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The source of the ancient lunar magnetic field is an unsolved problem in the Moon’s evolution.
Theoretical work invoking a core dynamo has been unable to explain the magnitude of the observed
field, falling instead one to two orders of magnitude below it. Since surface magnetic field strength is
highly sensitive to the depth and size of the dynamo region, we instead hypothesize that the early lunar
dynamo was driven by convection in a basal magma ocean formed from the final stages of an early

lunar magma ocean; this material is expected to be dense, radioactive, and metalliferous. Here we use
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numerical convection models to predict the longevity and heat flow of such a basal magma ocean and
use scaling laws to estimate the resulting magnetic field strength. We show that, if sufficiently electrically
conducting, a magma ocean could have produced an early dynamo with surface fields consistent with the
paleomagnetic observations.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Apollo samples of lunar crust indicate a surface field of ~77 uT
that was present between 4.2 and 3.56 Ga and likely continued
at a lower magnitude for billions of years (Tikoo et al., 2017;
Garrick-Bethell et al., 2017; Weiss and Tikoo, 2014; Suavet et
al.,, 2013; Shea et al, 2012). Considering the large uncertainty
in the paleomagnetic field inferred from measurement of these
samples, a model that predicts at least ~35 uT during the early
high-field epoch would be consistent with observation (Weiss and
Tikoo, 2014). However, numerical modeling of an Earth-like dy-
namo driven by thermochemical core convection instead predicts
magnitudes of <1 pT (Stegman et al., 2003; Evans et al.,, 2014,
2018; Laneuville et al., 2014; Scheinberg et al., 2015). Dwyer
et al. (2011) considered tidal forcing as an additional energy
source for the dynamo, while Le Bars et al. (2011) considered
impact-driven differential rotation. These alternative mechanisms
are more promising, but the estimated magnetic fields are still
several times lower than measurements (<9 pT and 4 uT, respec-
tively).

Obtaining the observed lunar field magnitude with a core dy-
namo is particularly challenging because of the proportionally
small lunar core. Dipole fields decay as 1/r3, where r is the dis-
tance from the dipole center. On Earth, this means that the dipole

* Corresponding author.
E-mail address: scheinberg@princeton.edu (A. Scheinberg).

https://doi.org/10.1016/j.epsl.2018.04.015
0012-821X/© 2018 Elsevier B.V. All rights reserved.

field at the surface is smaller than the dipole field at the core-
mantle boundary by a factor of ~(6370 km)3/(3400 km)3 = 6.6.
In contrast, given the lunar radius of 1737 km and a core radius
in the range 200-380 km (Williams et al., 2014), the dipole field
of a core dynamo is 100-700 times smaller at the surface than at
the core-mantle boundary. However, if the dynamo originated in a
region extending to within 800 km of the surface, the field would
be reduced only by a factor of ten from the dynamo to the sur-
face.

1.1. Basal magma ocean formation

The Moon is believed to have become largely molten during
its formation due to heat of accretion, radiogenic heating, and
tidal forces (Warren, 1985). This magma ocean may have com-
prised as much as the upper 1000 km of the Moon, and have
remained molten for as long as 200 m.y. due to continued tidal
interactions with Earth (Meyer et al., 2010). Fractional crystal-
lization is also highly likely to have occurred. In this scenario,
crystals forming in the magma ocean would have settled to the
bottom and sequestered themselves from chemical equilibrium
with the remaining liquid, causing an evolving liquid composi-
tion in the magma ocean. The final, highly evolved liquids, the
‘ur-KREEP’, would have contained the majority of all incompatible
elements, not just the potassium, rare Earth elements, and phos-
phorus for which they are named. These last liquids would also
contain the majority of the uranium and thorium, which, together
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with potassium, are responsible for most of the radiogenic heating
on Earth.

Fractional solidification of the global lunar magma ocean would
have resulted in a gravitationally unstable mantle profile (Spera,
1992). Solidification models show that the density contrast be-
tween the KREEP layer and the remaining mantle range from Ap =
300-500 kgm~3, depending on the amount of interstitial fluid
trapped within the solidified cumulate (Elkins-Tanton et al., 2011).
These models further suggest a large amount of KREEP material,
2-10° km3 or ~9% of the mantle by volume. Though initially lo-
cated just underneath the plagioclase crust, at least some fraction
of this material would have overturned due to gravitational in-
stability and formed a dense, radiogenic mantle layer located just
above the core. This fraction is poorly constrained; in Appendix A,
we provide a basic model indicating anywhere from O to 1 is plau-
sible. If settled in its entirety on the core-mantle boundary (CMB),
the material would constitute a ~450 km-thick layer.

Previous studies adopted significantly smaller values of Ap
(45-90 kgm~3) (Stegman et al., 2003; Zhang et al., 2013; Schein-
berg et al., 2015). In those studies, thermal expansion of the KREEP
layer was sufficient to overcome the compositional density differ-
ence, causing the material to re-mix into the overlying mantle. In
contrast, using Ap = 300-500 kgm~3, the KREEP layer would re-
main sequestered at the CMB. Highly radiogenic and still near its
solidus temperature, the layer would fully melt. The result would
be a metalliferous basal magma ocean (BMO) that persists until
convective heat loss across the overlying solid mantle causes ocean
solidification. Indeed, recent modeling by Zhang et al. (2017) con-
cluded that a relatively stable, partially molten, ilmenite-bearing
cumulates layer may surround the lunar core to present day.

1.2. A basal magma ocean dynamo

Ziegler and Stegman (2013) showed that a basal magma ocean
on Earth could potentially drive a dynamo if it is unstable to
convection and has sufficient electrical conductivity, o. This re-
quirement is manifested in a magnetic Reynolds number, which
must exceed a critical value for magnetic field generation to oc-
cur (Roberts, 2007): Rm, 2 10. This parameter relates the Ohmic
diffusion timescale to the convective timescale and is defined as
Rm = oo UL, where U and L are the system’s characteristic ve-
locity and length scale, respectively, and o is the permeability of
free space.

The principle difficulty of a magma ocean dynamo hypothesis
is that silicate material has a far lower electrical conductivity than
a metallic iron-alloy core. However, the BMO is expected to have a
relatively large electrical conductivity due to its molten nature and
its particularly high titanium and iron contents (van Kan Parker
et al, 2012; Khan et al,, 2014; Elkins-Tanton et al., 2011). Using
olivine melts at lunar mantle conditions as a lower bound (Pom-
mier et al., 2015), we anticipate o > 80 S/m. The presence of Fe-Ti
oxides in terrestrial rocks is observed to increase the electrical con-
ductivity up to three orders of magnitude (Bartetzko et al., 2005),
suggesting an upper bound of o ~ 10* S/m. More recently, experi-
mental work by Lin et al. (2017a) and Lin et al. (2017b) argues for
a substantial water component in the Moon and suggests that the
deep magma ocean was extremely iron rich. Sufficient conductiv-
ity is thus plausible, though it cannot be definitively inferred from
available evidence. Fortunately, the basic BMO dynamo hypothesis
can be studied regardless of the uncertainty in lunar interior com-
position.

In this study, we estimate the longevity and heat flow of such
a basal magma ocean, calculate the critical conductivity o above
which dynamo action can be maintained, and predict the resulting
magnetic field strength.

2. Methods

To simplify the analysis, we assume that three events have al-
ready occurred: (1) the magma ocean has solidified; (2) mantle
overturn has caused some percentage of the dense layer to fall
to the CMB while a fraction fgregp remained stuck directly be-
neath the plagioclase lid; and (3) sufficient heating to completely
remelt this fallen material has occurred. We initiate the models at
4.2 Ga, when paleomagnetic observations indicate the field began
and after which overturn and melting has occurred. (The time of
initialization affects only the model’s radiogenic heating values. If
the model began at 4.3 Ga instead, initial radiogenic heating lev-
els would be 5% higher.) As initial conditions, we assume a fully
molten basal magma ocean at 1700 K, a homogeneous tempera-
ture of 1500 K within the solid cumulate mantle, and a conductive
thermal profile in the upper 250 km. The thickness of this conduc-
tive layer is somewhat arbitrary, but is only an initial condition;
once a simulation is launched, mantle convection will result in a
thermal profile consistent with the input parameters of that simu-
lation.

Radiogenic heating within the BMO will initially cause a tem-
perature increase. When it cools back to the initial temperature,
the model run is stopped. Furthermore, the fully molten core is
presumed to contain enough sulfur (>4%) that its liquidus tem-
perature, which is strongly dependent on sulfur content, is never
reached during a model run. These two model restrictions enable
us to avoid the additional complexity (and associated assump-
tions) of solidification of the basal magma ocean and core while
still determining the ocean’s lifetime and potential dynamo action.
Melting of the overlying solid cumulate materials and their assim-
ilation into the BMO is similarly neglected since such melt would
be buoyant compared to the surrounding solid mantle.

2.1. Solid mantle model

We use the spherical finite-element model CitcomS to simulate
convection in the solid portion of the mantle. The model assumes
that the mantle, excluding the basal magma ocean (BMO), is an
incompressible spherical shell and that variations in density affect
the equations of motion only through changes in buoyancy (the
Boussinesq approximation). Mantle evolution is computed by iter-
atively solving the conservation equations for mass, momentum,
and energy (see Zhong et al., 2008, for details). The numerical grid
consists of 12 regions with 36 x 36 x 48 elements each, providing a
vertical and average horizontal resolution of approximately 30 km.
Our lowest-viscosity (and therefore least resolved) simulation was
repeated with 2.4x the volumetric resolution (49 x 49 x 65). The
resulting fields were within 2%, indicating sufficient resolution.

The lunar surface temperature is held constant at 250 K. The
upper 60 km is buoyant and thus behaves as a cold, stagnant
lid crust. The temperature at the magma ocean boundary, T, is
coupled to the BMO model described in the next section. The ma-
terial parameters employed in the model are listed in Table 1. Our
chosen geometry and parameter values are consistent to within
1% with present-day mass and moment of inertia measurements
(Williams et al., 2014).

Solid mantle viscosity is temperature-dependent and deter-
mined by a Newtonian Arrhenius equation:
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where E = 150 kJ/mol is the effective activation energy, Ry is
the ideal gas constant, and reference temperature T, is 1300°C
(Christensen, 1984; Karato and Wu, 1993). We vary the reference
viscosity over pf =10'8-10%0 Pas.
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Table 1

Fixed model parameters.
Symbol Description Value
R Lunar radius 1737 km
Rc Core radius? 350 km
Om Reference mantle density” 3400 kgm—3
Pc Core density© 7800 kgm—3
2o Surface gravity” 1.6 ms—2
Q Rotational velocity 27 /27.3 radd™!
Ch.m Specific heat, mantle® 1250 Jkg~ 1K1
Cpb Specific heat, basal magma ocean 1250 Jkg~1K~!
Cpc Specific heat, cored 835 Jkg 1 K
Km Thermal diffusivity, mantle 11076 m2s~!
kp Thermal conductivity, basal magma ocean 4Wm'K!
ke Thermal conductivity, core® 40 Wm~TK!
O Thermal expansivity, mantle® 3.107> K~!
ap Thermal expansivity, basal magma ocean’ 5.1075 K~!
Qe Thermal expansivity, core® 9.2.107> K!
Tsurf Surface temperature 250 K
E Activation energy” 150 kjmol~!
cuy Uranium concentration’ 0.039 ppm
CK Potassium concentration' 212 ppm
CTh Thorium concentration’ 0.15 ppm
c Proportionality constant! 0.63

2 Williams et al. (2014).
Stegman et al. (2003).

Zhang et al. (2013).

Desai (1986).

Touloukian et al. (1970).
Solomatov (2007).

Anderson and Ahrens (1994).
Scheinberg et al. (2015).
Hagerty et al. (2006).
Christensen (2010).
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The total radiogenic heating in the Moon is given by:

H= MZCiXihie)”it (2)
i

where M is the mass of the mantle and crust, the index i refers to
U>s3s, Uass, Kgp, or Thosy, ¢j is the element’s estimated present-day
average concentration in ppm, x; is the present-day isotopic frac-
tion, h; is the power produced per unit mass of the isotope, A; is
its decay constant, and t is time before present day.

The distribution of radiogenic heating is controlled by two pa-
rameters. fraq is the fraction of radioactive material concentrated
in the KREEP layer. fi,q =1 would therefore indicate that all in-
ternal heating occurs in this material, while f;,q &~ 0.09 would
indicate that heating is evenly distributed throughout the mantle
and crust. fgregp is the fraction of the KREEP layer that remains
trapped near the surface. (Note consequently that fyrgep also de-
termines the thickness of the BMO.) The total radiogenic heating
within the solid mantle is therefore described as:

Hiy =H( — frad + fkreep frad), (3)

while the total radiogenic heating within the basal magma ocean
is

Hp=H — Hm=H(1 — fxreep) frad- (4)
2.2. Basal magma ocean and core model

Both the BMO and the core are well-mixed on the timescales of
the overlying solid mantle convection and can thus be treated with
a one-dimensional model. The BMO and core are assumed to have
an adiabatic temperature gradient. (In the core, this will not be
true during the phase in which the magma ocean increases in tem-
perature; however due to the core’s small size and its high thermal

conductivity, the impact of this assumption on mantle evolution is
negligible.) The temperature within the BMO is given by

R2 _ 2
T(r)=TBexp[B—2], (5)
Dy
where Rp is the BMO’s outer radius (top of the dynamo region)
and Tg is the temperature at Rp (Labrosse, 2003). Dy is a length
scale defined by D, = ,/3cp /(2 apppG) ~ 5,400 km, where cp
is the BMO’s specific heat capacity, o}, is its thermal expansivity,
pp its density and G is the gravitational constant. Within the core,
the temperature is given by
2 _ .2
Re—r1 } )

D?

2.2 2 p2
Tr) = Tcexp|:Rc—r:| = TBexp[RB Re +
D? D?

where Tc and Rc¢ are the temperature and radius of the core-
mantle boundary, respectively, and D, ~ 3,000 km is the analogous
length scale to D, for core material parameters. The second equal-
ity of Eq. (6) is obtained by determining T¢ from Eq. (5). This
is possible since the boundary layer thickness between the two
liquids, and consequently the temperature difference across it, is
negligibly small. Having assumed spherical symmetry, secular cool-
ing of these two regions is equal to radiogenic internal heating, Hp,
minus the heat flow outward across the BMO boundary, Qg:

Rp
/p(r)cP(r) ag?) 4mr’dr = Hp — Qp. (7)
0

The temperature at the magma ocean boundary, Tg, is spatially
uniform since the BMO below is presumed to be well-mixed. Com-
bining equations (5)-(7) and evaluating the integral, we find that

0Ty
W(CP,CPCVCIC'FCP,beVbIb):Hb — Qs, (8)

where [, and I, are constants dependent on the geometry and
physical properties of the system. In our models, these constants
are greater than one but do not exceed 1.018 and 1.008, respec-
tively. Setting I = I, =1 yields:

0Tg Hp — Qg

AL | (9)
ot cp.cpcVe+cppopVy

Here, p¢, pp, cp,c, Cp p are the density and specific heat capacity of
the core and BMO, respectively. The same specific heat capacity is
used for the BMO and the mantle. V. and V}, are the volumes of
the core and basal magma ocean, respectively. Qg is computed at
each time step from the horizontally averaged temperature differ-
ence between the lowest two node layers of the numerical model.
We then use equation (9) to determine the change in tempera-
ture at each model time step, then use the new Tg as the lower
boundary temperature of the solid-state convection model in the
next time step.

2.3. Magnetic field scalings

The BMO will be unstable to thermal convection if heat flow is
superadiabatic. Scaling laws relate the associated convective power,
¢, to anticipated convective velocities and dynamo amplitudes.
Different characteristic velocities can be estimated with scaling ar-
guments that derive from assumptions about the dominant force
balances in the BMO. With this information, we can estimate the
magnetic field by equating magnetic energy to a fraction of avail-
able power (Christensen, 2010):
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B? L
210 —Cfohmu¢, (10)
where B is the magnetic field strength within the BMO, (¢ is mag-
netic permeability, c = 0.63 is a constant of proportionality, U is
the characteristic convective velocity, and L = Ry is the character-
istic length scale equal to the radius of the upper BMO boundary.
fonm represents the ratio of Ohmic to total dissipation. If kine-
matic viscosity v is much less than magnetic diffusivity A then
viscous heating can be neglected (Braginsky and Roberts, 1995); in
this case fonm is ~1. Using recent experimental results suggesting
magma ocean viscosity u ~ 1 Pas (Dygert et al., 2017), we find
that v =pu/p =103 m?/s. For o = 10% S/m, A is ~10% m?/s,
suggesting that foum ~ 1 (typically assumed for planetary cores) is
also applicable in a lunar basal magma ocean.

The volumetric power thermodynamically available to drive
a dynamo, ¢, can be formulated in several equivalent manners
(Christensen, 2010; Lister and Buffett, 1995; Lister, 2003; Nimmao,
2007). We use a buoyancy-flux formulation (Buffett et al., 1996;
Buffett, 2002) for its clarity:

1 a -
¢=V—baQB|:w(RB)—W]: (“)

where 1 is gravitational potential and v is average gravitational
potential in the BMO. Superadiabatic heat flow across the up-
per BMO boundary is given by Qf = Qp — Qq¢, Where Qg =
162G ppapky TeR3/(3cp p) and ky is the BMO’s thermal conductiv-
ity. Since thermal and electrical conductivity are related, k, should
vary as we vary o. However, Qg is effectively negligible in our
models as it is less than 1-6% of Qp even assuming thermal con-
ductivity of the BMO is equal to that of the core.

Mixing length theory assumes a balance between inertial and
buoyancy forces. As shown in Christensen (2010), this assumption
produces a characteristic velocity U = (¢Rg/pp)/?. Substituting
the mixing length characteristic velocity into equation (10) and
solving for B yields

B2y =2t0c(pp R3¢, (12)

Assuming a balance of Coriolis, inertial, and gravitational (Archimi-
des) forces (the CIA scaling) yields U = (¢/0p)%/° (Rg/2)'/%, where
Q is the angular velocity of the Moon, and

B&a = 2oc(pERyQ20%)1/5. (13)

Finally, the MAC (Magneto-Archimedes-Coriolis) scaling assumes a
balance between Lorentz, gravitational and Coriolis forces. This bal-
ance yields a characteristic velocity U = (¢/p,$2)!/%> and magnetic
field magnitude

Biiac = 2/40c(pp REQ24) /. (14)

Christensen (2010) evaluated the suitability of scaling laws by fit-
ting them to known terrestrial dynamos, and found empirically
that the ML scaling was the most consistent fit. However, alter-
native scalings should also be considered, particularly since a basal
magma ocean dynamo might not scale the same way as an Earth-
like core dynamo.

We use the present day value of angular velocity € in our cal-
culations. This is a lower limit since angular velocity was perhaps
twice its current value in early lunar history; however, it does not
strongly influence the result, since Bcia and Buac scale as 1/10
and Q1/4, respectively.

Poloidal components of the magnetic field will reach the sur-
face while toroidal components will not. The partitioning of energy
into these components is not known, but a pre-factor of 1/7 is

Table 2

Model runs. The first row shows our nominal run, V19K50p54. The name indi-
cates the parameters chosen: ‘V19' indicates a reference viscosity of 10'° Pas and
‘K50’ indicates that 50% of the KREEP layer remained trapped near the surface
(fxreep = 0.5). ‘p54’ indicates that 54% of internal heating is concentrated in the
KREEP layer ( fraq = 0.54), or, equivalently, that the KREEP layer has concentrations
6x higher than the bulk mantle since it comprises 9% of the mantle. The peak sur-
face magnetic field strength, Bmax, and critical electrical conductivity for dynamo
action, ojt, correspond to the ML, CIA, and MAC scaling laws, respectively.

Model Thickness Lifetime Bmax Orit
(km) (10° yr) (uT) (10% S/m)

V19K50p54 301 2.6 41, 6.8, 14 2.6,73, 34
V20K50p54 301 6.4 4.0, 6.6, 14 2.6, 74, 34
V18.5K50p54 301 12 42,70, 15 2.6, 74, 35
V18K50p54 301 0 - -
V19K50p36 301 2.0 3.7,61,13 3.0, 8.7, 42
V19K50p18 301 0 - -
V19K50p100 301 38 51, 82,17 21, 5.6, 25
V20K50p100 301 9.7 4.9, 8.0, 17 21,56, 25
V19K25p54 383 29 6.5, 11, 24 19, 54, 26
V19K00p54 450 31 9.2, 15, 34 15, 44, 21
V18K00p100 450 21 12, 19, 40 13,34, 15
V19K50p27 301 1.6 34,538, 13 34,938, 49

commonly used to estimate the dipole component in the literature
(e.g., Christensen and Aubert, 2006; Scheinberg et al., 2015) and is
applied here. Including upward continuation of the potential field
to the surface at radius R, the surface fields are thus estimated as

1
Bsurf=?3rg» (15)

where rg = Rg/R is the ratio of the top of the dynamo region to
the planet radius. Since magnetic field strength is independent of
electrical conductivity, we are able to estimate the dynamo ampli-
tude without speculating on this value and to separately estimate
the conductivity necessary to meet the magnetic Reynolds number
criterion.

From equations (12)-(14), it is clear that the scaling esti-
mates are not highly sensitive to the parameters within them: a
1000-fold increase in heat flux would only change the ML esti-
mate by a factor of 10. However, as discussed in the Introduction,
the surface field is highly sensitive to rg. Thus, a magma ocean dy-
namo is more conducive to strong surface magnetic fields than a
core dynamo.

3. Results

We investigate different scenarios by scanning across three pa-
rameters (Table 2). First, we vary reference viscosity g in the solid
mantle. Second, we vary fgreep, the fraction of the KREEP layer
that remains near the surface. Finally, we vary f.q, the fraction of
radioactive material concentrated in the layer.

Fig. 1A shows a temperature cross-section of our nominal
model. In all cases, the magma ocean exhibits a rapid increase in
temperature, followed by a steady decline until reaching the initial
temperature (Fig. 1B). Even as the magma ocean is heated signif-
icantly beyond its melting temperature, temperatures in the solid
mantle remained lower, with the exception of its lower boundary
layer. Although not modeled explicitly, this small amount of bulk
mantle melt could have resulted in a low effective mantle viscosity
and also contributed to lunar magmatism.

BMO longevity results are presented in Table 2 and Fig. 2A. In
our nominal model, we assume that 50% of the KREEP layer sank to
the CMB, resulting in a BMO that is 301 km thick. Assuming 54% of
radiogenic elements were concentrated in this material (thus 27%
in the BMO, and 6x more concentrated than the bulk mantle) and
a reference viscosity of 10'° Pas, then the BMO would cool back



148

11800

11600

{1400

{1200

% 1000

RANEHEEN a0
SN TS,

Ly 4 e 600

\ 400

A.L. Scheinberg et al. / Earth and Planetary Science Letters 492 (2018) 144-151

2600 : . ;
—— V19K50p100 — V19K00p54
—— V20K50p100 V19K50p36
g _2400+ V19K50p54 —— V18.5K50p54
X X —— V20K50p54 —— V19K25p54
[0} ) V19K50p27
§ § 2200+ —— V18K00p100
© ©
3 L
3 8 2000
5 5
5}
= F 1800
1600 -
2 1 0
Time (Ga)

Fig. 1. Simulated temperature profile across the equatorial plane of the solid mantle and thermal evolution of the basal magma ocean boundary. (A) Convective patterns for the
nominal model at 4 Ga suggest that plumes resulting from BMO heating may have been a cause of early recorded magmatism. However, in our models such upwellings are
evenly distributed, so this mechanism alone does not account for the lack of mare basalts on the Moon’s far side. (B) Simulated BMO boundary temperatures. Low-viscosity
models cool off the fastest as heat is transferred efficiently from the BMO across the solid mantle. In contrast, the highest temperatures are reached when radiogenic heating

is highly concentrated in the BMO and solid mantle viscosity is high.
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Fig. 2. Basal magma ocean heat flow and magnetic field generation. (A) Simulated heat flow across the BMO boundary. Heat flow (and consequently the power available to a
dynamo) is highest if the BMO is large and highly radiogenic. (B) Predicted magnetic field strength (solid lines) and critical electrical conductivity to facilitate dynamo action
(dashed lines) for the nominal model as a function of time. Colors indicate which velocity scaling law was used: ML (black), CIA (blue), and MAC (red).

to its initial temperature in 2.6 billion years (b.y.). Increasing vis-
cosity by an order of magnitude reduces the efficiency of heat flow
across the solid mantle and raises the lifetime to 6.4 b.y., implying
a fully molten basal layer at present day. On the other hand, for a
low reference viscosity of 10!® Pas, convective heat transfer in the
solid mantle was so efficient that the BMO would begin to solidify
immediately.

The BMO'’s lifetime is highly sensitive to the fraction of to-
tal internal heating concentrated within it. Assuming the KREEP
layer contained all of the radiogenic elements (and thus 50% are in
the BMO) increased the lifetime by approximately 150% compared
with the nominal case. On the other hand, if the fraction were re-
duced to 27% (i.e. 3x more concentrated than the bulk mantle),
the lifetime reduced by 40% to only 1.6 b.y.

Finally, we considered the effect of a smaller fraction fyrgep
that remained near the surface. If all of the KREEP layer fell, the
BMO would be 450 km thick, extending to a radius of 800 km for
our model’s 350-km core. In this case, the BMO lifetime increased
by 20% with respect to nominal to 3.1 b.y. Between these two val-
ues, the BMO’s lifetime is affinely dependent on the magma ocean
radius, Rg. This is reasonable since heat flow is dependent on area,
while the total heat that must be removed is dependent on vol-
ume.

Our results, therefore, suggest that a fully molten BMO existed
from 4.2 Ga to 1.6 Ga (nominal model), although its possible life-
time spans the range from immediate solidification to continuation

at present day given the uncertainty in input parameters. This
intermediate age is consistent with a partially molten lower man-
tle inferred from geophysical measurements (Weber et al., 2011;
Harada et al., 2014; Khan et al., 2014).

As anticipated considering the relatively large radius of the
BMO and the r—3 decay of magnetic dipole field strength with
distance above the dynamo region, the resulting surface field
strengths are substantially larger than thermochemical core dy-
namo predictions and significantly more consistent with the ob-
served ancient magnetic field (Fig. 3). The nominal model indicates
a maximum surface magnetic field of 4.1 pT, 6.7 uT, and 14.5 pT
for the ML, CIA, and MAC scalings, respectively (Fig. 2B). Using the
characteristic velocities associated with the three scaling laws and
nominal BMO thickness, the minimum electrical conductivity nec-
essary to sustain a dynamo is 3-10> S/m, 7-103 S/m, and 3-10* S/m
for the ML, CIA, and MAC scalings, respectively. The critical con-
ductivity values presented are those at 3.56 Ga, the approximate
end of the high-field epoch in lunar history. We, therefore, con-
clude that the BMO can likely sustain a dynamo only if sufficiently
metal-rich.

Although solid mantle viscosity played a strong role in deter-
mining longevity, it was not found to affect the field strength
and minimum conductivity substantially. However, when internal
heating was fully concentrated in the KREEP layer, field strengths
increased by approximately 20%, while the minimum conductivity
reduced by over 20%. fxreep had the largest effect on the magnetic
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Fig. 3. Estimated surface magnetic field in comparison with observational data
(Weiss and Tikoo, 2014). The paleomagnetic field measurements, indicated by the
black dots, are accurate to within a factor of approximately five. Downward or right-
ward arrows indicate that the data point is only an upper bound on field magnitude
or sample age, respectively. Three models are presented and utilize the MAC scal-
ing law. The nominal model is shown in yellow. The second model (green) assumes
all KREEP material has sunk to the CMB. The final model (magenta) assumes the
same, while also using a low solid mantle viscosity and assuming that all radio-
genic heating occurs in the KREEP layer. Precession-driven (Dwyer et al., 2011) and
impact-driven (Le Bars et al., 2011) core dynamo fields are shown for compari-
son. In contrast, thermochemical core dynamos produce maximum fields of <1 pT
(Stegman et al., 2003; Evans et al., 2014, 2018; Laneuville et al., 2014; Scheinberg
et al., 2015).

field since it determines the radius of the BMO. Assuming that all
of the KREEP layer sank to the CMB and contains all of the mantle’s
radiogenic material, the magnetic field scalings span 12-40 pT,
with respective critical conductivities of 103 S/m to 2-10* S/m. The
dependence of field strength and minimum conductivity on these
parameters is illustrated in Fig. 4.
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4. Conclusion

The magnetic field values calculated in this study are consis-
tent, within uncertainty, with the paleomagnetic evidence recorded
by the lunar crust in its early history. The field could be further
amplified by tidal forces (Dwyer et al., 2011), which would have
imparted additional energy to the BMO dynamo, and through in-
teractions with the core (Ziegler and Stegman, 2013).

Past studies have demonstrated that a conventional thermo-
chemical core dynamo would not have been able to produce the
inferred paleofields. Exotic mechanisms must therefore be consid-
ered. A basal magma ocean dynamo appears uniquely adequate to
explain observable evidence, although the hypothesis would re-
quire an unusually high conductivity. Further theoretical and ex-
perimental work is required to assess whether such conditions
could have existed in early lunar history.

The duration of this dynamo has a natural limitation: the high-
field epoch ends when Rm falls below the critical value as convec-
tive vigor and/or ocean thickness decrease. After its demise (which
may have occurred long before the BMO solidified), a core dy-
namo could sustain a lower-strength magnetic field for billions of
years after. Thus, an early BMO dynamo in combination with a
later thermo-compositional core dynamo driven primarily by inner
core solidification provides an elegant and consistent explanation
for the complex history of the lunar magnetic field and helps con-
strain the Moon’s evolution.
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Appendix A. Estimation of fraction of KREEP material to sink

A complete treatment of the problem of lunar overturn is not
within the scope of this study. Here we employ a simplified model
to demonstrate the plausibility of the KREEP material sinking in
full or in part.

In a gravitationally unstable system, a Rayleigh-Taylor instabil-
ity will develop and result in the dense overlying material sinking.
This timescale can be estimated as:

AT

- Apgd

where u, Ap, g, and d are viscosity, density difference, gravi-
tational acceleration, and layer thickness, respectively (Hess and
Parmentier, 1995). However, viscosity is dependent on tempera-
ture, and temperature is decreasing as the Moon cools. Hence there
is a competition between the timescale of the instability and the
timescale of cooling.

Assuming radial symmetry, we use a one-dimensional finite-
difference code solving the thermal diffusion equation,
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for temperature T given radiogenic heating H(t,r). The code was
benchmarked with the analytic solution of a cooling half-space
where H =0.

We consider the time period when the KREEP material has just
solidified and is therefore near its melting temperature (assumed
as in the text to be 1700 K). By this time, the plagioclase crust
would already have developed a conductive temperature profile
which we allow to be linear.

Using equation (A.2) to obtain temperature as a function of
time and radius (Fig. A1A), we then employ equation (1) to de-
termine the associated local viscosity. We use the viscosity at the
top of the layer when evaluating tor. Since average viscosity in
the layer is lower, this approach will overestimate 7g7.

Roughly speaking, the entire layer will sink if the overturn
timescale elapses. Mathematically, complete overturn will occur if
there exists a critical time t. after the onset of the instability such
that:

Tor(tc) =tc. (A.3)

In other words, t. is the time required for the layer (or speci-
fied fraction of the layer) to overturn, if it will overturn at all. Since
Tor is proportional to w which is proportional to a reference vis-
cosity wo, there will always be some g for which equation (A.3)
is satisfied and some w( for which it is not satisfied. We can there-
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Fig. A1l. Simulation of mantle cooling and resulting Rayleigh-Taylor instability timescales. (A) Cooling of the one-dimensional conduction thermal diffusion model when 27%
of radiogenic material is concentrated in the KREEP layer. The five curves show the thermal profile’s evolution from initiation to 50, 100, 150, and 200 m.y. as indicated.
(B) Viscosity near the top of the KREEP layer and the associated “instantaneous” overturn timescale evolution for the thermal model shown in (A). The three curves are
identical except for a differing reference viscosity . Since viscosity  and overturn timescale tgr are both directly proportional to g, adjusting this value simply translates
the curve up or down (on a logarithmic plot). Intersections with the black dashed line, which has a slope of one, indicate complete overturning of the mantle. The blue curve
intersects the line at 0.62 m.y.; since complete overturn would have taken 0.62 m.y. or less (tgr (t <0.62 m.y.) < 0.62 m.y.), and 0.62 m.y. elapsed, this implies overturn
completion. The red curve, with higher viscosity, never intersects, so complete overturn does not occur. The green curve corresponds to the lowest reference viscosity that
will still result in an intersection, gy. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
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Fig. A2. (A) Contour plot of the maximum reference viscosity that would still result in a given fraction of the layer sinking, as a function of concentration of radiogenic
elements. (B) Contour plot showing the time it would take for overturn to occur assuming that reference viscosity. If 27% of radiogenic elements are concentrated in the
layer, then, conservatively speaking, a reference viscosity of 4.1.10%° Pas or lower would permit the entire layer to sink.
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fore solve for the highest reference viscosity pgrr that would still
result in complete overturn (Fig. A1B).

In addition to determining t. and ugr for the entire layer, we
can also evaluate these values for a subsection of the layer in order
to investigate the likelihood of a fraction of the layer sinking. To
do that, we assume the fraction of material above the subsection
is frozen in place; therefore, in equation (A.1), d is the subsection
thickness and p is the viscosity at the top of the subsection. Since
the overlying material is in fact not fixed, this approach will also
overestimate Tor.

We evaluate pugr and its associated t. for the overturn of a
fraction of the dense layer varied between 50% and 100%. We also
vary the fraction of radiogenic elements concentrated in the KREEP
layer between 18% (2x bulk mantle concentration) and 100%.

Fig. A2 shows the results. If 27% of radiogenic elements are con-
centrated in the layer, then, conservatively speaking, a reference
viscosity of 4.1-1020 Pas or lower would permit the entire layer to
sink. If 100% of radiogenic elements are concentrated in the layer,
then, conservatively speaking, a reference viscosity of 6.3-10%1 Pas
or lower would permit 50% of the layer to sink.

Viscosity is poorly constrained, especially considering the pos-
sible presence of water and of melt in the newly solidified layer.
Crustal thickness, thermal conductivity, and initial temperature will
all affect viscosity as well. It is therefore plausible that viscos-
ity was above or below the critical values presented here. Neither
near-complete overturn or near-complete retention can be ruled
out.
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