ fayessc}

lanuiary 17, 2008 Ma K 0336 —8.72 63 6.3

Scinber 6, 308 Mg 0342 ~4,18 173 MJA

2.1. Ohservations of the sodium gnd potassium exospheres

Observations of the potassium exosphere of Mercury were ob-
tained at the McMath-Pierce solar telescope on January 17, 2008,
three days after the first MESSENGER flyby, We observed the K
D, line at 76649 nm at rest in air; the K Dy line &5 at
7698974 nm i air. A large Doppler shift is advantageous for
potassiom observations in order that the atomic line at rest with
respect to the planet should coincide with the continuum region
of the solar flux and be removed from thie telluric absorption lines
as illustrated in Fig. 1. We used a 37 x 5” image slicer {where " de-
notes arcsec} fo direct the light from a 537 « 5% square area on the
planet to the entrance slit of the stellar spectrograph at the tele-
scope. Because the angular diameter of Mercury as viewed from
Earth was 6.177, three different observations covering a 5 < 57
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area were mosaicked together to produce a 57 < 10° image cover-
ing the entire illuminated planet {Fig, 2}, The phase angle of Mer-
cury as seen from Earth was 63°, and we were primarily
observing the dawn side.

The K ohservations were reduced to column abundance using a
K I3; g-value (photons s ' atom™ ') of 107.7 computed at a helio-
centric radial distance R.n= 0336 Al and a heliocentric radial
velocity, R = 8.7 ken 577 {16:00 UTC), Note that the solar flux as
seen at Mercury is shifted blueward (toward shorter wavelengths),
brut the emission in the exosphere is on the red side of the solar
Fraunhofer feature as seen from Earth. The g-value (pho-
tons s atom ™!y was computed using the solar flux atlas at the Kitt
Peak National Observatory (KPNO) McMarth-Plerce solar data ar-
chives {Kurucz et al, 1984) and an oscillator strength, fvalue, of
0.682 for K Dy from the National Instifute of Standards and Tech-
nology (NIST) atomic database (Ralchenko e al, 2008% In spite
of the large g-value and high solar continuums, the line is still very
weak, Pertinent observational data for the K line are listed in
Table 2. The heliocentric distance of Mercury, Ry, was obtained
from the Jet Propulsion Laboratory (JPL) Horizons website at the
mean time of the observations. The photo-ionization lifetime of K
listed in Table 2 is from Fulle et al. {2007); that for Na is derived
fromn the theoretical cross section (Huebner et al, 1992}, both at
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Fig. 1. A {left) The K D emission feature {766,388 nm} ks redshifted oot of the solar Fraunhofer line at 786365 nm Doppler-shifted wavelength, Extraction of the line
emission was perfermed for each pixel in the three-dimensional dataset (x, y, 2} by subtraction of the continuum shown hy the red line, where x and v are castfwest and
narthjsnuth directions, respectively, and £ iz wavelength, Because the i line iz weak, the pixels were binned by 2 e each spatial dimension. B (right) The Na 13, Tine s similarly
redshifted, but the line is strong. Note that the Na Fraunhofer lines are broader than those of the K Hnes; thus, the Na emission is not shifted comgpietely inte the continaum,
The continuum under the Na emission was fit with a polynomial to extract the line emission af each pixel. The ernlssion was calitivated uging a HapRe mode] of the surface
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Fig. 2. Potasstim and sedium io Mercury's exosphere ware ohsevved on the same day, January 17, 2008, These fmages were made fram a mosate of three overlapping 5¢
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ohservations abtained with the image shicer placed at the input to the steliar specirograph at ihe McMath-Pierce solar relescape on Kitt Peak, The phase angle Is 85°, North is
at the fop, and the terminator is 1o the right on cach imagze. The Hne-ofsight column abundance & shown in the left pair of images for M2 and £ The zenith column
abundances {ponmal (o the surface! are shown in the vightmost paln The purple pixels in the ¥ image are nolsc-equivalent clumn, so K is concentrated nezr the equator in
the nerthem hemisphere {oranze pixels) and ot high lafitudes in the southern hemisphere (green piselst.
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Yable 2

Physical data for the potassium and sodium observations,
Parametey Yalue
Wavelength {roml, K {Ih) {rest} T66.48
g-value K (3] 16772
¥ photo-ionization Hetime 51 xiFs{lah}
Wavelength {nm), ¥a (i) 568505
govafue Maihyy ' . 38.2
Ha ghoto-fonization fHetime 18 » s (5203
Sube-sptar fongituds 182°8
Sub-Earth lengitude 12I°E

Mean anomaly 5015

Rors = 0,336 AU, Because the photo-ionization rates depend on the
EUY flux, which depends on the solar cycle, we have used the rates
calculated for “quiet’ Sun,

We obtdined observations of the sodium D lines with the
McMath-Pierce solar telescope using the 57 x 5" image slicer on
each day during January 12-17, 2008, in support of the first MES-
SENGER flyby. The Na D; line at 588,995 nmi {at rest) was observed
with the same instroment and identical setup as for potassium ex-
cept for the wavelength setting. The data reduction process has
been described in detail by Killen ef al, {2001}, and the calibration
procedure has been described by Killen et al. (19903, Because the
image of Mercury was slightly larger than the field of view of the
image slicer, mosaicked images of both sodium and potassium
were made to determine the map of Na/K emission above the sun-
lit disk of Mercury {Fig. 3}, Note that the sodium D line emission is
much more intense than the potassium D line emission, as illus-
trated in Fig. 1, primarily because the K abundance is rmuch less
than that of Na, Both the background solar flux and the oscillator

Line-of-Sight
Column Ratio

strength of the potassiumn D lines are strong. The signal to noise
(SN} in the Na D, emission is 100 for the brightest pixel in the fe-
ure. The $/N for the K I, emission line is 7 for the brightest pixel.
Thus the noise-equivalent column is 10% cin™® for Na and 7 < 165
for K. All of our observed column abundances in Na had /N values
between 100 and 10, and cur S/N values for ¥ were between 10 and
1.4. The K abundance in the northern hemisphere is very low, espe-
clally at high latitudes.

Although the pixeis in the X data shown in Fig. 2 were averaged
over a 2 x 2 pixel region, the actual ohserved pixel elements were
retained so that the division could be done. Potassium pixels in the
fourth and fifth rows from the bottom {sputh) and columns 1-8
from left {west) were replaced by the averages of rows 2, 3, 5,
and 7 in their respective columns {i.e, the adjacent rows}. Those
pixels appeared to have data dropouts (see Fig. 2} but were off
the planet except for the fast two and would not contribute to
the average Na/K ratio. The line-of-sight Na/K ratio in the southern
hemisphere {~36] is close to the smallest ratio found in the data-
sets considered by Potter et al. (2002}, whereas the ratic in the
noithern hemisphere {~74} is near the mid-value found previ-
ously. Note that Potter et al. {2002} published only the average of
the pixel ratios, atthough the ratios were computed in the same
way as for Fig. 3A. The large Na/K ratic in the northern hemisphere
reflects the fact that most of the K values in the northern hemi-
sphere are noise-eguivalent column. i we exclude from the aver-
age those pixels for which the K is at moise-equivalent column
and ratio the zenith column abundances, the Na/K ratio in the
northern hemisphere s 49 and that in the southern hernisphere
s 22, There is a small excess of Na in the northern hemisphere rel-
ative to the global average value and a large excess of K in the
southern hemisphere. The pixels cutside of the illuminated disk

Zenith
Column Ratio

Fig. 3. A {lefl} Sodium-to-potassium ratio map from fine-of-sight cofumn abimdances. 8 {right) Ratio from cofumn abundances reduced to zenith columns. The values of Na/K
rathy greater than 70 are dominated by nofse in K. Ratios in the southers hemisphere and those near the equater in the northern hemisphere of ~.25-35 are abtained with ¥
abservations having signalineise =5, The Na/K in the northerm hemisphere computed from the line-of-sight ratios s 74, and that in the southem hemisphers is 38, The sub-

Earth point is marked with an x. North is at the tog, and the terminator is to the fight,
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were not counted in the ratios because the K line is weak and noise
dominates the ratio off the disi. in addition to noise, the difference
in scale heights would affect the ratio off the disk.

Zenith column abundances, the integrated number density nor-
mal to the surface, were derived for each pixel from the line-of-
sight column abundances at the same pixel using a Chamberlain
exosphere and a temperature of 1500K for both Na and K
{Chargberiain and Huaten, 1987, chapter 7), under the assumption
of a locally uniform exosphere, The derived average Na zenith col-
umn in the north, 44 = 16 cm™?, and that in the south,
3.3 » 10" ¢~ 2, are within the range previously derived by Potter
et al (2602}, taking into account that Potter et al. {2002) published
line-of-sight abundances. The average did not include the centrat
row {roughly eguatorial} because there was an odd number of rows
on the planet disk, but the addition of this row did not change the
averages. The average K zenith column in the north is 8 « 16°% and
that in the south is 13 = 10% The derived average K abundance in
the north is very close to the noise-equivatent column {7 = 10%),
while that in the south is 1.9 times the noise-equivalent column.
The average Na abundance in the south divided by the average K
abundance in the south is 22, excluding pixels for which K is
noise-equivalent colurnn, and this is the same as the average of
the Na/K computed per pixel. The average of the ratios of NajK
computed per pixel in the north is dominated by the values near
the limb where the K column is the noise-eguivalent column un-
iess those pixels are excluded from the average, The Na spatial var-
iation represents omly a 10% excess in the north relative to the
average value over the entire Earth-facing illuminated disk. The
observed K that is above noise level is in the southern hensisphere
or close to the equator in the northern hemisphere, This local var-
iatien is different from the global variation seen in the datasets
analyzed by Potter et al. {2002}, who found that K and Na vary sim-
ilarly {(i.e,, both north or south). We find that the Na excess is in the
northern hemisphere and the K excess is in the southern hemi-
sphere, The Na is more or less peaked at the subsolar point. How-
ever, the distribution of K is differeat. In the northers hemisphere,
K is almost entirely confined to within 30° of the equator and near
the subsolar point, where the maximum column abundance is
about 5.5 x 10% cmn?; whereas in the southern hemisphere, X is
most abundant at high latitudes, where the column abundance is
about 4 = 10° cm™2, Because the Caloris basin was visible in the
northern hemisphere above 25° latitude at the time of the observa-
tions and the K was weakest there, we conclude that the Caloris ba-
sin was not an enhanced source of K to the exosphere.

2.2. Observations of magnesium

Magnesium was observed in Mercury's exosphere by the MES-
SENGER MASCS instrument during the second Mercury fiyby
(M2} by its 285.3-nm emission line {McCHntock ef al, 2609), MAS-
(5 is a scaning grating spectrometer, so that individual emission
lines are ohserved sequentially {McClintock and Lankion, 2067}
Herein we analyze observations taken during the “tail-sweep,”
“fantail” and terminator regions, respectively, as discussed in
MeClintock et al. (2008) The tafi-sweep geometry is illustrated
in Fiz. 4. Because MASCS observed across the nightside
shadow, in the analysis we correct for the fact that, although there
is gas in the shadow, it cannof emit there because the emdssion
lines are due to resonant fransitions excited by the absorption of
solar radiation, This geometry is discussed in Appendin A, The
tail-sweep chservations were designed to sweep through a vertical
distance bounded by 23 Mercary radil {Ry) as the spacecraft ap-
proached Mercury, so the spacecraft rotation angle imcreased
manotonicatly from £5° to #40° The data analyred in this paper
are confined to +4° of the equatorial plane in order to avoid issues
involving ebservations at high pointing angles with respect to the
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Fig. 4. Shadow geomelry for the tall observations used in figting the parameters for
the Chamberlain expsphere. The spacecraft is at the position labeled "“spacecrafi,”
and the MASCS instrusment {ooks acroes the 1ajl at an angle 4., with respedt to the
radial vector frém the planet center to the spacecraft towards infinity. The dashed
lines delineate the shadow boundaries, and the distances Ky and &y are the radist
distances frons the planet center to the shadow boundary nearest and farthest from
the spacecralt, respectively.

equatorial plane. in addition to the angle north/south with respect
to the equatorial plane, we took info account the lock angle with
respect 1o the y-axis, which is in the equatorial plane perpendicular
to the Sun-Mercury line, positive dawnward, These angles vary
throughout the observationat sequence, Observations in the tail re-
gion are illustrated in Fig. 5A, smoothed via interpolation betwesn
observed points using standard Interactive Tata Language (DL
routines. Because of the smoothing, the image in Fig. 5A should
not be used in a quantitative analysis but gives visual clues only.
The physical data used in the data extraction and model are given
irs Table 3. The noise-equivalent colummn is 6 x 107 Mg atoms cm™?
from the surface to 16,000 kin behind the planet, and 4 x 18 from
16,000 km to 40,000 km behind the planet, so S/N is ~10 in this se-
gion. The solar spectrum is shifted blueward due to Mercury’s mo-
tion toward the Sun, but the flux absorbed by aiz atom at rest with
respect t6 the planet is on the red wing of the solar line. The gva-
Jue in Table 3 reflects this frequency shift {Killen et al,, 2009).

A least-squares fit to the data was run on a series of Chamber-
tain exosphere models solved at each observation point for the sec-
ond Mercury flyby observational geometry for a series of 10 values
of surface density (1e) and 10 values of temperature to determine
the minimum variance solation (see Appendix A} The tangent col-
umn observed by MASCS within 4% of the equatorial plane was Bt
to a Chamnberiain exosphere (Chamberlain and Hunten, 19587) at
the observed angles with respect to the planetary normal, taking
the shadow into account. We also included 2 possible dawn-dusk
asymmetyy mualtiplicative factor in the solution to account for a
possible dawn-dusk asymmetry, but for magnesium this factor
converged to unity. The full Chamberlain exosphere model was
used in this analysis, even in the tail vegion, and is appropriate be-
cause, unlike sodium, Mg is aof subject to radiation pressure and
has a very long lifetime against photo-lonization, 57.5 & {Table 33
The best solution for ny and T is given where the least squares devi-
ation from the solation for all data points is miniuwm. The magne-
siugn data taken in the MZ ifall sequence [Fig. 3B, asterisks:
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Fig. 5. {A) Observations of the magnesium tail of Mercary taken during the secord MESSENGER fiyby (MoClintork et al, 2009 The MASCS instrumment 1§ & scanning grating
spectioimete, 5o that different emission lines are ehserved sequentially. The patterp observed in the fmage is mersly the result of siroothing via interpolation befween
olserved peints using standard D4, routines. The actual shserved ernission is peaked in the equatorial plane, but because the ebservations were faken through the anth-
sumward shadow, the observed ernission includes anly the Hlurnated portion of the exosphere outside the shadow. {B) A least-sguares tolution was it to 2 mairix of
Chamberlain exospheres of differeny temperatures and near-surface densities. The models sre fir Integrated ermission doross the il taking into dccoust the lack of emission
in the shadow. The best fit to the data, shewn by asterisks, was for a temperature of 56,000 K and a density, my, of 16 am™ %) hewever, this it Is probably influenced by the
single oliservation af a radial distance 2 Ry, behind the planet. We allowed for the possibility of a different density on the dawn and dusk sides, but the solution tonverged to
the same number density, giving no dawn/dusk asymmetry. A number of models are shown for temnperarures of 18,000, 15,000, 25,000 and 50,000 K, respectively, each for
surface number densities of 10, 20, and 30 Mg atoms cm ™. Note that we are seeing only the escaping corponent of the exosphere in this region. The models are such that a
higher surface number density will compensate for a lower temperature source, but jewer temperature solutions require higher emission near the planet than ebserved. More
data paints in this region would give greater confidenice in the solution.

Table 3

We performed the same type of solution on the Mg “fantail”
Physical data for Mo

data obtained as the spacecraft rofled through 180° from boresight
pointing dawnward, through north, toward a duskward line of
sight as the spacecraft moved toward the planet from approxi-
mately 2350 km to approximately 350km behind the planet
{Fig. 6B). This geometry was taken into dccount in the analysis.
The Mg fantail data are illustrated by the asterisks in Fig. 6B, along
with the least-squares solution shown by the solid red line, and
models at temperatures of 25,000, 46,000, and 50,000 K, respec-
tively, at surface densities, ny, of 5 and $om™>. The lower set of
fines are those rum at 1, = 5 a7, and the upper set of curves are
those run at ng =9 cm™ .

The solution for the fantail converges fo a lower temperature,
25,000 I, and a lower surface density, 9, than the solution for the
tail data, but the temperature is poorly constrained in either case,

~ Paraperer Value

g-vafue at-M2 for 285 296 nm line (vacinam) -
Phoso-lonization rate ar Earty
Photo-fonization raig af Meroary, M2
{onization ifetime at Meroury, M2

03177 photons ¢ avom "

Y e S
CABET x Wt

Ky

converged to a Chamberiain exosphere with a near-surface density
ny =16 cm ? and a temperature of 30,000 K (Fig. 5B). However, the
solution is by no means unigue as shown by the curves in Fig. 58
for solations with temperatures ranging from 10000K to
50,600 K and surface number densities of 10, 20 and 30amn™?,

respectively. A low temperature can be compensated by a high
density at the surface to fit the data in the tail region. The best-
fit solution is forced by the single low data point at 2 Ru. The
presence of an extended Mg exosphere cannot be due to radiation
pressure, and loss by photo-ionization is negligible,

However, the temperature derived from the fantail data is still 20
times higher than that indicative of a photon-stimulated desorp-
tion {PSI} source, which would give 1200 K (Madey et al, 1998},
and 5 times higher than that expected from a hypervelocity impact
source, which would give about 5000 K or less {e.g., Berezhnoy and

?ﬂm

ey

1w

s 0;2 . L . .
1,2 14 A 1E aB 37
Tistance friprn Mercury Center [Meroury radil

Ling-gf Sight Column Abundance g oo}

Fig. 8. (A} Observations in the “fantall” were taken during the spacecraft roll beginning with the line of sight [LOS) toward dawn and ending with the LOS toward dusk as the
LOS swept thrgugh north, There is a2 slight increase in emission to the northwest {dusk side}, but the line of sight was closer to the planet on that side. {R) Faniail data
Hlastrated By the asterisks are plotted with 3 least-sguares selution [red), at 3 temperature of 25,000 € and surface numbst density of 9 o>, (ither models are shown for
remperatures of 25,000, 40,000, and 50,008 K with surface number denasities of 5 o™ {lower ser of lnes) and S om™? {upper set of lines). The piotted column abundances are
chserved Hne-ofsight shundances. This geometry does not constrain femperaturs as s result of the fact that the abeervations are in the near-tall rogion at & very Hmited range
of distances from the planet
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Klumnov, 2008, The extreme temperature fit in the tail and fantail
region is inconsistent with a PSD source for the Mg atomns reaching
this region of the excsphere and probably requires a secondary
pracess such as dissociation of a molecular source that was initially
vaporized or sputtered From the surface, because the atoms are
more energetic than they would be if derived from PSD, impact
vaporization, or ion sputtering. This inference is consistent with
that made from observations of Ca {Killen et al,, 20051

After the spacecraft completed the roll maneuver, MASCS exe-
cuted Mg observations in the near-terminator region while still
on the nightside (McClintock et al., 2009, Fig, 2}, For this dataset
the boresight was looking at the nightside surface, but only that
portion of the exosphere above the shadow was iHominated and
therefore seen in emission, We modeled the emission between
the spacecraft and shadow, taking into account the horesight an-
gles with respect to the surface, A fit to the Mg data in the near-tes-
minator region (Fig. 7B) was less successful than the fits to the tail
and fantail data, probably because the exosphere is non-uniform in
this region and the data cannot be made to fit a single model, In the
terminator region the observed Hne-of-sight column, that between
the spacecraft and the shadow, sampled a restricted range of the
exosphere. Each data point {asterisks) represents not only a differ-
ent spacecralt distance but also a different distance behind the ter-
minator. Fits are shown for a temperature of 70,000 K{green}and a
tetAperature of 10,000 K (red} with surface number densities of 50
{lower curves) and 100 cm™® {upper curves), As the spacecraft ap-
proached the terminator, the data wete fit by a progressively lower
temperature and a higher surface number density, The data can be
fit with a temperatare of 10,000 K provided that the surface num-
ber density is above 50 cm 7, but the fits are non-unique. The frst
three points were not included in the fit because they represent a
very short iine of sight in sunlight.

Line-of-Sight Column Aburlance (Mg crmd)

1o
110

3. Pata analysis
3.1. Surfuce composition

The surface composition of Mercury is not kmown at present.
Table 4 shows abundance of elements from lunar soils that will
be used to constrain possible surface commpositions at Mercury:
Luna 16 and 24, Apolle 11 low K and high K, and Apollo 17 orange
glass {Heiken et al, 18911 In the following discussion, we consider
the implications for exosphere models of a Mg abundance in the
regolith of 5% by number {consistent with the mean of the Apolic
11 and Luna measuremends? and 8.5% by number, consistent with
Apollo 17 orange glass.

3.2. Sedium and petassium

The potassium map obtained on January 17, 2008, at the
McMath-Plerce solar telescope had 78 pixels in the illuminated
portion of the planet. Zenith column abundances, along the noimal
to the planet surface, were calculated from observed line-of-sight
abundances for a Chamberlain exosphere, Although this is not an
exact model, it does remove the line-of-sight effects given the
assumption of 2 lecally uniform exosphere. The average zenith col-
uma abundance of Na in the northern hemisphere was 4.4 » 10%%,
and that in the southern hemisphere was 3.3 x 10'%; the average
zenith K abundance in the northern hemisphere s 7.5 x 105,
whereas that in the southern hemisphere is 1.3 » 107 cm 2. Since
the noise-equivalent column for K is about 7 x 108, most of the K
measurements i the aorthern hemisphere are consistent with
noise, so only an upper limit is determined except for an area near
the equator. Frem the zenith column abundance ratios per pixel,
the average Na/X ratio in the noreh, excluding pixels for which ¥

H e Sumtros Bonslty ro 36 1R Hganc?

145 ran 125 130 138
Spacecraft Distance (Merayry radii)

140

Fig. 7. (A} iHustration of the geometry of the fear-dawn terminator obzervation, The arrows shaw the directon of the UYVE line of sighs during each observation, and the
coler represents the ohserved tensity, The abservations were approximately in the equatorial plane. (8} Models it to the near-termdnator data Indicate 5 best-fit sobation at
2 temiperature of 35,000 K and density m, of 75 cm™?; however, we show models at temperatures of 10,800 K and 10,000 K, respectively, each at suffave sumber density of 38
amed 100 cm™ 7, Bach individual data point {+] fs obtained af a different distance behind the terminator, with those at 1 larger spacecralt distance frovm the planet closer to the
terminator. As the spacecraft moves toward the dawn ferminator a longer path length is observed, and the path intersects less chadow. The nolse-equivalent column is
&« 107 ern® fram the surface o 16,000 ko Bebind the planer, thas SN is 17 for the Ieagt emission, Feinrs Below 115 Ry were 7ot wodeled ecause the path langth i
sunlizght was too sraall. The best-fit ternperature decreases and the best-0t durface nurnber density inereases 28 the spaceeralt approaches tite terminator [dawn). There does
wot appear to be a single solution in this region. A simpile Chamberlain exosphere with ny = 75 o * ang 3 seale helght of ~ 3100 km {corresponding o 35,800 K weuid have s

cofumn abundance of 2.2 x 1679 atoms om 2.

Table 4

Medel 2bundance of elements for Mercury surface materials and abundances in selected lunar soils,
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Mg 585 .. 53 58 42 40 25
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is at noise-equivatent column, is 48.5. The average NajK ratio in the
sputh, also excluding pixels for which K is noise-equivalent col-
umin, is 22 where the §/N in K is 510,

Note thal historical data records give the ratios of line-of-sight
colamn abundances. To facilitate comparisons, we compute these
ratios as weill even though they have line-of-sight effects. The
tine-of-sight average Na abundance was 9.9 = 10'% i the northern
hemisphere and 8.2 < 107 in the southern hemisphere. The aver-
age K line-of-sight abundance in the northern hemisphere was
1.8 = 10% and that in the southern hemisphere was
2.6 = 10° cm 2, The average line of sight values are roughly twice
those of zenith column values. The very large Naj/K ratio in the
northern hemisphere reflects the fact that the K abuadance is very
low in the nerthern hemisphere at this time, More interesting is
the spafial distribution of K. in the northern hemisphere K is al-
maost entirely confined to within 30¢ of the equator, whereas in
the southersn hemisphere K is mostly south of 30°S.

Berezhnoy and Klumov (2008} concluded that for an impact-
vaporization source of the exosphere of Mercury, the ratio of Na
atoms to all Na in the exosphere {atomic and molecular) is 0.7,
whereas the ratio of K atoms to alt Kis 0.4, If we assume that these
ratios hold for all source processes, and the average ratio is most
representative of source processes, then the Na/K ratic in the exo-
sphere can be approximated as

Nagﬂs _ Naxmf ‘Cimiz(Na} N&gag Keetal
Kg.ms Ksu.!f fionfz{?{) Némm Kg;s

)

where Nag/I.. is the measured exospheric ratio {37}, Nagu/Naya
=07, and KpaofKiors = 04 From Berezhnoy and Klumov (2008} Given
photo-ionization lfetime of Na from Huebner et all {1992 and that for
K from Fulle et al. {2007 (Table 2), we derive the ratio of abundances
in the regolith, Nagd e

37 = Nasils'f;Ksur?'{g"?S ) 175) {2)

This last expression vieids a ratio of Na/K in the soil of approx-
imately 5.6. For the ratic of Na/K found in the southern hemi-
sphere, where the K abundance is above the noise-equivalent
colurnmn, the observed atmospheric Na/K ratie is 22, yielding a
Na/K ratio in the surface of 3.4. The K content of Apolic 17 pristine
prange glass s 0.045% by number {625 pg/g) The Na/K ratio in
Apolio 17 pristine orange glass is 6.2, and that in Luna 16 seil is
4.5. The average of our derived ratios of Na/K in the soil is 4.5
and is therefore consistent with the abundance ratio in Luna 16
soil, for which the K abundance is higher than that in Apollo 17 or-
ange glass but lower than that for high-K Apollo 11 lunar samples.
The Na/K ratio derived from the northern hemisphere is consistent
with Apolle 17 orange glass, a pyroclastic glassy deposit.

Pheton-stimulated desorption has been shown te be an impor-
tant, if not dominant, source of alkalis in the lunar and mercarian
expspheres (e.g., Madey et al, 1898; Madey and Yakshinskiy, 1997;
Yakshinskiy and Madey, 1899, 2004, 2005), Potter and Morgan

{19497} showed that the variations of Na and K in Mercury's exo-
sphere are correlated and depend on the flux of solar ultraviolet
{LIV) radiation. Their ratios of Na/K in the timeframe December
G-19, 1980, varied from 130 to 260; these are much higher than
found here butl probably included line-of-sight effects and also
may indicate that low values of X abundance in the exosphere
aTe consistent with noise-eguivalent colummn. Potter et al, {2002}
found an average Na/K ratio in Mercury's exosphere of about
100, There were three dates reported in that paper on which the
NajK ratio was most similar to the one found bere: January 11,
1998 {67.7), April 26, 1999 (66.3), and May 2, 1999 (69.5), We have
included the observations of Potter et al. (2002} and our observa-
tions i Table 5 along with orbital distance from the Sun, true
anomaly angle, heliocentric radial velocity, g-value of Na(ly + Dy},
Na/K, radiation acceleration {cm s77), and F10.7. The F10.7 index is
derived from the 10.7-¢m radio flux, which has been shown to be
correlated to the solar Lyman o flux and is a standard proxy for so-
iar ultraviolet {UV) flux. The average value of F10.7/{Na/K)} is 14.5,
regardiess of whether F10.7 is high or low. The values of Na/K ratio
vs. Lyman x flux notmalized to the heliccentric radial distance
(Fig. 8} give a correlation coefficient of 8.66, which implies a weak
refationship between UV radiation and the Na/X ratio in the exo-
spherte (Fig. 8). The values of Lyman « flux {photonscm *s ') in
Tahle 5 are from the Laboratory for Atmosplieric and Space Physics
{LASP} Interactive Solar [Rradiance Datacenter (LISIRD} website
{htep://laspcolorado.edu/LISIRDSY {(Snow et al, 2005} and have
been rotated to the orbital position of Mercury for a solar rotation
rate of 27 days {disk average) and the phase angle given in Table 5.
We conclude that the selar UV flux provides an important source of
alkalis to the exosphere but cannot be the only source. The depen-
dence on Y flux for the Na/K ratio imeplies that Na and K vary dif-
ferently with UV flux,

3.3 Magnesium

3.3.1. Impact vaporization of the fime of M2

The magnesium observations reported here were obtained dur-
ing the second MESSENGER fiyby on Octaber 6, 2008, Mercury's
orbital distance was 0.342 AU. We estimated the impact vaporiza-
tion rate on this date using the planar impact approximation meth-
od {Melosh, 1989, chapter 4; Morgan and Killen, 1998; Killen and
Sarantos, 2004}, and we scaled the impact fluy from Earth ovhit
measured by Love and Brownlee (1993} to Mercury orbit following
the mathematical formulation in Cintala {1992} We approximated
the thermodynamic properties of the meteoroid impactors and the
regolith using the “regolith” constants in Cintala {1882} and the
impact parameters for Al onfo enstatite given in Melosh (1989,
Appendix B. Using this formulation the total vaporization rate at
Ren=0.342 AU s 2.7 » 107 ¢ 7 577 for impact of aluminum {a
proxy for asteroid composition) onto regolith, and the Mg

Table 5

Observations of Na/K and relevant physical parameters,
Bate Buy Al TA() Phase 0} fins 'y Phose 5} Naff  Radiatien acceleration (Na)  FIO¥ iz tyax R T L
Drecember 8, 19865 B35 2745 7 ~ 134 57.8 Zi4 1697 37T A0S . 574 431
Blecember 7, 1958 @358 WS BO -5 54 585 155 1748 22ER 0 148 878 44.8
Decermber 8 1590 4357 842 H24 -8.76 87 280 7T E 2304 #8  S5H] 45.8
Decenibir 9, 1956 348 el 88 -85 &L.7 157 802 2374 i1 3EY 4£8.1
Depsmber 10, 1990 6342 7443 a3 ~8F a1 130 £51.3 g 185 5E2 458
Jamuary 11, 1988 424 125 &l +7B 342 &7.7 k] HIY 1540 341 317
Aprdi 25, 1959 frAgd ZiBs 7T -0 #2.1 583 845 HERE 158 4.8 212
May 7, 1994 1419 7355 66 -8.3 375 8.5 T 137y 158 445 253
Jaruary 17, 2688 334 Iz 63 8.7 £1.6 B 1840 FIF¥ 12z EZ 324

Notes: Roe = orbital distance in AU TA = true anomaly angle. & = heliogentric radial velocity {km s
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Fig. % The Na/K ratios fom Potter et al. (2002} are ploted v Lyman iR2,, along
with that from this paper [data point at Ly /R, = 32} The NajK ratio is mederately
conelated with the Lyman o radiatien. We plot the average NufK. ratio over the
fiuminated disk to avoid complications regarding scale-height effects off the disk
and adided neise caused by low-signal K ebservations as the K decreases sway from
the planet. Afthough a linear correlation coeificient of 0.65 does not represent a
strong cotrelation, it indicates that 66% of the variation can be explained by a lineay
correlation bepween the ratio of Na/¥ and Lyman o fux. However, our data point is
much lower than these found earlier because we rejected K values that have SN < £,
This indicates that although UV radiation iy nwolved, other facfors are effective in
the ejection and lass processes.

vaporization rate is 2.3 = 10%atoms cm # s* for ant 8.6% surface

abundance of Mg or 1.3 x 10° cm™? s for a 5% abundance of Mg.

In addition to the Cintala {1992} and Morgan and Killen {1998}
analyses of meteoroid impact rates onto the surface of Mercury,
several new estimates have been published. Notably, Borin et al.
{2009} have estimated a meteoroid impact flux onto Mercury
170 times the Cintala rate. This of course has important implica-
tions concerning the exosphere. Killen et ai, {2001 ) used the Cintala
(19821 mathematical formuation for transfer of material from
Earth orbit to Mercury orbit with the Love and Brownlee {1993)
interplanetary dust particle {iDP} flux rates and the Morgan and
Killen {1998 impact vaporization code to estimate the magnitude
of various contributions to the sodiurg exosphere and obtained an
estimate of 20-30% of the sodium exosphere contributed by im-
pact vaporization. Thus, an increase of the Love and Brownlee
(1993} flux by a factor of only 3-5 would supply the entire exo-
sphere. Morgan et al. (1988} estimated that meteorsids supply
upto 1.4 < 10%! Ma atoms 571 to the exosphere, or a factor of about
5 greater than the Cintala rate, and concluded that meteoroid
vaporization can supply the full Na exosphere of Mercury. The
mhain reason for the larger rate given by Morgan et al (1988} is
the use of a velocity disteibution function from Southworth and
Sekinina {1973). An impact flux 176 times the Cintala rate would
sither overwhelm the exosphere, or we would have to conclude
that impact vapogization is either less efficient than previously
estimated, that impact vapor quickly condenses, leaving only 2%
of the vapor in the exosphere, or that the vaparization products
are not fully measured, possibly being in molecular form. The dis-
tribution of various elements in the exosphere appears t6 be incon-
sistent with uniform impact vaporization by micrometeoroids {eg.,
Burger ef al, 20710% mainly because of high-latitude enhance-
ments, a dawn enhancement in Ca, and rapid variability,

The Mg cbservations in Mercary's tail region were fit by a
15,000-50,000-K gas, which is much hotter than would be ex-
pected from direct impact vaporization, Although the temperature
is not well constrained, and indeed the velocity distribution is
Hkely to be non-thermal. it is clear that 2 hot vapos is required to
At the data, Very hot (30,000 K Ca atoms have been obsetved in
Mercury's exosphere from ground-based ohservations {Bida ef al,
I600; Killen et al., 2005%) and were atfributed to vaportzation of cal-
e in molecular form with subseguent dissociation, which im-
parts additional epergy to the atomnic fragmenis. We suggest that

the same process produces the hot Mg that we bave observed in
the tail region. The dissociation energy of M0 is 335 eV (Murthy
and Bagare, 1978 If dissociated by a Lyman  photon (10.2 eV} the
products would have an excess energy of 6.8 €V between them. {f
each fragment has 3.4 eV, then the equivalent temperature is
40,000 K. If the gas temperature is 40,000 K, the mean velocity of
the gas is 5.2 kv s %, which is above escape velocity (4.2 lom s 7},
Thus those Mg atoms that are derived from dissociation of Mg
will escape. Their lifetimes will be the photo-ionization lifetime
Table 6). The Mg lonization rate is 5,66 x 107 57" at Earth {gudet
Sun) or 4.84 x 107% 577 at Mercusy during the second MESSENGER
flyby. Thus the My photo-icnization lifetime was 2.0 x 107 s, or
57 h. At a velacity of 5.8 ken 577, a Mg atom would travel 475 plan-
etary radi on average before becoming ionized. The Hill sphere,
where the gravitational field of the Sun dominates over that of
Mercury, is at ~81 Ry Therefore ionization ig not a major loss pra-
cess for Mg in the region that we observe. Note that even though
the Mg atoms in the tail have very high velodities relative to the
pianet, the g-values, and hence the derived column abundances,
only differ by 5% between that for a Mg atom at fest with respect
to Mercury {g-value ={0.317) and one traveling at 5kms 1 anti-
sunward {g-value=0300). Therefore the assumed g-values do
not introduce a large errer in the derived column abundances even
if the assumed velocities are incorrect.

The fraction of Mgfatoms)/Mze{total} from impact vaporization
at quenching was estimated by Berezhnoy and Klumov (2008) 1o
be less than that of the alkali species. At 4000 K, the equilibrium
fractiont of Mg to MgO is about 2 {Berezhnoy and Klumov, 2008}
We assume that half of the Mg+ Mg0 will condense, leaving a
gas release rate of 0.7 = 10% < dn/dt < 1.2 = 10° for Mg abundances
of 5% and 8.6%, respectively. If we assume that 30% of the impact-
derived Mg is in the form of Mgz0, then the veiy hot portion of the
Mg exosphere should have an impact vapor source rate of
0312 < 10°cm s =36 x 10°cm ™ ¢ for an 8.6% Mg abun-
dance in the regolith or 2 x 10° cm™? 57 for a 5% abundance, using
the vapor code described in Morgan and Killen {1998% The ob-
served column is estimated to be 7 x 187 cm ¥ normal to the sur-
face. If the exasphere is that portion from the surface to the Hill
sphere (81 planetary radif) and the Mg atoms have a mean velocity
of 5w s7F, ehen the Hferime of the Mg atom in the exosphere is
4 » 10° 5. Then if the production rate of Mg is 6.75 = 1057, and
the lifettme is 4 « 10%s, we would expect to see a column of
2.7 x 10 Mg atoms. Given that we see 26% of that, we conclude
that this is the fraction of the vapor initially in the form of Mg0
that was dissociated to produce the very hot atormnic Mg observed,
This inference is consistent with the result from Berezhnoy and
Klumov, namely that 30% of the vapor is in the form of MgO. We
conciude that impact vaporization of Mg-bearing minerais can pro-
duce the observed Mg tail given an abundance of Mg in the regolith
of 5-8.6%, if roughly half of the vapor condenses and 30% of the va-
por is it the form of MgO as estimated by Berezhnoy and Klumoy
£2008). This relies on the assumption that the observable lifetime
of Mg is the fifetime of the atomn to the Hill sphere.

Table 6
tonization rates for the observed species.
‘Species, fonizatibhomie, 57 lonjeation rate, €70 Lifethme ar 0342
{3t 1AL guley Sun®)  fap VAL aothe Sun®™t  ALF(s) [qufet Sen}
Mato | S9YR S st 185 5 10
Mg BEGHET 108 % 187F 27« 15
] P i 18w 4T 167 x 167
4 22k Zd 1077 535 .10°

° jopization rates depend on the selar extremne UV flux, which depends on the
sesfar cycle,
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3.3.2. lon sputiering at the time of M2

Sputter yields of Mg from MgO by low-energy He and Ar fon
bearns were measured as a fupction of jon energy by Hine et al.
(20477 and fit to the following equations:

Viee = al VE/Ey 1] (3

where Yu. 15 the MgO sputter vield from incoming He ions,
a={.191, and £ = 241 eV,

Y = )

where Y is the sputter yield of MgO by impacting Ar ions,
a=00644, b=761, and E;=36.5eV. These measurements were
made for E < 450 eV; however, we will employ the equation to esti-
rmate yields by solar wind ions. The sputfer yield of Mg by 3.3-keV
He ions in the solar wind would therefore be about 0.5/ion.

lgnering for the moment highty charged ions, which normally
comprise less than 1% of the solar wind, and assuming that He ions
ate 4% of the solar wind, the solar wind yield would be

) 0,021, fu (5)

where fo 5 the solar wind Aux onto the surface of Mercury and fug
is the number fraction of Mg in the soil. We estimate that the sclar
wind flux onto the surface of Mercury during the second flyby was
10°% ions s~ {e.g., Benna et al., 2010), although this may be an opti-
mristic estimate {e.g., Sarantos et al, 2007} if we assume that the
fraction of Mg in Mercury's regolith is 8%, then the sputter yield is
about 1.6% 10%¥atomss™? or a planet-wide average of
2 x 10*Mgem 2 st If the lifetime of the Mg atom to the Hill
sphere is 4 x 10%s, the column from sputtering would be about
8 » 10° Mg cm 2, or about 10% of the observed column, Although
the sputter vield averaged over the planetary surface is two orders
of magnitude less than the estimated hypervelocity impact yield,
the local yield in areas of open fields may be comparable, especially
at times of enhanced solay wind flux. The local proton flux to the
surface can be as high at 10" jenscm™? s and averages 10° in
the open areas {Benna et al, 2018). With a yield per ion of 002
fuag or ~0.002 f.. the local sputtered Mg rate averages about
2 10%cm? 5 in the cusp regions during the first MESSENGER
fiyby when the magnetosphere was quiet and the interplanetary
magnetic field {IMF) was northward, impeding solar wind access
to the surface. The sputter yield may be as high as 6.2/ion, in which
rcase the sputtered Mg rate would be about (1-2) = 108 cm™2 s ¥ in
the cusp regions during the first MESSENGER flyby. This local rate
would be comparable fo the impact vaporization rate and would
produce hot atomic Mg, if this ien-sputtey yield adds to the impact
vaporization yvield, then the local yield could produce focal enhance-
ments equal to 16 times the observed average column, as observed
by MESSENGER during the thivd fivby (McClintock et al,, 2008}, The
estimated sputtering source is therefore a srnalt fraction of the total
Mg exospliere but could e important for populating the tail region.

Because the disturbed solar wind can be comprised of enhanced
fractions of heavy elements, for nstance up to 30% He ions {Wang,
2008% sputtering by highly charged heavy ions may play an impor-
tant role at Mercury [Kallic et al., 20081 Sputter vields by highly
charged jons are koown o be significantly enhanced over those
by singly charged ions, especially in Insulators, This effect is known
as “potential sputtering” and has been extensively discussed in the
Hterature {e.g., Kallio ef al, 2008). Although the charge-state effect
i3 not as great in highly lonic oxides such as Mg0, there s still a sig-
nificant charge-state effect (Hayderer et al, 2001 ). If we can corre-
late enhanced ion sputtering with solar energetic particle {3EP)
events af Mercury, we may be able to determine whether the
highly charged tons are an important source of sputtered atoms.

Additional laboratory work on sputter vields by highly charged
ions is needed to more fully understand this process.

3.3.3, Estimate of photon-stimulated desorption of Mg

Magnesium can be desorbed from MgO by 265-nm laser pulses
ttoty, 2002 and PSD vields of Mg from Mg20 are comparabie o
those for MNa. Although MgO comprises about 15-26% of pyroxene,
and the pyroxene abundance is about 40-B0% for mare basalts on
the Moon, the Mg is present as a silicate, Therefore the PSD yields
for Mg from Mercury's surface minerals is highly uncertain at the
present. Mg would be desorbed by PSD only if a significant amount
of MgO wore re-deposited on the surface as a result of impact
vaporization.

4, Discussion

Potter et al, (2002) found that the ratio of sodium to potassium
in the exosphere of Mercury was highly variable and averaged
100 + 20, much larger than values obsesved elsewhere in the Solar
System {Table 7). The Na/K ratio in the luhar exosphere is close to
that in the lunar crust, We will argue that the Na/K ratic in Mer-
cury's exosphere is in fact much larger than that ratio in the rego-
fith, and that very large ratios of Na/K in Mercury's exosphere may
be due to very low abundances of K in the exosphere, where mea-
surements are dominated by noise.

The Na/K ratio in the exosphere of the Moon is in the range 4.4
6, not far from overall average ratio of Na/K in the surface lunar
rocks, which is in the range 7-9, Potter et al, (2002) found that
radiation acceleration losses were not sufficiently different for so-
dium and potassium to explain the NajfI{ high ratio. They proposed
that the photo-ionization loss and recycling rates were sufficiently
different for sodiwm and potassium to account for the high ratio.
The higher mass of the potassium atom relative to sodiam {39
vs, 23} results in a smaller scale hejght and a larger gyroradius
for potassium relative to sodium, which may result in more rapid
net loss of potassium from the planet. However, Sarantos {2005
considered relative loss rates of Na and K photoions to the solar
wind and conchuded that the difference was toe small to explain
the variations in the Na/K ratio in the exosphere. Gur results show
that the NajK ratio in Mercury's exosphere is in the range 22-44,
where the ratios are taken only where the observations are above

" the noise-equivalent column.

A possible explanation for the large variation in the published
Na/K ratios at Mercury is the use of improper g-values. This is cer-
tainly the case for the high value of Na/K reported in the Earth's
atmosphere (Gault and Rundle, 1969). Although the g-values were
scaled for the radial velocity of Mercury at the time of the observa-
tion, there are two effects that were not taken into account. First,
the radial velocity not only affects the continuum at the rest fre-
quency of the atom in the atmosphere of Mercury, but it affeces
the multiplet structure, since each transition is independently af-

Table 7

Sediurs to porassiung ratios by rarnber iy the Selar Systam,
Cijert Mafg - Spuyes
Moy suhsplisre " A2 Petgey et al {20637
ia exosghere . B G Brown (3001}
Eusepa sxosphere ) 25 Brown [2008)
Moon exasphers & Polter and Morgan {1968;
Liniar crust -8 Lodders e 2l (1988, p 1YY
Metsarites 7-14 Lorderd etal (1988, p. 311
Earth atmesphers -35 Caylt dnd Rundie 18963]
Farth seawater X Indders of al, (1989, o, 1643
Farth crust z Lodders ez 31 11898, p. 143}
Solar Systes® 15 Lhiders £ al {1898, p. 806}

* Derived from solar spectrowopic snd meteoritic {Ti-chondrite] analyses,
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fected by the structure of the solar spectrum. Secondly, the velocity
of the atom inside the atmosphere was not taken into account in
the data reduction. The radial velocity of the bulk atmeosphere
may vary with the solar zenith angle and the viewing seomeiry,
Third, the K emission is weak and the uncertainty in the abundance
is large, Nevertheless there are valid explanations for a variable Na/
K ratio in the exosphere of Mercury, The questions here are why s
the source rate variable and why is it different for Na and for K
There is a moderate correlation between Na/K and Lyman o
flux, with a correlation coefficient of 0.6, The measured ratio is
either large (on the order of 150-250] for Lyman o greafer than
5 x 10! photons e ? 571 or small (on the order of <60} for Lyman
% less than 5 x 10 photons cm™ ? 571, One explanation is that the
rates of supply of volatiles to the extreme surface, or the upper-
most few monolayers, and thus to the exosphere, are diffusion-lim-
ited, and the diffusion rate for K is less than the diffusion rate for
Na tKillen and Sarantos, 2004}, Diffusion of atems from the interior
of grains to the extreme surface, or the topmaost few monolayers, is
required in order to repopulate the fayers from which PSD and ion
sputtering can eject atoms (Killen and Sarantos, 2004 Diffusion-
finited supply is 2 well-known phenomenon in sputtering {e.g,
Roth, 1983}, The rate at which Na and X diffuse fo the surface of
grains of sizes t gm to 1 m, at temperatures found on the surface
of Mercury, was calculated by Killen and Sarantos {2004 using dif-
fusion data from Nyquist et al, {1979). Note that this is a funda-
mentally different problem than that considered by Cheng et al.
{1987} and by Killen and Morgan {1993, 1884, who treated Knud-
sen flow from depth. Killen and Sarantos (2004} showed that the
volatiles initially near the rims of grains are rapidiy depieted, and
that the rate at which a trace volatile is delivered to the extreme
surface of a grain, where it can be acted upon by either photons
or ions, is not only a function of temperature but aise of grain size
and time since the grain was first exposed to space weathering. In
other words, there is a maximum ejection rate for a particular ele-
ment set by the rate at which that element can diffuse to the ex-
treme surface of the grain where it can desorb, and this rate is a
function of grain size, phase {crystaliine or amorphous), tempera-

=
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Fravtion of solute

Fig. 8. The fraction of solute lost befare the fiux drops to 50% of the magimum for 2n initial rate of 107 cm™ &
Sarantos, 2004} Limits on D for glassy erains are shown for sodium and potassium. Nete that for K, a flux of 107 32 mue
diffusion coefficients for K af temperatures Tound at Mercory are on the steeply declimng portion of the graph. This

ture, and weathering, We cail this the diffusion-Hmited suppiv
rate. Of course, meteorold impacts can vaporize entire grains ot
boulders, depending on the impactor size, and this must be fac-
tored info a global solution.

Fig. © shows that for a diffusion coefficient D= 10" (em?s 13
all grains smalier than about 0.1 ¢ in radius will be able to supply
the atmosphere at the required rate given by the known exosphere
loss rate, assumed here to be 107 cm™* s, usitii half of their solute
is lost. For progressively larger grains, a lesser fraction of solute
will be lost at the required rate, and thereafier the rate will drop
exponentially. This result is completely consistent with that of Kil-
len {1988, who determined that diffusion out of glass grains is too
fast and diffusion from a semi-infinke slab of erystalline mineral is
too siow to maintain the exosphere. This is because small, hot
grains, and glass grains, jose their volatfies rapidly, and large, crys-
talline grains or a slab lose their volatiles at a much slower rate. For
smalier values of the diffusion coefficient, progressively smaller
grains will be unable to deliver their solute to the extreme surface
at the required rate. One-centimeter-radius spheres can maintain a
maximati thermal vaporization rate at the subsolar point {at perihe-
lion} if they are glass. At aphelion, even mineral grains can rain-
tain the maximal thermal loss rate for the lifetime of the grain
an the surface.

Given a fractal distribution of grain sizes, and a distribution of
temperatures on the surface, on average the exosphere is main-
tained at the observed rate (Killen and Sarantos, 2004} How does
this explain the observed variability?

Boundaries on the diffusion coefficients for Na and K, respec-
tively, are shown in Fig. 9 for glass from the leftmost boundary to
the right-pointing artow and for minerals from the rightmost
boundary to the left-pointing arrow. Note that the expected K diffus-
sion coefficients are in the region where the fraction of solute that
sion coefficient, D (and thus of ternperature ). Suppose that an event
vecurs that cayses an increased yield of alkalis to the exosphere,
such as a coronal mass ejection (e.g., Kallio and Janphuner, 2003
Fig. 9 shows that Na atoms will be able to fill holes created by

2z -

is piotted vs, radius and diffusion coeffcient {from Killen and
tess likely fo be maintaived tha for Ma, since the
may explair the sensitivity of the Na/¥ ratio in the

atmosphere to external forcing that is independent of surface femperature, such 4s ion Sputtering.
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desorption much maore rapidly than will K atoms. All grains larger
larger than 100 pm can supply K at that rate. The fraction of solute
last per umit time at a given temperature is much greater for Na
{pink boundary} than for K {(blue boundary}. The region of interest
for Mercury is hetween the bold blue lines on the log diffusion coef-
ficient scale for ¥ and hetween the bold pink lines for Na. Thus, the
Na/K ratio in the atmosphere may increase after an energetic event
in which maost surface atoms are desarbed because the Na sites will
be rapidiy refilled, but the K sites will take more time to recover.

5, Conclusions

The existence of very hot refractory spécies in Mercury's exo-
sphere is consistent with ejection of molecules from the surface,
with subseguent dissociation into hot fragments. The hot Mg tail
is consistent with a susface abundance of 5-8% Mg, if 30% of im-
pact-vaporized Mg remains as MgO at quenching and haif of the
impact vapor condenses. All of the ejected MgO molecules are as-
surned to be dissociated to populate the tait region with the ob-
served hot atornic Mg Globally, ion sputtering is not a maior
source of Mg, but locally the sputtered source may be comparable
to or greater than the impact vapor source, Photons can desorb Mg
from MgO, so PSD may be an important source for Mg on the day-
side if Mg0 is deposited on the surface by some process such as im-
pact vaparization of a regolith mineral. Mg has not beent observed
on the dayside of Mercury to date, and because of the sparsity of
data we cannot determine the global distribution of Mg at this
time, Nonetheless, the terminator data show that the temperature
of the Mg gas decreases and the Mg number density at the surface
iacreases as the dawn terminator is approached.

We conclude that the Na and K in Mercury’s exosphere can be
derived from a regolith compoesition sirilar to that Luna 16 lunar
50il in which the abundances are 4.0027 for Na and 0.0006 for X
{Heiken et al, 1991} The variability of Na and K in the exosphere
is shown to be weakly correlated with the solar UV flux at Mercury
with a correlation coefficient of 0.66. This variability of the Na/K ra-
tio may be related to the differences in diffusion from the interiors
of regolith graius to the extreme surface where they are ejected by
PSD or ion sputtering, The variability in the exosphere is larger
than local differences in the Na/K abundance, if they are similar
to differences between Apollo crange glass and Luna 16 samples,
Since (Caloris basin was visible in the northern hemisphere be-
tween 23° and 58° from the sub-Earth longitude on the iHluminated
portion of the disk, and exospheric potassium was found to be
weak in that region, we conclude that K is not enhanced over the
Caloris basin at that time, in contrast to the findings of Sprague
et al. { 1980% Very large values of Na/K are indicative of smai! abon-
dances of K and are influenced by noise.

Observations of Mg in the near-termiinator region appear to
show that the surface number density increases and the tempera-
ture of the gas decreases as the dawn hemisphere is approached. A
single model does not match all of the data, indicating the exis-
tence of a non-uniform exosphere. New maodels of the Mercury
magnetosphere derived from MESSENGER observations should
make it possible to test logs and recycling rates. The newly discov-
ered slement in Mercury's exosphere, My, clearly is promoted inta
the exosphere by processes that are different from these ejecting
the more volatile species, Na and K Whereas the temperature
of the volatile species, Na and K, has been shown to be approxi-
matety that expected for a PSD source, or 1200 K, the temperature
found for Mg is on the order of tens of thousands of degrees. Na and
K exist in an extended anth-sunward tail because they are acceler-
ated by radiation pressure due to the strong resonance lines in the
visible region of the solar spectrum. There is no such strong reso-

nance line for Mg in the visible region where the solar flux is
strong: hence radiation pressure is neglgible for Mg, Nevertheless
we measured Mg in the anti-sunward tail. The conclusion is that
the source process promoting Mg to the exosphere produces the
hot Mg. This is very similar to the conclusion that we have found
for Ca {[Killen ot al., 2003). These refractory species are ejected into
the exosphere by a process that imparts ~2 eV to the Mg atom and
~3 eV to the Ca atom. We do not yet have enough data to deter-
mine the global distzribution of Mg. However, the data shown here-
in indicate that the Mg is non-uniform.
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Appendix A

The comparison of data to the Chamberlain model is achieved
by first generating model predictions of the exosphere over a range
of tenperatures and densities along the line of sight for the obser-
vations. Then the model-predicted column abundances are com-
pared to the data in a least squares analysis to retrieve the
terniperature and density. The analysis can be broken down into
categories for each cbservation regime.

A.1. Tail-sweep observations

For the tatl-sweep ohservations the spacecraft Is not in the
shadow of the planet. The line of sight oscillates up and down
relative to the planet's equatorial plane, causing it to intersect
the planet’s shadow for some of the ohservations and aot
intersect the shadow for others. A subset of observations was
selected where the lines of sight were pointing near the equato-
rial plane and passed through the shadow of the planet. Refer~
rinig to Fig. 4, the column abundance along the portion of the
line of sight in the dawn-side hemisphere, S;, was calculated
aver a range of temperatures and densities using Ry and 45 as in-
puts o the Chamberlain model and with 5; extending from & o
infinity. The column abundance along the portion of the Hne of
sight in the dusk-side hemisphere, 5,, was determined over a
range of temperatures and densities by calculating the column
abundance from R, to infinity inn the direction of the spacecraft
and from R, to infinity and then taking the difference between
the two, A least squares analysis was performed over tempera-
ture and density for both the dusk-side and dawn-side lings of
sight. For a single femperature, the Chamberlain-predicted
column abundances from the dawn-side hernisphere for the en-
tire range of densities were added one by one to each of the col-
umn ahundances from the dusk-side hemisphere over their
rafige of densities for the same temperatwre, This was done for
each of the subset of chservations and compared o the corre-
sponding sef of measured column abundarces, The difference is
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where N is the measured column abundance, M is the model-pre-
dicted column abundance at a specific temperature (T}, dawn-side
density { Pamwn) and dusk-side density {paus), and the sum is over
the number of observations {n} The resuif is a three-dimensional
mairix of D where the minimum valae is inferpreted as the best
fit of the data to the modei.

AZ. Fantaill ohservations

When the spacecraft is in shadow, the line of gight can only exit
the shadow, The eolurnn abundance was determined over a range
of teraperatures and densities atong the line of sight from the point
where it exits the planet’s shadow to infinity, The faniail obsesva-
tions were analyzed by comparing all of the fantail data with the
corresponding Chamberiain-predicted column abundances over
temperature and density. The difference is given by

DT, p) = S 1N, = M(T, )] A2)

i

where N is the measured column abundance, M is the model-pre-
dicted column abundance at a specific temperature {T) and density
{£}, and the sum is over the number of ebservations {n}. The resuit
is a two-dimensional matrix of D where the minimum value is
interpreted as the best fit of the data o the model.

A3, Terminator chservations

When the spacecraft is not in the planet’s shadow but the field
of view intersects the shadow and then intersects the planet, the
Chamberlain column abundance over a range of temperatures
and densities was calculated from the poing of line-of-sight inter-
section with the shadow to infinity {this column will pass through
the spacecraft) and from the spacecraft to infinity {this will be in
the direction opposite to the line of sight). The second quantity
was subtracted from: the first, and the same least squares analysis
was performed as for the fantail observations.
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