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S1 Parameter values

Table S1 summarizes the parameter values adopted and Table S2 defines all sym-
bols used in this work. For an order-of-magnitude study such as this one, the
likely uncertainties in most parameter values are not very important. For exam-
ple, in many cases, we take the Martian core parameters adopted by Williams
and Nimmo (2004) to be sufficiently representative of lunar core parameters.
The three parameters for which uncertainties are most important are the radius
of the lunar core, Rcm; the available power in the Earth’s core, Pdyne(tn); and
ratio of the dipolar to total field strength at the lunar CMB, d. Although the
radius of the lunar core is not very well known, the value we have chosen here,
350 km (see Table S1), is consistent with available geophysical constraints (Wiec-
zorek et al., 2006; Weber et al., 2011). As summarized in Nimmo (2007), the
power available to drive convection in the Earth’s core is uncertain by almost an
order of magnitude. The adiabatic contribution is reasonably well-constrained
at about 5 TW, but the heat flow out of the core is estimated at 6–14 TW,
resulting in a superadiabatic contribution of 1–9 TW. We have used an upper
bound of 10 TW, which will give us a conservatively low magnetic field strength
for a lunar dynamo. The likely value of d was discussed further in the Methods
Section.

S2 Does a dynamo occur?

For a mechanically-stirred dynamo of the kind we are hypothesizing to occur,
there are several conditions which must be satisfied in addition to the energy
argument presented in the main text. First, the kinematic constraint provided
by the magnetic Reynolds number, Rem, must be satisfied. Second, the core and
the mantle must not precess around the same axis. Third, the turbulent motion
induced by the resulting differential motion must not be confined to a narrow
boundary layer but instead must extend over the bulk of the core. Fourth, the
magnetic Prandtl number, Pm, (which compares the rates of momentum and
magnetic diffusion) must exceed a critical value (Tilgner, 2005). We discuss
each of these conditions below.

The first condition is a kinematic one: Rem must be larger than some critical
value (∼ 102−103) if the fluid motions are to be sufficient for dynamo generation.
Taking u as the core-mantle velocity difference and L as the lengthscale of flow,
the present-day Rem value of the Moon is

Rem(tn) = uLµ0σ ≈ 9 × 103 (S1)

where we took the lower bound of the present day range for u (2 cm/s from
Williams et al. (2001)), the radius of the core was used as L, and other parame-
ters are given in Table S1. Thus, Rem is supercritical at present day and would
only have increased in the past.

The next two conditions both depend on the flattening or ellipticity of the
core, but in different ways; here we will argue that both conditions are likely met
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for the lunar core over the time (equivalently, over the Earth-Moon distance) of
interest.

As originally pointed out by Goldreich (1967), a sufficiently flattened core
will co-precess with the overlying mantle. Since the flattening depends on the
rotation rate, and thus the semi-major axis, the core may have undergone a
transition from co-precession to differential rotation as the Moon evolved out-
wards from the Earth. A recent study by Meyer and Wisdom (2011) put this
unlocking distance at 26–29 Re, inward of the Cassini state transition and thus
occurring prior to the time period of relevance to this study. They calculate a
present-day core flattening of ε ∼ 10−4 − 10−5 and larger values in the past.
This value is consistent with the lunar laser ranging results of Williams et al.
(2011), which suggest a present-day flattening of 1.3±0.4×10−4 for a fluid core
radius of 350 km.

Differential motion due to precession is energetically insufficient to drive a
terrestrial dynamo, at least if flow is laminar (Rochester et al., 1975; Loper,
1975). Turbulent flow, however, is another matter. Much effort has been ex-
pended on determining the onset of fluid dynamical instabilities in spheroidal
cavities under various forcing conditions (e.g., Malkus, 1989; Kerswell, 1994;
Lorenzani and Tilgner, 2003; Noir et al., 2003; Aldridge et al., 2007; Calkins
et al., 2010), some including the effects of magnetic fields (e.g., Lacaze et al.,
2006; Herreman et al., 2009).

Whether the fluid motions are confined to a narrow boundary layer or spread
over the entire core depends on the Ekman number, E, which gives the ratio of
viscous to Coriolis forces. To develop turbulent instabilities which occupy the
entire fluid volume, the flattening of the core, ε, has to exceed the dimensionless
Ekman boundary layer thickness which is given by ∼

√
E (e.g., Kerswell, 1993;

Aldridge et al., 1997). The Ekman number of the core is given by E = ν/ΩR2
cm

where ν is the kinematic viscosity of liquid iron and Ω is the angular rotation
frequency of the core. Note that this value becomes smaller in the past, when
the Moon was spinning more rapidly.

Taking the dynamic viscosity for iron to be 10−2 Pa s, somewhat larger
than that of water, the present day dimensionless boundary layer thickness is√

E ∼ 10−6, which is 1–2 orders of magnitude smaller than the present-day core
flattening. Thus, we conclude that fluid motion will not be confined to a bound-
ary layer at the present day; instead, turbulent motion will occupy the entire
core due to the boundary layer going unstable and producing a Kolmogorov cas-
cade. This conclusion is even stronger at earlier times, when the core flattening
is larger and the dimensionless boundary layer thickness is smaller.

The fourth condition concerns the magnetic Prandtl number Pm = νσµ0,
where ν is the kinematic viscosity of iron, σ is its conductivity and µ0 is the
vacuum magnetic permeability. For a precession-driven dynamo this quantity
must exceed some critical value Pmc before the dynamo will operate (Tilgner,
2005). The value Pmc depends on the Ekman number E and is given by Tilgner
(2005)

Pmc = CEE−1/2
a (S2)
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where Ea is the ratio of the energy in the antisymmetric flow components com-
pared with the total flow kinetic energy and C ≈ 300 is a constant. Although Ea

likely increases (and thus Pmc decreases) as E decreases, we adopt the conserva-
tive approach of Tilgner (2005) and assume a value of Ea = 6×10−3 determined
by numerical experiments at higher values of E.

For E ≈ 10−12, appropriate to the early Moon, we obtain Pmc ≈ 3 × 10−9.
The actual magnetic Prandtl number of the Moon is Pm ≈ 2 × 10−6, where we
have taken the conductivity σ = 106 S m−1. Since Pm greatly exceeds Pmc, we
conclude that dynamo activity is possible. The ellipsoidal nature of the core
will strengthen this conclusion (Tilgner, 2005).

In the main text of this paper, we restrict ourselves to semi-major axes
larger than that of the proposed Cassini state transition at 34.2 Re (Ward,
1975). However, we have no reason to think that differential motion across the
CMB would not be occurring prior to or during the Cassini state transition,
and thus it is possible that there could have been a magnetic dynamo prior to
34.2 Re. Note, however, that since the core and mantle were rotationally locked
to each other for early semi-major axes (at Earth-Moon distances smaller than
26–29 Re, (Meyer and Wisdom, 2011)), any dynamo generation via differential
motion would only be able to occur after the unlocking of the core.

S3 Converting a into t

A Cassini state does not describe the temporal evolution of an orbit and thus
additional information is required in order to relate the semi-major axis of the
lunar orbit to time before present. The dependency of power and paleointensity
(or any other parameters) upon semi-major axis is completely independent of
the functional form of the dependency of time upon semi-major axis. In the
main text, we used a model based on numerical models of Webb (1982); more
detail on that model is given in the Methods Section and we discuss how using
other models would affect our results below.

S3.1 Uncertainties in the a to t relationship

The temporal evolution of the lunar orbit is a complicated matter, as it is depen-
dent upon the dissipation in the Earth, which varies over time and which is very
poorly constrained by geologic evidence for the times prior to 0.6 Ga (Williams,
2000). Unfortunately, this means that the earliest history of a, which is pre-
cisely the relevant time for an ancient lunar dynamo, is very weakly constrained.
This results in large uncertainties in the time corresponding to a given lunar
early semi-major axis. In this work, we required that models for the lunar orbit
fit the available geologic constraints (Williams, 2000) and we assume that the
Moon formed at about the Roche limit (Canup and Asphaug, 2001) some time
shortly after solar system formation.

A selection of models (Ooe et al., 1990; Walker et al., 1983; Webb, 1982) for
the lunar semi-major axis versus time which meet our criteria above or which
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Figure S1: The functions used herein for equatorial inclination (Ie, dashed red
line) and semi-major axis (a, dotted blue line) of the lunar orbit as a function
of time. The equatorial inclination versus semi-major axis relationship is an
explicit analytical approximation (see equation 5, which was fit to Figure 2 of
Ward (1975)). The conversion between semi-major axis and time was done using
our nominal model (see Methods Section). The range of equatorial inclination
values at a = 34.2 Re is due to there being a range of possible values during the
Cassini state transition.

could be modified to fit are listed in Sect S3.2 and also shown in Figure S2.
Figure S2 shows that there is considerable variation between these models at
early times.

Several specific semi-major axes of note are marked on the plot as well, to
better guide the eye to seeing the variation in predicted age at each of these
distances: when PΣm = Pthm, which corresponds to the shutting off of the dy-
namo; the distance at which PΣm ≈ 3×1011 W, inwards of which our prediction
of core field strength is likely an overestimate (see main text); and the Cassini
state transition (at 34.2 Re). For a given semi-major axis, different models
can give ages differing by as much as 1 Gyr. Our nominal model lies roughly
in the middle of the envelope defined by the different curves shown. Model 2
provides the oldest age for a given semi-major axis during the dynamo regime.
The longest dynamo duration is 2.2 Gyr, for model 4 and the shortest dynamo
is 1.3 Gyr, for model 3.

Figures S3 shows the surface paleointensities calculated as a function of
time for various orbital evolution models. There is a wide range in the dynamo
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Figure S2: A variety of possible semi-major axes versus time models are shown
(see Sect S3.2 and the Methods Section). Three semi-major axes values of
interest are also plotted, in order to more easily visualise the potential variability
in the timing of these events. The Cassini state transition, a = 34.2 Re,
is the oldest time (equivalently, closest distance) for which we can solve for
equatorial inclination (Ward, 1975). The adiabatic threshold (the time when
the total power deposited at the CMB is equal to the power needed to sustain
an adiabat within the fluid core) is reached at a ≈ 47.8 Re (there is not sufficient
power to maintain a magnetic field beyond this point, assuming Pth=Pad). The
distance at which PΣ ≈ 3 × 1011 W is reached is a ≈ 40.9 Re; for powers at or
above this value (i.e., for distances closer than this, or equivalently, for times
older than this), the assumptions made concerning core-mantle relative motion
and/or assumptions regarding the spatial structure of the power deposition may
not apply (see main text), and thus the calculated magnetic field in this region
might be an over-estimate.
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shut-off time (from ≈ 2.8 Ga for model 2 to ≈ 1.8 Ga for model 4), and a
smaller range in when the Moon experiences the Cassini state transition (from
≈ 4.4 Ga for model 2 to ≈ 3.8 Ga for model 3 — see Figure S2). The field decays
roughly exponentially until the time very near the shut-off, at which point the
predicted surface intensity drops extremely rapidly. The youngest time which
corresponds to the unlocking distance of 26–29 Re is 4.39 Ga for model 4. This
figure emphasises just how much uncertainty there is in the time estimates given
in the main text.

S3.2 Other possible a-t relationships

Here are four other possible a-t relationships which we considered, in addition
to the nominal model used in the main text of the paper and described in the
Methods Section. All the a-t models are plotted in Figure S2.

S3.2.1 Model 1

Model 1 is adapted from model 1b of Ooe et al. (1990), which did not have an
explicit representation but was shown graphically. That model had the Moon
forming at roughly t = 4.2 Ga, so it was adapted to have the Moon form at
an earlier time (4.6 Ga) in the following manner: (a, t) points were digitised
from the published plot, all points with t > 0.6 Ga were uniformly stretched
such that the Moon formed at 4.6 Ga, and the a values were converted from
kilometres into Re via Re = 6371 km.

S3.2.2 Model 2

Model 2 is Model II of Walker et al. (1983):

a(t) =




60.2 Re

(
1 − t

1.4 Gyr

)2/13

t ∈ [0 Ga, 0.6 Ga]

60.2 Re

(
1 − 0.2t+0.48 Ga

1.4 Gyr

)2/13

t ≥ 0.6 Ga
(S3)

S3.2.3 Model 3

Model 3 is based on model III of Walker et al. (1983). Using the parameters
exactly as given made the Moon form too late (using their relations explicitly
results in the Moon being at (0 Re, 3.8 Ga), which is in contradiction with state-
ments made in their text), so rather than using k = 0.25 for t ∈ [3.8 Ga, 0.6 Ga],
as they stated, we used k = 0.24 for t ∈ [3.8 Ga, 0.6 Ga], which gives a ≈ 27.2 Re

at t = 4.6 Ga. Our model 3 is:

a(t) =




60.2 Re

(
1 − t

1.4 Gyr

)2/13

t ∈ [0 Ga, 0.6 Ga]

60.2 Re

(
1 − 0.24 t+0.456 Ga

1.4 Gyr

)2/13

t ∈ [0.6 Ga, 3.8 Ga]

60.2 Re

(
1 − 0.03 t+1.254 Ga

1.4 Gyr

)2/13

t ≥ 3.8 Ga

(S4)
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Figure S3: The predicted surface paleointensities are shown as a function of time
for a range of models for the temporal evolution of the lunar semi-major axis
(see Sect S3.2). The paleointensity model used in each graph is (a) our model A
(equation 3), (b) our model B (equation 4) with d set to 1, and (c) our model B
(equation 4) with d set to 1

7 . The legend applies to all plots in this graph. The
paleointensity points (including error bars) of Fig 2 of Cisowski et al. (1983)
are plotted, as is the constraint found by Garrick-Bethell et al. (2009). The
paleointensity which corresponds to PΣ = 3× 1011 W is marked as a horizontal
line. Note that the paleointensity corresponding to this power depends on which
model is being used. For the purposes of display, the calculations were performed
with no truncation of coefficients.
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S3.2.4 Model 4

Model 4 is model IV of Walker et al. (1983):

a = 60.2 Re

(
1 − 1.46

1.4

[
1 − exp

(
−t

1.46 Ga

)]−1
)2/13

(S5)
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Table S1: The numeric values used herein, the definitions are given
in Table S2.

Symbol Value Reference/Note First use
am(tn) 60.2 Re — eq 1
Be(tn) 5 × 10−5 T — eq 3

c 0.63 Christensen et al. (2009) eq 4
CP,c 780 J kg−1 K−1 Williams and Nimmo (2004) eq 4

d 1 to 1
7 See Methods Section eq 4

F 1.8 × 10−2 4πGαcρcR2
cm

3CP,c
eq 6

fohm 0.88 Christensen et al. (2009), SI eq 4
G 6.67 × 10−11 m2 N kg−2 — eq 7

Ie(tn) 1.54◦ — eq 1
kc 40 W m−1 K−1 Williams and Nimmo (2004) calc of Pad

Pad 4.7 × 109 W 16π2kcR3
cmαcGρcTc

3CP,c
; Nimmo (2007) Main Text

Pdyne(tn) 1013 W See Sect S1 eq 3
Pthm 4.7 × 109 W Pad, see Main Text eq 2

PΣm(tn) 6.0 × 107 W Williams et al. (2001) eq 1
Re 6.371 × 106 m — eq 3

Rce 3.5 × 106 m — eq 3
Rm 1.737 × 106 m — eq 3

Rcm 3.5 × 105 m See Sect S1 eq 3

. . . cont. . . .
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. . . cont. . . .

Symbol Value Reference/Note First use
Tc 1500 K Stevenson and Yoder (1981) calc of Pad

tn 0 Ga — eq 1
u 2 − 3 × 10−2 m s−1 Williams et al. (2001) eq S1

αc 5.85 × 10−5 K−1 Williams and Nimmo (2004) eq 4
µ0 4π × 10−7 N A−2 — eq 4
ρc 7.0 × 103 kg m−3 Williams and Nimmo (2004) eq 4
σ 106 S m−1 — Sect S2

Table S2: The definitions of the symbols used herein, the values
are given in Table S1.

Symbol Definition More information
a lunar semi-major axis —
A paleointensity model A eq 3, Methods
B paleointensity model B eq 4, Methods
B magnetic field intensity —
c denotes core —
c a constant eq 4

C a constant eq S2
CP heat capacity —

d a scaling factor: dipolar field strength
total field strength at CMBm eq 4, Methods

e denotes Earth —
E ν

ΩR2 ; Ekman number Sect S2
Ea

energy in the antisymmetric flow components
the total flow kinetic energy eq S2

fohm
ohmic dissipation
total dissipation eq 4

F efficiency factor eq 6
g gravitational acceleration eq 4

gcm g(Rcm) calc of F
G gravitational constant —

HT
CP

α g ; the temperature scale height eq 6
Ie equatorial inclination eq 5, fig 1 inset, fig S1
k thermal conductivity calc of Pad

L length-scale of largest convective structure eq 6
m denotes the Moon —
M mass —

n
(

GMe

a3

)1/2
; mean motion —

P power —
Pad power req. to sustain an adiabat in a totally liquid core Main Text

Pdyn power available to drive a dynamo Main Text
Pm magnetic Prandtl number Sect S2

. . . continued on next page . . .
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Symbol Definition More information
Pmc critical Pm eq S2
Pth power consumed by non-dynamo processes eq 2
PΣ total power eq 1
qc power per unit area eq 6
q0

PΣ−Pad

4πR2
CMB

; superadiabatic heat flux at CMB eq 6
R, r radius —
Rem magnetic Reynolds number Sect S2

t time —
tn present day —
Tc temperature of the core calc of Pad

u velocity difference across CMB eq S1
α linear thermal expansion —
ε flattening of the core Sect S2
ν kinematic viscosity Sect S2

µ0 vacuum magnetic permeability —
ρ density —
σ conductivity Sect S2
Ω angular rotation frequency Sect S2


