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Introduction:  The evolution of the Sun’s magnetic ac-
tivity throughout the history of the Solar System is a 
key factor in understanding the past and current state 
of surfaces and atmospheres of planets in the inner So-
lar System. The evolution of the solar wind and Coro-
nal Mass Ejection activity from Sun-like stars appears 
to be strongly linked to their rotation rate and may 
have had a profound effect on the habitability of plan-
ets, including the Earth.  Here we combine joint con-
straints shown in the observed degree of depletion of 
sodium and potassium in lunar samples and the evolu-
tion of activity of solar analogues over time to show 
that the Sun was likely a slow rotator.  Evidence of the 
Sun’s activity is likely to be recorded in the lunar crust 
and may serve as an invaluable means of constraining 
the space weather environment of the inner solar sys-
tem over time.  

Data from the Kepler space telescope on the 
activity of solar analogues has provided important evi-
dence on different pathways the Sun may have fol-
lowed with respect to stellar activity. Studies suggest 
flare activity is greater for stars with shorter rotational 
periods, and that at higher rotational velocities, Sun-
like stars produce a significantly greater frequency of 
large, higher energy flares than Sun-like stars with ro-
tational periods similar to our present-day Sun.  Deter-
mining the original rotation state of the Sun and how it 
evolved is thus important to understanding how the so-
lar system’s space weather environment evolved over 
time. 

A useful representation of the evolutionary 
pathways from semi-empirical studies of Sun-like star 
rotation yield three types of rotational classes for Sun-
like stars: slow, medium and fast rotators. These clas-
ses correspond to the 25th, 50th, and 90th percentiles 
of the rotation rates observed in a statistical sample of 
stellar clusters used to measure how Sun-like stars ro-
tation changes over time1.  

 

Constructing an Earth-Moon System Incident CME 
Frequency History:   

Using the rotation-flare relation2 for Sun-like stars 
identified in Kepler data and the association of flares 
with CMEs, we have reconstructed Earth-Moon system 
incident coronal mass ejection frequency histories for 
the Sun for the three different classes of rotational evo-
lution.  Figure 1 shows how the different rotator cases 
for the Sun would have resulted in a different fre-
quency of high energy (energies are for the flare, with 

associated CME energies larger by ∼ an order of mag-
nitude) Earth-Moon system incident CMEs.  While fre-
quency of CMEs incident on the Earth-Moon system 
converges to about the same value for each solar rota-
tion case after ∼1 Gyr, prior to this time, variations can 
be very large.  In fact, Earth-Moon system incident 
CMEs would have been more frequent by 10s of per-
cent for a medium rotator Sun versus a slow rotator 
Sun.  A fast rotator Sun would have resulted in an 
Earth-Moon system incident CME frequency more 
than an order of magnitude greater than the slow rota-
tor at points in the 1st Gyr.  Such different frequencies 
would have had profoundly different impacts on plane-
tary atmospheres and surfaces.  This is also true for the 
Moon, where the exposed surface may not only have 
recorded such space weather but may also help distin-
guish which space weather environments are plausible. 
 

 
Figure 1: A Reconstructed Earth-Moon System Incident CME 
frequency for different solar rotation cases. 
 
Crustal Lunar Moderate Volatile Constraints on Solar 
Rotation State:   With the exception of relatively short 
periods of time, the more frequent CMEs produced by 
the young Sun would have been directly incident on 
the lunar surface. Studies of the Moon during the pas-
sage of a CME have shown the total material lost from 
the surface of the Moon increases greatly during such 
an event. Surface ion flux increases during the CME, 
driving sputtering loss from the surface into the lunar 
exosphere and then largely to escape from the Moon.	 
To understand how these CMEs would have driven 
loss from the lunar surface, we use an updated version 
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of a previously created surface bounded exosphere 
generation model3 to calculate total loss over time for 
the different solar rotation cases.  For each case we 
simulated how much of two moderate volatiles, So-
dium and Potassium, would have been lost during each 
of the CMEs given in figure 1 and then integrated over 
time using the frequency evolution.  We use X and 
X10 flare associated CME properties for the 10

32 and 
10

33 erg flares listed in figure 1 for the passage of the 
CME in the exosphere model, and validate the model 
by reproducing the values for the M class flare associ-
ated CME event in a previous paper3.  We use the 
more conservative CME frequency rates from figure 1 
which assume a less frequent current day geochemi-
cally validated CME frequency.  Once we have pro-
duced total loss values of Sodium and Potassium over 
time for each case, we then compare those values with 
the total reservoir of each element in the accessible 
portion of the lunar regolith.  

In both the case of Sodium and Potassium, we 
compare the total loss to the total regolith abundance 
for both a Ferroan Anorthosite composition and a pre-
sent Earth continental crust abundance.  The former is 
chosen as a representative composition for the primor-
dial lunar crust and the latter is chosen an unrealistic 
high value to compare total depletion to (given the ob-
served depletion of moderate volatiles on the Moon 
relative to the Earth).  The FAN abundance is an ap-
proximate abundance from a number of sample stud-
ies4,5 and the PEC values is from the literature6 as well 
(Sodium and Potassium FAN abundances are 0.26% 
(taken from a 0.35% Na2O abundance by weight, with 
a similar estimate for K2O)	 and 0.026% respectively.)  
We then compare the total depleted in each case to the 
integrated content of the regolith for both elements.  
We assume a regolith depth of 5m (17%) and 15m 
(83%) for mare and highlands depths, respectively.  
Given the non-zero abundances of both elements in the 
lunar soil7, we use total depletion of the reservoir of 
each element as a means of eliminating the likelihood 
of a particular rotator scenario. 

 For both Sodium and Potassium, we find that a fast 
rotator Sun is ruled out by the observed abundances. 
For example, in figure 2, which uses a very conserva-
tive 50% escape rate for sputtered Potassium, a fast ro-
tator Sun would completely deplete an Earth continen-
tal crust composition regolith of Potassium.  This is 
also true for Sodium and for Potassium cases with 
higher fractional escape.  In the case of Potassium, it 
also appears that a medium rotator Sun would com-
pletely deplete a FAN composition regolith, which is 
again incompatible with observed abundances from 
samples.  Sodium depletion and higher fractional es-
cape Potassium depletion also suggest this is true.  
Thus, it appears the most likely case is that the Sun 
was a slow rotator. 

 

 
Figure 2:Depletion of Potassium from the Lunar regolith for 
different Sun rotation cases. 
 

Additional Factors and Future Work: We consid-
ered numerous other factors that may have influenced 
depletion and found they would not change the overall 
result.  These include an examination of the effect of the 
rate of regolith overturn during relevant periods of the 
highest frequency of CME impacts, the influence of a 
potentially moderately strong Lunar magnetic field 
early in its history and the effect of impacts and volcan-
ism.  More detail on these topics will be given in future 
work. 

A key takeaway from our work is also that evi-
dence of past solar activity and paleo-space weather 
should be preserved in additional ways in the lunar 
crust.  Since the period of greatest depletion over-
lapped with the period of greatest impacts, and given 
that depletion monotonically declined after formation 
of the Moon’s crust, such changes may be recorded 
with depth in the regolith as churn depths changed over 
time. Since depletion should have been at least a quasi-
global feature, such a stratigraphic signal may be pre-
served either in shielded samples (such as paleorego-
lith samples) or in a population of samples from geo-
graphically and temporally diverse regions. Unique im-
plantation of elements such as Argon may provide in-
valuable cross cutting chemical lines of evidence that 
can help extricate such signatures from potentially de-
generate volcanic and impact signatures. 

 
References:  

[1] Gallet, F. and Bouvier, J., A&A, 556, A36, 2013 
[2] Notsu, Y, et al, ApJ, 771, 127, 2013 [3] Killen, 
R.M., et al., JGR Planet, 117, 2012 [4] Gross J., et al., 
EPSL 388, 318–328 (2014)  [5] Russell, S. S., et al., 
PTRSLSA 372, 20130241 (2014)  [6] Rudnick, R. L. 
& Gao, S., Treatise on Geochemistry 3, 659 
(2003)   [7] McKay, D.S., et al., Lunar Sourcebook, 
Ch.7, 1991 

 

3050.pdf50th Lunar and Planetary Science Conference 2019 (LPI Contrib. No. 2132)


