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north polar region. These icy condensed volatiles are thought to be composed of water ice and frozen
organics that can persist over long geologic timescales and evolve under the influence of the Mercury
space environment. Polar ices never see solar photons because at such high latitudes, sunlight cannot

Keywords: reach over the crater rims. The craters maintain a permanently cold environment for the ices to persist.
Mercury surface ices magnetospheres However, the magnetosphere will supply a beam of ions and electrons that can reach the frozen volatiles
radiolysis and induce ice chemistry. Mercury’s magnetic field contains magnetic cusps, areas of focused field lines

containing trapped magnetospheric charged particles that will be funneled onto the Mercury surface at
very high latitudes. This magnetic highway will act to direct energetic protons, ions and electrons directly
onto the polar ices. The radiation processing of the ices could convert them into higher-order organics
and dark refractory materials whose spectral characteristics are consistent with low-albedo materials ob-
served by MESSENGER Laser Altimeter (MLA) and RADAR instruments. Galactic cosmic rays (GCR), scat-
tered UV light and solar energetic particles (SEP) also supply energy for ice processing. Cometary impacts
will deposit H,O CH4, CO, and NH; raw materials onto Mercury’s surface which will migrate to the
poles and be converted to more complex C—-H-N-O-S-containing molecules such as aldehydes, amines,
alcohols, cyanates, ketones, hydroxides, carbon oxides and suboxides, organic acids and others. Based on
lab experiments in the literature, possible specific compounds produced may be: H,CO, HCOOH, CH3;0H,
HCO, H,C0s, CH3C(0)CHs, C,0, CxO, C50,, CxOy, CH3CHO, CH30CH,CH,0CHs, C;Hs, CxHy, NO, HNO,,
HNO3, NH,0H, HNO, N;H;, N3, HCN, Na,0, NaOH, CH3NH, SO, SO,, SOs, OCS, H,S, CH3SH, even ByHy.
Three types of radiation processing mechanisms may be at work in the ices: (1) Impact/dissociation, (2)
Jon implantation and (3) Nuclear recoil (hot atom chemistry). Magnetospheric energy sources dominate
the radiation effects. Total energy fluxes of photons, SEPs and GCRs are all around two or more orders of
magnitude less than the fluxes from magnetospheric energy sources (in the focused cusp particles). How-
ever, SEPs and GCRs cause chemical processing at greater depths than other particles leading to thicker
organic layers. Processing of polar volatiles on Mercury would be somewhat different from that on the
Moon because Mercury has a magnetic field while the Moon does not. The channeled flux of charged
particles through these magnetospheric cusps is a chemical processing mechanism unique to Mercury as
compared to other airless bodies.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

A surprising result from ground-based and spacecraft observa-

tions of Mercury is that water ice and other volatiles appear to
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because of Mercury’s low obliquity. Polar ices never see direct
sunlight because at such high latitudes, solar photons cannot
reach over the crater rims. Only scattered light will reach them.
The craters maintain a permanently cold environment for the
ices to persist and so their temperatures can stay at < 100K for
many centuries. (Obliquity is currently at ~0° from its orbital
plane). Thermal model results show that in these polar craters,
temperatures are cold enough to inhibit sublimation of water ice
and other ices for longer than a billion years (Paige et al., 2013).
Radar backscatter images from Earth-based observations show
that Mercury’s PSR’s have unusually high radar backscatter cross
sections suggesting the presence of thick, relatively pure water
ice deposits (Slade et al., 1992; Black et al., 2010; Harmon, 2011;
Cremonese et al., 2010; Solomon 2011). Indications of water ice
are also seen in data from the MESSENGER neutron spectrometer
(Lawrence et al, 2013). MESSENGER Laser Altimeter (MLA) and
Dual Imaging System (MDIS) observations show that the surfaces
of the Mercury’s north polar PSR regions are uniformly covered by
dark material of unknown composition in regions where subsur-
face water ice is thermally stable (Neumann et al., 2013; Chabot
et al, 2012, 2014). These instruments have also observed bright
surface material in the permanently shadowed region of Prokofiev
crater where thermal models predict the presence of thermally
stable surface water ice (Neumann et al., 2013; Paige et al., 2012,
2013; Chabot et al., 2012, 2014).

Observations suggest that the composition of the dark surface
material in Mercury’s PSR’s is distinctly different from that of
typical Mercury silicate regolith. MLA reflectance measurements at
1064 nm wavelength show that the normal albedo of this material
is ~ 0.04, which is half the normal albedo measured in adjacent
non-PSR regions (Neumann et al., 2013). MDIS images illuminated
by scattered sunlight obtained at visible wavelengths show that
the coverage of the dark material within the PSR’s is extremely
uniform and that the boundaries of the dark deposits conform
closely to those of the permanently-shadowed regions (Chabot,
2014). See Fig. 1. Thermal model results show that the bi-annual
maximum surface temperatures of MLA-dark deposits in the north
polar region are ~175+50K (Paige et al., 2013). These temper-
atures are distinctly higher than the expected thermal stability
temperature for exposed pure water ice of ~100K (Watson et al.,
1963). Paige et al. (2013) hypothesized that the dark material
covering Mercury’s PSR’s is rich in a low-albedo organic material.
Similar material is observed covering the surfaces of comets as
well as asteroids and primitive outer solar system bodies (Johnson,
1991a; Mumma and Charnley, 2011). Paige et al. (2013) calculated
that the ice deposit would disappear on time scales of tens of
thousands of years if not thermally protected by a ~10-cm-thick
layer of overlying ice-free material. They state that the volatile
organic material delivered to Mercury via cometary or asteroidal
impacts may become cold-trapped in the permanently-shadowed
regions along with water ice and ultimately become exposed
at the surface as a sublimation lag deposit. The spatially orga-
nized state of Mercury’s polar deposits suggests that they are
geologically young and are being actively maintained by ongoing
processes in Mercury’s PSR’s. However, the actual composition of
this dark material and their origin remains a mystery.

Darkening of the surface material at 1064 nm is not unambigu-
ously a detection of organics. However, a covering of organic mate-
rial provides a solution for the issue of water ice stability. Thermal
models show that water ice will be unstable in many of the radar-
observed ice-rich areas unless buried (Paige et al., 2013) implying
that these deposits were buried on timescales faster than the time
it would take for the ice to sublimate: about 1800 years kg=! m~2
at 130K, or 3.5 years per kg~! m~2 at 150 K. If the original material
creating both the bright and dark deposits arrived simultaneously
(from comet origin), complex organics could quickly create a lag

=

Fig. 1. (Upper) Calculated Bi-annual maximum temperature from Paige et al.
(2013) for the North Polar region of Mercury. (Lower) MLA reflectance from same
region showing "dark" material in areas remaining below ~350K, and "bright" ma-
terial in areas remaining below ~100 K. Data for the gray circle about the pole has
not yet been published.

deposit of material burying the water ice below. This would occur
from evaporation of the underlying water ice, leaving less volatile
organic materials to accumulate. Radar absorption properties of
low-density macromolecular organic carbonaceous materials are
typically less lossy than low-density silicate soils expected in Mer-
cury surface materials and so can be distinguished. Organic-rich
materials overlying ground ice deposits, or organic macromolecular
materials present in minor concentrations within ice deposits, are
not inconsistent with the radar observations. (Paige et al., 2013).
The dark material is more likely to be the product of chemical and
radiation processing of icy volatile materials via energy deposition
from the variety of sources available to Mercury’s surface. This
type of processing can yield crusty high-molecular weight organic
materials that could act as a covering of the solid water ice below
and thereby stabilize it against sublimation.

In this paper, we describe chemical and radiolysis processes
that may be occurring in Mercury’s polar regions where perma-
nently frozen icy volatiles residing in cold traps are converted
into dark refractory organics by energy input from many sources.
Mercury’s polar magnetospheric space environment sets it apart
from that of other airless bodies in the solar system including the
Moon and we propose that its unique properties may explain the
present existence of abundant dark organics persisting in the polar
regions on Mercury.

2. Magnetospheric particle precipitation near Mercury’s poles

The first reconnaissance of Mercury was done by the Mariner
10 spacecraft during its 1974-1975 flybys. Its particles and fields
measurements were the first indication that Mercury has a signif-
icant dipole magnetic field that is strong enough to deflect solar
wind ions (Ness et al., 1974; Ness et al., 1975; Slavin, 2004). The
MESSENGER spacecraft flyby and orbital data from its mission
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Fig. 2. Plasma density contours of Mercury’s magnetosphere from MESSENGER ob-
servations. The Sun is to the left and the solar wind moves from left to right. The
white traces show magnetic field lines. The cusps are the funnel shaped regions
that come down to the planet at high latitudes in the northern and southern hemi-
spheres.

operations in 2008-2015 has provided a more complete picture of
the properties and dynamic nature of Mercury’s magnetosphere as
it is sculpted by the solar wind. Fig. 2 shows plasma density con-
tours of Mercury’s magnetosphere from a global hybrid simulation
of the solar wind interaction with Mercury’s intrinsic magnetic
field. MESSENGER particles and fields instruments observed a wide
array of energetic charged particles (protons, electrons and heavy
ions) in various regions of the magnetosphere (Zurbuchen et al.,
2008; Mouawad et al., 2011; McClintock et al.,, 2008; Ho et al.,
2011; Schriver et al., 2011a, Schriver et al.,, 2011b; Raines et al.,
2013, 2014).

The shapes of planetary magnetic fields are determined by the
energies and contours of the solar wind (Russell, 2000). Planetary
magnetospheres typically contain lobes on open field lines at
very high latitudes on the polar caps, trapped plasma regions and
plasma sheets on closed field lines in the equatorial region and
funnels or “cusps” at the boundary between open and closed fields
lines on the dayside at high latitudes. At Mercury, on the closed
field line region, plasma (ions and electrons) from the plasma
sheet precipitate at high latitudes (~ 45°-70° latitude depending
on solar wind conditions) forming an auroral-oval-type pattern
in both the northern and southern hemisphere, whereas solar
wind/magnetospheric ions and electrons precipitate at the cusp
regions, which in the north can occur at polar latitudes > 80°. The
cusps create a high-flux stream of particle radiation focused onto
Mercury’s icy polar volatiles which could convert them to dark
materials. Other sources of radiation energy delivered to the PSRs
include solar energetic particles (SEP) from the Sun in the form of
large solar flares and coronal mass ejections as well as scattered
visible and UV photons and Galactic cosmic rays (GCRs).

One of the most important discoveries of the MESSENGER
mission was that the location of the magnetic equator (the center
of the dipole inside the planet) is offset by about 200 km to the
north from the geographic equator (Anderson et al., 2011). That
is, the center of the magnet in the interior is not at the core
of Mercury but physically located 200 km north. This affects the
shape of the charged particle precipitation onto Mercury’s poles,
particularly at the cusp. The magnetic moment of Mercury is
large enough that it can stand off the plasma flux from the solar
wind at most times, but at other times, the field lines will open
and then the Mercury surface will be unprotected from charged
particle fluxes. Since Mercury has no atmosphere or ionosphere,
precipitation of charged particles directly impact the surface of
the planet. This would cause sputtering and chemical reactions
within surface materials. Molecules and atoms from sputtering

are dissociated and photoionized, and then attached to field lines,
where they become recirculated ions, moving up and down along
the magnetic field. By this process, materials are transferred on
this magnetic highway from the ice deposits and regolith to the
exosphere and back again (Slavin, 2004; Chassifiere et al., 2010).

After two MESSENGER flybys of the planet (M1 and M2), Slavin
et al. (2009) described the reconnection of the interplanetary
magnetic field (IMF) to Mercury’s magnetic field. Maps of precip-
itating protons from the solar wind onto Mercury’s surface have
been constructed using magnetohydrodynamic fluid simulations
(Mouawad et al., 2011), hybrid simulations (Travnicek et al., 2010)
and electron large scale kinetic simulations (Schriver et al., 2011a;
Schriver et al,, 2015; Domingue et al., 2014). Proton fluxes maxi-
mize at high latitudes, but there are also some equatorial hotspots.
Proton flux intensities in excess of 108/(cm? s) occurred on these
hot spots during the first MESSENGER flyby, M1 (Mouawad et al.,
2011). The FIPS instrument observed three-dimensional plasma
distributions detecting protons with energies around 1 keV flowing
down into the northern cusp (Raines et al., 2013, 2014).

The location on the planetary surface where the cusps are
focused is where the surface is unprotected. The cusp acts like a
firehose, funneling ions and electrons onto the frozen materials
in the polar regions. There are two cusps: one each near the
north pole and south pole of Mercury. Due to ever changing solar
wind conditions, the cusps move around over time depending on
the orientation of the interplanetary magnetic field (IMF) (Slavin
et al., 2014), which changes according to space “weather” emitted
from the Sun (Baker et al., 2011). When the IMF has a northward
tilt as depicted in Fig. 2, which occurred during the M1 flyby,
the cusps are focused near the poles, > 80° latitude. When the
IMF is southward directed, the cusp moves towards the equator
(McClintock et al., 2009; Travnicek et al., 2010).

The cusps are mobile. They change location during mass loading
events when the magnetic field lines can become swelled with
solar wind plasma and then move southward toward the equator
from the polar regions and become one big cusp (Slavin et al.,
2010a, 2014). Slavin et al. (2010b) calculated that under normal
conditions, 12% of Mercury’s surface is open and unprotected from
the solar wind and impinged by particles, but that during mass
loading or flux transfer events, the cusps are bigger, so that 10-20%
more (total ~ 32%) of the surface could be open to the unimpeded
radiation flux.

Here, we are interested in the precipitating fluxes when the
cusps are furthest north, such that there is direct precipita-
tion onto the north polar permanently shadowed ice deposits.
Travnicek et al. (2010) simulated the interaction between the solar
wind and Mercury’s surface for the northward IMF to study the
precipitating flux of solar wind protons. The precipitation profile
can be seen in Fig. 3, where strong cusp precipitation is seen
at 0° longitude and polar latitudes > 80°. Peak fluxes of ~ 10°
cm~2s~1 occur at about 1keV energy in general agreement with
that found by Sarantos et al. (2009). The precipitation proton
energy distribution follows a power law distribution with fluxes of
~108 cm~2s~1 at 10 keV energy.

Electrons also precipitate at the cusp regions. Large scale kinetic
particle tracing simulations have been used to study the electron
deposition onto Mercury for northern IMF conditions (Schriver
et al., 2011a, 2015; Domingue et al.,, 2014). It was found that the
strongest precipitation occurs at a very focused region at the high
northern latitudes on the dayside. A 0.1-10 keV electron population
precipitates to the Mercury surface at the cusps and in an auroral-
oval-type pattern with fluxes of the order ~109-1010 cm~2 s~!, de-
pending on energy. Fig. 4 shows the average energy of precipitating
electrons onto the northern hemisphere. The precipitating energy
distribution approximately follows a power law, however, at the
cusps there is a sharp energy cutoff with virtually no precipitating
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Fig. 3. A map of the simulated distribution of the proton flux precipitating onto Mercury’s surface based on the model of Travnicek et al. (2010). The point (0, 0) corresponds
to local noon. n, is proton density, ny is proton density in the solar wind, c/wppsw is proton inertial length in the solar wind. The darker blue region near noon at high
latitudes (~ 0° longitude, ~ 80° latitude) is the location on the surface where the magnetospheric cusp comes down and the proton precipitation is greatest.
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Fig. 4. Polar representation of the average energy E (in keV, color coded), of precip-
itating electrons onto the northern hemisphere of Mercury for the northward IMF
solar wind configuration. The Sun is to the left and the geographic latitude of each
circle is indicated. Note the enhanced energetic precipitation at latitudes > 80° N
where the cusp is located. The precipitation at lower latitudes on the nightside cor-
responds to the auroral zone region with ions originating from the Mercury mag-
netosphere plasma sheet.

cusp particles with energies > 10 keV. At the cusps, peak fluxes of
100 cm~2s-! occur at 300eV and fluxes of ~ 10° cm~2s~! occur
for 1keV energies. Although there are occasional observations in
Mercury’s magnetosphere of very energetic electrons with energies
> 30keV (Dewey et al., 2015; Ho et al.,, 2016), these don’t appear
to be directed into the cusps, but rather at somewhat lower
latitudes within the auroral oval precipitation pattern.

For the southern polar regions of Mercury, the flux of precipi-
tating charge particles occurs over a larger area than in the north
cusp, i.e. it has a bigger footprint (Winslow et al. (2012). The north
cusp area is ~5.2x 10 ¢m? and the cusp area is ~2x 10'® cm?
in the south. The deposition rate of solar wind protons hitting
the dayside southern cusp surface area is 1.3 x 102>/s and for the
dayside northern cusp, 2.5 x 102>/s (Sarantos et al. (2009, 2011).

The south cusp lands at ~50°S, focusing the charged particles
on mid-latitudes when the IMF is stable and the cusps are not
moving. During M2, the charged particle impact rate at the north-
ern cusp was four times higher than at the southern cusp (Benna
et al., 2010). Frozen volatiles may also exist in the permanently
shadowed craters in the south polar regions of Mercury, however
the periapsis of MESSENGER in the south was much higher than
in the north, so analysis of southern polar ices will have to wait
for future observations.

Mercury’s magnetosphere also contains many different heavy
ion species, some also of multi-atom mass. Zurbuchen et al.

(2008) observed these heavy ions during M1 using the Fast Imag-
ing Plasma Spectrometer (FIPS) instrument. Closest approach was
only 201 km above the surface. Na* dominates the heavy ions in
Mercury’s magnetosphere (Burger et al., 2010; Raines et al., 2013),
but other ions detected include O*, S*, H,S*, O,%, H,O" and C*
(Zurbuchen et al., 2011). The carbon could have originated from
the sputtering of frozen organics on the surface by the precipitat-
ing charged particles. Observations and modeling of sodium ions
that precipitate directly into the cusps indicate that densities and
fluxes are relatively low <108 cm~2s~! (Paral et al., 2010; Raines
et al., 2013)

An important aspect of ion and electron precipitation is how
deep these charge particles can penetrate into the regolith and/or
water ice. The penetration range depends on charged particle type
(ions, electrons) and energy. For water ice, ranges for electron
traverse can be up to ~750 times the range of heavy ions. Protons
and heavy atomic or molecular ions at solar wind energies reach
down only to ~0.0001 cm. UV photons with wavelengths shorter
than 2200 A are those that initiate chemistry (bond-breaking);
these photons only reach down into the top tens of monolayers
(~100-300A range). These ranges depend on density so they will
be slightly longer for lower density organics or macromolecular
materials in the lag deposits (Delitsky and Thompson, 1987). The
deposition of particles creates a “cylinder of events” as they travel
through the solid materials, causing ionization, dissociation, and
free radical formation in excited states, depending on their energy
and velocity (Chadderton and Torrens, 1969; Delitsky and Lane,
1998). These events occur at different depths, leading to stratified
layers of new chemical species.

3. Other sources of radiation precipitation onto polar ices

The fluxes of galactic cosmic rays (GCR), UV photons and SEPs
represent other sources of radiation precipitation in Mercury’s
polar environment. The population of GCRs consists of 85% pro-
tons, 12% alpha (helium nuclei), a small amount of heavy ions
(C6+,08+, Sil4+ Fe26+) and electrons (Johnson, 1990; Dartnell,
2011). GCR supply particles at a relatively constant lower flux than
SEPs (Webber et al., 2007; Mishev 2013), but their spectra extend
to very high energy levels (1020 eV); SEP energies range between
0.01-100 MeV with enhanced fluxes at the energies occurring
sporadically as a function of active solar events.

Crites et al. (2013) studied the effect of galactic cosmic rays
(GCR) on ices at the Moon’s poles and found that, over the course
of 1 billion years (Gyr), 6% of condensed volatiles could be con-
verted to organic products. In their experiments on mixed H,O,
CO, and CHy, ices, for every kilogram of ices, 60 g of ethane would
be created over 1Gyr. The depth of energy deposition depends
on the density of the material (Crites et al., 2011). For the full
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spectrum of proton energies, they report a depth of maximum
energy deposition of ~33 cm. For ices below this maximum flux
layer, the dose rate decreases with depth. GCR heavy ions, for
example, iron (Fe*™) are less abundant than protons but pack
more “punch” as the loss of energy is proportional to the square
of atomic number. Iron atoms deposit 24% of the total energy from
the entire GCR particle spectrum. Maximum energy dose rate for
a dry regolith of 0.1% water is given in Crites et al. (2013) as 1.24
MeV/cm?3s. For a wet regolith of 30% water, the energy deposition
is 1.57 MeV/cm3s because of the different cross sections for the
materials. For the total GCR complement (protons, alpha particles
and heavy ions), the maximum energy is 2.50-3.17 MeV/cm?3s for
0.1 and 30% water in the regolith, respectively.

Schwadron et al. (2012) estimated that GCRs deposited
88 eV/molecule in water ice or other volatiles over 4 billion
years on the Moon creating complex molecules from carbon
bonding with other elements in the ice. They calculate that the
fraction of altered water ice is ~9% over a billion years from GCR
deposition in lunar permanently shadowed craters. Tripathi et
al. (2006) analyzed the lunar radiation flux for GCRs and solar
proton events (SPE) such as coronal mass ejections (CME) and
calculated that, for a CME event in 1989, the proton fluence was
1.39 x 10° protons/cm2. For Mercury, the energy flux would be
correspondingly higher (1?gh/r?Mercury)- Pilling et al. (2014) re-
ported a flux on the Moon of 16 eV/molecule/Gyr and a proton
fluence of 5 x 1017 electron/cm?. They found that amino acids such
as glycine will dissociate quickly under this fluence. Reitz et al.
(2012) report a dose rate of 0.22-0.27 mGray/day on the lunar
surface (1 Gray=1J/kg).

De Angelis et al. (2008) calculated effective dose and typical
depth ranges of GCRs and SEPs in the Moon’s regolith and bedrock
(non-ice material, such as mare basalt). Their Fig. 8 shows dose
for particles expressed in Sieverts/year. (Sievert (Sv), is a unit of
radiation absorption which takes into account relative biological
effectiveness of ionizing radiation). They report a total dose for all
particles with a peak value of E=0.3 Sieverts/year which occurs
at ~0.8 m depth and then decreases, reaching zero at a depth
of 6 m. GCR Protons peak at 0.24 Sieverts/year at the surface
and go to zero by 6 m, while neutrons are greatest at 0.1 Siev-
erts/year at a depth of ~ 1 m, then drop off to zero by 6 m depth.
From their computations of backscatter neutrons from interaction
with the lunar surface, they report that SEP particles would be
deposited to at least 80cm depth, while GCRs could reach at
least 2.5 m.

SEPs and GCRs should contribute to radiation processing of ices
on Mercury over their entire range of deposition (centimeters to
meters) and can account for the 10 cm depth of putative organic
materials seen by MESSENGER radar.

For ultraviolet photon deposition, maximum deposition is
at much shallower depths, a skin depth of nanometers. From
ray-tracing thermal model results, the incident UV fluxes are
calculated for the permanently shadowed craters. The model
was originally used to calculate the temperatures in Mercury’s
north polar region (Paige et al.,, 2013) and includes the effects of
multiply scattered solar and infrared radiation (Paige et al., 2010).
The incident UV flux was calculated assuming that it includes the
flux of solar photons with wavelengths of < 0.3 microns, which
represents a small percentage of the bolometric solar flux for quiet
Sun conditions. The scattered light UV flux is estimated to be
~1.0 x 10° eV/cm?s for water ice regions, possibly higher for water
ice buried under the dark organic lag deposits.

SEP events are enhanced fluxes of solar wind particles with
energies ~100keV and above (Mewaldt, et al., 2007; Desai et al.,
2016). For such high energies combined with the relatively small
magnetic dipole moment of Mercury, the magnetosphere has little
effect on SEPs and their precipitation is approximately evenly

distributed over the (primarily) dayside region of the planet. The
magnetic focusing of the cusp that occurs at lower energies would
not occur for SEP at high polar latitudes where the water ice and
organic deposits are located and thus SEP fluxes into this region
are comparatively lower. Nevertheless, there will be some precipi-
tation near the poles as the SEP sweep over the planet. SEP events
are usually associated with solar flares and coronal mass ejections
(CME) or other large scale solar events (streamers, coronal holes,
etc.), which occur sporadically with event rates of a few to several
per year, which depends strongly on solar activity (Usoskin and
Kovaltsov, 2012).

Using observations of SEP over an 8.25 year period (Fig. 3
from Mewaldt et al.,, 2007), we calculate the precipitating fluxes
for protons (H™) near the poles for different SEP energies using
energy ranges 90-150keV for the 100 keV value, 0.8-1.5 MeV for
the 1 MeV value, 7-11 MeV for the 10 MeV value and 70-110
MeV for the 100 MeV value. The SEP proton fluxes range from
~103 particles/cm?s at 100 keV to ~3 particles/cm 2 s at 100 MeV.
The precipitating electron energy spectrum at lower energies (<
100 keV) follows a kappa (power law type) distribution function
with peak energy at higher latitudes near 300eV. Power law
distributions have larger fluxes at higher energies compared to
a standard Maxwellian. SEP precipitation will be an important
contribution to the radiation processing of the ices and organics
because of their comparatively greater depth of energy deposition
compared with magnetosphere particles.

Table 1 summarizes the precipitating fluxes at different ener-
gies from all of the energy sources, i.e.,, Magnetospheric ion and
electron cusp precipitation, SEP, GCR, Lyman-Alpha and scattered
UV photons.

GCRs in the table are from Crites (2011, 2013); scattered light
is from ray-tracing model results modified from LRO observations.
Sources in E/cm?s are, in some cases, derived by integrating dosage
radiation (i.e. energy per cm3/ time) over the depth of penetration.
Photon energy deposition will be important at shallow depths
(um). GCRs and SEP will reach depths on the order of centimeters
to meters.

As seen in Table 1, magnetospheric particle deposition is the
dominant energy source onto the polar region with energy depo-
sitions ~10'2 eV cm?s. The total energy fluxes of photons, GCRs
and SEP are each at least two or more orders of magnitude less
than those from magnetospheric energy sources (the focused cusp
particles). However, since depth depends on energy, each particle
or photon will have their greatest energy deposition over a range
of different depths in the ices (Delitsky and Lane (1998), Fig. 5).

4. Sources of volatiles and organics

The major sources of volatiles and organics at Mercury’s poles
are most likely from impacts of comets, asteroids and also possibly
interplanetary dust particles, (IDP’s) over the entire planet (Ishii,
et al, 2008; Moses et al., 1999; Bruck Syal et al., 2013; Butler,
1997) and subsequent migration to the cold traps at high latitudes.
Comets contain a frozen mixture of volatiles mixed with silicates
and other stony or rock-like materials. Typical chemical compo-
sition includes H,0, CH4, NH3, CO,, CO, H,S, H,CO, C,H,, CyHg,
CH30H, HOCH,CH,0OH, HCOOH, C30, and others (Mumma and
Charnley, 2011; Huntress and Delitsky, 1988; Huntress et al., 1991).
Asteroids have water in the form of hydrated minerals as well as
organics, mostly in the form of aromatic compounds such as PAHs,
with additional aliphatic hydrocarbons and amino acids (Botta and
Bada, 2002a, 2002b; Botta et al., 2002). IDP’s contain both organic
and inorganic ices (Ishii, 2008). Retention of volatiles on the Moon
from cometary impacts was estimated to be ~0.1% of a cometary
mass, but could yield a ~1 mm thick water ice layer in the cold
traps from each impact. Large amounts of water ice consistent
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Table 1

Compilation of precipitating energy fluxes from all sources onto Mercury’s north polar regions.

Particle Energy Flux (cm=2 s7')  Deposition rate eV cm=2 s~
Magnetospheric electrons (Schriver et al., 2015) 300 eV 1.1 x 100 3.3 x 10"
1 keV 4.2x10° 4.2x10"?
10 keV 3.8x 108 3.8 x 1012
Magnetospheric Protons (Travnicek et al,, 2010) 1 keV 43x10° 43x10"
10 keV 2.5x 108 2.5% 10"
SEP Protons (Mewaldt et al., 2007) 100 keV 2.7x 103 2.7 x 108
1 MeV 7.3 x10% 7.3 %108
10 MeV 2.4 % 10? 2.4 x10°
100 MeV 3.4x10° 3.4 %108
GCR Protons (Crites et al., 2013) 1 GeV 3.0x10° 3.0x 10°
Lyman Alpha (Pryor et al., 2013) 10.19 eV 1.0x 10° 1.02 x 10'°
Scattered UV Photons (our work) A <0.3 um 1.0 x 10°

with spacecraft observations could accumulate over billions of
years (Stewart et al., 2011). The relative importance of comets vs.
asteroids vs. IDP’s as volatile sources for Mercury is highly un-
certain (Moses et al., 1999). Estimates from impacts during the
late heavy bombardment could be useful for calculating volatile
inventories.

5. Processing of organics

While comets appear to be very bright when they are traveling
through the inner solar system, reconnaissance by spacecraft of
comets such as Halley, Borrelly, Tempel 1, Hartley 2 and others
have shown that most often they have extremely dark surfaces.
The Vega spacecraft measured the albedo of Comet Halley to
be 0.04 (+0.02, -0.01) (Sagdeev et al., 1986). Many laboratory
experiments have shown that bright icy materials are transformed
by charged particle radiation into an outer crust made up of
polymerized long-chain hydrocarbons, tars or kerogens with many
unsaturated bonds and high carbon/hydrogen ratios (Johnson
et al., 1987; Lanzerotti et al., 1987a; Strazzulla, 1997; Strazzulla
et al.,, 1984a). Heating of comets during their passage around the
Sun will also darken the surface. Complex organic material was
observed on Comet Halley from observations by the PICCA Mass
Spectrometer onboard Giotto; mass fragments of > 50 amu were
attributed to organic molecules (Mitchell et al., 1992).

When methane is bombarded with radiation, C-H bonds are
excited and/or broken and the hydrogen atoms combine with
each other to form H,. Subsequent energy deposition causes
more C-C bonding and cross-linking to form higher-molecular
weight compounds (Johnson, 1991a, 1991b; Strazzulla et al., 1991).
The products may be a disordered form of carbon, such as ion
produced hydrogenated amorphous carbon, or IPHAC (Ferini et al.,
2004; Strazzulla and Baratta, 1992; Strazzulla, 1997), or other
polymeric products such as CygHgg, Co5Hsg, Co3Hyg as reported in
Davis et al. (1966). IPHAC will have both aromatic and aliphatic
ligands and no definable crystalline nature, due to the breakdown
of crystal structure from the radiation. Aromatic compounds such
as PAHs may also be formed, like those seen in asteroid carbon
materials (Botta and Bada, 2002a, 2002b). Lightweight gaseous H,
will escape the lattice leaving heavier atoms to form a “crust” or
cometary “mantle” (Frank, 1986; Brown et al., 1987; Cheng and
Lanzerotti, 1978). As a result, the total C/H ratio increases over
time. C/H ratio depends on the amount of deposited energy. The
density of this crusty refractory material increases with increased
fluence of radiation (Strazzulla and Johnson, 1991; Strazzulla et al.,
1984b; Lanzerotti et al., 1987b; Foti et al., 1984; Strazzulla et al,,
1988). If enough H, escapes, ultimate products could include
elemental carbon in some form (graphite, amorphous carbon, soot,

carbon black) which will be very dark. An illustration of darkening
of cometary ices by radiation is shown in Jewitt (2012).

Charged particles are slowed in their paths as they traverse
deeper into surface layers of the condensed volatiles and the
energy deposition will have a maximum at some depth as the
particles slow down and then stop in the material. The depth at
which the greatest amount of energy is deposited is called the
Bragg peak (Strazzulla et al., 2003). The thickness of the crust cre-
ated depends on the penetration depth, not on dose. The location
of the maximum rate of energy loss, i.e., the depth of the Bragg
peak, is near the end of the maximum penetration depth for an
incident particle of particular energy and mass. The depth profile
of dosage rate is computed from the superposition of a large
number of individual energy deposition profiles from separately
incident particles, mainly from superposition of the Bragg Peaks,
and related to the incident particle flux. The thickness of the
dark crust is determined by the maximum penetration depths of
particles with significant incident flux.

In experiments by Lanzerotti et al. (1987b) and Strazzulla
and Johnson (1991), frozen methane under proton bombardment
converted from a bright ice to an increasingly darker material.
The end product was a highly carbonaceous material (90%) that
is black. The density increased from 0.5 g/cm3 for frozen methane
to 0.75 g/cm3 for the black carbonized refractory material. Johnson
(1991a, 1991b) reported a decrease in H/C ratio from 4 to ~1.5-2
over the irradiation time when CH,4 was irradiated by MeV protons
and helium ions (used as a proxy for galactic cosmic rays or solar
wind). That is, CH4; — CHy5_, over irradiation time.

Physical effects on the ices from deposition of energetic
particles include the creation of voids, dislocation of atoms, amor-
phization of the crystalline ice lattice and defects that can form
connecting paths through the material (Chadderton and Torrens,
1969; Lanzerotti et al.,, 1987b; Domingue, 2014). These paths may
eventually be open to the vacuum of space. The material becomes
increasingly porous even as it increases in density. Radiation
causes breakdown of crystals into amorphous materials (Johnson,
1991a, 1991b; Stern, 2003).

CO, and CO ice in comets can be polymerized by incident
radiation into mixed CxOy species, such as carbon suboxide C30,
(Geiger, 2013; Geiger and Staack, 2011, 2012) and analogs Cs50,
and other C,0,, as well as C,0, C30, C40, C50, CgO, C;0 and their
polymers (Strazzulla et al., 2011; Bennett et al., 2008; Jamieson et
al., 2006). These materials may have color and be dark or black as
well (Fridman et al.,, 2006). C30, can be either red, brown, violet
or yellow, depending on temperature; it converts to elemental
carbon at temperatures > 500 C.

Nitrogen occurs in comets, either as molecular nitrogen, N, or
ammonia NHs.(Wyckoff et al., 1991; Biver et al., 2012; Rubin et
al., 2015). N atoms can be incorporated into growing hydrocarbon
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Fig. 5. Polar ices on Mercury. Panel 1: Delivery of icy volatiles from comets Panel 2:
Ice hiding in permanently shadowed craters Panel 3: Trapped magnetosphere ions
follow field lines to Mercury’s poles and impact ices. (Artwork by Michael Carroll).

polymers to yield C-N/HCN polymers (Matthews and Ludicky,
1986). These are often black-brown solids (Ruiz-Bermejo et al.,
2009). This type of polymer is thought to be a component of the
dark crust of Comet Halley (Matthews and Ludicky, 1986).

Mercury’s polar ices are estimated to be meters thick. From
the calculation of sublimation rate for organic compounds over
a range of temperatures, Zhang and Paige (2009, 2010) showed
that a variety of large and small organic molecules may be cold
trapped. The sudden heating of comets by impact will convert
smaller molecules into heavier, less volatile molecular species.
However, heavier-weight species inside the comet may survive
the impact of the comet intact (Blank et al, 2001). The effect
depends on the pressure-temperature history of the comet during
impact, its density (“fluffiness”), and also on the angle that it hits
Mercury (Blank, 2009; Ross, 2006). Low angles favor preserva-
tion of organics (Liu, 2007). Fig. 5 shows the sequence of the
supply of materials to the Mercury surface: cometary volatile
delivery by impact (top panel), ice hiding inside shadowed craters
(middle panel), and cusp radiation as the energy source (bottom
panel). With enough processing, dark polymers may eventually be
converted into elemental carbon. Then the polar craters will be
covered with soot which will be very dark indeed.

6. Organic yields

To calculate product yields for organics, the G value (radiation
chemical yield) is used. G is the number of product molecules
produced for every 100eV of energy deposited. Various authors
have reported G values for methane radiolysis that vary between
0.1-2.0, depending on the product (Davis et al., 1966; Scott and
Wilson, 1968). Mozumber (1999) reported a G value=2 for conver-
sion of methane to liquid polymer. Davis et al. (1966) calculated
G values for processing of methane into other hydrocarbons,
including polymers such as CygHyg, Cys5Hsg, Co3Hyg and others.
For production of the total products, Davis gives G=0.32/100eV.
Meisels et al. (1957) reported G values (from methane) for ethane,
propane, butane and hydrogen as G(C,Hg)=0.7, G(C3Hg)=0.1,
G(C4H19)=0.05, G(H;)= 2.0.

For the purposes of illustrating organic yields, as an example,
we use the conversion of methane ice into heavier weight prod-
ucts (G value=0.32 from Davis et al. 1966) hereto referred to as
“Polymer”:

The column density of products, C, is calculated from:

C=EFGt,

where

E=energy (in eV/particle),
F=charged particle flux (in cm~2 s~ 1),
G=yield of product molecules/100 eV deposited
t=time of irradiation.
AS AN EXAMPLE:
For protons, if:
Eprotons =~1 keV
F =107 protons/cm? s
G=0.32 molec/100 eV
then for every square centimeter,
Production rate of Polymer=
1000 eV/particle * 10°/cm? s * 0.32 molecules Polymer/100 eV
= 3.2 x 10° molecules Polymer /cm? s.
Over the age of the solar system, 4.5 billion years,
Column density of Polymer from proton deposition is:
1.42 x 1017 s * 3.2 x 10° molecules Polymer /cm? s
= 4.54x 10%6 molecules Polymer /cm?

(This assumes that the entire energy of the particle (1 keV) gets
deposited in the ice and is used for chemical processing. Average
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energy of protons is 1keV but there is a higher energy tail on
the distribution that will increase the production rate from these
values. The same holds true for electron energies; amounts of
products and depth of deposition will be larger.)

For electrons, if:

Average electron energy=300eV.

Electron flux =100 /cm? s,

Production rate of Polymer =

300eV/particle * 10 particles/cm?s *
Polymer/100 eV

= 9.60 x 10° Polymer molecules/cm? s.

0.32 molecules

For electrons, the column density of Polymer is:

1.42 x 107 s * 9.6 x 10° Polymer molecules/cm? s
= 1.36 x 1027 Polymer molecules/cm?.

Total Polymer: 4.54x 1026 +1.36 x 1027 =1.81 x 1027 molecules
Polymer [cm?.

For an estimate of the thickness, T, of an organic layer gen-
erated in a year on Mercury (using naphthalene as an example
product from methane bombardment by electrons):

T=CV
C=PS
V= (1/p)"(m/A)

where:

. p=density of product molecule=1.14 g/cm3

. m= molecular weight=128.17 g/mole

. A= Avogadro’s number=6.02 x 1023 molecules/mole

. m/A =mass of a molecule=2.13 x 1022 g/molecule

. V=volume of molecule=2.13 x 10-22 g/molecule | 1.14 g/cm3

=1.86 x10~22 cm3/molecule

. P=Production rate=9.6 x 10° molecules/cm? s

8. S=Seconds/year=3.153 x 107

9. C=Column density=Rate x Seconds=3.02 x 1017 molecules/
cm?

10. C x volume =Column density/time=C x volume (1.86 x 10~22
cm3/molecule)=5.6 x 10~ cm [year

11. T=Thickness generated=~ 0.56 um |year

DA WN =

~

Therefore, around 0.56 micrometer of dark material will be
formed per year from irradiation of ices residing in polar craters.

Electron energies were measured at between 0.3-10keV
(Schriver, 2015; Starr et al., 2012); if the top energy of 10 keV
was used, we would derive a production rate 33 times higher, or
3.16 x 10'! Polymer molecules/cm? s, yielding ~18.6 micrometers
of material per year.

In the above example, we've assumed a target of pure methane
ice for illustrative purposes. Pure methane ice is too volatile to be
cold trapped at Mercury’s poles, but a range of higher molecular
weight compounds with similar hydrocarbon structure will have
the correct volatilities to be cold trapped (Zhang and Paige, 2009;
Paige et al., 2013), and would be expected to undergo similar
transformation.

A few caveats in the above discussion are that yields of heavier
weight compounds from methane could be upper limits because
the formation of a crust of organics might tend to reduce the
amount of other products formed. The incoming ions arriving later
find an already formed crust and cannot produce further layers.
However, gardening rates for ices and creation of new regolith is
estimated to be ~ 1072-10-10 m/year (Jewitt et al., 2007), so or-
ganic formation from radiation processing could be happening fast
compared to gardening, if Jewitt’s estimate is correct. However,
a 1nm/year gardening rate may be appropriate to lunar regolith

with no ice, but impacts of silicate 10-100 micron particles on
water ice have yields less than or equal to ~ 10° of ejected mass
per unit incident mass as calculated for water ice on Saturn’s rings
(Cuzzi and Estrada, 1998). Ignoring other differences between Sat-
urn’s rings and the Mercury polar ices, the gardening rate could be
about 1 micron/year. Mercury would also experience impacts from
the solar dust cloud, as well as from interstellar dust as at Saturn.

The actual depth of particle deposition will vary with energy
and type of charged particle (Paranicas et al. 2009). Particles such
as GCRs and SEPs at > 1 keV will irradiate much deeper layers than
magnetospheric ions. The particles and their chemical products
would form distinct layers. Mejia et al. (2013) reported that solar
wind ions will implant in the top 1 micron depth in ices; whereas
they found GCRs in layers at between 1 and 100 mm depth. Using
the “continuous slowing down approximation” (CSDA) for particles
traversing solid materials, the approximate ranges, r, for electrons
and protons in hydrocarbon material are:

Electrons: Energy, Range

300eV, 0.02 micron.
1 keV, 0.06 micron.

Protons: Energy, Range

1-keV, 0.04 micron.
1.0 MeV, 20 micron.
10 MeV, 1 mm.

100 MeV, 10 cm.

Below, we consider in greater detail the chemical transfor-
mation mechanisms that should be operating in Mercury’s polar
volatiles.

7. Chemical effects of charged particle deposition on ices

Chemical effects from charged particle irradiation on solid icy
materials can cause three types of chemical reactions:

(1) dissociation of molecules by impact of magnetospheric ions
and electrons to form new products (Hudson and Moore,
1995; Moore and Khanna, 1991),

implantation of magnetospheric ions into ices and their par-

ticipation in subsequent chemistry (Dawes et al., 2007;

Hunniford et al., 2009; Roessler, 1985a, 1986, 1992; Roessler

et al., 1985; Roessler and Eich, 1988);

(3) “nuclear recoil” reactions (or “hot atom chemistry”) where
impact from GCR and SEP particle deposition onto surface
materials converts an atom of one isotope of an element
into an isotope of a different element (Roessler, 1986,1988).

2

—

1. In the first process, that of dissociation of molecules by
impact of heavy ions or electrons, the impactor may not be partic-
ipating in the reactions and only act as a “battering ram” to break
the bonds and form new products (Strazzulla et al., 2003, 2011).
The impactor may also induce amorphization of a crystalline mate-
rial: breaking down the lattice structure into amorphous particles
that have lost any symmetry or crystalline nature (Loeffler and
Baragiola, 2009). Hudson and Moore (1999) irradiated CO/H,0 ices
with protons and obtained HCOOH, CH30H, HCO and H,CO. Irra-
diation of CO,/H,0 ices yields H,CO3 (carbonic acid) (Gerakines
et al., 2000, Peeters et al., 2010; Moore et al., 1991) as well as
HCOOH (formic acid), CH3C(O)CH3 (acetone), CH30H (methanol)
and others. (See CO,/H,0 chemical pathways in Delitsky and Lane,
1997;1998). Irradiation of CO ice with energetic electrons yields
cumulene structures, CxOy (Jamieson et al., 2006) where carbon
atoms are attached to each other with consecutive double bonds
with oxygen atoms at each end, such as O=C=C=C=0. Molecules
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that have consecutive double and triple bonds have delocalized
electrons which causes their spectral absorption bands to move
from the ultraviolet into the visible and so the materials may have
color (Benit et al., 1988).

2. In the second process, an impacting ion implants itself
into condensed volatiles. Products are created that include the
implanted ion (Strazzulla, 2011; Dawes et al., 2007; Hunniford
et al., 2009; Delitsky and Lane, 2002). Implantation of carbon ions
(C*) as well as carbon atoms (C) into water ice yields CO, (carbon
dioxide), HCOOH (formic acid), CH3C(O)CH3 (acetone), CH3CHO
(acetaldehyde) and CH30CH,CH,0CH3; (1,2-dimethoxyethane)
(Roessler and Eich, 1988; Lv et al, 2012). Zurbuchen et al.
(2008) detected carbon ions, C* in the Mercury magnetosphere;
if these ions impact and deposit into water ice, then oxidized
carbon-containing products such as these may be created.

Roessler (1986) reported a variety of products resulting from
carbon ion deposition into water ice:

C* + H,O0 — CO; + H,CO + CH30H + HCOOH + CO + CH4 +
CH5C(O)CH3 + CH3CHO + CH30CH,CH,O0CHs.

If C* implants into mixed cometary ices, such as H,O, NH; and
CHy4, products may be amino acids, amides, purines, pyrimidines,
and other C-N-O-H-containing molecules (Roessler, 1985a, 1985b,
1986). Impact of electrons, protons, or C* ions into NH3 ice could
produce hydrazine (N,H;), azides (N3), hydrogen cyanide (HCN)
and CH3NH; (Roessler and Eich, 1988; Roessler and Nebeling, 1987,
1988). CH30H may form precursors to biomolecules: formaldehyde
converted into sugars, cyanamides into polypeptides or guanidine
into nucleic acids (Roessler, 1986).

In the reaction of C* + H,0, carbon inserts into the O-H bond
in water to make HCOH and this rearranges to make formaldehyde
H,CO and other CxHyO, (Baratta et al., 2012; Strazzulla, 2011;
Roessler, 1986). The deposition of sulfur ions (as ST detected in
Mercury’s magnetosphere) into water ice may yield SO, SO,, and
SO3; (Boduch et al., 2015; Sack et al., 1992; Delitsky and Lane,
1997, 1998) as observed on the Jovian satellites (Lane et al., 1981).
Deposition of Nat into water ice may yield Na,O and NaOH
(Brown and Hill, 1996; Delitsky and Lane, 1997).

3. The third process causing chemical change is “nuclear re-
coil”, also called “hot atom chemistry”. Fast impact of high-energy
charged particles will cause nuclei to undergo isotope transfor-
mation, which would convert them into other elements. Roessler
(1986, 1988) found that an oxygen atom, 60 deposited into water
ice and then bombarded with protons via a cyclotron will convert
it into a nitrogen isotope, 13N. Subatomic particles from the oxygen
nucleus are released (knocked off in a fission process). The oxygen
atom has now become a nitrogen atom which then acts accord-
ingly. Its chemistry is that of nitrogen rather than oxygen. The
new 3N is called a “recoil nuclei”. It now finds itself inside water
ice and it is kinetically hot as though it had implanted at high
velocity itself. New products created were: >NO (nitric oxide),
13NO, (nitrogen dioxide), H'®NO, (nitrous acid), H'*NO5 (nitric
acid), 3 NH; (ammonia), ®*NH,0H (hydroxylamine), H'*NO and
polymers. In other experiments, Roessler deposited N isotopes
into water ice, bombarded the sample with cyclotron particles,
and created 'C. Nitrogen atoms had become carbon atoms inside
the water ice and reacted to create products ''CO, 1C0,, H'CO,
H,'co, "'CH;0H, H''COOH and others. The newly created and
kinetically excited carbon atom arising from the recoil reaction
then becomes a participant in the chemistry as carbon (Roessler,
1985b; Roessler and Nebeling, 1987, 1988). See Fig. 6.

The keV-MeV energies of magnetospheric particles are insuf-
ficient to induce nuclear recoil reactions and conversion to other
elements. Magnetospheric charged particles are only energetic
enough to cause ionization of atoms and dissociation of molecules

in the ices, creating free radicals, possibly in the excited state.
GCRs have larger energies (GeV) and their impact could initiate
transformation of atoms into other isotopes and then conversion
into other elements by release of nuclides, as described above.
Nuclear processes such as spallation may occur, in which a single
nucleon, or a few nucleons (e.g., an alpha particle), are knocked
out to form new isotopes, or fragmentation, in which an overly
excited nucleus breaks up into fragments. There are also natural
radioactive decays of nuclei which release particles that affect
surrounding materials and do not require any impact by GCRs.

If a speeding GCR particle impacts a normal N residing in a
condensed volatile in Mercury’s craters, it could convert it into a
11, However, this isotope of carbon has a half life of ~20 minutes,
after which it decays to boron. Then the chemistry becomes that
of boron; so this process (N — C — B) would possibly yield boron
compounds such as BxHy, boron hydrides or “boranes”, resulting
from reaction of boron with water ice.

By this recoil process, oxygen atoms in H,O ice on Mercury
could be converted into N atoms which are still bonded to hydro-
gen atoms, thereby making ammonia, NHs, in-situ. Nuclear recoil
reactions also occur in liquids and gases (Roessler, 1985b). If a
sulfur atom is created from the splitting of heavier isotopes, then
reacts with H,0, CH,4 or CO,, products may be organic sulfur com-
pounds such as H,S, CH3SH, or sulfur polymers. These are dark
materials. Reactions of sulfur atoms with CO, ice will yield OCS.

8. Physical effects of charged particle deposition on ices

At the time that chemical effects are occurring in the ices,
physical effects are happening simultaneously which will also
affect their size, texture, density, temperature and chemistry.
Domingue (2014) described many of these processes:

(1) sputtering

(2) solar wind deposition

(3) photo-stimulated desorption

(4) meteoroid bombardment and volatilization

(5) radiogenic heating from the regolith

(6) thermal desorption

(7) electron-stimulated desorption

(8) dust levitation

(9) surface charging

10) impact gardening

11) secondary sputtering from recirculated planetary ions in the
magnetosphere

(
(

These processes will create holes and dislocation of atoms in
ices or regolith and change the density of the materials (Domingue
et al., 2007; Hurley et al., 2012; Johnson et al., 2004). Charge de-
position can cause dust grains to levitate above the surface. Sput-
tering of heavy atoms off of the surface populates the exosphere
(Domingue et al., 2007, 2014). This “space weathering” or gar-
dening will transform the ices and regolith into porous materials
which may not be able to retain gases such as hydrogen as easily,
thus releasing it and promoting cross-linking of C-C bonds and
polymerization. Sputtering yield of water depends on temperature
and electronic stopping power; this was measured by Dartois et
al. (2015) to be between 2610-9100 H,0 molecules/impacting ion
for water ice between temperatures 13.6-125 K. However, organic
materials and water ice in the Mercury polar craters are likely to
have long lifetimes against sputtering loss. Sputtering yields are
very low for materials below 100 K but increase sharply above this
temperature (Johnson et al., 2012). For the PSRs, the very cold tem-
peratures below 100 K will limit sputtering loss to very low values.
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Fig. 6. Flowchart showing three types of reactions resulting from ion impact into ices: simple dissociation, implantation and hot atom chemistry.

9. Comparison between Mercury and the Moon

Water ice has been detected in the Moon’s polar regions
(Feldmann et al., 2001; Colaprete et al., 2010; Hayne et al., 2015;
Paige et al., 2010; Nozette et al., 2001; Spudis et al., 2013; Anand
et al, 2014; Crawford, 2015), but in far lower abundance than
observed on Mercury. UV-dark surface material has been detected
in the Moon’s permanently-shadowed regions (Gladstone et al.,
2012), but no visible-dark material like that found on Mercury.
Why are the Moon and Mercury so different?

Possible explanations for the higher concentrations of cold-
trapped volatiles at Mercury are: (1) the higher obliquity of the
Moon in ancient times which resulted in less shadowed regions in
the early history of the Moon (Siegler et al., 2011, 2013), (2) the
lower gravity of the Moon which leads to less retention of volatiles
compared to Mercury (Stewart et al., 2011), and, (3) the fact that
the Moon orbits the Earth through the tail of its magnetosphere
(Moses et al., 1999). This final hypothesis is plausible due to the
increased sputtering by energetic particles over all latitudes on the
Moon’s surface, causing a greater loss of volatiles there (Jordan
et al., 2013). Volatiles may not have time to migrate to the lunar
poles because radiation at low latitudes may process them before
they get a chance to sublimate and migrate (Hendrix et al., 2012).
However, during times when the Moon passes through the Earth’s
magnetotail, total 1-keV proton fluxes were observed to decline
by the twin lunar-orbiting ARTEMIS spacecraft, because of the
magnetospheric deflection of solar wind protons, so there may not
be higher sputtering fluxes at all lunar latitudes.

Whatever the explanation for the difference in cold trapped
volatile concentrations between the two worlds, our work suggests
one additional difference: the Moon does not have an intrinsic
magnetic field or magnetosphere, so there are no cusps present
which focus solar wind protons, electrons and heavy ions onto
high latitudes as on Mercury. The main source of lunar protons
is the solar wind, which impinges on the Moon at low angles
relative to the moon’s equatorial plane. At high latitudes, interiors
of lunar craters may be shaded from direct solar wind protons in

much the same way as they are shaded from direct solar photons
(Lucey et al., 2014). Because of the focusing of precipitated protons
by Mercury’s magnetic field, Mercury’s polar regions are preferred
locations for charged particle bombardment.

While the GCR, SEP, Lyman Alpha and Scattered UV energy
sources are similar on the Moon and Mercury, the magnetospheric
proton energy sources are 100-1000 times greater on Mercury
(See Table 1). As we have described, this focused “firehose” of
particles can provide abundant energy that can drive chemical
reactions which can polymerize cold-trapped volatile organics to
produce dark, refractory lag deposits analogous to those found on
the surfaces of comets and other primitive bodies. The additional
energy sources also contribute to this chemical processing. The
visible dark material on Mercury is associated with thick, radar-
bright ice deposits, which are absent on the Moon. As suggested
by Paige et al., 2010, the dark material may be a lag deposit that
accumulates as water ice underneath sublimates, similar to the
processes that create dark crusts on comets (Jewitt et al., 2012).

10. Conclusions

1. Mercury has funnel-shaped features in its magnetic field lines
called magnetospheric cusps. These cusps touch the planet at
high latitudes and will cause focusing of the flow of mag-
netospheric charged particles that are trapped on the field
lines. The particle flow is directly aimed at Mercury’s polar
regions and their permanently-cold, permanently-shadowed
craters. The ions hit at high enough angles to impinge
directly onto cold-trapped ice deposits within these craters.

2. A variety of charged particle radiation sources and solar
photons will initiate chemistry in the polar ices. The com-
bination of Magnetospheric particles, Galactic cosmic rays
(GCR), solar energetic particles (SEP), Lyman Alpha and
scattered UV will deposit energy into the frozen volatiles
and cause chemical reactions yielding new heavier-weight
organic products. The magnetospheric particle energy depo-
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sition is two or more orders of magnitude greater than each
of the other energy sources.

3. Because Mercury has a magnetosphere, it has a unique space
environment that influences the polar volatiles which is
different from that on the Moon. The channeled flux of
charged particles through these magnetospheric cusps is
a chemical processing mechanism unique to Mercury as
compared to other airless bodies.

4. The deposition of magnetospheric charged particles such as
0*, S*, H,S*, O,*, H,0*", C*, Na*, H' into the ice should
produce a variety of new C-H-O-N-S-containing compounds.
The end products could include carbon-rich, polymeric,
tar-like, refractory dark materials whose characteristics are
similar to dark compounds observed in the polar craters by
MESSENGER spacecraft instruments.

5. Three kinds of radiation processes that could initiate chem-
istry could be occurring in these ices:, (1) dissociation, (2)
implantation of charged particles, and (3) nuclear interac-
tions (creation of new isotopes and elements). Conversion
into new isotopes and elements can be caused only by
the higher energy GCR and SEP particles. Magnetospheric
particles will induce ionization and dissociation.

6. Cometary impacts are the source of volatiles, depositing
H,0, CH4, NHj3, CO,, CO, H,S and other raw materials
onto Mercury which would eventually migrate to the polar
regions. Classes of molecules formed from radiation pro-
cessing of these raw materials could include hydrocarbons,
ketones, esters, carboxylic acids, alcohols, amines, amides,
purines, pyrimidines, sulfides, and cyanamides. From lab
experiments in the literature, possible specific products are:
H,CO, HCOOH, CH5;0H, HCO, H,C03, CH3C(0)CH3, C,0, CxO,
C30,, CxOy, CH3CHO, CH30CH,CH,0CH;, CyHg, CxHy, NOy,
HNO,, Na,0, NaOH, HNO3, NH,0H, HNO, N,H,, N3, HCN,
CH3NH,, SO, SO,, SO3, OCS, H,S, CH3SH, even ByHy.

7. The impact of many energy sources, such as Mercury’s
“firehose” of magnetospheric cusp charged particles, galactic
cosmic rays (GCR), solar energetic particles (SEP), and UV
photons onto the polar ices, combined with gardening, over-
turn, sputtering and other physical processes in Mercury’s
surface materials should create ~centimeter-thick layers of
dark refractory organics like those observed by instruments
aboard the MESSENGER spacecraft.
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