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[1] Observations of Earth’s magnetic ﬁeld extending back to 3.45 billion years ago indicate that generation
by a core dynamo must be sustained over most of Earth’s history. However, recent estimates of thermal and
electrical conductivity of liquid iron at core conditions from mineral physics experiments indicate that
adiabatic heat ﬂux is approximately 15 TW, nearly three times larger than previously thought, exacerbating
difﬁculties for driving a core dynamo throughout Earth history by convective core cooling alone. Here, we
explore the geomagnetic consequences of a basal magma ocean layer in the lowermost mantle,
hypothesized to exist in the early Earth and perhaps surviving until well after the Archean. While the
modern, solid lower mantle is an electromagnetic insulator, electrical conductivities of silicate melts are
known to be higher, though as yet they are unconstrained for lowermost mantle conditions. We consider a
range of possible electrical conductivities and ﬁnd that for the highest electrical conductivities considered, a
long-lived basal magma ocean could be a primary dynamo source region. This would suggest the proposed
three magnetic eras observed in paleomagnetic data originate from distinct sources for dynamo generation:
from 4.5 to 2.45 Ga within a basal magma ocean, from 2.25 to 0.4 Ga within a superadiabatically cooled
liquid core, and from 0.4 Ga to present within a quasi-adiabatic core that includes a solidifying inner core.
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1. Introduction
[2] Earth’s initial thermal state is likely to be
entirely molten as events such as the putative
Moon forming impact and subsequent core formation generate sufﬁcient heat to completely melt the
© 2013. American Geophysical Union. All Rights Reserved.

mantle [Stevenson, 2007]. A terrestrial magma
ocean that is global in scale can potentially evolve
in a dramatically different fashion than those of
other terrestrial bodies such as the Moon or Mars
because of the much greater pressures reached in
the lower mantle. Material properties of silicate
4735
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melts at lower mantle conditions are uncertain, but
there is some indication that the mantle liquidus
becomes steeper than liquid isentropes [Mosenfelder et al., 2007; Stixrude et al., 2009]. In this
scenario, crystallization initiates at midmantle
depths and proceeds down toward the core, resulting in isolation of a basal magma ocean (BMO)
that is stably stratiﬁed with respect to the overlying solid mantle and may persist for billions of
years [Labrosse et al., 2007].
[3] The electromagnetic properties of a magma
ocean at lower mantle pressure and temperature
conditions have not been directly constrained. The
electrical conductivity of the solid lower mantle is
estimated to be of order 1002101 Sm21 [Katsura,
2007; Velimsky, 2010]. It is an insulator with
respect to the strongly conducting core beneath,
but is a stronger conductor than the crust and
upper mantle. Higher values of conductivity
(ca. 102 Sm21) have been inferred in the lowermost mantle, either in patches [Nagao et al., 2003]
or bulk [Constable and Constable, 2004], possibly
related to iron enrichment [Otsuka and Karato,
2012] or high-pressure postperovskite [Ohta et al.,
2008]. Conductivity of silicates increases signiﬁcantly upon melting due to increased ionic conduction [Katsura, 2007].
[4] Additionally, at sufﬁcient pressure and temperature conditions (i.e., lower mantle and beyond),
liquid oxides become weakly metallic with associated increases in electrical conductivity between 2
and 3 orders of magnitude [Knittle and Jeanloz,
1986; Hicks et al., 2006; Spaulding et al., 2012;
McWilliams et al., 2012]. The presence of highly
mobile ions such as H1, K1, and Na1, common in
hydrated and carbonated melts, are also expected
BMO components that would be sequestered
within the BMO upon its formation. These volatiles reduce melting temperatures and are expected
to enhance electrical conductivity, as has been
advocated for melts in the upper mantle [Karato,
1990; Gaillard et al., 2008; Ni et al., 2011].
[5] Here we explore the geomagnetic implications
of a proposed basal magma ocean and comment
on the limited paleomagnetic observations available in the Archean in relation to our results. We
quantify expected convective velocities in the
BMO region approximating the driving forces as
thermal only. Based on extrapolations from the literature discussed above, we consider a range of
electrical conductivity for BMO liquids between
1022104 Sm21, and discuss the role of this layer
in geodynamo generation.
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2. Methods
2.1. Dynamo Criteria and Magnetic
Reynolds Number
[6] A self-sustaining planetary magnetic ﬁeld can
be generated through dynamo action in a vigorously convecting, electrically conductive ﬂuid
planetary layer under qualifying conditions. The
exact bounds on conditions necessary for planetary
dynamos are unknown, but certain criteria have
been described for a thermally driven dynamo
[Stevenson, 2003] and serve as a useful starting
point for exploring whether the dynamic regime of
the BMO may plausibly support dynamo action.
[7] The ﬂow must be sufﬁciently threedimensionally complex, with a radial component
in the ﬂow, as in the case of convection. Signiﬁcant inﬂuence from the Coriolis force in a rotating
ﬂuid leads to helictical and cyclonic ﬂuid motions,
which have been shown to be favorable for
dynamo generation. In terms of the Rossby number, a rough criterion [Stevenson, 2003] is that
Ro5v=2XL < 1, where X is the planetary rotation
rate. Rotation rate of the early Earth was faster
than today, with 6 h days following the moon
forming impact [Cuk and Stewart, 2012]. Taking
this rotation rate, a typical velocity of 1 cm/s, and
a length scale of 800 km, a corresponding Rossby
number is ca. 1025, which is <<1 indicating rotationally dominated ﬂuid motions in a BMO region,
conducive to dynamo generation.
[8] Additionally, the magnetic Reynolds number
(a ratio of overturn to magnetic diffusion times)
must exceed a critical value of about 10–100 for
dynamo action [Stevenson, 2003], and is typically
calculated as Rm 5vLlo r, where lo is the permeability of free space, r is electrical conductivity, v
is the characteristic ﬂuid velocity, and L is the
length scale of ﬂuid ﬂow.
[9] In the scenario of a vigorously convecting BMO
layer overlying an electrically conductive core, the
core is not completely passive in magnetic ﬁeld generation. The BMO is expected to suppress core convection (see section 3 and Labrosse et al. [2007]),
leaving a stably stratiﬁed core consisting of negligible radial ﬂuid motions. However, the core is likely
to contain strong horizontal ﬂows and shear, resulting from any of a number of causes such as differential rotation, tidal forcing, and precession, and these
will be very effective at producing strong toroidal
ﬁelds from any poloidal ﬁeld generated in the BMO
layer. In such a scenario, it is the product of
4736
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magnetic Reynolds numbers of the two regions that
must be sufﬁciently large for dynamo action, not
just that in the BMO layer. This is the case in the
Sun, where toroidal ﬁeld is generated in the Tachocline below the convective layer [Parker, 1979]. In
the case of the BMO dynamo, the core’s toroidal
ﬁeld would be reduced by the lower conductivity in
the BMO but would still reinforce the regeneration
of poloidal ﬂux. The critical magnetic Reynolds
number in the BMO alone could therefore be substantially below the normal threshold for dynamo
action. The product of the magnetic Reynolds numbers is denoted as the Dynamo number, D, where
D5ðRm core Þ1=2 ðRm bmo Þ1=2 , and we adopt a value of
100 as our nominal critical value for dynamo action.
[10] Rm_core is held constant during the BMO era,
and calculated with the approximation that velocity is of the order of modern core surface velocities. Using vcore 55x1024 m=s [Holme, 2007],
rcore 51:5x106 S=m [Pozzo et al., 2012], and
Lcore 53:5x106 m, we have Rm_core 5 3500 and
R1=2
m core 560. We focus on investigating the temporal evolution of D dependent on the time-varying
Rm_bmo. For this, the length scale is taken to be the
BMO thickness, which decreases with time. In the
case of thermally driven convection, velocities are
related to heat ﬂux through the layer. We therefore
model and calculate heat ﬂux through the BMO,
from there estimate velocities through appropriate
scaling laws, and then estimate Rm_bmo using a
range of electrical conductivities.
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constant heat ﬂow over time [Labrosse and Jaupart, 2007]. Such a model was consequently
applied to investigate the scenario of a crystallizing BMO [Labrosse et al., 2007] (Figure 1a,
dashed lines) in which heat production and latent
heat within the BMO delay secular cooling of the
mantle and core (Figure 1b, dashed lines).
[13] We model the thermal evolution using the
methods of Labrosse et al. [2007], which solves
for the thermal evolution by backward time integration of a set of two coupled partial differential
equations. Radiogenic elements are approximated
to be perfectly incompatible, with the BMO hosting a constant fraction (20%) of the bulk silicate
Earth complement of radioactive elements through
time. We modify three parameters to create our
preferred model. Qm, the present-day heat ﬂow out
of the BMO, is 19 TW (instead of 15 TW) which
accounts for 15 TW of core cooling and the 4 TW
of radiogenic heating. The present-day thickness
of the liquid mantle layer, ao, is 100 m instead of
5422 m. The enrichment of melt in dense components relative to the crystallizing solid, Dn, is
changed from 0.088 to 0.05 which represents
slightly more conservative estimates of iron fractionation occurring during the solidiﬁcation of the
BMO. These changes are all within the signiﬁcant
uncertainty. The resulting preferred model is
presented in Figure 1a (evolution of the temperature and thickness of the BMO layer), and
Figure 1b (evolution of heat ﬂuxes) and discussed
in section 3.

2.2. Thermal History
[11] Earth’s heat loss over time is governed by
solid-state mantle convection and although it
depends on the amount of long-lived radiogenic
heat production, the strong dependence of mantle
viscosity on temperature allows for self regulation
[Davies, 1980]. Inferences of mantle temperature
through time based on petrologic studies [Abbott
et al., 1994; Herzberg et al., 2010] suggest cooling rates of 1502300 K since 3 Ga. Backward
time integration of thermal history models based
on boundary layer theory that relate the evolving
temperature in Earth’s interior to the surface heat
ﬂow starting at present-day values lead to mantle
temperatures that exceed the mantle solidus by 3
Ga (i.e., a thermal catastrophe) [Davies, 1980].
Such models are incompatible with inferred temperatures of the Archean [Herzberg et al., 2010].
[12] This motivated alternative cooling models
that empirically ﬁt constraints on the Earth’s heat
loss, for example, parameterizations that assume

2.3. Characteristic Velocities
[14] Viscosity of a basal magma ocean is expected
to be higher than that of the core by roughly a couple orders of magnitude (1021 Pa s [Solomatov,
2007] for BMO versus 1023 Pa s for the outer core
[Vocadlo, 2007]). This would slightly reduce the
inﬂuence of rotation on the ﬂow as well as the
amount of turbulence [Solomatov, 2007], suggesting that mixing length theory would be a reasonable place to start for estimating characteristic
velocities in the BMO:
vml  ðQm Lag=qcp Þ1=3

(1)

where Qm is the heat ﬂow out of the BMO into the
overlying solid mantle and is obtained from the
thermal evolution model, L is the length scale
taken to be the height of the BMO, a is the thermal
expansivity, g is gravitational acceleration, q is the
BMO density, and cp is the speciﬁc heat.
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[16] Also shown are two velocity scaling laws
developed for the Earth’s core:
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Figure 1. Thermal and geomagnetic evolution of Earth: (a)
thickness and temperature of mantle ‘‘basal magma ocean’’ layer
through time. Dashed lines represent previously hypothesized
BMO [Labrosse et al., 2007]. Solid lines represent updated model.
(b) Heat budget—latent and radiogenic heat terms represent sources within the BMO. Melt cooling is mantle melt layer. Solid and
dashed as in Figure 1a. Adiabatic heat ﬂow [Pozzo et al., 2012],
which must be surpassed for thermally driven convection and
dynamo in core indicated. (c) Dynamo number of BMO-core
region using constant and time-varying electrical conductivities
(labeled). Minimum D for dynamo action indicated. (d) Reproduced after Biggin et al. [2009]. Paleomagnetic ﬁeld intensity data
older than 0.5 Gyr ago (black) and 10–500 Gyr ago (gray) compiled in the PINT database [Biggin et al., 2009] which pass reliability criteria [Biggin et al., 2009]. Mean and one standard deviation
of three proposed geomagnetic eras calculated and shown as solid
and dashed lines, respectively. Dashed vertical lines highlight time
window of transition between mantle and core dynamos which
may have left the Earth temporarily without a magnetic ﬁeld.

[17] The time evolution of D (Figure 1c) is found
using vml for several values of r, including a representative time-varying conductivity with a starting
value of 3000 Sm21 which increases with time (ca.
1 order of magnitude over the period 4.5–2.5 Ga)
due to expected iron enrichment through fractionation as crystallization progresses and the mass of the
BMO decreases. Velocities are not plotted directly
but range between 0.8 and 1.4 cm/s obtained using
mixing length theory. Adopting the minimum value
of D 5 100, a dynamo may operate until 2.5 Ga for
r(t), r 5 10000 Sm21, and r 5 1000 Sm21. As
Rm_bmo depends on the average length scale of convection (taken here as the thickness of the BMO),
the decrease in Rm_bmo, and hence D, is largely
attributable to solidiﬁcation of the BMO. It is
unclear whether a minimum layer thickness is
required for dynamo generation irrespective of Rm.
[18] An initially 800 km thick BMO provides a
signiﬁcant portion of the early Earth’s energy
budget. Radioactive and latent heat generation
within the basal magma ocean suppress core heat
ﬂow, preventing thermally driven convection and
magnetic ﬁeld generation within the core
4738
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Figure 2. Dynamo number, D, calculated from thermal history model using several alternate velocity scaling laws: D when using velocity scaling from ‘‘hard turbulence’’ scaling law developed for (left) magma
oceans, using (middle) CIA balance and (right) MAC balance developed for magnetic cores (see text). Theoretical minimum D marked as gray line. Colors as in Figure 1c.

[Labrosse et al., 2007]. Only after the BMO has
signiﬁcantly crystallized does core heat ﬂow reach
a maximum (Figure 1b). Delayed cooling of the
core helps reconcile models of a young inner core
of about 300–400 Ma [Pozzo et al., 2012]. In the
originally proposed model of Labrosse et al.
[2007], onset of the core dynamo began around
3.5 Gyr ago (dashed red line, Figure 1b) based on
Qad 5 5 TW, coinciding with the age of the oldest
measured paleomagnetic ﬁeld intensity [Tarduno
et al., 2010]. However, revised estimates [Pozzo
et al., 2012] put Qad 5 15 TW and now suggest a
soley thermal dynamo would never be achieved in
their original BMO model. Core heat ﬂow in our
model is suppressed until 2.1 Ga, much later than
the oldest observed paleomagnetic ﬁeld. For the
period pre-2.1 Ga, our model suggests the BMO
could play a role in dynamo generation.
[19] Alternate velocity scalings give lower values
for associated convective velocities, and correspondingly smaller values for Dynamo number.
Figure 2 plots D using the three alternate scalings
discussed in the methods section. For MAC balance velocities, D is lower than critical and if this
is the most appropriate scaling, dynamo generation
is unlikely even at the highest electrical conductivities used here. The CIA balance and hard turbulence regime scalings give intermediate results,
where D is above critical for billions of years for
the highest values of r.

4. Paleomagnetic Observations of the
Ancient Field
[20] The long term evolution of the Earth’s magnetic ﬁeld is preserved in the rock record through

the magnetization of iron-bearing minerals crystallizing in the presence of the ﬁeld. Biggin et al.
[2009] classiﬁed paleomagnetic ﬁeld intensity
measurements between 10 Ma and 3.5 Ga into
three distinct magnetic eras. In Figure 1d, we
reproduce their result, using an updated version of
PINT database (15 August 2012 date of last modiﬁcation, http://earth.liv.ac.uk/pint/). Following
their methods, the PINT database is ﬁrst ﬁltered to
select data meeting reliability criteria outlined in
Biggin et al. [2009]. The update includes approximately 150 additional data younger than 300 Ma,
and ﬁve new references producing 29 data older
than 500 Ma which meet the selection criteria.
Samples younger than 300 Ma represent ﬁeld
strengths typical of the modern ﬁeld (mean of 5.37
3 1022Am2) which are comparable to those from
the Archean (mean of 6.01 3 1022Am2). The time
span corresponding to the Proterozoic represents
an era of lower ﬁeld strength (mean of 3.01 3
1022Am2). Additional data are needed to resolve
whether these initial estimates reﬂect robust differences in ﬁeld characteristics and geodynamo
behavior during the modern, Proterozoic, and
Archean paleoﬁelds.
[21] The thermal history model presented here
suggests a three stage evolution of magnetic ﬁeld
generation (Figure 3) starting with a thin-shell
dynamo within the BMO until 2.5 Ga, followed by
a core dynamo driven at ﬁrst only by thermal convection during a period of superadiabatic core
cooling and later with additional power sources
arising from inner core solidiﬁcation (i.e., the
modern dynamo). A testable prediction of the
BMO dynamo is the subsequent hiatus of magnetic
ﬁeld generation until Qcmb > Qad, during which
rocks will lack a detectable paleomagnetic
4739
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Figure 3. Illustration of three phases of geodynamo generation: (a) Earliest earth until circa 2.5 Ga, a basal
magma ocean in the mantle hosts a thin-shell dynamo. Vertical columns represent rotationally dominant convective ﬂuid motions. (b) Second stage, characterized by an almost fully solidiﬁed mantle, where last crystallization products are compositionally Fe enriched and dense. Greater heat ﬂux out of core allows for thermal
convection to drive dynamo in ﬂuid core. (c) As core cools, solid inner core initiates and grows. Geodynamo
powered by thermal and compositional convection enhanced by core solidiﬁcation, leading to stronger average ﬁeld strength.

signature. This magnetic hiatus occurs in the
model around 2.4–2.15 Ga (Figure 1c) and seemingly corresponds to a gap in the collected data
from 2.45 to 2.25 Ga (Figure 1d). In this scenario,
observations from lunar samples which imply a
lack of magnetic ﬁeld on Earth at some point post3.9 Ga [Ozima et al., 2005] can be reinterpreted as
corresponding to this gap in magnetic shielding
during the Archean era transition from mantle to
core dynamos, and not prior to initiation of core
dynamo between 3.9 and 3.5 Ga, as was interpreted previously [Ozima et al., 2005]. Though the
true gap could be much shorter, and hard to
resolve with the sparsity of Archean rocks suitable
for paleomagnetic experiments, we encourage the
reporting of ‘‘failed’’ paleointensity experiments,
where there are no clear rock magnetic explanations for such results, which otherwise might not
be published.
[22] The geometry of the magnetic ﬁeld generated
in the BMO would likely differ from the modern
ﬁeld. Thin-shell dynamos are less dipolar, where
the speciﬁc structure of the nondipole ﬁeld is
dependent on the aspect ratio of the shell radius to
the radius of the interior nonconvecting region
(here, the core) [Stanley and Bloxham, 2006].
Paleomagnetic ﬁeld directions indicate the
Archean ﬁeld was more antisymmetric [Smirnov
et al., 2011] than the present-day ﬁeld. A heavily
antisymmetric ﬁeld is consistent with numerical

simulations of a very thin shell surrounding a stably stratiﬁed ﬂuid core (aspect ratio of 0.8) where
the resulting ﬁeld was dominated by dipole and
octupole terms [Stanley and Bloxham, 2006]. For
reference, the aspect ratio for a 1000 km thick
BMO over the ﬂuid core is approximately 0.78.
The higher strength of the Archean relative to the
Proterozoic could represent insight about the magnetic energy available, or additionally could be a
function of Earth’s surface being closer to the
dynamo source region when the BMO is hundreds
of kilometers above the present-day core-mantle
boundary (CMB).

5. Discussion
[23] This model demonstrates the feasibility of
dynamo generation from thermal convection in a
long-lived liquid mantle layer overlying a ﬂuid
iron core. Future work toward a more realistic portrait of a mantle dynamo should include effects of
compositional convection inherent in the solidiﬁcation process which will enhance convection and
dynamo efﬁciency [Buffett et al., 1996]. In the
modern core, concentration of light elements at
the inner core boundary occurs as the inner core
solidiﬁcation process fractionates them into the
liquid. This acts as an important source of buoyancy in the ﬂuid outer core, driving convection
4740
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and dynamo action. A solidifying BMO represents
a much more complex picture of starting and
evolving composition (see e.g., C. Jackson et al.,
A geochemical evaluation of potential magma
ocean dynamics using a parameterized model for
perovskite crystallization, submitted to Earth and
Planetary Science Letters, 2013). A greater understanding of the high-pressure/temperature phase
diagram and partitioning behavior is needed for
quantifying compositional stirring, but it is very
likely to be an important factor.
[24] Figures 1 and 2 show several combinations of
velocity and electrical conductivity conditions,
which would be favorable for dynamo generation
in the BMO. While we suggest that paleomagnetic
data favor a 2 Gyr BMO dynamo duration, a range
of longevities are possible given the weak constrains available. Also, as shown, there are cases
where the combination of ﬂuid velocities and electrical conductivity of the BMO layer would fall
short of being sufﬁcient for dynamo generation, as
per the Dynamo number criteria. In such cases the
BMO may still have a more indirect role in amplifying or dampening a nonthermal core dynamo or
affecting the ﬁeld geometry.

6. Conclusions
[25] The model of Labrosse et al. [2007] presents
an ancient Earth which is signiﬁcantly different
from the modern Earth. Modern Earth is layered
as solid core, liquid core, solid mantle, crust, while
the ancient Earth is proposed therein to be liquid
core, liquid mantle, solid mantle, crust. The magnetic implications of this ancient layering have
until now not been explored, likely due to the
modern view of the mantle as an insulator. However the electromagnetic properties of silicate
melts at lower mantle pressure and temperature
conditions are widely unconstrained, and there are
many factors which could contribute to high electrical conductivity in such a layer. Given the presumed young age of the inner core due to
upwardly revised estimates of power requirements
to drive convection in the core, and recent work
alluding to potentially high electrical conductivity
in magma oceans at lower mantle conditions,
dynamo action during the early Earth in the
hypothesized BMO is a viable alternative to the
standard paradigm. The role of liquid oxides in the
lower mantle contributing to magnetic ﬁeld generation should be considered in concert with hypothetical core dynamo histories during the early
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stages of Earth’s evolution. Mineral physics constraints on molten mantle conductivities will be
needed to understand the coevolution of thermal
and magnetic history of Earth.
[26] As our understanding of properties of mantle
materials at extreme conditions improves, and
should they be moderately electrically conductive,
we would be afforded the good fortune of being
able to test the BMO hypothesis and learn about the
ancient mantle through paleomagnetic observation.
The models presented here all favor an Earth protected by a magnetic shield from the earliest times,
but also suggests there could have been a transitional period of reduced or absent magnetic ﬁeld
billions of years after Earth formation. This contrasts suggestions that there was a delayed onset of
the Earth’s magnetic ﬁeld and would have implications for our understanding of planetary evolution.
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