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Abstract Analyses of lunar samples suggest the Moon once possessed a dynamo from ~4.25 Ga until
perhaps as recently as 1 Ga, with surface field strengths between ~5 and 100 μT. While the exact timing,
strength, and structure of these paleomagnetic fields are not precisely known, such relatively strong fields
imply that the Moon also likely possessed a magnetosphere. Here, we present hybrid plasma simulations of
the structure and morphology of the putative lunar “paleo‐magnetosphere” for varying surface field
strengths and orientations, using ambient solar wind conditions representative of the early Sun. The
presence of the paleo‐magnetosphere reduces total solar wind fluxes to the lunar surface overall yet, for a
spin‐aligned dynamo, increases the relative solar wind flux to the lunar polar regions. In turn, the
paleo‐magnetosphere may have altered the rate of volatile accretion to the Moon over its history.

Plain Language Summary While the Moon currently does not possess a global magnetic field
like the Earth, analyses of lunar rocks suggest that the Moon did possess a global magnetic field between
1 and 4.25 billion years ago. The field is estimated to be ~10% to 100% of the strength of Earth's present‐day
magnetic field. Such relatively strong magnetic fields at the Moon will form a magnetosphere, or a region
of space surrounding theMoonwhere lunarmagnetic fields dominate over the plasma andmagnetic fields of
the solar wind (a stream of charged particles emanating from the Sun). We use computer simulations to
model the lunar paleo‐magnetosphere with different field strengths and calculate the rate at which solar
wind ions can still access the surface. The paleo‐magnetosphere reduces the solar wind precipitation rate
overall but focuses particles into the poles if the magnetic field is aligned with the Moon's spin axis.

1. Introduction

Several decades of lunar sample analysis and remote sensing studies have established that the Moon once
possessed a dynamo (Fuller & Cisowski, 1987; Weiss & Tikoo, 2014). This dynamo may have existed from
~4.25 Ga to perhaps as recently as 1.0 Ga, with paleofields ranging from ~5 to 100 μT at the surface
(Garrick‐Bethell et al., 2017; Tikoo et al., 2017). To date, there has been no analysis of how this dynamo field
would have interacted with the early solar wind. On Ganymede and Mercury, dynamo fields block incident
plasma access to parts of the surface under certain conditions (Cooper et al., 2001; Domingue et al., 2014;
Fatemi et al., 2016; Poppe, Fatemi, et al. 2018). Similarly, it is likely that there was once significant magneto-
spheric shielding of solar wind access to the lunar surface, given that lunar surface paleofields were possibly
10 to 100 times higher than at present‐day Mercury.

Unlike Ganymede and Mercury, it may be possible to assess the history of the Moon's “paleo‐
magnetosphere” through isotopes measured in ancient lunar soils returned by the Apollo program. Such iso-
topic records (Bogard et al., 1973; Eberhardt, 1972) have been used to constrain the evolution of the Sun's
composition (Wieler, 2016) and the Moon's geologic history (Joy et al., 2011). The lunar dynamo field may
have blocked implantation of lighter atomic ions and, at a minimum, reduced the implantation flux and
energy of heavier ions. There are at least four important implications of this “magnetospheric fractionation”
effect: (1) Proposed changes in the ratios of certain isotopes in the Sun over billions of years should be reas-
sessed; (2) the strength of the early lunar field, which is not well constrained in all points in lunar history
(Weiss & Tikoo, 2014), can be estimated, and the mere presence of some implanted species may indicate
whether a field existed or not; (3) the accuracy of the antiquity indicator 36Ar/40Ar, which makes use of solar
wind 36Ar and indigenous 40Ar (Eugster et al., 2001), may need to be reassessed, or alternatively, the ratio
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could also be used to estimate paleofield strength; and (4) production of OH and H2O through H implanta-
tion in regolith silicates may be arrested in the presence of a magnetic field, thereby reducing global‐scale
OH production (Pieters et al., 2009; Sunshine et al., 2009) and possible volatile migration to the paleopoles
(Crider & Vondrak, 2002).

The interaction between the Moon's paleofield and the solar wind may also have implications for lunar
paleomagnetism studies. For example, if the paleofield was weak enough, compressions of the magneto-
pause to the lunar surface under high solar wind pressure conditions could distort the local magnetic field
at the lunar surface. This could confound efforts to infer the dynamo field orientation from Apollo samples
(Cournède et al., 2012) and crustal magnetic anomalies (Nayak et al., 2017). The frequency and efficiency of
such compression events may have been larger if the ancient solar wind density was higher than it is today
(Airapetian & Usmanov, 2016) and if the sun produced more frequent coronal mass ejections (Airapetian
et al., 2014). Such compressions could also enhance the surface field strength (Garrick‐Bethell et al.,
2018), possibly helping to explain the high inferred paleointensities of some Apollo samples beyond what
can be explained by dynamo theory (Evans et al., 2018).

Here, we present the first simulations of the interaction of the dynamo field with the solar wind. The focus of
this first study is to assess how the paleo‐magnetosphere may have affected lunar surface water production
by blocking of solar wind H+ flux to the surface. The other magnetospheric effects discussed above will be
investigated at a later time. At present, we do not model the interaction of the lunar dynamo field with plas-
mas in the terrestrial magnetotail, since the Moon spends only ~25% of its time in the magnetotail and a
majority of the particle flux to theMoon originates from the solar wind (Poppe, Farrell, et al. 2018). The poles
of the Moon have accumulated hydrogen (Colaprete et al., 2010; Feldman et al., 2001), but it is unknown if it
is related to the solar wind (e.g., Crider & Vondrak, 2000), water liberated from micrometeoroid impacts
(Füri et al., 2012), or some combination of both. If most of the Moon was shielded from H+ implantation
due to a dynamo field, solar wind water production and polar accumulation could have been arrested. In
contrast, if the ancient dynamo drove solar wind particles to precipitate into polar regions, the local weath-
ering rates of any exposed ices could have been enhanced, as suggested for Mercury (Delitsky et al., 2017). To
investigate and potentially elucidate some of these competing effects, we have simulated two dynamo field
geometries (dipoles perpendicular and parallel to the lunar spin axis) and three different equatorial surface
field strengths (0.5, 2, and 5 μT). Apollo samples were collected at low latitudes, and given the modest
estimated amounts of true polar wander (Garrick‐Bethell et al., 2014; Siegler et al., 2016), we assume for
simplicity that the paleofields they recorded represent approximately paleo‐equatorial fields. We use a
three‐dimensional plasma hybrid model (Fatemi et al., 2017) to model the lunar paleo‐magnetosphere under
assumed early solar system solar wind conditions. We use the results of the hybrid model to quantify the pre-
cipitation of solar wind H+ to the lunar surface and compare our results to the unmagnetized case.
Ultimately, we show that even the weakest expected dynamo fields can shield the surface from solar wind
H+ implantation relative to an unmagnetized case.

2. Model Description

We have used the Amitis hybrid plasma model (Fatemi et al., 2017) to investigate the solar wind interaction
of the ancient lunar dynamo field with the early solar wind. Amitis employs the standard hybrid modeling
technique by following individual ions according to particle‐in‐cell methods with electrons modeled as a
charge‐neutralizing fluid. Amitis has been extensively tested against standard metrics as reported in
Fatemi et al. (2017) and was recently used to investigate the interaction between the present‐day solar wind
and, for example, the potentially magnetized asteroid 16 Psyche (Fatemi & Poppe, 2018) and Mercury
(Fatemi et al., 2018). Here, the Moon is modeled as a purely resistive object that absorbs all particles that
impact its surface; we neglect any possible effects from interior conductivity and associated induced fields
(Dyal & Parkin, 1971; Fatemi et al., 2015; Sonett et al., 1971). We also neglect the possible production of
plasma from planetary species (e.g., the role that Na+ plays at Mercury with respect to nonadiabatic ion
behavior, the introduction of additional plasma pressure terms, and the modification of Kelvin‐
Helmholtz waves; Gershman et al., 2015; Raines et al., 2015; Raines et al., 2011; Zurbuchen et al., 2011);
however, we do note that the behavior of lunar ions within the paleo‐magnetosphere (e.g., outgassed and
ionized 40Ar+) is of significant interest and identified as future research. All hybrid simulations are run
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to steady state before saving the results (magnetic field, electric field, and particle distributions) for
subsequent analysis.

The solar wind is believed to have changed considerably over time as the Sun evolved from birth to its
present‐day state. Observations of other stars have shown that stellar mass‐loss rates and, by extension,
stellar wind fluxes generally decrease with a star's age (Wood et al., 2005). Thus, in order to correctly model
the possible lunar paleo‐magnetosphere at ~2 Gyr, one must select solar wind parameters representative of
the desired epoch. Here, we employ the modeling results of Airapetian and Usmanov (2016) to quantify, at
least to first‐order, typical solar wind parameters at a solar age of ~2 Gyr. In particular, Airapetian and
Usmanov (2016) used a three‐dimensional, magnetohydrodynamic model of the solar wind with input
conditions representative of three different solar epochs: 0.7, 2, and 4.65 Gyr (present day). For the 2‐Gyr
heliospheric simulations, mean plasma parameters at 1 AU determined by the heliospheric magnetohydro-
dynamic model include a density of 30 cm‐3, solar wind speed of 550 km/s, particle temperatures of 17 eV,
and interplanetary magnetic field strength of 30 nT (Airapetian & Usmanov, 2016; V. Airapetian, personal
communication, November 2017). This corresponds to a solar wind ram pressure of 15 nPa, approximately
seven times the present‐day value at 1 AU (Dmitriev et al., 2011), which we adopted as input to the hybrid
plasma model. For simplicity, we assumed that the solar wind is comprised of only protons (H+), the
upstream interplanetary magnetic field is oriented in the +Y selenocentric solar ecliptic (SSE; i.e., moon cen-
tered, +X toward the Sun along the Moon‐Sun line, +Z as ecliptic normal, and Y completing the right‐hand
set) direction (i.e.,B= [0.0, 30.0, 0.0] nT), the solar wind is solely in the –X SSE direction, and both quantities
are steady over the simulation time period.

Tikoo et al. (2017) reported evidence for a 5±2 μT paleo‐magnetic surface field generated by a long‐lived
lunar dynamo out to ~1–2.5 Gyr. In contrast, paleofields ~10 times stronger have been inferred frommodern
paleomagnetism studies at earlier times (>3.5 Ga; Shea et al., 2012; Suavet et al., 2013). Here, we explore
equatorial surface field values of 0.5, 2, and 5 μT and ultimately will show that paleomagnetic fields of these
strengths have considerable effects on the solar wind H+ surface flux. As for the orientation of the ancient
dynamo, numerous recent studies have shown that the dynamo axis may not have been steady in time
(Arkani‐Hamed & Boutin, 2017; Baek et al., 2019; Nayak et al., 2017; Oliveira & Wieczorek, 2017;
Takahashi & Tsunakawa, 2009). Hence, wemodel the field as a centered dipole oriented in the +Z SSE direc-
tion (parallel to the lunar spin axis) and also as a dipole perpendicular to the spin axis, in the +X/+Y SSE
plane. For simplicity, we neglect any higher‐order (i.e., quadrupole and octupole) contributions to the field,
justified by the relatively small size of the lunar core (<0.25 times the lunar radius; Weber et al., 2011), which
substantially reduces any higher‐order contributions to the surface field. In our analysis, we assume that the
angle between the lunar spin axis and ecliptic normal is zero. The present maximal value is 1.54°, and it has
remained below ~10° since the Cassini state transition several billion years ago (Siegler et al., 2011).

A theoretical analysis of the pressure balance between the paleo‐solar wind and the lunar paleo‐magnetic
field predicts the formation of a lunar paleo‐magnetosphere with a standoff distance, d, in planetary
radii given by

d ¼ 2B2
o

μoKρvsw2

� �1=6

; (1)

where Bo is the surface magnetic field strength, K is a value of order unity, ρ is the solar wind mass density,
and vsw is the solar wind velocity (Kallenrode, 2003). For the parameters modeled here, d is approximately
1.7, 2.7, and 3.7 lunar radii (RL = 1,738 km) for equatorial surface field strengths of 0.5, 2.0, and 5.0 μT,
respectively, suggesting that the lunar dynamo should have been strong enough to stand off the solar wind
and create a magnetosphere. For comparison, these standoff distances are greater than that of Mercury as a
function of planetary body radius, whose typical magnetopause location is at approximately 1.45 RM (where
RM = 2,439 km) (Winslow et al., 2013).

3. Paleo‐Magnetosphere Results
3.1. Global Morphology

Figure 1 shows the hybrid model results for the interaction of the lunar paleo‐magnetic field with the early
solar wind for the spin‐aligned 2‐μT equatorial surface magnetic field strength case. Panels include (a and b)
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the magnetic field magnitude, (c and d) the electric field magnitude, (e and f) the velocity magnitude, and
(g and h) the plasma density, in the XY SSE and XZ SSE planes. The simulation results possess all the
hallmarks of a standard, magnetospheric interaction with the solar wind. Upstream of the Moon, a bow
shock forms near a maximum upstream distance of 4 RL and a magnetopause forms near 3 RL,
approximately similar to the theoretical calculation of 2.7 RL from equation (1). The shocked and
decelerated solar wind in the lunar magnetosheath is diverted around the lunar magnetosphere, leaving a
density void within ≈3 RL upstream of the Moon, corresponding to the region interior to the dayside
magnetopause. Solar wind plasma can be seen to access the lunar surface through the magnetospheric
cusp regions near the poles, Figure 1h, and trapped particles can be seen in the density and velocity
panels on the nightside of the Moon at densities less than ≈30 cm‐3 as particles undergo bounce and drift
motion and for a partial ring current in the quasi‐dipolar region of the lunar magnetosphere.

Figure 2 shows the magnetic field magnitude and plasma density in the XZ SSE plane for the (a and b)
0.5‐μT, (c and d) 2‐μT (dipole parallel to spin axis), (e and f) 2‐μT (dipole perpendicular to spin axis), and
(g and h) 5‐μT surface field strength cases. As expected, an increase in the paleomagnetic surface field
strength results in a larger lunar paleo‐magnetosphere, with increasing standoff distances in line with the-
oretical expectations. The 0.5‐μT case shares many similarities with that of Mercury, which possesses a
slightly weaker (and offset) dipole moment yielding equatorial surface fields strengths near ≈300 nT
(Anderson et al., 2011, 2012; Johnson et al., 2012; Winslow et al., 2014). Coincidentally, Mercury is also
exposed today to solar wind conditions that are very similar to those calculated by Airapetian and
Usmanov (2016) and used here for 2 Ga at 1 AU. The size of the 0.5‐μT magnetosphere has a maximum
±3 RL vertical extent in the YZ SSE plane, whereas the 2‐ and 5‐μT cases have vertical extents of ±5 and
±6 RL, respectively. Correspondingly, the size of the magnetospheric void (densities less than ~10 cm‐3)
increases significantly as a function of surface paleofield strength. All four cases also possess slight north‐
south asymmetries that are noticeable in the relative densities within the magnetospheric cusp regions
and in a slight southward displacement of both the dayside magnetosphere andmagnetotail. These asymme-
tries are fundamentally driven by the direction of the interplanetary electric field (E = − v × B), which

Figure 1. The lunar paleo‐magnetosphere for the case of a 2‐μT surface field strength in the XY selenocentric solar ecliptic (SSE) plane (top row) and XZ SSE plane
(bottom row): (a and b) the magnetic field magnitude, (c and d) the electric field magnitude, (e and f) the plasma velocity, and (g and h) the plasma density. In
the top panels, the dipole moment is pointed out of the page, and in the bottom panels, the dipole moment is vertical in the plane of the page (arrow in center of
figure). The solar wind flows from right to left.
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generally points upward (+Z) in all simulations. Such electric field‐driven asymmetries are also known to
occur in the magnetospheres of Venus (e.g., Jarvinen et al., 2013; Zhang et al., 2010) and Mars (e.g.,
Dubinin et al., 2008) despite the induced, as opposed to intrinsic, nature of these magnetospheres. The
density of trapped particles within the closed field‐line region of each magnetosphere also increases with
the magnetic field strength from ~1 cm‐3 in the 0.5‐μT case to >120 cm‐3 in the 5‐μT case. We also note
the presence of a trapped particle population in the 2‐μT spin‐perpendicular case, Figures 2e and 2f,
above and below both poles (i.e., centered in the plane of the magnetic equator) and the presence of
multiple shells of trapped (or potentially quasi‐trapped) particles in the 5 μT case, Figure 2h. While
beyond the scope of the current paper, an analysis of the population and stability of these trapped particle
belts along with a comparison to analogous work at Earth (e.g., Klida & Fritz, 2009) and Mercury (e.g.,
Walsh et al., 2013; Yagi et al., 2017) is identified as a promising line of inquiry.

3.2. Solar Wind Ion Implantation

The hybrid model also tracks the flux of solar wind ions that access the lunar surface as a function of impact
location on the lunar surface. For each of the runs shown in Figure 2, we compiled the average solar wind
flux to the surface and averaged over longitudes (since the lunar spin should expose selenographic longi-
tudes to all sectors of the paleo‐magnetosphere over long time periods). Figure 3 shows the average flux to
the lunar surface as a function of latitude for (a) the 0.5‐, 2‐, and 5‐μT spin‐aligned cases and (b) the 2‐μT
spin‐aligned and spin‐perpendicular cases. In Figure 3a, the model predicts that more flux precipitates to
the lunar polar regions and less to the equatorial region for all three paleofield strengths compared to the
unmagnetized case (0 μT, black curve). Such a pattern is comparable to that predicted and observed at
Mercury (Delitsky et al., 2017; Massetti et al., 2003; Raines et al., 2014). Furthermore, greater surface preci-
pitation is observed in the polar regions for higher paleomagnetic field strength (i.e., the 5‐μT case shows the
most flux to the polar regions) as the paleo‐magnetosphere cusp regions funnel relatively more flux to the
poles. At the equator, the H+ flux is reduced by at least an order of magnitude (i.e., in the 2‐μT case) and
completely arrested within 20° of the equator by a field of 5 μT. We also note dips in the surface flux in all
three cases (0.5, 2, and 5 μT) at approximate latitudes of 50°, 60°, and 70° N/S, respectively, corresponding
to the outer regions of the closed magnetospheric field lines that cannot efficiently trap particles (and

Figure 2. A comparison of the magnetic field magnitude and plasma density in theXZ selenocentric solar ecliptic (SSE) plane for three different values of the paleo-
magnetic surface field strength: (a and b) 0.5 μT, (c and d) 2 μT, (e and f) 2 μTwith a spin‐perpendicular dipole, and (g and h) 5 μT. Arrows in the center of the figures
indicate the orientation of the dipole moment.
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subsequently have them precipitate to the surface), presumably due to effects such as magnetopause
shadowing. In Figure 3b, the spin‐aligned (solid green curve) and spin‐perpendicular (dashed green
curve) 2‐μT cases show strong differences, with the spin‐perpendicular case showing 2 orders of
magnitude less flux to the polar region and approximately a factor of 3 more flux to the equatorial region
than the spin‐parallel case. Notably, the spin‐perpendicular case has fluxes nearly an order of magnitude
less than the unmagnetized case (black curve) over all longitudes.

Overall, we find that the total surface integrated flux of H+ to the Moon decreases to 9%, 18%, and 33% of the
incident solar wind flux compared to the nonmagnetized case, for spin‐aligned dipole fields of 0.5, 2, and 5
μT, respectively (for the 2 μT spin‐perpendicular case, the total surface flux decreases to 11% of the nonmag-
netized case). While somewhat counterintuitive, the increase in total precipitating flux with increasing
paleomagnetic field strength is due to greater channeling of solar wind fluxes into the magnetospheric cusp
regions as noted above; however, we also expect that total solar wind precipitation will again decline for field
strengths much greater than 5 μT as the loss cones within the cusp regions continue to narrow. While not
shown, we ran additional 0.1‐ and 0.25‐μT field strengths and found greater precipitation than the 0.5‐μT
case. Hence, shielding effectiveness peaks at 0.5 μT, for field strengths between 0.5 and 5 μT. Overall, this
peak is due to two competing effects: (i) stronger surface field strengths better shield solar wind plasma from
directly striking the lunar surface versus (ii) stronger surface field strengths funnel more solar wind plasma
into the cusp regions, thereby offsetting the shielding from the former effect (as stated above). Nevertheless,
if the dynamo were dominantly dipolar as simulated here and within the surface field strength measured by
Tikoo et al. (2017) of 5±2 μT, the Moon's surface would have been mostly shielded from solar wind H+ for
the life of the dynamo.

In addition to the overall flux, we have calculated the impact energy and angular distributions of solar wind
protons in the polar regions (defined as latitudes poleward of 80°N/S). Figure 3c shows the energy
distribution of the precipitating flux of solar wind protons in the polar regions for all four paleo‐
magnetospheric cases shown in Figure 2 along with the energy distribution expected in the case of no paleo-
magnetic field (i.e., the undisturbed solar wind). For the three spin‐aligned cases (solid curves), the energy
distribution is slower and hotter than the solar wind, due to the upstream bow shock that slows and heats
the solar wind before it enters the magnetospheric cusp regions and precipitates to the surface. In

Figure 3. (a) Flux of H+ to the surface for three paleomagnetic surface field strengths and the reference field‐free case. (b) Flux of H+ to the surface for a paleo-
magnetic surface field of 2 μT, with the dipole axis parallel (+Z) and perpendicular (+X/+Y) to the spin axis (see Figures 2c–2f). The (c) energy and (d) impact
angle distributions with respect to the local surface normal of H+ in regions of latitude greater than 80° N/S for all cases.
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agreement with Figure 3a, the overall magnitude of the flux in the polar regions for the paleo‐
magnetospheric cases is greater than that of the unmagnetized case. In contrast, the energy distribution
for the 2‐μT spin‐perpendicular case is not only significantly reduced in flux (as expected from Figure 3b)
but also significantly lower in energy (1‐50 eV). The angular distribution of precipitating solar wind ions,
Figure 3d, shows significant differences between the undisturbed solar wind, which mainly impacts at
angles between 75‐90° with respect to the local surface normal, and the four paleo‐magnetospheric cases,
which impact at all angles nearly isotropically. Thus, in the presence of a dynamo field the solar wind flux
has essentially direct access to the lunar polar regions. Such conditions may have prevented the formation
of the unique electric field environment that is believed to be established in present‐day polar craters when
the nominal undisturbed solar wind passes over them at shallow angles (Zimmerman et al., 2012) and also
may increase the rate at which polar volatile erosion occurs (e.g., Crider & Vondrak, 2003a; Crider &
Vondrak, 2003b; Hurley et al., 2012; Zimmerman et al., 2013)

4. Discussion and Conclusions

Our simulation results suggest a fundamentally different paradigm for the lunar‐solar wind interaction
throughout much of Moon's lifetime, with the closest analog being that of present‐day Mercury. One may
in fact expect that the Moon experienced a wealth of plasma phenomena similar to that observed at
Mercury, such as heavily solar wind‐driven magnetospheric dynamics (Dibraccio et al., 2013; Exner et al.,
2018; Jia et al., 2019; Slavin et al., 2010, 2012, 2014; Sun et al., 2015), the circulation of ionized planetary
material (Raines et al., 2013; Zurbuchen et al., 2008; Zurbuchen et al., 2011), and the interaction between
magnetospheric and inductive fields from the lunar interior (Johnson et al., 2016; Korth et al., 2017). In
our analysis here, we neglected the interaction of the ancient terrestrial magnetosphere with the putative
lunar paleo‐magnetosphere during lunar transits across the magnetotail; however, it is possible that the dif-
ferent distributions of plasma in the terrestrial magnetosheath and magnetotail at downtail distances
(Poppe, Farrell et al., 2018) could alter the magnetospheric interaction of the lunar paleo‐magnetosphere
during terrestrial magnetotail transits, especially since magnetotail plasmas are subsonic and of much lower
density. In particular, the subsonic nature of the ambient plasma may yield an interaction more typical of
Ganymede, which is embedded in the subsonic (and usually sub‐Aflvénic) jovian flow (e.g., Fatemi et al.,
2016; Jia et al., 2008; Kivelson et al., 2004; Paty & Winglee, 2004). Additionally, the lunar paleo‐
magnetosphere may also have affected the implantation rate of terrestrial ionospheric material at the
Moon (Mortimer et al., 2016; Ozima et al., 2005; Poppe et al., 2016; Terada et al., 2017).

The reduced global flux of H+ and increased polar flux suggested by these results may modify the under-
standing of hydrogen accumulation at the lunar poles in several ways. First, if the present‐day polar hydro-
gen is an accumulation of OH/H2O produced by solar windH+ implantation and subsequent migration from
elsewhere on theMoon (e.g., the equatorial region; Butler, 1997; Crider & Vondrak, 2000; Crider & Vondrak,
2002), then our results suggest that OH/H2O accumulation at the poles would be reduced over the lifetime of
the lunar dynamo. This would imply the polar hydrogen deposits developed in the last 1‐2 billion years after
the dynamo fully ceased. Second, other hypotheses suggest the polar hydrogen is directly implanted H+

(Starukhina, 2000; and reviewed by Feldman et al., 2001). If this process is feasible, our results suggest that
the Moon's magnetosphere may have actually enhanced its efficiency in the case of a spin‐aligned dipole.
However, the increased flux of polar H+ in the presence of a lunar paleo‐magnetosphere could also have
increased weathering and destruction of any existing volatile deposits (Crider & Vondrak, 2003b; Delitsky
et al., 2017; Hurley et al., 2012). Thirdly, if the present‐day polar hydrogen is due to H2O vapor released from
micrometeoroid water (e.g., Füri et al., 2012), it is likely that the presence of a paleo‐magnetosphere had a
negligible effect on accumulation rates, aside from possible magnetospheric interactions with photo‐ionized
exospheric molecules. Finally, the recent suggestion of a dense (tens to hundreds of Pa), transient atmo-
sphere on the early Moon (~4.0 – 1.0 Ga) produced by volcanic outgassing (Needham & Kring, 2017) may
further complicate the early lunar‐solar wind interaction. If such a dense atmosphere truly existed during
this period, the Moon may have more resembled a hybrid of present‐day Mars (with its ~600‐Pa CO2 domi-
nated atmosphere) and Mercury (with its ~300‐nT surface magnetic field), a situation for which our solar
system has no current analog. The ionization, circulation, and potential implantation of volatile species at
the lunar poles under such conditions have not been previously considered and represents a topic of future
work. Nevertheless, our initial investigation into the paleo‐magnetospheric interaction of the Moon with the
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early solar wind has suggested that such an interaction must be considered when assessing the evolution of
volatile material at the Moon over the course of its history.
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