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Introduction: Remnant magnetization of the lunar 

crust and returned Apollo lunar samples indicate that an 
ancient, internally generated magnetic field existed on 
the Moon. Paleomagnetic analyses of returned Apollo 
samples revealed a high-intensity field that persisted 
~4.2–3.6 billion years ago (Gyr) followed by a weak-
ened field that persisted until ~1.92–0.80 Gyr [1, 2, 3]. 
Previous studies, however, have challenges identifying 
the mechanism(s) that can explain both the high- and 
low-intensity dynamo epochs.   

The timing and intensity of the Moon’s magnetic 
field are dictated by the structure of its interior. Vigor-
ous convection of an electrically conductive fluid can 
generate a strong magnetic field via dynamo action. An 
internal energy source is required to drive these convec-
tive motions. In a previous study [4], Apollo seismic 
data were reanalyzed to search for layering deep within 
the Moon that may be associated with the lunar core. 
Findings revealed the presence of a solid inner core, a 
fluid outer core, and possibly an overlying partially mol-
ten boundary layer. Furthermore, analyses of Gravity 
Recovery and Interior Laboratory (GRAIL) mission 
data constrained values of the Moon’s mean density and 
moment of inertia as well as the tidal Love number, 
which constrains the dependency of density on depth 
and the rigidity of the body, respectively. Calculated 
models of the mission data supported the presence of a 
fluid outer core and were compatible with a solid inner 
core within the Moon’s interior [5].  

Previous studies have demonstrated that core con-
vection alone would not have been able to produce in-
ferred paleofields. Available energy sources—thermal, 
gravitational, and latent heat—produce insufficient en-
ergy to sustain the high-intensity field for its observed 
duration [1]. One recent study suggested that convection 
in a basal magma ocean (BMO) produced the high-in-
tensity field [2]. Although liquid silicates generally 
would not have sufficient electrical conductivity to sus-
tain a dynamo under lunar conditions, the lunar BMO 
may have had a particularly high titanium and iron con-
tent. However, that study did not examine the transition 
from a BMO-hosted dynamo to a potential core-hosted 
dynamo. In this study, we test the hypothesis that an 
early BMO dynamo in combination with a later thermo-
compositional core dynamo driven primarily by inner 
core solidification may help explain the history of the 
lunar magnetic field and the modern core structure.  

We calculate the energetics of the core during the 
solidification of the BMO and beyond to determine the 

sensitivity of the model to parameters such as the abun-
dances of sulfur ([S]) and potassium ([K]) in the bulk 
core, thermal conductivity (kc), and the heat flow across 
the core-mantle boundary (QC), to help constrain which 
parameters promote convection, and thus a dynamo, in 
the lunar core. 

Methods:  In this study, we model the thermal evo-
lution of the core using a thermochemical core convec-
tion model. The model starts 4.2 billion years before to-
day, covering the evolution of the BMO and the time 
after the BMO has solidified. Using the nominal model 
output from [2] (i.e., V19K50p54 in their Table 2), the 
model calculates the core energetics and structure using 
the temperature at the top of the BMO and QC when the 
basal magma ocean was >1700 K. At lower tempera-
tures, when the BMO has presumably solidified, QC 
goes linearly to a value that we specify for present day.  

Initial conditions: As initial conditions, we begin 
our simulations with a few assumptions [2]: 1) the surf-
icial lunar magma ocean has solidified, 2) mantle den-
sity overturn has occurred, leaving some potassium, rare 
earth elements, and phosphorus (KREEP) material be-
neath the plagioclase crust, and 3) the dense KREEP 
material that overturned and sunk to the bottom of the 
mantle is 1700 K and molten due to radiogenic heating. 
We further assume that the iron-rich core starts fully liq-
uid and chemically homogeneous. 

Results: Simulations were run under a range of val-
ues of [S], [K], QC, and kc and were then compared 
against a reference simulation with [K] = 50 ppm, QC = 
109 W at present day, and kc = 40 W/m/K. We test values 
of [S] ranging from 1 to ≥6 wt%.   

Heat budget: In our model, the temperature at the 
CMB begins at ~1700 K and quickly spikes to ~1900 K 
due to radiogenic heating. The core then begins to cool 
as radiogenic heating in the BMO declines over time. 
The heat budget of the core initially includes secular 
cooling (QS) and radiogenic heating (QR). Once the in-
ner core nucleates, latent heat (QL) and the gravitational 
energy (QG) associated with the exclusion of S into the 
outer core are also computed as part of the heat budget. 

Sulfur: No matter the value of our other variables, 
[S] ranging from 1–2.5 wt% resulted in inner core nu-
cleation at higher temperatures, causing the core to so-
lidify completely early in its history. As a result, these 
sulfur abundances are not compatible with the lunar 
dynamo history. Sulfur abundances from ~3–6 wt% re-
sults in the inner core nucleating around the time that 
the BMO-hosted dynamo ceases, leading to a relatively 
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weak, core-hosted dynamo that is consistent with pale-
omagnetic [3] and seismic [4] data. Abundances of sul-
fur above 6 wt% result in a significant delay in inner 
core nucleation, resulting in the impossible scenario of 
a core-hosted dynamo occurring at present day.  

These results reveal the critical effect of sulfur con-
tent on the liquidus and the growth of an inner core. As 
the abundance of sulfur in the bulk core increases, its 
liquidus decreases, resulting in a delay in inner core 
nucleation, core convection, and thus, a dynamo. Once 
the inner core nucleates and grows with respect to 
time, the outer core is progressively enriched in sulfur, 
leading to density differences between the inner and 
outer core that facilitates a dynamo [6].  

CMB heat flow, thermal conductivity, and potas-
sium: The duration of the field and the intensity of the 
field generally increases with decreasing thermal con-
ductivity values, as expected from basic principles. In-
creasing the total heat flow also increases the duration 
and strength of the core-hosted dynamo, unless rapid 
cooling leads to complete solidification of the core. In 
contrast, adding more potassium to the core contributes 
thermal energy to the dynamo but suppresses growth of 
the inner core, which can decrease the predicted strength 
and intensity overall. Compared to the abundance of sul-
fur in the bulk core, our simulations reveal that small 
variations in parameters such as [K], QC, and kc are de-
generate and play an overall negligible role in the timing 
of inner core crystallization and the dynamo.  

Nominal model: Results of the nominal core-hosted 
dynamo model are presented in Figure 1. Here we as-
sumed [S] = 5 wt%, [K] = 25 ppm, QC = 109 W at pre-
sent day, and kc = 40 W/m/K. Our nominal model pro-
duces a core-hosted dynamo that begins at the cessation 
of the BMO-hosted dynamo [2] or 2.9 Ga from present 
day and ends at ~1 Ga from present day when the lunar 
dynamo likely ceased [3]. Fig. 1A shows the evolution 
of core temperatures throughout the simulation. The av-
erage temperature spikes due to radiogenic heating in 
the BMO and begins solidifying when temperatures fall 
back to ~1700 K. Inner core nucleation (Fig. 1C) begins 
at 3 Ga and marks the time at which sulfur enrichment 
begins in the outer core (Fig. 1D), latent heat and grav-
itational energy are released (Fig. 1B), and the core-
hosted dynamo begins (Fig. 1F). The surface field inten-
sity reaches a peak of 0.45 μT at 3.11 Ga, and is ~1 order 
of magnitude lower than the surface field intensity of 
4.1 μT produced from the BMO-hosted dynamo [2].  

Conclusions: The thermal evolution of the lunar 
core was modeled to understand the sensitivity of the 
model output to parameters such as [S], [K], QC, and kc. 
Simulations reveal the time at which the inner core be-
gins to nucleate is not too sensitive to values of [K], QC, 
and kc but rather mostly to the abundance of sulfur. We 

found the range of [S] values that facilitate a dy-
namo. Simulations with [S] ~ 3–6 wt%, also favored by 
seismology, result in a dynamo and our nominal model 
reveals that a value of 5 wt% best explains a transition 
between a BMO dynamo to a later thermo-composi-
tional core dynamo driven by inner core crystallization.  

Our model for the coupled evolution of a basal 
magma ocean and the core places strong constraints on 
the abundance of sulfur in the core. These constraints 
can further translate into predictions about the density 
of the outer core and the radius of the inner core that can 
be verified with future missions such as the Lunar Geo-
physical Network, which aims to understand the evolu-
tion of the lunar interior from the crust to its core. 
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Figure 1 | Nominal model output. Simulations begin at 4.2 
billion years before the present day. (A) Temperature at the 
core-mantle boundary (CMB), center/inner core boundary 
(ICB), and the average temperature of the core. (B) Heat 
budget in GW: latent heat, QL, radiogenic heating, QR, grav-
itational energy, QG, adiabat of the core, Qad, heat flow 
across the core, QC, and secular cooling, QS. (C) Inner core 
radius with respect to time. (D) Sulfur abundance in the 
outer core. (E) The dissipation budget in MW. (F) BMO-
hosted dynamo compared against a core-hosted dynamo and 
paleomagnetic intensity during the high-field epoch. The 
BMO-hosted dynamo has a duration of 2.6 Ga and a surface 
field intensity of 4.1 μT obtained using the mixing length 
scaling theory from Scheinberg et al., 2018. The high-field 
epoch has a paleointensity of ~35 μT that persisted ~4.2–3.6 
Gyr from present day [2].  
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