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Introduction A recent paleomagnetic study (1) has strength-
ened earlier suggestions (2) that lunar magnetic anomalies are
due to an ancient dynamo, rather than an external source such
as impacts (3). While the lunar paleomagnetic data are not
conclusive (4), they do raise the question of how a lunar dy-
namo could be maintained, especially in light of work which
suggests that a convective lunar dynamo would be difficult to
maintain (5; 6).

Here we suggest that mechanical stirring, rather than ther-
mal convection, produces a dynamo. The 18.6 year forced
nutation of the lunar mantle results in differential motion be-
tween the core and mantle (7), resulting in turbulent motion
within the core which might be capable of driving a dynamo.
(8) recently examined the circumstances under which such dif-
ferential motion would initiate; our goal is to relate, at least
crudely, the resulting motion to the magnetic field intensity.

Theory We focus on the energetics of the system, though
in reality the geometry of the flow generated by differential
motion may also have an important role (see below). The
power dissipated at the core-mantle boundary (CMB) at the
present day is 6.0± 1.6× 107 W (9). This quantity depends
on the equatorial inclination Ie and the mean motion n of the
lunar orbit according to P ∝ n3 sin3 Ie, (9), where the lunar
equatorial inclination is the angle between the lunar mantle
spin axis and the ecliptic normal (which is nearly the same as
the lunar liquid core spin axis (10)). Thus, to understand how
the magnetic field may have evolved with time, we need to
know how both n (or, equivalently, the semi-major axis a) and
Ie have varied over time. We have used Model II of (11) to
relate semi-major axis to time since formation and the relation
of (12) between semi-major axis and obliquity to relate Ie and
a (via Ie = obliquity− 5.1◦).

Given the relationship between a and Ie, as well as a
prescription for how a evolves as a function of time, the power
dissipated at the lunar CMB as a function of time t can be
written:
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Here PΣ denotes the total power dissipated at the CMB, Re

the radius of the Earth and tn the time at the present day.
Not all the power generated at the CMB is available to

drive a dynamo: some fraction of that power is required to
stir the core fluid with sufficient vigor to maintain it in an
adiabatic state. The power available to generate a dynamo is
PB = PΣ−Pad. The power necessary to sustain an adiabat at
the lunar CMB is Pad ≈ 4.7×109 W. Since at the present day
PΣ < Pad, the absence of a current lunar dynamo is consistent
with this model. This analysis ignores the consequences of a
putative sold inner core (13) and its likely growth over geologic

Figure 1: The total power deposited into the lunar core over time
(PΣ; eq 2). The power needed to sustain an adiabat is marked Pad

(Pad ≈ 4.7 × 109 W). The lunar semi-major axis (in Re) corre-
sponding to various times is marked at the top of the plot in triangles.
Discontinuities in line are an artifact of digitization of the a-Ie rela-
tionship.

time.
Fig 1 shows the temporal evolution of the power dissipated

at the CMB, PΣ, compared with the adiabatic power, Pad.
The power dissipated rapidly decreases with time as the semi-
major axis increases and drops below the adiabatic threshold
at a ≈ 47 Re. In our nominal evolution model this occurs at
a time of 3.25 Ga, but other evolution models would result in
other threshold times.

The power dissipated at early times (before 4 Ga) becomes
very large, because of the large equatorial inclination. At
these large equatorial inclinations, our parameterization for
power dissipation is almost certainly inappropriate, so the large
predicted powers prior to 4 Ga are very likely overestimates.

Below we present two separate models for generation of
magnetic field based on the power deposited into the lunar
core. The energetic approach adopted here is certainly ex-
tremely crude and in particular neglects the spatial pattern of
the mechanically-driven flow, which may well be important.
By adopting two different models with very different starting
assumptions, we gain some insight into the likely robustness
of our results.

Model 1. We assume that the magnetic field at the surface
of the moon can be approximated by scaling the terrestrial field
onto the Moon:
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where Rm is the lunar radius, Rmc and Rec are the core radii
for the Moon and Earth respectively, PBm and PBe are the
superadiabatic power for the Moon and Earth respectively,
B1m is the field strength predicted by model 1 at the surface of
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the Moon, andBe is the Earth surface magnetic field strength.
In this equation, the 5/2 power is due to the geometry of scaling
the cores, the ratio Rmc/Rec accounts for the size difference
of the cores, and the (Re/Rm)3 term is due to attenuation,
assuming a predominantly dipolar field. The largest source
of uncertainty in this approach is the uncertainty in the excess
power for the Earth’s core,PBe. We have takenPBe = 1013 W,
which will result in a conservatively small lunar field strength.

Model 2. For our second model, rather than scaling from
the Earth, we will use a set of model results and direct scalings
from (14). The largest single source of uncertainty in this
model is in the calculation of the efficiency factorF . Although
this factor does depend on the spatial distribution of the heating,
it is the total power which really matters (14), and thus this
uncertainty is unlikely to significantly affect our conclusions.
The resulting field is given by:

B2,m(Rm) = 4.4 µT
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Here we have implicitly assumed that differential motion
at the CMB results in turbulent motion extending over the bulk
of the core. For this to occur, the flattening of the core ε has
to exceed the dimensionless Ekman boundary layer thickness
(e.g., 15; 16). Using the estimated present-day flattening of
the lunar core (8), we find that the criterion for turbulent flow
is met now and will be more strongly satisfied in the past. At
very early times (a > 26− 29 Re, (8)), the precession of the
core will be locked to that of the mantle and no differential
motion will result.

Figure 2: The lunar paleointensity predicted by our models (model 1:
eq 3; model 2: eq 5). The constraint of (1) is plotted as a dot with an
arrow. The lunar semi-major axis (in Re) corresponding to various
times is marked at the top of the plot. The conversion between semi-
major axis and time was done using Model II of (11).

Results Fig 1 shows that the larger equatorial inclina-
tion and smaller semi-major axis at earlier times result in in-
creased power available to drive the dynamo. Fig 2 shows how
the surface field strength based on our two different scalings
(equations 3 and 5) evolve with time. For both models, the
predicted field strength drops to zero once the available power
is less than the adiabatic value (3.25 Ga, a ≈ 47Re). The field
strength increases at earlier times but at different rates; model 2
predicts systematically higher field strengths. Coincidentally,
however, at the earliest times (before 4 Ga) the predicted field

strengths are within a factor of 5 of each other. The predicted
field strengths are in the range ∼0.1-10 µT for model 1 and
∼1-10 µT for model 2.

A recent minimum estimate of lunar paleointensity gives
∼1 µT at 4.2 Ga (1) and is plotted on Fig 2 as a dot with
an upwards arrow. The inferred minimum paleointensity is
a factor of two smaller than that predicted by our model 1
and an order of magnitude smaller than that predicted by our
model 2. This is an encouraging result. Furthermore, the
specific orbital evolution model that we employed suggests
that a dynamo could persist for more than 1 Gyr, significantly
longer than any likely convection-driven dynamo and capable
of explaining the billion-year record of lunar magnetization (2).

Discussion The results above suggest that sufficient energy
was available to power a mechanically stirred dynamo for
perhaps the first billion years of lunar history. However, before
deriving any further conclusions, several caveats are in order.

First, and most fundamentally, by focusing on the en-
ergetics of the situation we have ignored the detailed flow
patterns which arise from differential motion, which may be
quite different from convectively-driven flows. Second, the
fundamental relationship between dissipation and equatorial
inclination (eq 2) is likely inappropriate at early times (before
4 Ga) when equatorial inclinations were large. Third, while the
relationship between magnetic field intensity and lunar semi-
major axis a is likely robust, the conversion of a to time is
much more uncertain, as there are essentially no constraints
between the time/location of the formation of the moon and
0.6 Ga when the geologic record begins (17). For instance,
although in our nominal model, a = 45 Re occurs at about
3.5 Ga, in other models this distance could occur sometime
until ∼2.5 Ga (18; 11; 19).

Despite these caveats, however, the results presented here
are encouraging enough to warrant further investigation of a
mechanically-driven lunar dynamo. The importance of this
and future studies is that they provide a potential link be-
tween paleointensity measurements and orbital evolution. In
particular, one could even envisage a situation in which the pa-
leointensity record could be used to calibrate the rate of orbital
evolution, and thus the dissipation within the Hadean Earth.

Summary We have examined the energetics of a lunar
dynamo powered by differential motion across the CMB. Both
models predict a lunar paleointensity somewhat in excess of
the 1 µT minimum value deduced in (1) as well as a dynamo
duration of ∼ 1 Gyr, suggesting that differential rotation is a
possible method of driving an ancient lunar paleodynamo.
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