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Abstract Mercury is surrounded by a tenuous, collisionless exosphere where the surface of the planet is
directly exposed to the space environment. As a consequence, impacts and space weathering processes
are expected to eject atoms and molecules from the surface into the exosphere, implying a direct link
between the exospheric composition and the planet’s regolith material. However, observational evidence
demonstrating this link has been elusive. Here we report that exospheric magnesium, a species recently
discovered and systematically measured by the Mercury Surface, Space ENvironment, GEochemistry, and
Ranging mission, is enhanced when observed over a portion of the planet’s surface regolith rich in
magnesium. These observations confirm a direct link between Mercury’s magnesium exosphere and the
underlying crustal surface composition, providing strong evidence supporting theoretical arguments that
impact vaporization can directly supply material to the exosphere from the regolith of a rocky, airless body.

Plain Language Summary Understanding the physical processes that release atoms and molecules
from Mercury’s surface into its exosphere (highly tenuous atmosphere) has been a major challenge
because it is difficult to observe Mercury from the ground or Earth’s orbit. From its orbit around the planet,
the Mercury Surface, Space ENvironment, GEochemistry, and Ranging mission provided the first detailed
view of Mercury’s surface composition and its space environment. Because Mercury is an airless body, its
exosphere must constantly be replenished, and it has been assumed that it is directly sourced from the
planet’s surface. However, a direct observation connecting the surface and the exosphere was not possible
until the Mercury Surface, Space ENvironment, GEochemistry, and Ranging mission. Using observations

of exospheric magnesium (Mg) and colocating them with a Mg-rich region of Mercury's surface shows for the
first time that such a link exists. The results suggest that incoming micrometeoroid particles (dust) can
access the surface crustal composition directly and release Mg atoms into the surrounding environment. Our
work will inform future exospheric models and provide insights into airless body processes for both

other solar system objects and Mercury-like exoplanets.

1. Introduction

Of the terrestrial planets, only Mercury lacks a classical, collision-dominated atmosphere. Instead, the
innermost planet is surrounded by an exosphere consisting of a tenuous collection of atoms and molecules
that are more likely to be lost to space or collide with the surface than with each other. Because Mercury is an
airless body, surface interactions with interplanetary dust, micrometeoroids, solar ultraviolet radiation, and
solar wind particles are thought to directly access the surface regolith and eject atoms and molecules from
it into the exosphere (Killen et al., 2007; Raines et al., 2015). Although it is generally assumed that the bulk
of the exosphere is sourced from the planet’s surface, observations directly connecting the distribution of
exospheric density to variations in the regional surface composition have been lacking.

Before the Mercury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER mission), analysis
of Earth-based observations of exospheric sodium (Na), the species most routinely observed with ground-
based telescopes, provided our greatest insight into the source mechanisms that supply Mercury’s exo-
sphere. Many researchers interpreted the spatial and temporal distribution of ground-based measurements
of exospheric Na to infer its source (s). Because the spatial and temporal distribution of an exospheric species
is influenced by a number of parameters and processes, including ejection energy, gravity, radiation pressure,
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and photoionization with subsequent electric field transport, it was difficult to correlate the Na observations
with the regional surface composition. Furthermore, the compositional distribution of Mercury’s crust was
not known before MESSENGER; therefore, model estimates of exospheric production routinely assumed that
Mercury's surface was composed of a constant, globally uniform distribution of neutral-bearing minerals,
making it difficult to isolate a direct connection between the surface and the exosphere (Burger et al,
2010; Sarantos et al.,, 2011; Schmidt, 2013).

Without direct observational evidence, many researchers theorized that Mercury’s sodium exosphere might
not reflect the underlying surface composition (Killen et al., 2010; Leblanc & Johnson, 2010; Morgan et al,,
1988; Potter et al, 2002; Sprague et al., 1990; Wurz et al., 2010). Because Na is a volatile, Leblanc and
Johnson (2010) in particular concluded from model simulations that the bulk of the observed Na exosphere
is sourced from recycled and redistributed surface-adsorbed atoms that create a veneer of Na atoms on the
exterior of Mercury’s regolith (called the surface reservoir). To explain the Na observations, they postulated
that impact vaporization initially released sodium atoms from the regolith into the exosphere with
subsequent redistribution to create a uniform veneer of lightly bound Na atoms that are then recycled
through low-energy processes such as thermal vaporization. Therefore, the production of exospheric Na is
closely tied to this surface reservoir, which is a function of Mercury’s true anomaly angle and not related to
the underlying regolith itself, thus masking any direct connections between Na and the surface composition.
Additionally, the low spatial resolution available in ground-based observations severely limits detection of
small-scale regional variations in density.

Other species were also observed from Earth before MESSENGER, primarily potassium (K; Potter & Morgan,
1986) and calcium (Ca; Bida et al., 2000; Domingue et al., 2007; Killen et al., 2007, and references therein).
Calcium in particular has been shown to have a large-scale height (Killen et al., 2005), and impact vaporization
has been theorized as the dominant release process, indicating that direct connections to the surface might
be observable. Owing to the difficulty in making these measurements from Earth, however, both K and Ca
have been observed much more infrequently than Na and have provided little in the way of spatial or
temporal information, so a direct connection to the surface composition could not be established.

Prior to the MESSENGER mission, the existence of any direct connections between the exospheric density
distribution and the regional surface composition was thus difficult to establish. In addition, the ability of
specific release processes, particularly impact vaporization, to directly access the surface regolith and release
new atoms into the exosphere could not be confirmed. MESSENGER observations now provide a means to
search for these direct connections and investigate the release processes more thoroughly through a direct
comparison of exospheric observations from the Ultraviolet and Visible Spectrometer (UVVS) channel of the
Mercury Atmospheric and Surface Composition Spectrometer (MASCS) instrument (McClintock & Lankton,
2007) to elemental surface composition maps derived from the X-ray spectrometer (XRS) observations
(Schlemm Il et al., 2007). These observations show for the first time that a direct link between the surface
regolith and the exosphere does, in fact, exist.

2. Observations, Analysis, and Results

New elemental composition maps derived from XRS data show that Mercury’s surface composition is not as
uniform as previously assumed (Nittler et al., 2016; Weider et al., 2015). In particular, the XRS magnesium-to-
silicon (Mg/Si) ratio map revealed a large geochemically concentrated terrane between 240°E and 320°E
longitude in the mid-Northern Hemisphere that is rich in magnesium (Nittler et al., 2016; Weider et al., 2015).
Figure 1b shows the surface Mg/Si ratio that has a large dynamic range with an abundance within the Mg-rich
terrane boundary that can be more than 5 times higher than the surrounding terrane. This revelation
motivated our search to determine if the Mg contained within the surface regolith is an important direct
source of Mg in the exosphere.

The UVVS on MESSENGER made the first detections of Mg in Mercury’s exosphere during MESSENGER'’s
second flyby of Mercury on 6 October 2008 (McClintock et al., 2009). While in orbit about Mercury, the
UVVS made near-daily measurements of exospheric Mg emission above Mercury’s equatorial limb over ~4
Earth years. The near-daily observations taken during the orbital phase of the mission provided an extensive
data set that enabled the first thorough characterization of the dayside temporal and spatial distribution of
exospheric Mg (Merkel et al., 2017). Merkel et al. (2017) demonstrated that the variation in Mg emission is
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Figure 1. (a) Time series of Mg emission (measured in kiloRayleigh, where 1 kiloRayleigh is 10° photons emitted into 4= stradians in 1 second) observed at 300-km
tangent altitude near the dawn terminator. The red and blue symbols highlight every other Mercury year. (b) Mg/Si elemental weight ratio composite map
derived from XRS measurements. The red and blue circles represent the location of the Mg emission observations in (a). (C) Mg emission from (a) plotted with respect
to longitude maintaining the red and blue color coding to indicate the location of every other year. XRS = X-ray spectrometer.

highly seasonally dependent with a predominant enhancement in emission, and thus production, in the
morning near perihelion (Figure S2 in the supporting information). They identified micrometeoroid impact
vaporization as the most likely dominant source process supplying the exosphere with Mg based on the
observed temperatures, though the magnitudes and variations in temperature suggest that the Mg could
be released directly and/or through the dissociation of a molecule released during the impact (Berezhnoy,
2018; Killen, 2016; Leblanc & Johnson, 2010; Valiev et al., 2017). With an impact-driven source, however, it
remained unclear what fraction of the Mg exosphere might be supplied from meteoric dust particles
themselves and what fraction from Mg atoms released from the surface regolith. This motivated a search
for correlations between UVVS and XRS measurements.

Because the production of Mg is greatest in the morning, we focused on UVVS observations made near equa-
torial dawn in our search for variations that could be linked to XRS's surface Mg/Si map. A time series of line-
of-sight Mg emission at dawn observed near 300-km tangent altitude between 11 July 2012 and 26 February
2015 (representing 11 Mercury years of data) is shown in Figure 1a. Because of the planet’s highly eccentric
orbit and close proximity to the Sun, the emission of Mg is seasonally dependent with a predominant emis-
sion peak near perihelion (Figure S2). Therefore, each peak in the Mg emission time series (Figure 1a) repre-
sents one Mercury year. Every other Mercury year is color-coded blue and red in Figure 1a, and it is clear that
the years coded red peak with higher emission than the years coded blue.

Because of Mercury’s 3:2 spin-orbit resonance, the same longitude on the surface is located at the dawn ter-
minator every other Mercury year (Domingue et al.,, 2007). Thus, UVVS measurements occurred over the same
geologic features every other year. As a result, an every-other-year enhancement as seen in Figure 1a could
be related to regional composition variations in the surface.

To investigate if the every-other-year enhancement is correlated with the Mg-rich terrane, we mapped the
near-equatorial location of the emission observations onto the XRS Mg/Si ratio map in Figure 1b, maintaining
the blue and red color coding to denote every other Mercury year as in Figure 1a. The location of the points
demonstrates that the latitude and longitude of the UVVS observations are repeatable and separated by 180°
longitude in alternating years. There is a concentration of observations near 90°E and 270°E where the dawn
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Figure 2. (a) Examples of Chamberlain model fits for two typical limb profiles at dawn. The red curve represents a limb
profile taken near the equator at 270°E longitude and the blue curve represents a limb profile taken near the equator at
90°E longitude. The black curves represent the Chamberlain models that best fit each data set. (b) Characteristic
temperature as a function of longitude. (c) Production rate as a function of longitude.

terminator spends half of its year near perihelion (Figure 3b). Figure 1c shows the corresponding emission
versus longitude, indicating that there is a peak in emission over both sides of the planet (red and blue
points). These two peaks show that the same seasonal variation occurs every year regardless of
geographic location as illustrated in Figure 1a. However, the red points illustrate that the Mg emission is
enhanced when observed over the Mg-rich terrane, confirming the first observed link between the
exosphere and the regional composition of the surface.

The temperature of the released atoms provides clues about source processes. To investigate if the enhance-
ment in exospheric Mg observed over the Mg-rich terrane originates from a different source process rather
than simply from the terrane itself, we derived a characteristic temperature from the limb profiles
(Figure S1). We assumed a Maxwellian velocity distribution and fit each dawn limb profile with the classic
Chamberlain analytic model (Chamberlain, 1983; Chamberlain & Hunten, 1987). Merkel et al. (2017) applied
a similar fitting analysis to seven Mercury years of UVVS dayside Mg limb profiles, covering local times from
6 a.m. to 6 p.m. Their analysis indicated that the bulk of exospheric Mg has a characteristic range of tempera-
tures between 4000 and 8000 K, consistent with impact vaporization as the main driving source mechanism
(either directly or through subsequent dissociation of a molecule). Although Merkel et al. (2017) did not rule
out the possibility that sputtering contributes to the production of Mg, they determined that impact vapor-
ization was the primary source in the equatorial region owing to the year-over-year regularity of the observa-
tions and the lack of any short-term temporal variations that would be expected from a highly variable source
such as sputtering.

Figure 2a shows a comparison of a Chamberlain model fit to two different limb profiles—one observed over
the Mg-rich terrane and one observed over the terrane on the other side of the planet. The red curve is a limb
profile taken near the equator at 270°E longitude, and the blue curve represents a limb profile taken near the
equator at 90°E longitude. Although the red curve indicates a higher Mg column density than the blue curve,
the shapes of the two curves are the same, and the Chamberlain model fit returned the same temperature
(7500 K), suggesting identical source processes. The higher column density in the red profile (over the Mg-
rich terrane) is therefore an indication of a greater source rate due to more available surface Mg atoms
and not from a different source process.

To confirm that the source process is the same for all data displayed in Figure 1, Figure 2b illustrates the char-
acteristic temperature for all observations versus longitude. Although there is some scatter, the characteristic
average temperature is the same across all terranes. A near-constant average temperature, regardless of geo-
graphic location, is further evidence that impact vaporization is the dominant source process for these two
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Figure 3. (a) Solid line represents the percent change of the equatorial slice through the XRS Mg/Si surface map (Figure 1b)
relative to its value at 90°E longitude. Symbols represent the percent change of the equatorial (0° to —10° latitude) UVVS Mg
production rate. The symbols represent the average in ~10° TAA bins, with the bins color coded as shown in the

legend. Each TAA bin near 90°E is set at as the baseline for its corresponding bin near 270°E (see text for a more thorough
description of the figure). (b) Plot illustrating how the true anomaly angle varies with longitude for the dawn Mg
emission observations shown in Figure 1 (also see Figure S4). The color-coded points correspond to the TAA bins that lie
between 0° and —10° latitude specified in (a). TAA = true anomaly angle.

regions. This result confirms that the increased abundance of Mg above the Mg-rich terrane is the cause of
the every-other-year enhancement and clearly shows that a portion of the Mg exosphere is sourced
directly from the surface regolith through impacts.

The production rate of exospheric Mg is a function of both temperature and near-surface density, two
quantities that are derived from the Chamberlain model fits and is shown in Figure 2c. Because the seasonal
production of Mg is influenced by its g value (the product of the efficiency rate by which Mg atoms scatter
solar photons and the solar flux at the scattering wavelength; Killen et al., 2009), which is highly asymmetric
about perihelion (Figure S3), the shape of the production rate curve with respect to longitude is different than
that of the emission curve (Figure 1c). Nonetheless, because the temperature is nearly constant as shown in
Figure 2b, Figure 2c illustrates that the production rate (like emission) is enhanced when over the Mg-rich
terrane, with the enhancement most obvious between longitudes 240° and 280°.

To quantify the contribution of the surface to the local exospheric Mg density, we directly compare
observations made within the Mg-rich terrane boundary to corresponding observations made on the
opposite side of the planet. Figure 3a compares the Mg production rate (symbols) with the XRS-derived
surface Mg/Si ratio (solid line) as a function of longitude with both quantities expressed as percent change
from baseline values near 90°E. The solid line represents an equatorial slice through the XRS Mg/Si surface
ratio map shown in Figure 1b and shows that the surface Mg/Si ratio is enhanced by 30% near 270°E
longitude relative to its baseline value near 90°E longitude. However, as shown in Figures 1c and 2c, the
variation of exospheric Mg with respect to longitude is more complicated than the XRS surface variation,
because the exosphere variations are a combination of both the nominal seasonal variations and
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contributions from a varying surface composition. Figure S4 illustrates how Mercury’s true anomaly angle
(TAA), the measure of Mercury’s angular position relative to perihelion (seasonality), is coupled with
longitude. Note that the variation of TAA with longitude is systematic and is the same for alternating years,
with TAA values following a similar path across the surface but 180° apart in longitude. Therefore, to isolate
and quantify the direct influence from the surface on the exosphere, we must account for the normal
seasonal changes in the production rate when calculating the surface-contributed change.

We accomplished this by selecting a narrow latitude band (0° to —10°) near the equator, in order to compare
red-year UVVS observations between longitudes 220°E and 270°E (where most of the UVVS observations fall
directly over the enhanced surface) with their corresponding blue-year observations 180° away between 40°E
and 90°E longitude (see Figure 1b). Figure 3b (comparable to Figure S4) illustrates that the variation of TAA
with longitude is systematic. We use this systematic geometry to remove the seasonal component from
the UVVS observations by averaging the production rate in ~10° TAA bins. The bins are arranged in pairs
180° apart in longitude, one near 270°E and the other near 90°E. Each pair is identified by a different color
in Figures 3a and 3b. We calculate the percent differences between pairs assuming that the bins near 90°E
reflect only the nominal seasonal Mg production rate, whereas those near 270°E reflect the seasonal plus
the enhancement from the surface (Figure 3a). Because the TAA bins are compared in pairs, the baseline
value for each pair lies on the zero percent line. Comparing pairs in this way cancels out the seasonal com-
ponent in each bin.

For example, the light green points in Figures 3a and 3b represent an average over TAAs 140°-150° corre-
sponding to longitudes 220°E and 40°E in the alternate years. We set the average production rate at 40°E
as the base point, zero percent difference with itself, and use the average value to calculate the percent
change to the observations near 220°E. In this example, the TAA bin is located outside the Mg enhancement
and therefore there is no enhancement relative to its baseline seasonal variability near 40°E. In comparison,
the gray points represent an average over TAA angles 80°-90°, corresponding to longitudes 265°E and 85°E.
The production rate is enhanced by 24% when over the surface enhanced terrane near 265°E, relative to its
baseline seasonal value (85°E). This process ensures that the enhancements observed in percent change in
Figure 3a are not due to the underlying seasonal variation.

The colored symbols in Figure 3a illustrate that the production of exospheric Mg is enhanced by ~30% near
270°E longitude relative to its baseline values near 90°E longitude, in quantitative agreement with the XRS
measurements. Moreover, as the UVVS observations move outside the Mg-rich terrane boundary to the
west, both production and the surface abundance decrease at a similar rate. These results clearly confirm
a 1:1 correlation between the longitudinal variation in production rate and the distribution of Mg on
the surface.

3. Conclusions

The discovery of a direct link between changes in the local exospheric density and the regional variations in
Mercury’s surface material provides strong evidence that the local regolith composition plays an important
role in sourcing the Mg exosphere. The link shows that for exospheric Mg, a significant, if not dominant, com-
ponent of its source is directly coupled to the local crustal composition, and this result supports theoretical
and experimental arguments that impact vaporization is able to directly source material from the regolith
of rocky, airless bodies (Leblanc & Johnson, 2010). Because exospheric Mg is detected over all terranes and
not just within the bounds of the Mg-rich terrane, a global surface reservoir, such as is the case for Na
(Cassidy et al., 2016; Leblanc & Johnson, 2010), could still play a role in sourcing some fraction of the overlying
Mg exosphere. However, the year-to-year regularity and lack of short-term temporal variations argue that for
the observations analyzed here, sputtering is not an important contributor (but could be at higher latitudes).
Similarly, the persistence of the observations from 1 year to the next suggests that material from the impac-
tors themselves is a small contributor to the Mg exosphere given that we could reasonably expect the com-
position of such impactors to vary.

Because both Mg and Ca are refractory species, comparisons between them should provide further insight
into their specific source processes, particularly given the established connections of Ca to dust from comet
2P/Encke (Killen & Hahn, 2015). The investigation of the Ca exosphere’s relationship to the regional surface
composition, and the comparison between Mg and Ca, is the subject of a future paper.
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The observed 1:1 correlation of the production of Mg with the regional distribution of the surface
composition will inform future exospheric models on both the location of the source material and an
estimate of the enhanced density. Furthermore, because of Mercury's close proximity to its Sun and
environmental conditions, it is representative of a class of rocky Mercury-like exoplanets, whose existence
is now believed to be more common than previously thought (Santerne et al., 2018). Mercury is therefore
an excellent laboratory for understanding airless body processes in general and can provide insights into
the workings of airless exoplanets in other solar systems. With a proven link that exospheric Mg is directly
tied to the surface regolith composition, future observations of Mg in the exospheres of rocky Mercury-
like exoplanets could enable investigation of the compositional variation of their surfaces (Mura
et al, 2011).
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