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a b s t r a c t

The efficiency of sputtered refractory elements by H+ and Heþ þ solar wind ions from Mercury's surface
and their contribution to the exosphere are studied for various solar wind conditions. A 3D solar wind–
planetary interaction hybrid model is used for the evaluation of precipitation maps of the sputter agents
on Mercury's surface. By assuming a global mineralogical surface composition, the related sputter yields
are calculated by means of the 2013 SRIM code and are coupled with a 3D exosphere model. Because of
Mercury's magnetic field, for quiet and nominal solar wind conditions the plasma can only precipitate
around the polar areas, while for extreme solar events (fast solar wind, coronal mass ejections, inter-
planetary magnetic clouds) the solar wind plasma has access to the entire dayside. In that case the
release of particles form the planet's surface can result in an exosphere density increase of more than one
order of magnitude. The corresponding escape rates are also about an order of magnitude higher.
Moreover, the amount of Heþ þ ions in the precipitating solar plasma flow enhances also the release of
sputtered elements from the surface in the exosphere. A comparison of our model results with MES-
SENGER observations of sputtered Mg and Ca elements in the exosphere shows a reasonable quantitative
agreement.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In the tenuous exosphere of Mercury a number of different
species have been detected up to now: H, He, O, Na, Ca, K (e.g.
Killen et al., 2007) and – more recently – Mg (McClintock et al.,
2009). The total surface pressure of these species is ∼10�12 mbar
and is about two orders of magnitude lower than the derived
upper limit of the exospheric pressure of ∼10�10 mbar (Fjeldbo
et al., 1976; Hunten et al., 1988). Hence some additional yet un-
observed volatile material may populate the Hermean exosphere.

There is good reason to consider the solar wind and magne-
tospheric plasma precipitation onto the surface of Mercury to
contribute to the population of the exosphere by ion implantation
and sputtering processes. Numerical modeling of Mercury's mag-
netosphere has shown that the weak intrinsic magnetic field of the
H.I.M. Lichtenegger).
planet is sufficient to prevent the equatorial regions from being
impacted by solar wind ions during moderate solar wind condi-
tions (Kallio and Janhunen, 2004). However, intense fluxes of
protons are expected to hit the surface at high northern and
southern latitudes, the auroral regions, giving rise to the release of
surface elements at high latitudes by ion sputtering. During ex-
tremely high solar wind dynamic pressure conditions, the solar
wind ions will have access to the entire dayside surface of Mercury
(Slavin et al., 2014), which may result in a considerable increase in
the particle population of the exosphere by sputtered material
from Mercury's surface.

Ground-based observations of Mercury's surface can only pro-
vide averages of its mineralogical composition over a large area on
the surface due to the limited spatial resolution because of at-
mospheric disturbances (Sprague et al., 2007). Recent measure-
ments of the x-ray and gamma-ray spectrometers aboard the
MErcury Surface, Space Environment, GEochemistry, and Ranging
(MESSENGER) spacecraft acquired at different localized areas
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Table 1

Vectors components B B B B, ,x y zIMF
→

= ( ) of the IMF (x parallel to solar wind flow

direction, z parallel to magnetic dipole moment and y completes the right handed
coordinate system), solar wind bulk velocity vbulk , solar wind density nsw , solar
wind dynamic pressure Psw, and fraction xHe of Heþ þ ions in the solar wind for four
considered cases.

BIMF
→

(nT) vbulk (km s�1) nsw (cm�3) Psw (nPa) xHe (%)

Case 1 (12.9, 4.7, 10.3) 400 60 15.9 5
Case 2 (0, 0, 15) 400 60 15.9 5
Case 3 (26,9,20) 350 90 18.3 8
Case 4 (26,9,20) 1200 90 215.2 8
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allowed to estimate the abundances of some elements like Si, Mg,
S, Fe, Ti, and Al. Relatively high Mg/Si and S/Si ratios have been
found, while Al/Si, Ca/Si, Fe/Si and Ti/Si ratios appear to be low
(Nittler et al., 2011; Rhodes et al., 2011; Evans et al., 2012; Starr
et al., 2012). Moreover, comparison of the x- and gamma-ray ob-
servations indicate that Mercury's regolith is on average vertically
homogenous to a depth of tens of centimeters (Evans et al., 2012).

In this paper we consider only refractory elements that are
ejected into the exosphere via solar wind sputtering. Therefore,
the contribution of volatile elements like sodium or potassium to
the exospheric composition is not considered in the present study.
For refractory elements, release processes like electron and photon
stimulating desorption are expected to be of minor importance.
Also thermal desorption may contribute to the exosphere density
at most close to the surface of Mercury. Micro-meteorite impact
vaporization may result in a surface density comparable to that of
sputtering, depending on the assumed impact flux. The initial
ejecta can be described by a high-temperature vapor ( 4000∼ K)
allowing only a small fraction of non-volatile material to reach
higher altitudes and to escape (Killen et al., 2007).

The Hermean environment is a complex system immersed in
the solar wind, consisting of a surface-bounded exosphere con-
taining volatile and refractory species from the regolith and in-
terplanetary dust. We are not attempting to describe this dynamic
system in detail, rather we are aiming to establish a global model
of Mercury's exosphere. For this purpose we start with a plausible
mineralogical model of the surface consistent with recent ob-
servations and consider the precipitation of solar wind ions onto
the surface of Mercury for different solar wind conditions. By
means of the corresponding sputter rates the 3-dimensional exo-
sphere density of the sputtered species can be estimated and a
self-consistent model of the expected average neutral particle
environment of Mercury is obtained.

The paper is structured as follows: Section 2 describes the
numerical models used, including the solar wind precipitation
(Section 2.1), Mercury's elemental surface composition model
(Section 2.2), the resulting sputter flux (Section 2.3), and the
exosphere model (Section 2.4). Section 3 discusses the simulation
results, while the conclusions are outlined in Section 4.
2. Model description

The sputter contribution to Mercury's exosphere is considered
as the result of three major physical processes: (a) precipitation of
solar wind ions, i.e., mainly Hþ and Heþ þ ions, (b) sputtering of
surface elements, and (c) spreading of the sputtered particles
around the planet.

2.1. Solar wind precipitation

The precipitating solar wind particles (Hþ and Heþ þ ions) are
collected at the surface of Mercury, i.e., when absorbed by the
obstacle, after the initial transients in the simulation have dis-
appeared. The simulated particles are binned to a 30�30 rec-
tangular latitude–longitude grid by species, from which the cor-
responding fluxes are obtained from a three dimensional self-
consistent Mercury hybrid model simulation (HYB-Mercury). In
the hybrid model ions are treated as particles while electrons form
a massless charge neutralizing fluid (Kallio and Janhunen, 2003a).
Earlier HYB-Mercury runs made before MESSENGER observations
modeled the Hermean magnetic field by using a magnetic dipole
at the center of the planet, which gave a 300 nT magnetic field at
the equator at the surface (Kallio and Janhunen, 2003a,b, 2004).
However, the MESSENGER magnetic field observations indicated a
195710 nT dipole field, which has an offset of 484711 km
northward of the geographic equator (Anderson et al., 2011). Some
later studies suggested a 190 nT dipole field (Johnson et al., 2012).
In this study the magnetic field of Mercury is modeled in the HYB-
Mercury simulation as a dipole, with the dipole source translated
450 km northwards from the center of the planet, with a strength
of 190 nT at the magnetic equator at Mercury's surface.

In Table 1 the interplanetary magnetic field (IMF) and solar
wind conditions for four different cases used in the present si-
mulations are summarized. Case 1 is intended to simulate ‘mean’
near-Mercury conditions similar to those measured during the
first Mercury flyby (M1) of MESSENGER (Baker et al., 2009, 2011;
Slavin et al., 2010), case 2 considers a northward directed IMF, and
cases 3 and 4 represent solar wind conditions with a stronger IMF
and higher solar wind density. Additionally, case 4 corresponds to
a very high bulk speed. MESSENGER observations of Mercury's
dayside magnetosphere under extreme solar wind conditions have
been reported by Slavin et al. (2014). Of the three events analyzed,
two were the result of coronal mass ejections and one was from a
high speed stream, with inferred ram pressures of ∼45 to 65 nPa.
Case 4 can thus be considered as an example of even more ex-
treme conditions than those observed by Slavin et al. (2014). The
calculated solar wind flux onto Mercury's surface for all four cases
is illustrated in Fig. 1.

2.2. Mercury's surface composition

As outlined in Wurz et al. (2010) – besides disk-averaged
spectra from the first MESSENGER flyby and spatially resolved
observations from the Mercury Atmospheric and Surface Compo-
sition Spectrometer (MASCS) instrument (McClintock et al., 2008)
– the main knowledge of Mercury's global average surface com-
position is mainly inferred from ground-based observations in the
visible and IR spectral ranges, as well as from experiments with
analogue materials in laboratories (Warell et al., 2006; Sprague
et al., 2007, 2009; Wurz et al., 2010). However, ground-based
measurements of Mercury's surface mineralogy are hampered by
various circumstances like the absorption features of the terres-
trial atmosphere in the infrared wavelength range or the planet's
closeness to the Sun. Furthermore, Mercury's surface has experi-
enced space weathering for more than 4 billion years (Hapke,
2001) resulting in a substantial regolith layer, which makes the
spectroscopic identification of minerals on the surface difficult.

Based on this available spectroscopic observations regarding
the mineralogical information of Mercury's surface, Wurz et al.
(2010) designed a global mineralogical model of the planet's ele-
mental surface composition. This surface composition model
consists of a selected group of end-member mineral compositions
(∼27 mol% feldspar, ∼32 mol% pyroxene, ∼39 mol% olivine,
∼0.07 mol% metallic iron and nickel, ∼1.03 mol% sulfides,
∼0.07 mol% ilmenite, ∼1.45 mol% apatite), which are weighted to
be consistent with the available observational constraints and
yields an average surface density of ∼3.11 g cm�3. From this



Fig. 1. Solar wind flux maps of precipitating Hþ and Heþ þ ions onto Mercury's surface in units of s�1 m�2 for four different cases varying in the strength of the IMF, the
solar wind bulk velocity vbulk , the solar wind density (Hþ and Heþ þ ions) nsw and the helium fraction xHe (see Table 1). The subsolar point lies in the center of the maps,
positive latitudes correspond to Mercury's northern hemisphere, positive longitudes represent the eastern hemisphere.

Fig. 2. Comparison of several measurements of the elemental surface compositions together with the predicted composition in units of weight percent.
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mineralogical model Wurz et al. (2010) obtained the elemental
composition of Mercury's surface by applying additive and mul-
tiplicative surface composition modeling techniques. Additionally
they applied the multiplicative model with an assumed invariant
Ca fraction of 1.67 % to better reproduce ground-based Ca exo-
sphere observations (Bida et al., 2000).
The elemental fractions given in Wurz et al. (2010) have been
converted to weight fractions to allow comparison with the pub-
lished data from the MESSENGER mission (Nittler et al., 2011;
Rhodes et al., 2011; Peplowski et al., 2011, 2012; Starr et al., 2012;
Weider et al., 2012). As can be seen from Fig. 2, the predicted
abundances of most of the elements compare reasonably well with



Table 2
Elemental surface abundance in units of atom percent as modeled with the mul-
tiplicative composition modeling technique with a fixed Ca fraction of 1.67 % by
Wurz et al. (2010).

Species O Na Mg Al Si P S
Abundance (%) 59.42 1.32 15.8 2.62 17.3 0.268 0.591

Species K Ca Ti Cr Fe Ni Zn
Abundance (%) 0.030 1.670 0.014 0.041 0.611 0.004 0.285

Fig. 3. Total oxygen sputter yields for different solar wind helium fractions.

Fig. 4. Total sputter yields for 12 surface elements obtained by the multiplicative
surface composition model with a fixed Ca fraction of 1.67% (Wurz et al., 2010).
Sputter yields for Na and K are not shown since their contribution to the exosphere
density is not considered in this paper.
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the observations. For some elements like Ti and Cr, only upper
limits are quoted from the measurements, which are compatible
with the predictions by the model. For Na, Al, S and Ca the model
predicts somewhat lower values, for Mg slightly higher values
than observed. As discussed in Section 3.1, these differences have
only a little effect on the resulting exosphere densities. Moreover,
it should be noted that the reported measurements are not global
averages, but for restricted areas on the surface, and show some
local variation. For example, Peplowski et al. (2012) find that the
average K abundance is 1150 and 1280 ppm for the areas sampled
in 2011 and 2012, respectively. However, for individual locations
the range of K abundances is between 754 and 1786 ppm. Simi-
larly, Weider et al. (2012) find a range of abundances for many
elements varying over a decade, depending on location on the
surface. Considering the scatter between different measurements
and the limited surface coverage, the agreement between the
global abundances from Wurz et al. (2010) and the measurements
is satisfactory (cf. Fig. 2).

In the present study we used the elemental surface composi-
tion derived from the multiplicative model with a fixed Calcium
fraction of 1.67% from Wurz et al. (2010). The fractions are sum-
marized in Table 2. A slightly modified composition model is
briefly addressed in Section 3.1.

2.3. Sputter yields

The sputter yields were obtained by means of the 2013 version
of the SRIM package (Ziegler et al., 1984, 2013; Ziegler, 2004). The
calculations were performed for the multiplicative surface com-
position model with a fixed Ca fraction of 1.67 % (Table 2) with a
surface mass density of 3.11 g cm�3 (Wurz et al., 2010) and an
incident angle of impacting solar wind ions of 45° (Wurz et al.,
2007). The sputter yields were calculated for the main con-
stituents of impacting solar wind ions, i.e., for Hþ and Heþ þ ions.
The contributions of heavier solar wind ions to the flux of sput-
tered material are less than 1% (Wurz et al., 2010) because these
ion fluxes are very low (Wurz, 2005), thus they were neglected.
The total sputter yield Yi of species i was calculated by
Y x Y x Yi i i

H H He He= + , where xH and xHe are the fractions of Hþ and
Heþ þ ions in the solar wind, respectively, and Yi

H and Yi
He are the

sputter yields of species i caused by Hþ and Heþ þ ions
respectively.

Fig. 3 illustrates the total oxygen sputter yields for various solar
wind helium fractions in the range of the solar wind impact ve-
locity from 100 to 4000 km s�1. Helium sputtering is about
8 times more effective than proton-sputtering, thus for a typical
solar wind helium fraction of 5%, about 30% of the total sputter
yield is caused by helium sputtering. This fraction increases to 40%
for a solar wind helium fraction of 8% and to 70% for a solar wind
He fraction of 20%. The maximum sputter yield caused by Heþ þ

ions is about 0.53 oxygen atoms per impacting helium ion at an
impact velocity of about 200 km s�1, whereas protons produce at
most 0.065 sputtered oxygen atoms per impacting proton at an
impact velocity of about 320 km s�1. For lower impact velocities
the sputter yields decrease rather strong, especially in the case of
helium sputtering.

Fig. 4 gives an overview of the total sputter yields of 12 species
(without K and Na) according to the multiplicative surface model
with fixed Ca fraction of 1.67% (Wurz et al., 2010). The total sputter
yields cover a range of more than 4 magnitudes, resulting from the
range of elemental abundances. Within a limited abundance range
there is a linear relation between the total sputter yields and the
elemental atomic surface fraction: Y Y Ci i i

rel= (Wurz et al., 2007),
which can be used for surface compositions very similar to the
composition assumed to obtain the total sputter yields.

Mercury's resulting sputter flux i
spΦ of species i is obtained by

Y por, , 1 , 1i i
sp swΦ φ Φ φ(ϑ ) = (ϑ ) ( − ) ( )

with ,swΦ φ(ϑ ) being the solar wind flux (Hþ and Heþ þ ions)
depending on latitude ϑ and longitude φ as illustrated in Fig. 1, Yi
the total sputter yield of species i for the surface composition
given in Table 2, and por the porosity of the regolith surface which
is assumed to be 0.3 (Cassidy and Johnson, 2005; Wurz et al., 2010)
and effectively reduces the sputter yield with regard to that of
solid grains by 30%.

2.4. 3D exosphere modeling

The sputter yields of 12 chemical elements (see Table 2, with-
out K and Na) caused by solar wind sputtering are the basic source
in the modeling of Mercury's exosphere, which depends on lati-
tude and longitude as described by the solar wind flux maps (see
Fig. 1).
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The production rate Q in units of s�1 of particles generated in a
surface element is calculated by

Q Ad , 2i
sp∫ Φ= ( )

where A is the area and ,i
spΦ φ(ϑ ) the corresponding sputter flux of

the surface element, given by Eq. (1). We generate a total of about
4 106× pseudo-particles equally distributed over Mercury's sur-
face. With N being the number of pseudo-particles of the con-
sidered surface element the production rate Qp, assigned to each
pseudo-particle, is given by

Q
Q
N

. 3p = ( )

The energy distribution of the sputtered species is taken from
Sigmund (1969) that was extended to account for the maximum
energy which can be imparted to a sputtered particle (Wurz and
Lammer, 2003; Wurz et al., 2007):
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where Ee and Eb are the kinetic energy and the surface binding
energy of the sputtered particle with mass m2, respectively, and Ei
is the energy of the impacting particle m1.

The binding energies used in the calculation are listed in Ta-
ble 3 and are taken from the SRIM model.

The distribution of the angle θ between the surface normal and
the initial trajectory of the sputtered particle is assumed to follow
the Knudsen cosine law (Cassidy and Johnson, 2005):

f cos . 6β θ( ) ∝ ( )

In the horizontal plane the velocity vector is assumed to be dis-
tributed uniformly. Thus, we know the initial position and velocity
vectors and the production rates of all pseudo-particles.

We divide the spherical space from Mercury's surface up to an
altitude of 50 000 km into volume cells with a vertical resolution
of 200 km, significantly less than the typical scale heights for
sputtered species (h 1600O = km, h 1300Mg = km, and
h 890 kmCa = , Wurz et al., 2010), and 6° in latitude and longitude,
respectively. The trajectories of the pseudo-particles are calculated
by means of a second order Runge–Kutta integration routine and
the time t that the pseudo-particle needs to transverse each cell is
determined. The contribution of this pseudo-particle to the num-
ber of particles Npart inside the cells is then given by N Q tpart p= ,
and finally the number density n in the considered cell is obtained
by summing up the contributions from all pseudo-particles and
relating it to the cell volume Vc:
Table 3
Surface binding energies Eb in eV (according to the SRIM model) and photo ioni-
zation rates (PI) in 10�6 s�1 for a solar distance of 1 AU (taken from Huebner et al.,
1992) for the 14 species of the surface composition model.

Species O Na Mg Al Si P S
Eb 2.0 2.0 1.54 3.36 4.70 3.27 2.88
PI (quiet Sun) 0.7 – 0.7 1200 23.2 0.6 1.1
PI (active Sun) 1.8 – 1.1 1300 48.5 1.4 2.3

Species K Ca Ti Cr Fe Ni Zn
Eb 0.93 2.10 4.89 4.12 4.34 3.92 1.35
PI (quiet Sun) – 69.6 2.5 3.8 1.8 0.9 0.5
PI (active Sun) – 78.0 5.7 8.9 3.7 1.9 1.4
n
N

V
.

7
part

c
=

∑

( )

The integration of the particle trajectories is performed up to a
distance of 50 000 km which is well within Mercury's sphere of
influence so that the gravitational perturbation of the Sun can be
neglected. The integration is terminated either when the particle
exceeds this distance or when it falls back onto the surface, where
we assume perfect sticking. We note that at 50 000 km altitude
more than 99% of the particles have velocities exceeding the es-
cape velocity, which justifies these particles to be treated as lost.

Depending on Mercury's radial velocity with respect to the Sun,
which is a function of its orbital position, the effect of solar ra-
diation acceleration cannot be neglected for the elements Sodium,
Potassium and Calcium (Smyth and Marconi, 1995; Potter et al.,
2007; Potter and Killen, 2008; McClintock et al., 2009). Also
Magnesium experiences this effect, but it is a factor of 4.7 10 3× −

weaker than Mercury's surface gravity (McClintock et al., 2009)
and will be neglected in this paper. Resonance scattering of solar
radiation causes an acceleration a of the considered species

a
he

m mc
F

f
R

;
8

2

e
2 2

π ν π=
( )

ν

here, m is the mass of the species, e and me denote charge and
mass of an electron, h is the Planck constant, ν is the frequency
and f is the oscillator strength of the resonance transition, Fπ ν is the
solar flux for a specific frequency at 1 AU in the rest frame of the
species and R the heliocentric distance in AU.

Photoionization rates are taken from Huebner et al. (1992), and
the online tool available at http://phidrates.space.swri.edu/ for
both, the quiet and the active Sun and are listed in Table 3. The loss
due to photoionization is taken into account by continuously re-
ducing the production rate Qp, assigned to the considered pseudo-
particle, along its trajectory by the appropriate factor.
3. Results

We compare the results for the typical case 1 and for the ex-
treme event case 4 of all sputtered elements. Mercury's helio-
centric distance was chosen in accordance with MESSENGER's first
flyby (M1) at 0.35 AU corresponding to a true anomaly angle (TAA)
of 285° (Vervack et al., 2010).

Fig. 5a illustrates the modeled number density in the noon–
midnight plane (the Sun is to the right) for various refractory
elements. Because of its high surface abundance (see Table 2), the
oxygen density in the exosphere is significantly larger than the
density of the other elements considered in this study. Although
the model surface abundances of magnesium and silicon are si-
milar, the magnesium density is enhanced with respect to silicon
because it can be released easier due to its lower surface binding
energy of 1.54 eV compared to the Si binding energy of 4.7 eV. The
density of aluminium rapidly falls off with increasing distance
from the planet because its photoionization rate is much larger
than that of the other elements (Table 3). Among the elements
considered, solar radiation acceleration is only relevant for Ca,
yielding to a Ca tail in the anti-sunward direction. It should be
noted that the maximum density values obtained for the elements
are somewhat higher than those given by Wurz et al. (2010) be-
cause the precipitation rates of solar wind ions is not uniform over
the surface. Higher ion precipitation fluxes at localized regions can
lead to higher exospheric densities at the surface than the average
densities published by Wurz et al. (2010). Fig. 5b displays the
3-dimensional exosphere density for the extreme case 4. With
respect to case 1, the densities are significantly increased because

http://phidrates.space.swri.edu/


Fig. 5. Meridian volume density plots with the Sun at the right side for (a) case 1 and (b) case 4 within 6 Hermean radii (0–15 000 km altitude) around the planet. Note that
both figures display the same color scaling. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)

Fig. 6. Altitude density profiles of 3 selected species for all cases.
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the solar wind can effectively sputter particles from the whole
dayside surface of Mercury (compare Fig. 1).

Fig. 6 shows altitude density profiles averaged over the entire
planet of 3 selected species for all 4 cases to compare the differ-
ences between them. For all elements case 2 results in lower
densities compared to case 1, whereas case 3 shows slightly en-
hanced densities. Case 4 results in density enhancements of one to
two orders of magnitude depending on the considered element
and the altitude, although the corresponding sputter yields are
about three times less than for case 1 (compare with Figs. 3 and 4);
this is due to the enhanced solar wind flux in case 4.

In Fig. 7 altitude density profiles averaged over the entire pla-
net are shown for the cases 1 and 4 for all considered species. Al
and Ca have lower scale heights than the other elements because
of the high photoionization rate for Al and the radiation accel-
eration effect of Ca which reduces the scale height. Fig. 8 displays



Fig. 7. Altitude density profiles of all considered species for case 1 (left panels) and case 4 (right panels).

Fig. 8. Day/nightside profiles for case 1 (left panel) and case 4 (right panel). For Al both profiles with and without photoionization (PI) are shown.
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the density profiles of three species for the cases 1 (left panel) and
4 (right panel) obtained by averaging the density separately over
the day- and nightside. Nightside densities are always lower than
the density at dayside with the exception of Ca, where the parti-
cles are transported into the nightside hemisphere due to the solar
radiation acceleration. For case 1, at about 8000 km altitude, the
nightside Ca-density exceeds the dayside Ca-density, while for
case 4, the nightside density starts to exceed the dayside density at
50 000 km height. Fig. 8 also includes the density profile of alu-
minium when photoionization is neglected (annotated by ‘no PI’),
showing that Al is diminished at higher altitudes due to photo-
ionization by several orders of magnitude.

Fig. 9 illustrates column densities of selected elements obtained
by moving along a line parallel to the Sun–planet line at 10 pla-
netary radii and looking towards the noon–midnight plane of the
planet. The density integrated along these lines of sight is pro-
jected onto the noon–midnight plane and displayed in Fig. 9. The
four rows correspond to the cases 1–4. Note the different scaling of
O and Mg with respect to the other elements. While the column
densities are quite similar for cases 1 and 2, the calculated column
densities increase with increased IMF and solar wind density (case
3) and become significantly larger for the high solar wind bulk
velocity (case 4).

In the latter case, the entire dayside surface of the planet ex-
periences intense ion sputtering which results in column densities
enhanced by more than one order of magnitude with respect to
the nominal conditions of case 1. Due to the effective photo-
ionization, even in the extreme case 4 higher Al densities are ex-
pected only in a relatively small volume above the dayside of
Mercury, while the nightside remains almost unaffected by the
stronger solar wind.

Table 4 lists numerical values of column densities in units of
108 cm�2 obtained at various local times of Mercury when viewed
from a distance of 10 planetary radii in the equatorial plane. Fig. 10



Fig. 9. Column densities for the cases 1–4 obtained by passing the planet along a line parallel to the Sun–planet direction at 10 planetary radii and projecting the density
integrated along the lines of sight onto the noon–midnight plane of Mercury. Each image displays a region of 20�20 Hermean radii.

Table 4
Column densities as seen from four different positions on a circle of 10 planetary radii in the equatorial plane when viewed to three different locations (with latitude

0 , 45φ = ° ± °) on Mercury's surface. Longitude (lon 0 , 90 , 180= ° ± ° °) correspond to subsolar point, terminator and midnight, respectively, (see Fig. 10).

Column density (cm�2)�108

lon �180 �90 0 90 �180 �90 0 90 �180 �90 0 90 �180 �90 0 90

O case 1 case 2 case 3 case 4

φ¼45° 9.65 11.1 71.4 12.8 7.51 9.40 53.3 10.7 15.9 27.1 120.3 38.3 19.5 73.3 283.7 39.9
0° 7.78 13.5 29.8 17.5 5.84 9.50 20.4 17.8 11.9 22.1 58.2 35.1 17.4 81.1 193.9 33.6
�45° 9.37 12.3 33.8 40.1 6.78 10.6 22.7 25.5 3.8 15.6 47.7 80.2 20.8 95.5 227.5 46.1

Mg case 1 case 2 case 3 case 4

φ¼45° 4.2 4.9 29.7 5.4 3.2 4.1 21.9 4.5 6.9 11.9 50.0 12.3 9.0 29.0 114.5 17.8
0° 3.4 5.7 12.2 7.5 2.6 4.1 8.4 7.5 5.3 9.2 20.1 14.7 7.5 33.3 77.9 14.2
�45° 4.1 5.3 14.3 17.1 3.0 4.5 9.7 10.7 5.9 6.8 20.0 34.1 9.7 39.0 94.1 20.1

Ca case 1 case 2 case 3 case 4

φ¼45° 0.3 0.2 1.7 0.2 0.2 0.2 1.3 0.2 0.5 0.5 2.8 0.5 0.6 1.7 6.3 0.8
0° 0.4 0.3 0.4 0.3 0.3 0.2 0.3 0.4 0.6 0.4 0.7 0.6 0.9 2.1 3.5 0.6
�45° 0.3 0.2 0.7 0.9 0.2 0.2 0.4 0.6 0.4 0.3 0.8 1.9 0.7 2.6 5.0 1.1

Cr case 1 case 2 case 3 case 4

φ¼ 45° 0.01 0.01 0.05 0.01 0.01< 0.01 0.03 0.01 0.01 0.01 0.07 0.01 0.01 0.05 0.19 0.03
0° 0.01< 0.01 0.02 0.01 0.01< 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.01 0.05 0.13 0.02
�45° 0.01 0.01 0.02 0.03 0.01< 0.01 0.01 0.02 0.01 0.01 0.03 0.05 0.01 0.06 0.16 0.03

Al case 1 case 2 case 3 case 4

φ¼45° 0.01 0.01< 0.21 0.01< 0.01 0.01 0.16 0.01< 0.02 0.04 0.34 0.01 0.01< 0.04 0.80 0.04
0 0.01 0.03 0.03 0.02 0.01 0.01 0.02 0.04 0.01 0.03 0.04 0.02 0.01< 0.07 0.39 0.02
�45 0.01 0.02 0.09 0.09 0.01 0.02 0.06 0.05 0.01 0.01 0.08 0.15 0.01 0.09 0.59 0.06
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Fig. 10. Left: Line of sight from a distance of 10 Mercury radii to three different locations on Mercury [(0,0)¼subsolar point (SSP), 0, 45 , 0, 45( − °) ( )] along the zero longitude
on Mercury. Right: The four vantage points for which column densities are listed in Table 4.

Fig. 11. Simulated column densities of Mg and Ca for case 1 projected onto the plane defined by Mercury's north pole and the Sun–Mercury line. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of this paper.)

Table 5
Impact and escape rates of various refractory elements.

Species Case 1 Case 2 Case 3 Case 4

Impact s 1( )− Escape s 1( )− Impact s 1( )− Escape s 1( )− Impact s 1( )− Escape s 1( )− Impact s 1( )− Escape s 1( )−

O 4.9 1023· 2.0 1024· 3.4 1023· 1.4 1024· 8.6 1023· 3.4 1024· 2.2 1024· 1.0 1025·
Si 6.5 1022· 5.4 1022· 4.5 1022· 3.7 1022· 1.2 1023· 9.0 1022· 3.3 1023· 3.9 1023·
Mg 2.6 1023· 5.6 1023· 1.8 1023· 3.9 1023· 4.6 1023· 9.4 1023· 1.2 1024· 2.9 1024·
Al 6.7 1019· 3.5 1016· 4.7 1019· 2.6 1016· 1.2 1020· 3.4 1016· 3.1 1020· 4.4 1018·
Ca 1.1 1022· 1.2 1021· 7.6 1021· 8.7 1020· 1.9 1022· 2.1 1021· 5.7 1022· 1.0 1022·
Fe 8.0 1021· 4.2 1021· 5.6 1021· 2.9 1021· 1.4 1022· 6.8 1021· 4.4 1022· 3.3 1022·
S 8.1 1021· 1.1 1022· 5.6 1021· 7.7 1021· 1.4 1022· 1.8 1022· 3.8 1022· 6.5 1022·
Zn 1.2 1022· 5.0 1021· 8.4 1021· 3.5 1021· 2.0 1022· 7.5 1021· 5.4 1022· 3.5 1022·
P 3.2 1021· 4.6 1021· 2.2 1021· 3.2 1021· 5.5 1021· 7.6 1021· 1.6 1022· 2.9 1022·
Cr 5.5 1020· 2.9 1020· 3.8 1020· 2.0 1020· 8.6 1020· 4.2 1020· 2.7 1021· 2.0 1021·
Ti 1.7 1020· 1.1 1020· 1.2 1020· 7.9 1019· 1.9 1020· 1.3 1020· 7.7 1020· 7.1 1020·
Ni 5.4 1019· 2.7 1019· 3.8 1019· 1.9 1019· 1.6 1020· 6.9 1019· 3.6 1020· 2.6 1020·
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(left) illustrates how the column densities in Table 4 are obtained
at a longitude of lon 0= ° for three different latitudes of �45°, 0°
and 45°. In a similar way, the column densities at dusk (lon¼90°),
midnight (lon¼180°), and dawn (lon¼�90°) are obtained.

Although the magnetic field configuration was different for M1
and M2, the orbital parameters of Mercury and the radiation ac-
celeration were quite similar (Vervack et al., 2010), suggesting
comparable column densities during M1 and M2. Fig. 11 displays
the simulated column densities of Mg and Ca for case 1 (corre-
sponding to M1 conditions) in the nightside of Mercury by using a
linear color scale to allow a better comparison with MESSENGER
tail observations, where radiance maps of Mg and Ca were re-
corded as the spacecraft approached the planet (McClintock et al.,
2009). Reported column emissions for Mg and Ca cover a range of
up to 250 and 600 Rayleighs, respectively, during the second flyby.
Using the published g-values of g¼0.318 for Mg and g¼22.07 for
Ca (Vervack et al., 2010), this corresponds to a column density
range of approximately up to 8 1012· and 3 1011· m�2, respectively,
and is in reasonable agreement with the simulation results dis-
played in Fig. 11.

The MESSENGER spacecraft measured Ca emissions with its
surface composition spectrometer since March 2011 on nearly a
daily basis (Burger et al., 2014). That is, the dayside Ca exosphere
was observed over more than 8 Mercury years. Prior to MESSEN-
GER's orbit insertion, Burger et al. (2012) concluded from the in-
itial observations that the detected Ca is most likely supplied by
an energetic source that can be characterized by a temperature
of more than 20 000 K and which is centered on or near the
equatorial dawn, if one assumes a Maxwellian distribution.
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Furthermore, these authors suggested that the observed Ca dis-
tribution did not appear to be related to either magnetospheric
effects or material that had built up on the nightside so that it
could have been desorbed as it rotated into the sunlight.

The recent results on the source rates and their seasonal var-
iations presented in Burger et al. (2014) are more or less consistent
with the previous analysis and conclusions of Burger et al. (2012).
The long term data suggest a temperature of up to 50 000 K for the
Ca source, although the previous assumed that 20 000 K also work
well. The temperature differences appear because in Burger et al.
(2012) the data have mainly been analyzed over Mercury's
nightside, while in Burger et al. (2014) only dayside data have been
used, where Ca was assumed to be symmetrically distributed over
the day- and nightside. In reality, however, there may be an
asymmetry of the source across the terminator.

From the observational results of Mercury's Ca exosphere
component one can conclude that there should be an approxi-
mately constant source which is located in the dawn of the
equatorial region with a constant size and energy. This source
releases Ca with velocities higher than the escape velocity and
with rates between 4 1022∼ × and 3.7 1023× s�1 at 195° and 20°
true anomaly, respectively (Burger et al., 2014). Moreover, there
seems to be no evidence of a year-to-year variability in the near
surface dayside Ca exosphere; the peak Ca amount in the exo-
sphere over one Mercury year varies from less than 1 cm�3 to
∼4 cm�3 (Burger et al., 2014).
Fig. 12. Total sputter yields for the modified surface composition model (solid
lines) for Mg, S, Ca, and Al. The dashed lines show the corresponding sputter yields
of the unmodified model.

Fig. 13. Altitude density profiles of Mg, S, Ca, and Al resulting from the modified model fo
of the original model.
As one can see from Fig. 1a–c – besides high energetic solar
events (Fig. 1d) – solar wind induced ion precipitation can be as-
sociated with regions around high latitudes focused at the cusp
areas. According to Fig. 8 (left panel), the modeled average dayside
number density caused by solar wind sputtering is less than
1 cm�3 and is thus only a minor population with respect to the
observations reported by Burger et al. (2014). A dayside Ca surface
density comparable to the long-term observations is only expected
due to sputtering during extreme solar events when the proton
flux precipitates over the whole dayside (Fig. 8 right panel).

Because the dayside Ca exosphere density remains stable dur-
ing nominal solar wind conditions and Burger et al. (2014) found
no high-latitude Ca emission sources, these authors consider im-
pact vaporization of micrometeorites as a promising scenario for
explaining the observed Ca source (Cintala, 1992; Berzhnoy and
Klumov, 2008; Borin et al., 2009; Berzhnoy, 2013; Grotheer and
Livi, 2005; Killen and Hahn, 2015). In such a case impacts produce
Ca mainly in molecular form in the impact plumes, where these
molecules are quickly photodissociated and release energetic Ca
atoms (Killen et al., 2005; Berzhnoy and Klumov, 2008; Berzhnoy,
2013). Our simulations of solar wind sputtered Ca also suggest that
sputtering cannot explain the MESSENGER observations analyzed
by Burger et al. (2014), although a less dense sputtered Ca popu-
lation might be hidden in the observations. The major contribution
to the Ca density should come from other processes like, e.g.,
impact vaporization of micrometeoroids. It should be noted that
these conclusions also hold for the modified composition model,
where the relative Ca fraction is increased (see Section 3.1).

The impact rates of sputtered particles falling back on the
surface of Mercury and the escape rates of exospheric particles are
listed in Table 5 for the four cases considered. For oxygen, the
escape rates distinctly exceed the impact rates, because the sputter
distribution, Eq. (4), peaks close to the escape energy so that a
considerable amount of sputtered oxygen atoms will acquire ve-
locities above the escape velocity. For the other species, however,
the distribution function peaks at lower energies than the escape
energy, leading to an increased generation of particles along
bound orbits, which eventually fall back onto the surface. Over a
long period, the large variation of the escape rates of different
species may result in a distinct fractionation of the surface com-
position, in particular suggesting a strong depletion of the oxygen
content of the surface.

3.1. Modified composition model

Given the error bars shown in Fig. 2, the modeled weight
percent of Na, Mg, Al, and S are somewhat lower than those
observed. To better agree with these measurements, we have
r case 1 (left panel) and case 4 (right panel). Dashed lines correspond to the profiles
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increased the weight percent of Na, Al, and Ca by a factor of 2 and
that of S by a factor of 3. In addition, the weight percent of Mg has
been divided by two. After having adjusted the compositional
model accordingly, the total sputter yields for the modified surface
composition have been recalculated and are displayed in Fig. 12
(solid lines) for Ca, Mg, Al, and S together with the corresponding
yields of the original model (dashed lines). The figure indicates
that the yields respond approximately linear to the change in the
composition.

Fig. 13 shows the altitude density profiles of the four elements
whose weight percent fraction has been modified. As expected,
the density closely scales with the surface fraction of the elements,
resulting in an increased density by a factor of two (Al and Ca) and
three (S) and in half of the density for Mg.
4. Summary and conclusion

A 3D hybrid solar wind interaction model has been applied to a
global mineralogical surface composition model of Mercury. The
resulting sputtered refractory elements and their release into the
planet's exosphere, the corresponding density distributions from
the surface up to 50 000 km and the escape rates have been si-
mulated for various solar wind conditions. It is shown that the
exosphere density of O, Mg, Al, Si, P, S, Ca, Ti, Cr, Fe, Ni, and Zn,
compared to quiet or moderate solar wind conditions, can be en-
hanced by more than one order of magnitude during fast and
denser solar wind events, where Mercury's magnetosphere is so
compressed by the plasma ram pressure that Hþ and Heþ þ ions
can precipitate onto the planet's surface over the whole dayside.
Our results are also in agreement with MESSENGER observations
of exospheric Ca and Mg particles. Less abundant refractory ele-
ments, which are difficult to observe during nominal solar wind
conditions, may become temporarily detectable when the planet is
hit by a fast and dense plasma cloud.
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