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A long-lived lunar dynamo driven by continuous
mechanical stirring
C. A. Dwyer1, D. J. Stevenson2 & F. Nimmo1

boundary at the present day is (6.0 6 1.6) 3 107 W (ref. 9). In the weak
(low-viscosity) limit, in which core–mantle coupling is small, the
power varies as n3sin3(Ie) (ref. 9), where n is the mean motion of the
lunar orbit and Ie (the equatorial inclination) is the angle between the
lunar spin axis and the ecliptic normal (Fig. 1, inset).
The power available to produce a magnetic field depends on how
both n (or equivalently, the semimajor axis of the lunar orbit, a) and Ie
have varied over time (Methods). Because the Moon is in a Cassini
state17, the lunar semimajor axis and equatorial inclination are
related18. At early times, when the Moon was closer to Earth, the
equatorial inclination was larger (Supplementary Fig. 1). The Moon
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Lunar rocks contain a record of an ancient magnetic field that
seems to have persisted for more than 400 million years1,2 and
which has been attributed to a lunar dynamo3,4. Models of conventional dynamos driven by thermal or compositional convection
have had difficulty reproducing the existence and apparently long
duration of the lunar dynamo5–7. Here we investigate an alternative
mechanism of dynamo generation: continuous mechanical stirring
arising from the differential motion, due to Earth-driven precession of the lunar spin axis, between the solid silicate mantle and the
liquid core beneath8,9. We show that the fluid motions and the
power required to drive a dynamo operating continuously for more
than one billion years and generating a magnetic field that had an
intensity of more than one microtesla 4.2 billion years ago3 are
readily obtained by mechanical stirring. The magnetic field is predicted to decrease with time and to shut off naturally when the
Moon recedes far enough from Earth that the dissipated power is
insufficient to drive a dynamo; in our nominal model, this occurred
at about 48 Earth radii (2.7 billion years ago). Thus, lunar palaeomagnetic measurements may be able to constrain the poorly known
early orbital evolution of the Moon. This mechanism may also be
applicable to dynamos in other bodies, such as large asteroids.
Several lines of evidence2,10 point to the Moon having an iron core
that is 300–400 km in radius and probably at least partly molten at the
present day. A recent palaeomagnetic study3 has strengthened the case
that the observed lunar magnetic anomalies are due to an ancient
dynamo4 rather than an external source such as impacts11. Although
deriving palaeointensities from lunar samples is difficult2,12, the results
of ref. 3 raise the question of how a lunar dynamo could be maintained.
Dynamos are usually assumed to arise as a result of thermal or
compositional convection driven by removal of heat into the overlying
mantle13. A long-lived, convection-driven lunar dynamo is difficult to
sustain because it requires rapid core cooling. The lunar mantle is
unlikely to permit persistent rapid cooling, unless special conditions
are invoked5–7.
Shortly after the Moon’s formation, when the Earth–Moon distance
was ,26–29 Earth radii (Re), the lunar core precessed with the mantle14,15,
but as the distance increased, differential motion between core and mantle is predicted to have occurred because the core and the mantle precess
around slightly different axes8,9,14,15 (Fig. 1, inset). The essential idea in our
model is that this leads to turbulent motions in the core with amplitudes
of the order of the core–mantle differential velocity. These motions are of
sufficient amplitude to produce a magnetic Reynolds number of ,104 or
more, which is a necessary but not sufficient condition for a dynamo
(Supplementary Information, section 2). Our analysis is consistent with
ref. 16, where it was shown that differential motion can drive a dynamo
under some conditions; and in Supplementary Information, section 2, we
argue that the early lunar core satisfies these conditions.
The turbulent friction from the differential motion at the core–
mantle boundary (CMB), results in a small departure of the Moon’s
rotation axis from the plane defined by the lines perpendicular to the
ecliptic and the plane of the lunar orbit8,9. The power dissipated at this
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Figure 1 | The total power deposited into the lunar core. The solid line shows
the total power deposited into the lunar core, PS, as a function of semimajor axis
(equation (1); lower x axis). The adiabatic threshold value is marked Pth (dashed
line). The dash–dot line is at PS 5 3 3 1011 W (see text). The time before
present is plotted at the top, calculated using the results of ref. 20 (Methods).
There are 7 3 1028 J of energy available for dynamo generation between the
time of the Cassini-state transition and the cessation of the dynamo (using our
nominal evolution model). The inset shows the geometry of the situation. The
mean motion, n, of an orbit is related to the semimajor axis, a, through
n 5 (GMe/a3)0.5, where Me is the mass of Earth. For the purposes of display, the
calculations were performed with no truncation of coefficients.
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where tn denotes the time at the present day and Ie(tn) 5 1.54u.
Not all of the power dissipated at the CMB is available to generate a
dynamo; thus, there is a threshold power, Pth, at which the dynamo will
cease. The power available to generate a dynamo is
Pdyn ~PS {Pth

ð2Þ

However, the value of Pth is poorly constrained. The maximum value
Pth could have is that required to maintain a completely liquid core in a
well-mixed, adiabatic state13, for which Pth 5 4.7 3 109 W (Supplementary Table 1). It is likely that the correct value is smaller than
this for two reasons: the presence of a growing inner core10 would
reduce the power needed to maintain an adiabat; and under some
conditions, through-going fluid motions can occur in a subadiabatic
fluid if the outer boundary surface is ellipsoidal21. Therefore, our use of
the adiabatic value as Pth is conservative, in that it will result in a
minimum-duration estimation of the dynamo lifetime and underestimation of field intensity at a given Earth–Moon distance.
Figure 1 shows the evolution of the power dissipated at the CMB,
PS, compared with Pth. The power dissipated decreases rapidly with
time as the semimajor axis increases and drops below the adiabatic
threshold at a < 48Re. In our nominal evolution model, this occurs
2.7 Gyr ago, but other temporal models would result in different
threshold times (Supplementary Information, section 3), as would
using different threshold values.
We estimate the magnetic field on the basis of the available power.
This approach neglects the spatial pattern of the flow, which may be
important16,22 and will require future work. There need be no simple
connection between palaeointensity and available power because the
dissipation can be on smaller scales than the large-scale current, but it
is nonetheless useful to consider possible scalings for the field. For our
first model (model A), we will derive a scaling for the lunar palaeofield
based on Earth’s current magnetic field (Methods):


 
R3 Rcm 5=2 Pdyn,m (t) 1=2
BAm (t)~Be (tn ) 3e
Pdyn,e (tn )
Rm Rce
ð3Þ

1=2
Pdyn,m (t)
<1mT|
3|1011 W
Here Rcm and Rce are the radii of the Moon and Earth’s cores, Rm is the
radius of the Moon, Pdyn,m and Pdyn,e are the respective powers available
to drive a dynamo for the Moon and Earth, Be is the terrestrial surface
magnetic field strength and BAm is the lunar surface magnetic field
strength predicted by model A.
The numerical value in equation (3) was derived by using the values
given in Supplementary Table 1. The largest source of uncertainty is in
the value of the available power for Earth’s core, Pdyn,e. Here we have
taken Pdyn,e 5 1013 W (ref. 13), which will result in a conservatively
small lunar field strength (Supplementary Information, section 1).
For our second model (model B), we use a set of model results and
direct scalings from ref. 23. We obtain





Rcm 3
ac G 1=3 1=3
ð2m0 cfohm rc Þ1=2
Pdyn,m
3CP,c
Rm


Pdyn,m ðt Þ 1=3
<6d mT|
3|1011 W

BBm <d

ð4Þ

where d is the ratio of the dipolar magnetic field to the total field at the
CMB, m0 is the magnetic permeability in vacuum, fohm is the ratio of
ohmic dissipation to total dissipation, rc is the density of the core, ac is
the coefficient of linear thermal expansion of the core and CP,c is the
heat capacity of the core (see Methods and Supplementary Table 1 for
symbol values). Figure 2 shows how the surface field strengths based on
our two different scalings (equations (3) and (4)) evolve with time. For
model B, we show two curves, one with d 5 1 and one with d 5 1/7
(Methods and Supplementary Fig. 3). For both models, the predicted
field strength decreases to zero once the available power is less than the
threshold value (a < 48Re, t < 2.7 Gyr ago). The field strengths decrease
as the Moon moves outward, but at different rates. At 4 Gyr ago, the
predicted field strengths are in the range ,1–10 mT. According to
ref. 16, the surface field is expected to be dominantly dipolar and to
undergo periodic reversals. However, because of predicted variations in
pole orientation16 and likely impact-induced reorientation24, existing
inferences of magnetic palaeopole orientations based on remote sensing
data4 do not provide a strong observational constraint on our model.
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probably also underwent a transition in the Cassini state it was in at
a < 34Re (ref. 18).
The temporal evolution of the lunar orbit is poorly constrained at
times before 600 million years (0.6 Gyr) ago19. Here we have used the
results of ref. 20 to relate the lunar semimajor axis to the time before
present (Methods and Supplementary Figs 1 and 2); we discuss details
and how the use of other models would affect our results in
Supplementary Information, section 3. On the basis of the measured
present-day dissipation rate9, the total power dissipated at the lunar
CMB, PS, at time t is given by


 
a(tn ) 9=2 sin½Ie (t) 3
PS (tn )
PS (t)~
a(t)
sin½Ie (tn )
ð1Þ
sin3 ½Ie (t)
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Figure 2 | The lunar surface magnetic palaeointensity predicted by our
models. Model A (equation (3)) is shown by the solid line and model B
(equation (4)) is shown by the (non-vertical) dashed lines; for model B, two
lines are shown, with respective ratios of dipolar field strength to total field
strength of d 5 1 and 1/7, as shown. The estimate range of ref. 3 is plotted as
filled circles. Older palaeointensity data and error bars (from fig. 2 in ref. 1) are
plotted as open circles. The conversion of semimajor axis to time is as in Fig. 1.
The vertical dash–dot line indicates the distance at which the power dissipated
is exactly 3 3 1011 W, and the vertical dashed line denotes the minimum cut-off
age of the dynamo (see text). For the purposes of display, the calculations were
performed with no truncation of coefficients. The error bars are defined in ref. 1
as follows: ‘‘horizontal error bars reflect the published uncertainty values
associated with the radiometric age determinations. Vertical error bars reflect
variations in intensity between subsamples … [and] uncertainties in the fit
between the data and lines correspond to various paleofields’’.
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A recent estimate of lunar palaeointensity3 gives a value of ,1–10 mT
at 4.2 Gyr ago (Fig. 2). This range is compatible with our models. Older
palaeointensity estimates1 for 3.0–4.0 Gyr ago are also plotted in Fig. 2,
although these are probably less reliable2,12. Many of the palaeointensities
fall within our model range, although the high values corresponding to
,3.6–3.9 Gyr ago might require an additional driving mechanism11,25 or
a smaller Pth. Nonetheless, our results suggest that a mechanically driven
dynamo could persist for at least ,1.6 Gyr, which is much longer than
any likely convection-driven dynamo.
Whereas the relationship between magnetic field intensity and lunar
semimajor axis, a, is probably robust, the conversion of a to time is
much more uncertain. For instance, although in our nominal model20
a 5 48Re occurs ,2.7 Gyr ago, in other models this distance might not
occur until ,1.8 Gyr ago19,20,26,27 (Supplementary Information, section
3). Thus, our assessment of a billion-year lifetime for a mechanically
stirred dynamo is probably conservative.
The simple relationship between dissipation and equatorial inclination shown in equation (1) is probably inappropriate at the earliest times.
Stronger core–mantle coupling reduces the differential motion9,15,17.
Even when this coupling is weak, dissipation is probably self-limiting
to ,3 3 1011 W because the overlying mantle will melt. At this dissipation rate, the core temperature increase over 0.1 Gyr (approximating the
initial orbital evolution timescale) is about 1,000 K, which is enough to
initiate mantle melting and reduce the effectiveness of core stirring.
Despite these caveats, however, our results raise several interesting
possibilities. First, the model predicts a long-lived magnetic field that
weakens with time, followed by an abrupt shut-off (Fig. 2). Thus, the
palaeomagnetic record may ultimately be used to constrain the outward evolution of the Moon (and the dissipation rate within the
Hadean Earth28). Second, at the earliest distances (a , 26Re–29Re),
when there is no differential motion15, our proposed mechanism does
not generate a magnetic field. Therefore, we predict that rocks from
this time period (according to our nominal model, this distance corresponds to before 4.45 Gyr ago) should be unmagnetized, unless other
mechanisms were available11,25. Third, similar mechanically driven
dynamos may have operated in other bodies where tidally driven
differential core–mantle motion may have occurred, such as large
asteroids like 4 Vesta or the angrite parent body29,30. Finally, our work
also poses a challenge to numerical modellers of dynamos, namely that
of determining the properties of mechanically driven dynamos.

F<4pGac rc R2cm =3CP,c , scaled the field from the CMB to the surface by including
a factor of ðRcm =Rm Þ3 , and scaled the dipolar to total field strength at the CMB
using the parameter d.
Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
Received 17 May; accepted 15 September 2011.
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METHODS SUMMARY
The relation between Ie and a. We fit the following explicit polynomial function
(Supplementary Fig. 1) to the plot of obliquity versus semimajor axis, a (fig. 2 in
ref. 18), using Ie 5 obliquity 2 5.16u:
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Palaeointensity models. Full derivations of these models may be found in
Methods.
In model A (equation (3)), we assume that we can, using appropriate parameters, scale Earth’s magnetic field to the Moon. We assume that the magnetic
field at the surface of the Moon can be approximated as a current loop in the core
with the following characteristics: the radius of the current loop is proportional to
the radius of the core and the cross-sectional area of the current loop is proportional to the squared radius of the core. We assume that Earth’s field can be
similarly characterized. This is not intended as anything more than a rough guide
to what is possible. In reality, it is probable that much of the dissipation associated
with Earth’s field occurs on scales far smaller than the largest current loop that
could fit within Earth’s core. Nevertheless, it tells us what field to expect in the
(unlikely) case of similarity of Earth and the Moon’s dynamos.
In model B (equation (4)), rather than scaling from Earth we use a set of model
results and direct scalings from ref. 23. We used their equation (2) to estimate the
field intensity at the top of the CMB. We set the efficiency factor to be
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METHODS

Rs 5 L/sAc

The relation between Ie and a. The Moon is presently in a Cassini state and has
been since at least18 the time at which a 5 34.2Re. Thus, there is a functional
relationship between Ie and a over the range of a between that time and the present
day. The relationship between Ie and a as determined by ref. 18 was numerical. We
arrived at an explicit expression for Ie in the following way. We digitized the plot
shown in fig. 2 of ref. 18 over the range of interest, converted obliquity to Ie (using
Ie 5 obliquity 2 5.16u), smoothed the line and then fitted a tenth-order polynomial:
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;
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where ~a~(a=Re {46:6308)=7:7288. In Supplementary Fig. 1, we have plotted Ie
and a against time before present (t), with the relationship between a and t calculated using the model described in the next section. Equation (5) is only an approximation to the relationship in ref. 18; however, given the great uncertainty in the
a-to-t relation (Supplementary Information, section 3.1), the errors introduced by
the use of equation (5) are not important. Likewise, errors in the result of ref. 18 are
likely to be negligible in comparison with the uncertainties in the relation between a
and t.
Converting a into time before present (t). As Cassini-state theory does not
include time, a separate, independent relationship for the temporal evolution of
the lunar orbit must be assumed. There is extreme uncertainty in this over the
distances and times of interest, resulting in great temporal variability in any model
(Supplementary Information, section 3). In addition to our nominal model
(described below), we also examined four other possible models. We compare
these models in Supplementary Information (section 3.2 therein and
Supplementary Figs 2 and 3). We require that models for the lunar orbit fit the
available geologic constraints19 and we assume that the Moon formed at about the
Roche limit31 some time shortly after the Solar System formed.
The nominal model of this paper was modified from models c and d of ref. 20.
Model c included only power dissipation from an ocean and model d included
power dissipation in both the ocean and solid Earth. Neither model predicted
lunar formation at ,4.6 Gyr ago, but the two predicted formation ages bracketed
that value.
We digitized (a, t) points for both these models and used a weighted average to
combine them into an evolution model in which the Moon formed 4.6 Gyr ago.
The weighted mean was calculated in the following manner: the (a, t) curves were
interpolated to have a common point spacing, and a weighted average of the t
values at each a point was taken to derive the final (a, t) model. The weights were
determined by applying the lever rule to the goal formation age (4.6 Gyr ago) and
the curves’ respective formation ages. This model is plotted in Supplementary Figs
1 and 2.
Palaeointensity models. We make the simplifying assumption that we may relate
the surface magnetic field strength to the power available to the lunar dynamo. We
consider two separate models for lunar palaeointensity: models A and B.
In model A (equation (3)), we assume that we can, using appropriate parameters, scale Earth’s magnetic field to the Moon. We assume that the magnetic
field at the surface of the Moon can be approximated as a current loop in the core
with the following characteristics: the radius of the current loop is proportional to
the radius of the core and the cross-sectional area of the current loop is proportional to the squared radius of the core. We assume that Earth’s field can be
similarly characterized. This is not intended as anything more than a rough guide
to what is possible. In reality, it is probable that much of the dissipation associated
with Earth’s field occurs on scales far smaller than the largest current loop that
could fit within Earth’s core. Nevertheless, it tells us what field to expect in the
(unlikely) case of similarity of Earth and the Moon’s dynamos.
What follows is the derivation of the expression for the lunar surface palaeointensity as a function of available power (that is, equation (3) of the main text):
From electromagnetism it follows that
P 5 I2Rs
where P denotes power, I denotes current and Rs denotes resistance. Also, the
intensity of a magnetic field is
B 5 m0IRl2/2D3
where D is the distance between the centre of the current loop and the point where
the field is measured and Rl is the radius of the current loop. The resistance is

where s denotes conductivity, L is the length of the current loop and Ac is the
cross-sectional area of the current loop.
Combining the above, we have
B~



m0 R2l PsAc 1=2
2D3
L

Because we are interested in the strengths of fields on the surface of the planet,
D 5 Rp. Additionally, we assume that the following proportionalities hold: L / Rc,
Rl / Rc, Ac / Rc2 (where Rc is the radius of the planet’s core). This gives
B!

P1=2 R5=2
c
R3p

We can determine the constant of proportionality using Earth’s present-day field.
Thus, with tn denoting the present day, the palaeointensity of the lunar surface
field as predicted by our model A is given by equation (3):

 

R3e Rcm 5=2 Pdyn,m (t) 1=2
3
Pdyn,e (tn )
Rm Rce


Pdyn,m (t) 1=2
<1mT|
3|1011 W

BAm (t)~Be (tn )

In model B, rather than scaling from Earth we use a set of model results and direct
scalings from ref. 23. According to equation (2) of ref. 23
ÆBæ2(2m0)21 5 cfohmÆrcæ1/3(Fq0)2/3
Here B is the magnetic field strength within the dynamo; m0 is the permeability of
free space; q0 5 (PS 2 Pad)(4pR2cm)21 is the heat flux at the CMB in excess of the
adiabatic value (see Supplementary Information of ref. 23); c, fohm and F are
constants; and angle brackets denote averages over the volume over which the
kinetic energy (from the differential rotation, in this case) is added to the core. The
values of c and fohm given in Supplementary Table 1 are taken directly from
ref. 23.
F is defined in equation (3) of ref. 23 as
F 2=3 ~

1
Vol

 

ðrb 
qc ðrÞ Lðr Þ 2=3 rðrÞ 1=3 2
4pr dr
q0 HT ðr Þ
hri

ð6Þ

ra

where Vol is the volume described above; ra and rb are respectively the lower and
upper radial bounds of the volume; qc(r) is the power per unit area as a function of
radius; L(r) is the length scale of the largest convective structure;
HT(r) 5 CP(ag(r))21 is the temperature scale height as a function of radius; CP
is the heat capacity; a is the coefficient of linear thermal expansion; and g(r) is the
acceleration due to gravity as a function of radius.
Because the magnetic field strength depends on the total power and not on the
spatial distribution with which it is deposited23, we simplify this equation by
assuming that all the terms within the integral are constant, and derive the following expression for F:
F<

4pGac rc R2cm
3CP,c

ð7Þ

Different assumptions (for example letting qc vary linearly with r) yield results
differing by a factor of order one.
We set the scale height of temperature to be CP,c(acgcm)21 and the scale height
for convection to be Rcm, we set gcm 5 GMcmRcm22 5 4pGRcmrc/3, we take Vol to
be the volume of the entire core and we approximate ÆBæ by Bm(Rcm).
Because the lunar core has a small radius, only the dipolar part of the magnetic
field is likely to be detectable at the surface. The magnetic field within the dynamogenerating region will contain higher-degree components16,23. However, the ratio
of the dipolar field strength to the total field strength at the CMB is somewhat
uncertain, especially as precession-driven dynamos seem to have power spectra
different from those of convective dynamos16. We have therefore defined a term, d,
that is the ratio of the dipolar field strength to the total field strength at the top of
the dynamo region (the CMB). For convection-driven dynamos23, d < 1/7, and for
the (probably unrealistic) purely dipolar case, d 5 1. For d , 1, this correction has
the result of reducing the predicted (dipolar) surface field strength (note that such
a correction is not needed in model A). Taking this correction into account, the
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lunar surface palaeointensity predicted by our model B is that given in equation
(4):




Rcm 3
ac G 1=3 1=3
ð2m0 cfohm rc Þ1=2
Pdyn,m
BBm <d
Rm
3CP,c

1=3
Pdyn,m ðt Þ
<6d mT|
3|1011 W

A further source of uncertainty in this model is in the calculation of the efficiency
factor, F. Although this factor does depend on the spatial distribution of the power,
it is the total power that really matters23; thus, this uncertainty is unlikely to affect
our conclusions significantly. An additional concern is the extent to which numerical models of terrestrial and stellar dynamos have the same scaling behaviour as
mechanically driven dynamos of the kind we are proposing here (for example in the
ratio of dipolar to higher-degree terms). We carry out a limited discussion of this
topic in Supplementary Information, section 2, but further work will be needed.

Here the factor of (Rcm/Rm)3 scales the magnetic field strength from the CMB to
the surface.
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