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Abstract The Acceleration, Reconnection, Turbulence, and Electrodynamics of the Moon’s Interaction
with the Sun (ARTEMIS) spacecraft observes outflowing molecular ionospheric ions at lunar distances in
the terrestrial magnetotail. The heavy ion fluxes are observed during geomagnetically disturbed times and
consist of mainly molecular species (N+

2 , NO+, and O+
2 , approximately masses 28–32 amu) on the order of

105 –106 cm−2 s−1 at nearly identical velocities as concurrently present protons. By performing backward
particle tracing in time-dependent electromagnetic fields from the magnetohydrodynamic Open Global
Geospace Circulation Model of the terrestrial magnetosphere, we show that the ions escape the inner
magnetosphere through magnetopause shadowing near noon and are subsequently accelerated to
common velocities down the low-latitude boundary layer to lunar distances. At the Moon, the observed
molecular ion outflow can sputter significant fluxes of neutral species into the lunar exosphere while also
delivering nitrogen and oxygen to the lunar volatile inventory.

1. Introduction

The energization, circulation, and potential escape of terrestrial ionospheric ions is of fundamental impor-
tance in understanding the interaction between the solar wind and Earth’s atmosphere, ionosphere, and
magnetosphere. The presence of heavy ions in the magnetosphere is known to affect several processes,
including reconnection rates; global magnetospheric circulation; the formation, evolution, and decay of the
ring current; and plasma sheet properties (for a recent review, see Kronberg et al. [2014]). While the domi-
nant terrestrial heavy ion present in the magnetosphere is typically atomic oxygen, O+, heavier molecular
ions of terrestrial origin, including N+

2 , NO+, and O+
2 , have been observed in both near-Earth [e.g., Klecker et al.,

1986; Yau et al., 1993; Peterson et al., 1994; Wilson and Craven, 1999] and far downtail regions [e.g., Christon
et al., 1994]. These molecular ions are typical constituents of the lower E region of the ionosphere, yet due to
both their heavier mass and short dissociative recombination lifetimes are present in only minor abundances
in the F region and topside ionosphere during geomagnetically quiet times. During geomagnetically active
times, however, outflowing molecular ions are often observed in the terrestrial auroral zone and/or polar cap
region [e.g., Peterson et al., 1994; Wilson and Craven, 1998, 1999; Moore et al., 1999; Lennartsson et al., 2000a],
albeit at peak fluxes typically only 1% of concurrently outflowing atomic O+ [Lennartsson et al., 2000a, 2000b].
Magnetospheric disturbances are thought to cause changes in the terrestrial ionosphere composition and/or
dynamics in such a way as to promote the formation and eventual escape of molecular ions. Potential iono-
spheric modifications include increased molecular ion production in the E region, reduction of total electron
content in the F region (responsible for molecular recombination), an increase in electron temperature
(anticorrelated with molecular recombination rates), or changes in the neutral atmospheric composition
[Peterson et al., 1994; Wilson and Craven, 1998].

Upon energization and escape from the terrestrial ionosphere, molecular ions can potentially follow a range
of complex, nonadiabatic pathways through the magnetosphere. Ions that escape from the ionosphere in the
polar cap region can either be folded into narrow, monoenergetic beams via the mirror effect while being
accelerated downtail via centrifugal acceleration of convecting field lines [e.g., Cladis, 1986; Nilsson et al., 2008;
Liao et al., 2010] or can escape directly into the high-latitude magnetosheath [e.g., Nilsson et al., 2012; Slapak
et al., 2013]. Ions with sufficient parallel velocity will escape to the lobes before fully convecting into the plasma
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sheet [e.g., Seki et al., 1998a, 1998b], while ions with low parallel velocity are trapped inside the current sheet
and potentially recirculated into the ring current. These ions can then eventually be lost via magnetopause
shadowing (i.e., the process by which particle drift paths in the inner magnetosphere intersect the magne-
topause, causing particles to be lost to the magnetosheath) especially given the large gyroradii of heavy ions
[e.g., Krimigis et al., 1986; Sibeck et al., 1987; Paschalidis et al., 1994; Marcucci et al., 2004]. Due to the rarity
of molecular ion observations in the terrestrial magnetosphere, the relative contributions of these various
pathways in the dynamics, circulation, and potential escape of molecular ions are not well understood.

We report two observations of terrestrial molecular ion outflow down the magnetotail at lunar distances taken
by the Acceleration, Reconnection, Turbulence, and Electrodynamics of the Moon’s Interaction with the Sun
(ARTEMIS) mission [Angelopoulos, 2011]. For both events, the Wind spacecraft, located upstream of the terres-
trial magnetosphere, observed the passage of large coronal mass ejections, during which Kp reached maxima
of 6+ and 5+, respectively, indicating significant geomagnetic disturbance. Additionally, we have run the
magnetohydrodynamic (MHD) Open Global Geospace Circulation Model (OpenGGCM) [Raeder et al., 1998] to
model the global state of the magnetosphere during the second event. We used the MHD background fields
to perform backward ion tracing from the ARTEMIS position in the magnetotail to ascertain the dynamics and
potential source(s) of these molecular ions. Finally, we discuss the implications of these observations on the
formation of the lunar exosphere via charged-particle sputtering and the delivery of nitrogen and oxygen,
important volatile elements, to the Moon.

2. ARTEMIS Observations

The ARTEMIS mission consists of two identical probes with low- and high-energy ion and electron spec-
trometers and electric and magnetic field measurements [Angelopoulos, 2011]. Both probes are in highly
elliptical, near-equatorial orbits around the Moon with periselenes between 10–1000 km and aposelenes
of ≈20,000 km (≈10 lunar radii). For both observations presented here, one of the probes (P1 in the first
observation and P2 in the second) was far from the Moon and thus not influenced by any lunar interactions.

2.1. The 1 October 2012 Observation
Figure 1 shows combined Wind and ARTEMIS P1 observations between 30 September 2012 and 2 October
2012. Figures 1a–1d show upstream interplanetary magnetic field (IMF) and solar wind data from the Wind
spacecraft, appropriately time shifted from the Wind location to the Earth, and the Kp index for 1.5 days before
and after the ARTEMIS observations. Two interplanetary shocks pass the Wind spacecraft and strike the mag-
netosphere at approximately 30 September 2012, 11:38 and 23:40, respectively, followed by the passage of a
coronal mass ejection (CME). Between 30 September 2012/11:30 and 1 October 2012/04:50 the IMF is strongly
southward with Bz magnitudes up to −20 nT, followed by a rotation after 1 October 2012/04:50 to northward
IMF. The IMF also maintains a strong positive By component throughout this time. Both shocks show increases
in solar wind density and velocity, while Kp increases to a maximum of approximately 6+ coincident with the
main CME passage.

Figures 1e–1k show ARTEMIS P1 observations in the terrestrial magnetotail during the time 1 October
2012/03:30–09:30, denoted in the upper Wind panels with the vertical dashed lines. At this time, ARTEMIS P1
was located at an approximate GSE position of [−61.0,−16.7, 3.2] RE and as seen in Figures 1e–1i encountered
both the terrestrial magnetosheath and boundary layer. A magnetosheath passage occurred in the middle of
this interval (06:00–06:45) as seen by the strong By and Bz magnitudes and increased ion energy flux and flow
velocity. Similar conditions occurred before and after the interval shown in Figure 1 indicating that the mag-
netosheath density was approximately 10 cm−3 during this time. Intermediate density, ion energy flux, and
flow velocity intervals (03:45–04:00, 08:15–08:30 UT) as well as intervals bracketing the magnetosheath inter-
val (05:45–06:00 and 06:45–07:00 UT) are the low-latitude boundary layer (LLBL). Magnetotail lobe/plasma
sheet boundary layer periods occur between 04:00–05:45 and 07:00–08:15 UT, characterized by Bx dominant
magnetic field and decreased ion energy flux and velocity (although the separation between the LLBL and
the plasma sheet boundary layer is somewhat ambiguous). Throughout this period, ARTEMIS recorded slow
survey reduced data (high time and energy resolution and no angular information), Figure 1f, and full data
(low time resolution, moderate energy, and angular resolution), Figure 1g [see McFadden et al., 2008]. In addi-
tion to the magnetosheath and boundary layer proton flows seen in both data sets, a cold energetic ion beam
persists throughout nearly the entire period at energies correlated with the dominant proton flow.
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Figure 1. (a) Upstream IMF, (b) solar wind velocity, (c) solar wind density from Wind, and (d) Kp index from 29
September to 2 October 2012. ARTEMIS P1 measurements on 1 October 2012: (e) magnetic field components;
(f ) reduced ESA ion energy flux; (g) full ESA ion energy flux with mass 1, 4, and 32 amu drift energies overplotted in
black; (h) partial densities of protons and heavy ions; (i) total and component velocity for protons (solid) and heavy ions
(dashed); (j) partial fluxes of protons and heavy ions; and (k) ARTEMIS position in the GSE coordinate system. Energy flux
is measured in units of eV/cm2/s/str/eV. Between approximately 0600 and 0645, the heavy ion beam is not observed by
ESA; thus, no moments are plotted for this time period.
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Figure 2. ARTEMIS P2 measurements on 16 February 2014 in the same format as Figure 1 with the exception that ESA
full ion data are not shown.
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We first isolated the lower energy (presumably proton) component and determined the partial density and
bulk velocity, shown in Figures 1h and 1i, respectively. Next, we isolated the cold, higher-energy ion beam and
computed the partial moments assuming either mass 16 amu (atomic oxygen) or mass 28–32 amu (molecular
ions, N+

2 , NO+, or O+
2 ). (Note that calculation of particle moments with ARTEMIS depends on the assumption

of ion mass, since the electrostatic analyzer (ESA) instrument only measures energy per charge [McFadden
et al., 2008].) We found that the assumption of mass 28–32 amu yielded a significantly better match between
the velocity moment of the protons and heavy ions, Figure 1i, thus suggesting that the high-energy beam is
molecular and not atomic. The proton density, Figure 1h, ranges between 0.1 and 5 cm−3, while the molec-
ular ion component has nearly constant density throughout at ≈0.01 cm−3. The proton and molecular ion
velocities are identical throughout this time period in both components and magnitude. As a further check,
we used the proton velocity to calculate the streaming energy of both the proton and heavy ion components
(i.e., Es = 0.5miv

2, where mi is either 1 or 32 amu and noting that we cannot distinguish between similar mass
species such as N+

2 or NO+) and overplot these in Figure 1g. The observed heavy ion beam energy matches
well with the streaming energy determined from the proton speed with mi = 32, under the assumption of
a common flow velocity. While this assumption need not necessarily be true along the field line, the superb
agreement of the modeled and observed energy with the data over a prolonged period leaves little room for
other mass/velocity ratios with respect to the protons (e.g., acceleration of O+ to a flow velocity that is

√
2

times the proton flow velocity). Previous investigations have also found a tendency for protons and heavy ion
species (typically O+) to appear at identical velocities [e.g., Seki et al., 1998b; Nilsson et al., 2006], bolstering the
argument here for matching velocities. We also note the presence of an intermittent cold ion population in
between the main proton flux and the molecular ion flux between approximately 04:30 and 05:30. This beam
is at approximately four times the proton flow energy and most likely a small component of terrestrial iono-
spheric He+. Lastly, as shown in Figure 1j, the proton fluxes vary between 106 and 108 cm−2 s−1, while the
molecular ions have a nearly constant flux at ≈5 × 105 cm−2 s−1.

2.2. The 16 February 2014 Observation
Figure 2 shows combined Wind and ARTEMIS P2 observations between 15 February and 18 February 2014 in
a similar format to Figure 1. Shown in Figures 2a–2d, an interplanetary shock strikes Earth at approximately
15 February 2014/13:50, followed by a CME. Wind observes a significantly disturbed IMF, a slight increase in
velocity, and a dramatic increase in density from 5 cm−3 before the CME to ≈60 cm−3 at its peak. Beginning
at 16 February 2014/05:10, the IMF Bz component becomes strongly northward through 16 February
2014/13:45. The By component is at low positive values during the first half of this subinterval followed by
strongly negative values (By < −15 nT). Kp reaches a maximum of 5+ during this interval.

The ARTEMIS P2 observations in the distant magnetotail occurred between 09:30 and 12:20, 16 February 2014
at a position of [−57.9, −18.9, −4.2] RE GSE. Shown in Figures 2e and 2f, P2 observed the magnetosheath from
09:30 to 09:55 as seen in the strong Bz magnetic field and high velocity flow. From 09:55 to 12:20, P2 was in the
boundary layer as seen in the dominant Bx field and somewhat lower velocity flow. Throughout this period,
P2 observed both the dominant proton flow and a narrow, cold beam at energies approximately 32 times the
streaming energy of the main flow. Similar to the 1 October 2012 observation in Figure 1, we tested whether
the heavy ion beam was composed of mass 16 or 32 amu ions; again, the mass 32 assumption provided a
nearly perfect fit. Thus, assuming a molecular ion mass of 32 amu, both the proton and molecular ion flow
energies are denoted by solid lines in Figure 2f. Additionally, we computed the partial density, velocity, and flux
for both the proton and molecular ion components, shown in Figures 2g–2i. The proton flow is fairly dense,
between 1 and 10 cm−3, and the molecular component maintains a nearly constant density of ≈0.005 cm−3.
The velocity of both the proton and molecular ion flows is identical throughout the boundary layer region,
while the flux of molecular ions is constant at ≈105 cm−2 s−1.

3. Model Comparison and Ion Backtracing

In order to explore the origins and dynamics of these ions, we ran the Open Geospace General Circulation
Model (OpenGGCM), a global magnetohydrodynamic (MHD) model of the Earth’s magnetosphere [Raeder
et al., 1998, 2001a, 2001b; Raeder, 1999, 2000]. The model uses time-dependent input conditions as observed
upstream of the Earth’s bow shock by the Wind spacecraft and outputs three-dimensional grids of the plasma
density, velocity, and electromagnetic fields every 1 min. The grids span from 35 RE upstream of the Earth
to more than 300 RE downstream (GSE x direction) and have cross sections of ±40 RE in the GSE y and
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Figure 3. A comparison of OpenGGCM model results and ARTEMIS observations on 16 February 2014: (a–d) the
OpenGGCM models results for the magnetic field, flow velocity, electric field, and density, respectively, at 1100 UT in the
GSE x-y plane with the lunar orbit and location of the ARTEMIS probes shown as the dashed circle and solid white dot,
respectively, (e) the ARTEMIS ion energy spectra between 0950 and 1220 UT with mass 1 and 32 amu energies overlaid
as solid lines, and (f–g) comparison of the ARTEMIS and OpenGGCM magnetic field and flow velocity, respectively, with
ARTEMIS results in solid and OpenGGCM results in dashed lines.

z directions. This volume encompasses all locations where the lunar orbit crosses the terrestrial magnetotail
(≈60 RE downstream), capturing the location of all ARTEMIS magnetotail observations.

We ran OpenGGCM for the event shown in Figure 2, specifically 16 February 2014/06:00–16:00 with upstream
solar wind input parameters from the Wind spacecraft. Figure 3 shows the OpenGGCM results at 11:00 UT
in the GSE x-y plane at z = 0: (a) magnetic field magnitude, (b) plasma velocity magnitude, (c) electric field
magnitude (obtained from E = −v × B + 𝜂J, where 𝜂 is the model resistivity [see Raeder et al., 1998]), and (d)
plasma density. To demonstrate the fidelity of the OpenGGCM model for this time period, we compared the
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Figure 4. Results of the particle tracing simulations: heavy ion trajectories in the (a) x-y GSE plane and (b) x-z GSE plane,
(c) the particle energy, and (d) the pitch angle as a function of time. The colors denote individual particles traced at
1 min intervals from ARTEMIS as denoted by the times in Figure 4a. Figure 4d shows only a selection of particles for
clarity. Gray contours in Figures 4a and 4b show the OpenGGCM magnetic field magnitude in the x-y and x-z planes,
respectively.

ARTEMIS observations to the time-dependent magnetic field and flow velocity from the model at the position
of ARTEMIS. Figure 3 shows this comparison: (e) the ARTEMIS differential ion energy flux with mass 1 and mass
32 flow energies overlaid and the ARTEMIS and OpenGGCM (f ) magnitude field components and (g) velocity
components, respectively. The OpenGGCM model captures all three magnetic field components, including
the dominant negative Bx component of the magnetotail lobe as well as the smaller By and Bz components.
Minor disagreements between the observations and model are seen at 10:10 and 10:42 UT as isolated plas-
moids or flux ropes pass by the ARTEMIS spacecraft [e.g., Kiehas et al., 2012]; nevertheless, such events are
easily excluded from the analysis. The OpenGGCM model also captures the plasma velocity components well,
even in the relatively minor vy and vz directions.

The OpenGGCM results were used as background electric and magnetic fields for particle tracing studies of the
molecular ionospheric species observed by ARTEMIS. We performed backward particle tracing of mass 32 amu
ions, starting from the ARTEMIS position in the magnetotail and continuing until either (i) the ions struck
the inner boundary of the OpenGGCM model at 2.5 RE or (ii) the initial time period of the MHD simulation
was reached (06:00 UT). Molecular ions were launched backward in time with initial velocities as observed by
ARTEMIS at 1 min intervals. For each time step in the backward integration, we interpolated the magnetic and
electric fields from the OpenGGCM model grid to the instantaneous time and position of the particle. Using
these properly interpolated fields, we used the Lorentz force law to advance each particle one step backward
in time, with time steps on the order of 10−4 Ω−1

g , where Ωg is the local ion gyrofrequency. Similar to previous
particle tracing investigations [e.g., Peroomian et al., 2006a, 2006b; Connor et al., 2012], we also imposed a
maximum time step to ensure that particles do not advance too fast in regions of low magnetic field strength,
necessary to fully capture the potentially nonadiabatic behavior of the molecular ions [e.g., Speiser, 1965; Chen
and Palmadesso, 1986; Büchner and Zelenyi, 1989].

Figure 4 shows a representative selection of results from the particle tracing model. Figures 4a and 4b show
the x-y and x-z GSE particle trajectories, respectively, for 10 successive particles launched at 1 min intervals
from the location of the ARTEMIS probes. Figures 4c and 4d show the particle energies and pitch angles,
respectively, as a function of time from their observation by ARTEMIS (i.e., t ≈ −8000 s is the earliest time in
the particle tracing, while t = 0 is the time of observation at ARTEMIS). The tracing results suggest that the
molecular ions originated in the inner magnetosphere (∼4–7 RE) undergoing bounce and drift motion with
energies 103 –105 eV (Figures 4c and 4d, −8000 < t < −4000 s). At approximately t = −4000 s, the particles
encountered the low-latitude boundary layer and magnetopause at the subsolar point near x = 7–9 RE and
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underwent nonadiabatic behavior (an examination shows nonconservation of the first adiabatic moment).
The nonadiabatic behavior appears to be due to both the large gyroradii of the ions and the time-variable
“buffeting” of the magnetosphere by the solar wind. Upon entering the boundary layer (the ions never fully
crossed the magnetopause), the ions were “picked up” in the boundary layer electric field and swept dawn-
ward and tailward. Finally, as the ions transited down the dawn flank, the magnetic mirror force converted
the particle perpendicular velocity into parallel velocity, resulting in the narrow, field-aligned beams seen by
ARTEMIS. Additionally, this mechanism explains the matching proton and molecular ion velocities: once the
molecular ions were picked up by the boundary layer fields together with the protons, both species drift veloc-
ities were approximately the LLBL convection velocity (as E × B drift is independent of mass), which was then
converted almost entirely to parallel velocity via the magnetic mirror force as the particles transited downtail
into weaker magnetic fields.

4. Discussion and Conclusion

We have presented two ARTEMIS observations of terrestrial molecular ion outflow at lunar distances in the
magnetotail. These ions have field-aligned, antisunward velocities identical to the dominant proton flow yet
appear at approximately 28–32 times the energy. Both observations occurred during significant geomagnetic
disturbances driven by CMEs, with maximum Kp values of 6+ and 5+, respectively. To shed light on the dynam-
ics and origins of these molecular ions, we used the OpenGGCM MHD model of the terrestrial magnetosphere
during the second observation to perform backward tracing of molecular ion trajectories. The particle tracing
results demonstrate that the terrestrial molecular ions are escaping the inner magnetosphere near the subso-
lar point and being convected down the dawn flank of the low-latitude boundary layer. One would also expect
ions to be shadowed in the afternoon sector of the dayside magnetosphere and in turn be lost down the dusk
flank [e.g., Sibeck et al., 1987; Klida and Fritz, 2009], and a survey of all 5 years of available ARTEMIS magnetotail
crossings could yield a statistical picture of the dusk versus dawn occurrence frequency of molecular ion
outflow. Furthermore, forward modeling of terrestrial molecular ions from their escape of the ionosphere
through the magnetosphere, similar to that performed for atomic O+ [e.g., Peroomian et al., 2006a, 2006b,
2011], may shed light on the total leakage rate of molecular ions from the inner magnetosphere, especially
when constrained with ARTEMIS molecular ion measurements downtail.

The absence of concurrent escaping O+ flux in both observations is noteworthy. To explore this further, we
reran the particle backtracing for hypothetical atomic O+ at the same initial velocity as the protons/molecular
ions. We found that in nearly all cases, the atomic O+ ions followed paths very similar to those of the molecular
ions (i.e., the atomic O+ started in the ring current, underwent magnetopause shadowing, and transited down
the LLBL flank). Thus, we conclude from this that if there were sufficient densities of atomic O+ in the ring
current at this time, ARTEMIS should have observed them downtail, concurrent with the molecular ion fluxes.
The fact that ARTEMIS did not see such a population thus leads us to the further conclusion that at this time in
the storm (≈24 h from onset), the atomic O+ population in the ring current was depleted with respect to the
molecular ions. Potential reasons for this fact could be (i) longer charge-exchange lifetimes of molecular ions
versus atomic O+, (ii) longer sustained ionospheric outflow of molecular ions throughout the storm versus O+,
or (iii) longer molecular ion pathways through the magnetosphere compared to O+. We leave an investigation
of these possibilities to future work.

At the Moon, the flux of molecular ions down the terrestrial magnetotail has important implications for the
structure and variability of the lunar neutral exosphere. One of the primary mechanisms for promoting neu-
tral species into ballistic and/or escaping orbits at the Moon is charged-particle sputtering, whereby ions with
energies ≳100 eV impart sufficient momentum to lunar neutrals to eject them from the regolith. The neutral
sputtering yield (defined as the number of neutrals ejected per incident ion) is strongly dependent on the
incoming ion mass: protons have peak yields of ≈10−2, helium ions have peak yields of ≈10−1, while heavier
ions have peak yields greater than unity [Biersack and Eckstein, 1984]. Previous models of charged-particle
sputtering production of the lunar exosphere have not included the effects of heavy terrestrial ions (either
atomic O+ or molecular ions) while the Moon is in the magnetotail; however, the ARTEMIS observations shown
here imply that the molecular ions, despite their low fluxes, are significant. For example, in the 16 February
2014 observation, Figure 2, proton and molecular ion fluxes are approximately 4 × 107 and 1 × 105 cm−2 s−1,
respectively. With mean sputtering yields at the observed proton and molecular ion energies of approximately
10−2 and 1, respectively, both species of ions sputter ≈105 neutrals cm−2 s−1. Thus, the heavy ionospheric
ions can effectively double the neutral sputtered rate when present. In addition to sputtering regolith species,
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the incident molecular ions (presumably a mixture of N+
2 , NO+, and O+

2 ) will mainly neutralize and lose energy
upon repeated collisions with regolith grains [e.g., Los and Geerlings, 1990; Nedeljković et al., 1991]; in turn,
these molecular species will be recycled into the lunar neutral exosphere itself. Oxygen- and nitrogen-bearing
species have been detected in both the exosphere [Halekas et al., 2015] and in lunar polar shadowed regions
[Colaprete et al., 2010; Gladstone et al., 2010]; the results presented here suggest that in addition to the
≈500 t/yr of oxygen and/or water delivered by interplanetary dust (some of which directly escapes upon
impact and vaporization) [Füri et al., 2012], terrestrial ion outflow may contribute on the order of an additional
50 t/yr of oxygen.

Finally, molecular ion outflow in the magnetotail has implications for the interpretation of nitrogen found
within lunar soils. While nitrogen has been measured in lunar soils since the Apollo era, the ultimate origin
of the observed nitrogen, which has an isotopic ratio distinct from that of the solar wind, has been debated
[e.g., Wieler et al., 1999; Hashizume et al., 2000]. Ozima et al. [2005] have suggested that the presence of sur-
ficial N within lunar soil and its associated isotopic variability (i.e., strongly enhanced 15N/14N relative to the
solar wind) may be due to terrestrial atmospheric escape during Earth’s early evolution, before the terrestrial
dynamo began and the associated global magnetic field arose. During such a period, Earth’s magnetospheric
interaction would be via an induced magnetosphere, similar to present-day Mars and Venus; thus, nitrogen
ions may have escaped in bulk during this period and been implanted at the Moon. The ARTEMIS observations
here, however, suggest that this process may be continuing today at appreciable rates, despite the presence
of the terrestrial magnetic field. While Ozima et al. [2005] suggested that current-day atomic N+ fluxes to
the Moon were no higher than 103 cm−2 s−1 based on Wind/STICS measurements in the 8–38 RE region of
the terrestrial magnetotail [Mall et al., 2002], the ARTEMIS measurements here show fluxes of molecular ions
(a mix of nitrogen and oxygen) on the order of 105 –106 cm−2 s−1 during geomagnetically disturbed times.
Thus, the hypothesis of Ozima et al. [2005] must take into account the possibility that over the full extent
of lunar history, more total nitrogen may have been delivered to the Moon from the Earth following the
terrestrial dynamo onset than was delivered in the predynamo era, especially when accounting for increased
magnetic activity by the Sun early in its life.
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