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Abstract
Radar observations of the surface of Mercury had revealed areas with bright reflective 
properties in both polar regions of the planet. It was suggested that such areas contain dep-
ositions of volatile compounds, including water. In this paper, we investigated migration 
of water molecules to the permanently shaded areas, located in the impact crater in the 
polar regions of Mercury. To simulate the migration of water molecules in the exosphere 
of Mercury, we used the Monte Carlo method. To estimate the proportion of water mol-
ecules falling into cold traps in the polar regions of Mercury, we estimated the area of 
such regions. We found that the area of permanently shaded areas near the north pole of 
the planet reaches 23,300  km2, and in the area of the south pole—45,500  km2. Most of the 
water molecules (~ 92%) will be destroyed as a result of photolysis, and ~ 7.5% of them will 
be destroyed while they are on the planet’s surface between hops. The fraction of water 
molecules that left the planet’s exosphere as a result of reaching the escape velocity is only 
0.3%. The fraction of water molecules trapped in permanently shaded areas in the polar 
regions of Mercury reaches 7.8% of the total number of particles participating in the simu-
lation. Only 2.2% of them can be trapped in cold traps in the North Pole region and 5.6% in 
the South Pole region.
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1 Introduction

For the first time, areas with anomalous radio-reflective properties have been discovered 
on the polar regions of Mercury during surface studies via telescopes of Arecibo and Gold-
stone observatories in 1991–1992 (Harmon and Slade 1992; Harmon et  al. 2001). Mer-
cury surface studies continued through telescopes Goldstone and Arecibo (Harmon et al. 
2011). As a result of these studies, the number of discovered regions with anomalous 
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reflective characteristics in polar regions of the planet have been significantly increased 
(Chabot et al. 2018). Such areas were discovered in relief depressions, primarily in impact 
craters. Several of these regions had the form of a crescent and were located on impact 
crater’s sides that were situated opposite to the pole. This fact allowed to assume that these 
regions comprise accumulations of volatile compounds that were stored in the permanently 
shaded areas of impact craters—“cold traps”—for a long time. The MESSENGER (MEr-
cury Surface, Space Environment, GEochemistry and Ranging) (2008–2015) probe was 
the first spacecraft to explore Mercury since 1974. Due to specifics of spacecraft’s orbit, 
the obtained data mainly covered Mercury’s North pole. Among other things, these data 
confirmed the existence of regions with increased reflectivity in craters, located in polar 
regions of the planet (Neumann et al. 2013). The data from the MESSENGER probe neu-
tron spectrometer indicate that the deposits of volatile compounds in the North Pole region 
contain tens of centimeter thick hydrogen-enriched layer (Lawrence et  al. 2013). This 
confirmed the assumptions that these formations may be deposits of volatile compounds, 
including water ice. In (Lawrence et al. 2013), it was suggested that the soil of these areas 
may consist of several layers, with a second layer located under a less hydrogen-containing 
layer 10–30 cm thick, the thickness of which is estimated from 50 to 20 m. The combina-
tion of the radar data and the neutron spectrometer of the MESSENGER probe suggests a 
layer of almost pure water under the regolith layer with a hydrogen fraction corresponding 
to 25% water equivalent content. In this case, the lower layer can be a mixture, the main 
components of which are water and organic compounds (Paige et al. 2012). The assump-
tions that the main component of the soil of "cold traps" on Mercury is water ice are also 
confirmed by the data of long-term ground-based radio observations (Harmon et al. 2011; 
Cremonese et al. 2010).

2  Sources of the Volatile Compounds

The volatile compounds in the polar regions of Mercury could be accumulated as a result 
of the endogenous activity such as subsoil degassing and volcanic activity on the planet’s 
surface. The main volcanic activity on Mercury took place in past (Thomas et  al. 2014; 
Byrne et al. 2016): the epoch of volcanic volcanism dates back to about 4.1 billion years 
ago, and the period of explosive volcanism ended about 1 billion years ago. Despite the 
fact that it is believed that currently Mercury is not active, the volcanic processes could be 
the sources of water, as well as of the other compounds (Fegley 1991). Exogenous sources 
are the solar wind and meteorites, asteroids, and comets. Solar wind protons can create 
molecules of water and hydroxyl during interactions with Mercury’s regolith (Jones et al. 
2020). Impacting asteroids and comets may deliver such compounds such  H2O, CO,  CO2 
and others. In addition to water, the composition of comets includes a number of com-
pounds, such as, for example, CO,  CO2,  H2CO,  CH3OH,  CH4,  C2H6,  NH3,  H2S, and others 
(Zhang and Paige 2009). Discovery of volatile compounds accumulation during the impact 
experiment executed through LCROSS spacecraft on the shadowed region of the Cabeus 
crater on the Moon also adds to the possibility of volatile compounds accumulation in the 
“cold traps” in the polar regions of the airless bodies of the Solar System (Colaprete et al. 
2010; Gladstone et  al. 2010). According to different estimations, the fraction of volatile 
compounds that stay on the planet during and after Mercury’s collisions with comets is 
1.5 to 7.1% (Moses et al. 1999) or up to 10% (Pierazzo and Chyba 1999). Meteoroids can 
be another source of matter delivered to planets. Nesvorny et al. (2010) found that up to 
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85% of the matter coming to Earth from space is micrometeorites. According to (Nesvorny 
et al., 2010), comets are the sources of about 90% of such micrometeorites, while asteroids 
are only 10%.

3  The Model of Movement of Water Molecules

The migration of volatile compounds in the exosphere of the Solar System celestial bodies 
has been the subject of numerous studies (Wurz and Lammer 2003; Moores 2015; Schorg-
hofer 2015). We have modeled the water molecules motion in the exosphere of the planet 
by the Monte-Carlo method. Numerous works, including (Moores 2015), choose the noon 
at the equator as the place and the start time for all molecules’ movement. In our work, 
the initial location and the start time were mostly random, with one restriction: molecular 
movement always started at the sunlit side of the planet—the exact moment was defined 
through the longitude of the subsolar point, selected randomly. The water molecule on 
the surface can be destroyed as a result of photolysis or can evaporate as a result of ther-
mal desorption. The residence time of a molecule on the surface can be described by the 
formula:–

where τ = 1⁄τtℎ + 1⁄τpℎot (τtℎ–time of thermal desorption of a molecule; τpℎot–time of destruc-
tion of a molecule as a result of photolysis (1.1 *  104 s (Huebner et al. 1992)). The thermal 
desorption time depends on the surface temperature at the location of the molecule:

where τ0–vibrational period of an H2O molecule in a potential well, Eact–desorption 
energy, T–surface temperature. For the physical desorption τ0 =  10–12 s, Eact = 0.41 eV, for 
chemisorption these values are τ0 = 1.2 *10–9 s, Eact = 0.72 eV respectively (Grumpe et al. 
2019). Velocity of emission of molecules v0 was determined by the Maxwell–Boltzmann 
distribution as a function of surface temperature, similar to (Schorghofer 2015):

where m is the mass of the water molecules (m = 3 ×  10−26 g), k is the Boltzmann constant 
(k = 1.38 ×  10−23 J/K). If the velocity of the molecule was equal to or exceeded the escape 
velocity for Mercury (vesc = 4251 m ⁄ s), the molecule was considered out of consideration.

The temperature of the surface in the region where the molecules were situated was 
calculated, using the position of the Sun and the local time. Due to the fact Mercury rotates 
twice around the Sun during a solar day, the model comprised the change of the distance 
between the planet and the Sun and the changes of its angular diameter during the daily 
orbital movement. After the sunset, the surface temperature drops very quickly and stays 
low (~ 100 К) until the sunrise. Reasoning from this fact, we suggested that, after the 
“jump” on the “night” side of the planet, water molecules stay there until sunrise.

The direction of movement of the molecule was determined in the horizontal coordinate 
system: azimuth j and angle Θ–between the molecular velocity vector and the horizontal 
plane. The values of the j and Θ angles were determined randomly. During the calculation 
of the particle’s flying up angle, the roughness of the surface has not been considered. In 
(Butler 1997), the roughness of the surface was accepted as the same for Mercury and for 
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the Moon and equaled 5° on average. We assumed that if the particle emergent angle was 
less than 5°, the particle was considered not to take off at the moment and the emergent 
simulation continued until the value of the emergent angle exceeded 5°.

The molecules that flew up were migrating in the planet’s exosphere through ballistic 
trajectories. The trajectory and the duration of each molecular jump were calculated as 
they have been in (Wurz and Lammer 2003). To do this, the molecule’s flight path was 
divided into 100 intervals, and each of them considered the change of the speed and of the 
flight path angle during upward and downward movements. The hop height of the molecule 
was determined as:

where R–radius of Mercury (2439 km), vℎ = v0 sin Θ, g0 = 3.72 m⁄s–the surface gravity.
At each height interval, the molecular velocity was determined as:

where vℎi−1–molecule velocity at the previous (i-1) height interval, gi–gravity at the ℎi dis-
tance from the planet surface: gi = g0(R ⁄ (R + ℎi))2 (Butler 1997). The “ + ” sign in formula 
(5) was used for an upward movement and a “-” sign–for a downward movement.

The flight period was calculated as a sum for each region of the trajectory. During the 
flight, molecules could be destroyed during photolysis. The probability of destruction of a 
molecule in flight as a result of photolysis is defined as (Prem et al. 2015):

where t is the “jump” time of the molecule in the exosphere, τphot is the photolysis time 
(1.1 *  104 s) (Huebner et al. 1992). If the destruction of the molecule as a result of pho-
tolysis during the flight did not occur and if its speed was lower than escape velocity, it 
went down back on the surface. The coordinates of the landing location were calculated 
according to (Butler 1997) and took account of the rotation of the planet on its axis and 
around the Sun during a particle’s flight time. If the particle landed on the “night” side of 
the planet, it was considered to remain in its location until sunrise, and period of time when 
the particle stays on the surface included the time of the “night” left until the sunrise lit up 
“night” side.

4  The Evaluation Model of Molecules that Accumulated in the Polar 
Regions of the Planet

In several studies (Butler 1997; Moores 2015), molecules that appear in the permanently 
shadowed regions of polar areas of the planet were defined as particles that landed on the 
surface under the angle higher than 85°. In this paper, we attempted to get more details 
about the probability of water molecules getting into the permanently shadowed areas of 
craters located in the polar regions of Mercury. We used the data of MESSENGER, par-
ticularly, the global digital elevation model (DEM) with the resolution 665 m/pixel (Becker 
et al. 2016), obtained through photogrammetric methods, to evaluate the fraction of per-
manently shadowed areas of the surface in polar regions of the planet. Despite the fact that 
some studies (Chabot et al. 2018) showed that constantly shaded areas of the surface can 
exist not only in impact craters, but in other ridged areas in polar regions of the planet, the 
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main accumulations of volatile compounds on the Mercury have been discovered inside 
impact craters (Harmon and Perillat, 2001; Neumann et al. 2013). Not every crater contains 
permanently shadowed areas: if the crater walls’ slope angle is lower than the solar angle 
for the point, there will not be permanently shadowed areas inside. Permanently shadowed 
areas exist in relatively young craters with a rim that is not destroyed or smoothed. Accord-
ing to the classification, developed in Sternberg Astronomical Institute (SAI) (Sitnikov 
et al. 2005), such craters can be defined as craters belong to preservation class 1–3.

To describe the craters in SAI catalog an addition to the coordinates and diameter of 
the crater, nine morphological features are used. Each of these features includes a number 
of sub-features: degree of rim degradation (5 classes: from 1 (high preserved) to 5 (wholly 
degraded rim)); terraces and faults; character of rim; character of central feature; chains of 
craters and fissures; character of the crater floor; lava on the crater floor; presence of ray 
system; local terrain.

We calculated the presence of permanently shadowed areas in impact craters of 1–3 
degree of preservation on both polar regions of the planet. We investigated craters with 
the diameter equal or higher than 10 km only, since according to (Vasavada et al. 1999) 
in craters of a smaller diameters, irradiation from illuminated walls heats the permanently 
shadowed areas so much, that the temperature does not allow gathering of water ice and 
other volatile compounds to accumulate for a long time. To do this we used the New global 
catalog of Mercury’s craters, created by SAI and Moscow State University of Geodesy and 
Cartography (Feoktistova et al. 2020). This catalog contains information on the morpho-
logical characteristics of about 21,000 craters over ten kilometers in diameter and vari-
ous morphometric parameters for craters of all diameters. Among them: depth, the ratio of 
depth to diameter and steepness of craters’ slopes. Currently the catalog is in the develop-
ment state. According to our data, the polar regions of the planet (|φ|≥ ± 60°, where φ is 
the latitude) contain 1408 craters with the diameters of ≥ 10 km, where 658 craters have 
1–3 preservation degree by SAI classification. 261 of such craters are situated in the north 
polar region of Mercury, and 397 are in the South polar areas. To evaluate the areas of con-
stantly shadowed regions inside of these craters, we used data about morphometric param-
eters of Mercury’s craters, such as depth, walls’ slope angle, and the diameter of flat bot-
toms (for complex craters) that is consistent with craters’ preservation degree, according 
to (Pike 1988). Complex craters were modeled by truncated cones with the corresponding 
parameters, and simple craters by a sphere segment: the surface of the inner slopes of the 
crater was divided into 3600 elements: 10 levels in height and 360 parts around the rim cir-
cle. In complex craters, their flat bottoms were divided into 3600 elements using the same 
method. In that case, the inner surface of such craters was broken down to 7200 elements. 
If crater had a central height (such as a hill or a peak), its form was also modeled using 
morphometric formulas from (Pike 1988) (Fig. 2). For each element of the inner craters’ 
surfaces we defined the angle of altitude of other visible elements from the chosen point of 
the surface and calculated their effect on the solar illumination for this element during the 
day. If the surface elements stayed shadowed during the entire period, it was considered as 
permanently shadowed.

Figure 1 shows a comparison of the latitudinal profile of the crater (85.2° S, 13.6° W), 
which contains the region with anomalous reflective properties of V3, which is supposed 
to be deposits of volatile compounds, and the profile of this crater constructed according to 
the model (Pike 1988). As it is presented in the image, the results of this crater’s morpho-
metric parameters modeling via (Pike 1988) are consistent with its measured parameters. 
Despite the fact that such modeling does not always show accurate parameters of the crater, 
it allows to generally evaluate constantly shadowed areas in the given regions. A simulation 
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of the inner shape of the Hurley crater (87.4° S, 7° W), located in the region of the south 
pole of Mercury and containing the formation with anomalous reflective properties (radar 
bright feature) U, is shown in Fig. 2. On the slope of the Hurley crater its satellite crater is 
shown, in which a radar-bright feature was also found.

5  Results

According to the obtained results, in Mercury’s North Pole only 84 craters with a diam-
eter ≥ 10  km contain permanently shadowed regions. The South Pole of the planet con-
tains more such craters—108. The area of permanently shadowed regions on the Mercury’s 
North Pole (φ ≥ 60°) is ~ 23,300  km2, according to our data, and it is 45500  km2 (Table.1) 
for a South Pole (φ ≤ − 60°). In (Chabot et al. 2018) showed that the area of permanently 
shadowed regions in the South polar regions of the Mercury for φ ≥ 80° S is 5.7% of this 
region’s surface area, and in the north regions, it is 3.7% of polar regions area. These data 
are consistent with our estimations; according to them, the fractions of permanently shad-
owed areas of the surface in these regions (φ ≥ 80° S) are 5.9% and 3.4%. The obtained 
values of permanently shadowed regions’ area allowed us to evaluate the fraction of water 
molecules that fall into these regions. From the moment when a particle gets in a perma-
nently shadowed area, it was considered as a molecule that stays there forever and was not 
included in the further modeling.

Overall, modeling in this research included 2000 000 particles (water molecules). 
According to the obtained results, nearly 0.27% of water molecules will leave the 
planet’s exosphere as a result of their escape velocity’s (Fig.  3) threshold value for 
Mercury—4251 m/s.

We found that most of the molecules involved in the modeling—about 91.93% on 
average—will be destroyed as a result of photolysis. Of these, about 7.46% will be 

Fig. 1  The east–west line of the crater (85.2° S, 13.6° W) modeled using the global Mercury DEM data 
(Becker et al. 2016) and the profile of this crater by model (Pike 1988). In the crater (85.2° S, 13.6° W), the 
area V3 is located, that contains the accumulation of volatile compounds (Harmon and Slade, 1992)
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destroyed as a result of photolysis while on the planet’s surface. The fraction of mol-
ecules destroyed as a result of photolysis in flight depends on the starting latitude of 
the molecules. Its value ranges from 60% for molecules that started at high latitudes 
(|φ|≥ 80°) to almost 90% for molecules that started at the equator and in middle lati-
tudes (|φ|≤ 60°). According to our estimates, about 7.8% of the total number of water 

Fig. 2  a The model of the inner shape of Hurley crater (87.4° S, 7° W) with a satellite crater on the slope; 
b the image of radar-bright feature U in the Hurley crater (Chabot et al. 2018); c the distribution of perma-
nently shadowed areas of crater Hurley according to our data

Table 1  The distribution of 
constantly shadowed regions 
that are located inside of impact 
craters in the Mercury’s polar 
regions (|φ|≥ 60°)

Latitude Region Fraction of surface, % Area,  km2

60° ≤ φ ≤ 70° 0.003 92.4
70° < φ ≤ 80° 0.24 3964
80° < φ ≤ 90° 3.4 19,211
− 60° ≥ φ ≥ − 70° 0.008 219.6
− 70° ≥ φ ≥ − 80° 0.7 11,711
− 80° ≥ φ ≥ − 90° 5.9 33,568
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molecules will fall into the constantly shaded areas of the planet’s polar regions. This 
result is consistent with the estimate of the proportion of molecules falling into per-
manently shaded regions in the polar regions of Mercury, obtained in (Butler 1997): 
5–15%. The constantly shaded areas in the northern polar region of the planet will 
receive almost 2 times less water molecules than in the southern: 2.2 and 5.6% of the 
total, respectively.

Figure  4 shows the distribution of the proportion of molecules trapped in perma-
nently shaded regions depending on the starting latitude. As can be seen from Fig. 4, the 
largest contribution to the deposits in the permanently shaded areas of the polar regions 
of the planet is made by particles whose launch site is located at latitudes |φ|≥ 70°. Only 
0.6% of the total number of particles launched in the equatorial (− 10° ≤ φ ≤ 10°) zone 
of the planet will fall into permanently shaded areas near the North Pole and 1.6% at the 
South Pole.

A number of studies investigated the fraction of impactor matter retained in the exo-
sphere during collisions of asteroids and comets with the surface of Mercury. Accord-
ing to (Syal and Schultz, 2015a), if the velocity of collision of a body with Mercury 
is 15  km/s, then the fraction of the projectile material retained during such a colli-
sion reaches 100%. This value reaches 0% at a collision velocity of 60 km/s (Syal and 
Schultz 2015b). The fraction of the conserved comet matter at collision velocities of 15 
and 30 km/s reaches 28 and 16%, respectively (Syal and Schultz 2015b). It was shown 
in (Le Feuvre and Wieczorek, 2008) that asteroids can be a more significant source of 
water on Mercury, since already at a collision speed of 45 km / s, the fraction of the 

Fig. 3  Distribution of particles by processes depending on the starting latitude of the launch site. The total 
number of particles participating in the simulation (2 *  106) is taken as 100%
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comet’s stored matter falls to 0. The average collision speed for Mercury is 42.5 km/s 
(Le Feuvre and Wieczorek, 2008). Similar estimates are given in (Ernst et al. 2018): at 
a collision speed of 10 km/s, 100% of the comet matter is retained, and at a collision 
speed of 80 km/s, only 0.4% of the comet matter.

The water content in asteroids ranges from 5 (Moses et al. 1999) to 20% (carbonaceous 
chondrites). The fraction of water in the comet structure is 50–70%. The values of comet 
density can fluctuate from 0.4 g/cm3 for Churyumov-Gerasimenko comet (Baldwin 2014) 
to 1.2 g/cm3 (Ong et al. 2010). The comet sizes can fluctuate from 1 to 20 km in diameter. 
When an asteroid collides with the size of 5 m to 5 km with the surface of Mercury, from 
1.3 *106 to 1.3*1016 g of water can be saved. When a comet from 1 to 20 km in size falls 
on the surface of Mercury, from  1012 to 3 *  1018 g of water can be preserved in cold traps in 
the both polar regions. Our estimates of the amount of water entering permanently shaded 
regions in the polar regions of Mercury as a result of such collisions are given in Table 2. 
Currently, the reserves of water ice in the cold traps of the polar regions of the planet are 
estimated at  1016–1018 g (Ernst et  al. 2018). This amount of water can be obtained as a 
result of collisions with the planet’s surface of several dozen asteroids and comets. The 

Fig. 4  The proportion of particles trapped in the permanently shaded areas in the polar regions of Mercury, 
depending on the starting latitude of molecules. The total number of molecules participating in the simula-
tion (2 * 106) is taken as 100%
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probability of collision of an asteroid or comet with the surface of Mercury was estimated 
in (Moses et al. 1999). For comets, the average value of this value is 4.28 *  10–10 per year, 
for asteroids—2.74 *  10–9 per year. In this case, in 1 million years, from tens to 2 *  1012 g 
of water can be delivered to the polar regions of the planet as a result of falling asteroids 
and from  107 to 7 *  1013 g of water as a result of falling comets.

6  Conclusions

We have simulated the migration of water molecules in the exosphere of Mercury, deliv-
ered as a result of collisions of comets and asteroids with the planet’s surface.

To estimate the proportion of water molecules falling into cold traps in the polar regions 
of Mercury, we estimated the area of such regions. For this, the model of the structure of 
Mercury craters developed by Pike (1988) was used. We found that the area of permanently 
shaded areas near the north pole of the planet reaches 23,300  km2, and in the area of the 
south pole—45,500  km2.

According to our results, most of the water molecules (~ 92%) will be destroyed by 
photolysis, including 7.46% that will be destroyed while on the planet’s surface between 
jumps. The proportion of water molecules that left the exosphere of the planet as a result of 
reaching the cosmic speed is only 0.3%.

The fraction of water molecules trapped in permanently shaded areas in the polar 
regions of Mercury reaches 7.8% of the total number of particles participating in the simu-
lation. Only 2.2% of them can be trapped in cold traps in the North Pole region and 5.6% in 
the South Pole region.
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