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Terrestrial experiments that use electrons in Earth as a spin-polarized source have been demonstrated to
provide strong bounds on exotic long-range spin-spin and spin-velocity interactions. These bounds
constrain the coupling strength of many proposed ultralight bosonic dark-matter candidates. Recently, it
was pointed out that a monopole-dipole coupling between the Sun and the spin-polarized electrons of Earth
would result in a modification of the precession of the perihelion of Earth. Using an estimate for the net spin
polarization of Earth and experimental bounds on Earth’s perihelion precession, interesting constraints
were placed on the magnitude of this monopole-dipole coupling. Here we investigate the spin associated
with Earth’s electrons. We find that there are about 6 × 1041 spin-polarized electrons in the mantle and crust
of Earth oriented antiparallel to their local magnetic field. However, when integrated over any spherically
symmetric Earth model, we find that the vector sum of these spins is zero. In order to establish a lower
bound on the magnitude of the net spin along Earth’s rotation axis we have investigated three of the largest
breakdowns of Earth’s spherical symmetry: the large low shear-velocity provinces of the mantle, the crustal
composition, and the oblate spheroid of Earth. From these investigations we conclude that there are at least
5 × 1038 spin-polarized electrons aligned antiparallel to Earth’s rotation axis. This analysis suggests that the
bounds on the monopole-dipole coupling that were extracted from Earth’s perihelion precession need to be
relaxed by a factor of about 2000.
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I. INTRODUCTION

Many extensions of the Standard Model suggest new
bosonic particles, several of which (e.g. the axion) are also
interesting dark-matter candidates [1]. The virtual exchange
of these bosons can result in new exotic (non-Standard
Model) forces between particles [2–4]. Searches for exotic
spin-dependent forces provide important constraints on
the coupling strength of these bosons [5–9] as well as
on torsion gravity [10]. A comprehensive review of existing
experimental and observational constraints on exotic spin-
dependent interactions can be found in Ref. [11]. Spin-
polarized electrons within Earth’s mantle and crust
(geoelectrons) have been demonstrated to be a vast and
valuable spin source in searches for exotic long-range
spin-spin [12] and velocity-dependent spin-spin [13] inter-
actions. A new manuscript explores the possibility of
improving the bounds on velocity-dependent spin-spin

interactions by using Earth as a spin source and placing
a spin sensitivity detector on the Chinese space station [14].
Recently, it has been suggested that this large reservoir of

spin-polarized geoelectrons can be combined with exper-
imental measurements of the precession of the perihelion of
Earth in order to establish bounds on exotic monopole-
dipole couplings between the Sun and the spin-polarized
electrons of Earth [15]. To establish such a bound, the
magnitude and direction of the net electronic spin of Earth
must be known. Here we use the electron-spin model
developed in Ref. [12] to estimate the magnitude and
direction of the net spin associated with these geoelectrons.
Assuming only that Earth’s mantle and crust are non-
conductive and that their temperature, density, pressure,
and chemical composition are spherically symmetric, we
come to the general and somewhat surprising conclusion
that the net spin of Earth’s geoelectrons is zero. This is
despite the fact that we estimate that there are about
6 × 1041 spin-polarized geoelectron’s in Earth’s mantle
and crust pointing antiparallel to their local magnetic field.
In order to determine a lower bound on the magnitude of
the net spin along Earth’s rotation axis we consider the
breakdown of Earth’s spherical symmetry associated with
the large low shear-velocity provinces (LLSVPs), the
crustal composition, and the oblate spheroid of Earth.
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We conservatively estimate that there are at least 5 × 1038

spin-polarized electrons aligned antiparallel to Earth’s
rotation axis. This analysis suggests that the bounds on
the monopole-dipole coupling established in [15] need to
be relaxed by a factor of ∼2000.

II. METHODS

A. Earth’s chemistry

Earth’s mass is distributed with ∼32% in the core, ∼68%
in the mantle and< 1% in the crust [16]. Electrical currents
in the core are believed to be responsible for generating
most of Earth’s magnetic field. Though the core is primarily
composed of an Fe-Ni alloy, ab initio calculations suggest
that, at core pressures and temperatures, it is energetically
unfavorable for these metals to retain any unpaired electron
spins. This implies there is no net electron spin within the
core [17].
In the presence of the geomagnetic field, some of the

electrons in paramagnetic minerals within Earth’s mantle
and crust acquire a small spin polarization. Determining the
magnitude and direction of this spin polarization requires
knowledge of the temperature, the density and spin state of
the unpaired electrons, and the magnetic field throughout
the region. The unpaired electron-spin density and spin
state in candidate host minerals can be calculated using
results from deep-Earth mineral physics, geochemistry, and
seismology [12,18].
The most abundant transition metal in the oxides and

silicates of Earth’s mantle, Fe, has a partially filled d shell
that dominates the resulting paramagnetism of the mantle
minerals and crustal rocks. Other major rock-forming
elements have closed electron shells with negligible con-
tributions to the polarized spin density. The relevant
physical parameters of the mantle oxides and silicates,
and expected pressure-temperature profiles of the crust and
mantle (geotherm) are used in the same manner as in
Ref. [12] to calculate the densities of the major mantle
minerals at different depths [19–21]. These calculations
agree well with the seismic preliminary reference Earth
model (PREM) [22], a standard model for the structures of
Earth which determines the elastic parameters and densities
throughout Earth using observation of seismic waves and
other constraints. Most of the iron in Earth’s crust and
mantle is bound up in mineral lattices with either ferrous
(Fe2þ) or ferric (Fe3þ) valence states. The Fe2þ high-spin
(HS) state has four unpaired d shell electrons and a total
spin S ¼ 2. The Fe3þ HS state has five unpaired d shell
electrons and a total spin S ¼ 5=2. The low spin states of
Fe2þ and Fe3þ have total spins S ¼ 0 and 1=2, respectively.
The relative densities of the specific spin states is deter-
mined as outlined in [12].
The majority of the mantle’s unpaired electrons exist in

the Fe2þ HS state. When a spin-1=2 electron in this state
interacts with the local geomagnetic field B on average it

results in a polarized spin density antiparallel to B:

hSBi ¼ −N
μBB
kBT

: ð1Þ

Here N is the number of unpaired electrons per unit volume
in the S ¼ 2 spin state, μB is the Bohr magneton, T is the
temperature, and kB is the Boltzmann constant. Similar
expressions for the unpaired electrons in the S ¼ 5=2, and
S ¼ 1=2 are also proportional to B and differ only by a
numerical factor [12].
Note that the total number of spin-polarized electrons per

unit volume only depends on the magnetic field B, the
number of unpaired electrons per unit volume N, the spin
state of the mineral lattice S, and temperature T. The
relevant geophysical models [19–22] assume that Earth’s
interior temperature, density, pressure and chemical com-
position depend only on the distance r from Earth’s center.
Hence, Eq. (1) implies that over any spherical shell of
radius r, the polarized spin density is simply proportional to
the local magnetic field. Thus, if we demonstrate that the
magnetic field vectors sum to zero for a spherical shell at a
radius r, then we will also show that the net electron spin
polarization at that radius also sums to zero. Summing over
all Earth radii outside of the core will then demonstrate that
the net spin of Earth is in fact zero.

B. Earth’s magnetic field

The model we use to describe Earth’s magnetic field is
essentially the same as was used in Ref. [12]. It is based
upon the world magnetic model (WMM) which is used by
the U.S. Department of Defense, the U.K. Ministry of
Defence, the North Atlantic Treaty Organization, and the
International Hydrographic Organization [23]. Our model
assumes that the regions considered do not contain sig-
nificant free currents, and hence ∇ ×B ¼ 0. In these
regions, the magnetic field can be derived as the negative
gradient of a scalar magnetic potential, VB, which satisfies
Laplace’s equation. In the WMMmodel, the coefficients of
a 12th order associated Legendre solution for VB are
chosen to yield the best fit to surface and satellite magnetic
data. The coefficients for the expansion are produced
jointly by the National Centers for Environmental
Information and the British Geological Survey, and are
usually updated every five years [24]. The model is
typically used for the magnetic field at and above the
surface of Earth. However, since Earth’s mantle and crust
are primarily composed of insulating materials and have
minimal free currents, the solutions can be extended to the
mantle and crust with reasonable accuracy [25]. For any
point outside the core radius, RC, the WMM potential can
be written as
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VBðr; θ;φÞ ¼ RE

XN

n¼1

Xn

m¼0

�
RE

r

�
nþ1

½gmn cos ðmφÞ

þ hmn sin ðmφÞ�Pm
n ðcos θÞ; ð2Þ

where r is the radial vector from the center of Earth to the
point, θ is the point’s colatitude (the angle between r and
Earth’s rotation axis), φ is the point’s azimuthal angle, RE is
Earth’s radius, Pm

n ðcos θÞ is the nth degree, mth order
associated Legendre function, and gmn and hmn are the
coefficients given by the WMM. To extract the local
magnetic field from this potential, one uses the equation

Bðr; θ;φÞ ¼ −∇VBðr; θ;φÞ: ð3Þ

III. CALCULATION

Following the procedures outlined in Ref. [12], we
derived numerically an electron-spin map of Earth.
Figure 1 illustrates the complexity of the electron-spin
distribution within Earth and suggests significant cancella-
tion in the vector sum of Earth’s oriented electron spins. We
performed numerical integrations of the electron spins over

Earth’s volume using Mathematica and found a surpris-
ingly high degree of cancellation of the net spin. This
motivated us to investigate the problem analytically. Here
we prove that within the WMMmodel assumptions there is
an exact cancellation of the net spin of Earth.
We begin by considering the direct integration of the z

component of the magnetic field over a spherical shell at a
fixed radius r > RC:

Bnet;z ¼
Z

B · ẑ da: ð4Þ

We replace B with −∇VB and insert the WMM potential
[Eq. (2)]:

Bnet;z ¼ −
Z

∇VB · ẑda

¼ −
XN

n¼1

Xn

m¼0

Z
∇
�
RE

�
RE

r

�
nþ1

½gmn cos ðmφÞ

þ hmn sin ðmφÞ�Pm
n ðcos θÞ

�
· ẑda: ð5Þ

All of our Legendre functions are functions of cos θ, so we
omit the argument for simplicity in the following expres-
sions. Writing out the gradient in spherical coordinates
we find

Bðr;θ;φÞ¼−∇VBðr;θ;φÞ¼
XN

n¼1

Xn

m¼0

ðnþ1Þ
�
RE

r

�
nþ2

× ½gmn cosðmφÞþhmn sinðmφÞ�Pm
n r̂

−
�
RE

r

�
nþ2

½gmn cosðmφÞþhmn sinðmφÞ�dP
m
n

dθ
θ̂

−
m
sinθ

�
RE

r

�
nþ2

½−gmn sinðmφÞ

þhmn cosðmφÞ�Pm
n φ̂: ð6Þ

Substituting in ẑ ¼ cos θr̂ − sin θθ̂ and evaluating the dot
products yields

Bz ¼ Bðr; θ;φÞ · ẑ ¼
XN

n¼1

Xn

m¼0

�
RE

r

�
nþ2

�
ðnþ 1Þ cos θPm

n

þ sin θ
d
dθ

Pm
n

�
½gmn cos ðmφÞ þ hmn sin ðmφÞ�: ð7Þ

We integrate each term of the associated Legendre expan-
sion separately:

FIG. 1. The polarized electron-spin density on a plane that
contains Earth’s rotation axis (z) and the prime meridian. The
arrows indicate the local direction of the electron spins, and the
colored shading of the plot indicates the magnitude of
the polarized electron-spin density in units of electrons per cubic
meter. Only the spin components in the plane of the cross
sectional slice are shown. The electron-spin density within the
core (white central circle) is assumed to be zero. We note that the
polarized electron-spin density scale of this figure differs sig-
nificantly from that of Fig. 3 of Ref. [12]. Though we have
successfully reproduced all other calculations in Ref. [12], we
note that the scale of Fig. 3 of Ref. [12] should be reduced by a
factor of 10,000 due to a missing conversion factor (Gauss to
Tesla). This typographical error has been confirmed by the
authors of Ref. [12].
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�
RE

r

�
nþ2

Z
π

0

Z
2π

0

�
ðnþ 1Þ cos θPm

n þ sin θ
d
dθ

Pm
n

�

× ½gmn cos ðmφÞ þ hmn sin ðmφÞ�r2 sin θdφdθ

¼ r2
�
RE

r

�
nþ2

Z
π

0

sin θ

�
ðnþ 1Þ cos θPm

n þ sin θ
d
dθ

Pm
n

�

×
Z

2π

0

½gmn cos ðmφÞ þ hmn sin ðmφÞ�dφdθ: ð8Þ

Examining first the φ integral we have

Z
2π

0

½gmn cos ðmφÞ þ hmn sin ðmφÞ�dφ: ð9Þ

Whenm ≥ 1 the integral is zero. Form ¼ 0, the expression
for the integral reduces to

2πg0nr2
�
RE

r

�
nþ2

Z
π

0

�
ðnþ 1Þ cos θP0

n

þ sin θ
d
dθ

P0
n

�
sin θdθ: ð10Þ

Now only looking at the theta integral, we have

ðnþ1Þ
Z

π

0

cosθP0
n sinθdθþ

Z
π

0

sinθ
d
dθ

P0
n sinθdθ: ð11Þ

The WMM model includes a factor of ð−1Þm in the
definition of the associated Legendre functions. Including
this factor, we find that P0

1 ¼ cos θ, P1
1 ¼ − sin θ and

d
dθP

0
n ¼ P1

n [26]. Substituting these into Eq. (11) yields

ðnþ 1Þ
Z

π

0

P0
1P

0
n sin θdθ −

Z
π

0

P1
1P

1
n sin θdθ: ð12Þ

We use the orthogonality relation [Eq. (10.8) of Ref. [27]],

Z
π

0

Pm
n Pm

l sin θdθ ¼ 2ðnþmÞ!
ð2nþ 1Þðn −mÞ! δl;n; ð13Þ

to evaluate each integral in Eq. (12). The integral is zero
when n ≠ 1. For n ¼ 1 the first integral has a value of 2=3,
and the second has a value of 4=3. Including the nþ 1 ¼ 2
factor, the two n ¼ 1 terms cancel. Thus, when integrated
over theta and phi, all of the terms in Eq. (7) sum to zero, and
hence the integration of Bz over any spherical shell with
radius r > RC reduces to zero. It is interesting to note that
this proof indicates that the order of the Legendre expansion
and the values of the coefficients gmn and hmn are irrelevant to
the conclusion that the integral ofB over any spherical shell
is identically zero.
One can argue that since the vanishing of the angular

integration of Bz does not depend on the values of gmn , hmn or
r, the integrated magnetic field component along any

direction must sum to zero. Recall that in the WMM
model, the coefficients gmn and hmn are chosen to reproduce
Earth’s magnetic field when ẑ lies along Earth’s rotation
axis. Since the associated Legendre functions form a
complete set of solutions to Laplace’s equation, we could
just as easily have chosen our ẑ axis to be in Earth’s
equatorial plane. The only thing that would change in the
solution is that we would require different values of gmn and
hmn to match Earth’s magnetic field. Since our conclusion
that the net ẑ component of B must vanish is independent
of the values of gmn and hmn , we infer that the net component
of B in the equatorial plane (or for that matter any other
direction) must also be zero. Hence, we arrive at the
important conclusion that the integral of B over any
spherical shell with radius r greater than the core radius,
RC, must be zero.
In Appendix A we present an alternative proof of the

complete cancellation of the net magnetic field over a
spherical shell. In this approach, we apply the results of a
classical magnetostatics problem to show that the magnetic
field integrated over any spherical shell outside of a region of
constant currents must sum to zero. This approach is
independent of the representation used for themagnetic field.

IV. DISCUSSION AND CONCLUSION

Here we have demonstrated that using a standard spheri-
cally symmetric geophysical model of Earth and its proper-
ties, the net electron spin associated with Earth is zero. The
z component of the net electron spin plays a critical role in
creating Earth’s anomalous perihelion precession as the
equatorial components cancel daily due to Earth’s rotation.
Though it is not explicitly stated in Ref. [15], it appears
from their analysis that the authors have assumed that there
are 1042 electrons spin polarized along ẑ. That number is an
order of magnitude estimate the authors inferred from
Ref. [12]. However, Ref. [12] does not estimate the number
of electrons oriented along ẑ, but is rather an order of
magnitude estimate of the number of electrons in the
mantle and crust that are oriented antiparallel to their
own local magnetic fields. We have run a numerical
integration using the model described here and find that
there are about 6 × 1041 spin-polarized electrons within the
mantle and crust with their spins antiparallel to their local
magnetic field, consistent with the earlier order of magni-
tude estimate. However, as we have demonstrated analyti-
cally here, this model does not yield any net spin along ẑ.
If one treats Earth as a pointlike electron-spin source,

then to establish an upper bound on the monopole-dipole
coupling from the measurements of its perihelion preces-
sion, one needs to establish a minimum net electron spin
along ẑ. We are unaware of any previous lower bound on
this quantity. One might hope to establish a lower bound on
the net electron spin along ẑ by considering the limitations
of some of the approximations that are made in the present
analysis. We note that at any point the electron-spin along
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the z direction is proportional to Bz. The dominant term in
Earth’s magnetic field is dipolar and is described by the
equation (page 255 of Ref. [28])

Bdip ¼
μ0mz

4πr3
ð2 cos θr̂þ sin θθ̂Þ; ð14Þ

where mz is the z component of Earth’s magnetic dipole
moment. Recalling that ẑ ¼ cos θr̂ − sin θθ̂ we perform the
dot product Bdip · ẑ to project out the z component of the
dipole field,

Bdip;z ¼
μ0mz

4πr3
ð2cos2θ − sin2θÞ ¼ μ0mz

4πr3
ð3cos2θ − 1Þ

¼ 2
μ0mz

4πr3
P2ðcos θÞ: ð15Þ

Due to the orthogonality of the Legendre polynomials,
when Bz is multiplied by the density of unpaired electrons
and integrated over Earth’s volume, densities that have a
significant P2ðcos θÞ component will usually dominate the
integration.
The most obvious breakdown of the assumption of

spherical symmetry is that Earth is an oblate spheroid with
its polar radius about 21 km less (about 0.3%) than its
equatorial radius [29]. The dominant correction to the
electron spin along z is associated with the quadrupole
term, P2ðcos θÞ, implied by this flattening of Earth. We
undertake such a correction in Appendix B and estimate
that this departure from spherical symmetry results in
∼3.2 × 1038 electrons spin polarized along −ẑ.
Another prominent nonradial heterogeneity of Earth is

associatedwith the different compositions of different layers
of Earth’s crust and uppermost mantle. The crust can be
further divided into layers of ice, water, sediments and
crystalline crust. The mass and iron densities of these
different layers as well as their radial and angular distribu-
tions can potentially lead to a net electron spin along ẑ. At
shallow depths, the largest heterogeneity is between the
upper continental crust and Earth’s oceans which have very
low iron densities [30]. Below the oceans, the thin basalt-
based oceanic crust has a higher iron density than its
primarily granite continental counterpart at the same depth.
At depths below the oceanic crust, the dominant nonradial
heterogeneity is between the continental crust and the
uppermost mantle. In Appendix C we use a global crustal
model and estimates of the iron fractions of the various
layers to estimate their likely contribution to the net electron
spin along ẑ. We find that these crustal heterogeneities yield
ð2.2� 1.5Þ × 1038 electrons spin polarized along −ẑ.
Similarly, onemight suspect that nonradial heterogeneities

in the mantle might to some degree spoil its electron-spin
cancellation. In the mantle the largest known nonspherical
structures are two LLSVPs that have been identified in
seismic studies [31]. It has been speculated that these regions
might have higher iron concentrations, mass densities

and/or temperatures than their surrounding mantle materi-
als. In Appendix D we conservatively estimate that these
LLSVPs contribute at least ∼1.6 × 1038 electrons spin
polarized along −ẑ.
If one hopes to take advantage of the abundant electron-

spin polarization in Earth’s mantle and crust to bound exotic
spin interactions, it may be necessary to go beyond themodel
of Earth as a pointlike spin source. Onemight instead use the
radial fall off of the exotic spin-dependent potential over a
finite sizedEarth to spoil the cancellation observed here. This
is preciselywhat is done to achieve the bounds established by
terrestrial experiments [12,13]. We emphasize that the
analysis undertaken here in no way undermines the bounds
established from these earlier Earth-based experiments.
Unfortunately, for an interaction between Earth’s geoelec-
trons and the Sun, the sensitivity achieved by such a model
will be suppressed by factors of order D=RE, where RE ¼
6.4 × 103 km is the Earth radius and D ¼ 1.5 × 108 km is
the distance to the Sun. This suppression is likely greater than
104. Note that no similar large suppression occurs for related
experiments that take place on Earth’s surface.
Given the multiplicity of possible sources that can spoil

the assumption of a spherically symmetric Earth and their
sensitivity to the parameters and models used, it is difficult
to place exact lower bounds on the net electron spin along
ẑ. Here we have identified and conservatively estimated
what are likely to be the most important of these sources.
All three of these sources yield electron-spin polarizations
along ẑ that have the same sign and similar magnitudes. To
arrive at a conservative lower bound for the number of
electrons spin polarized along −ẑ we sum the lower bounds
associated with each of these heterogeneities. Including the
model uncertainties, we arrive at a conservative estimate
that the number of electrons spin polarized along −ẑ is
likely greater than ∼5 × 1038. Further refinement of this
bound will require more precise determinations of Earth’s
elemental abundances and additional self-consistent analy-
sis with greater detail. A future calculation should also
incorporate more recent information on the spin transitions
in ferropericlase [32] and bridgmanite [33,34] as well as on
the iron partitioning in ferropericlase [35].
Our lower bound on the net electron spin along ẑ is 2000

times lower than the value assumed in [15]. This suggests
that their published bounds on the monopole-dipole cou-
pling determined from Earth’s perihelion precession need
to be relaxed by this same factor.
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APPENDIX A: REPRESENTATION-
INDEPENDENT DERIVATION

We begin this alternative proof with Eq. (5.93) of
Ref. [28]. The equation implies that the average magnetic
field, over a sphere of radius R, due to steady currents
inside the sphere is

Bav ¼
μ0
4π

2m
R3

; ðA1Þ

where m is the total dipole moment generated by currents
within the sphere. The integral of B over the volume of the
sphere is therefore

Z

V
B dτ ¼ Bav

4π

3
R3 ¼ 2μ0

3
m: ðA2Þ

Now consider a thin spherical shell in Earth’s mantle or
crust between radii r and rþ dr, where RC < r < RE. Let
the radius r correspond to spherical volume V1, and the
radius rþ dr correspond to the spherical volume V2.
Assume all magnetic field sources are in the core, which
is contained in V1. Therefore the net magnetic field in the
thin spherical shell is

Z

V2

B dτ −
Z

V1

B dτ ¼ 2μ0
3

m −
2μ0
3

m ¼ 0: ðA3Þ

This implies that the integral of the magnetic field over
any sphere of radius r, where RC < r < RE, is zero. The
electronic spin at any point in the mantle and crust is a
function of B, temperature, and unpaired electron density
[Eq. (1)]. For any given radius, the temperature and
unpaired electron density are constant [12], and the net
B is zero, so for any spherical shell in the mantle and crust
the net electronic spin over the spherical shell is zero.
Therefore, when summed over the entire mantle and crust,
the net electronic spin is also zero.

APPENDIX B: QUADRUPOLAR MASS
CONTRIBUTION ESTIMATE

Here we approximate the contribution of Earth’s quad-
rupolar mass distribution to the net electron spin along ẑ.

We use the hydrostatic model of Nakiboglu [36] to create a
first-order correction to our spherically symmetric electron-
spin density, ρ0ðrÞ. In this model

ρðr; θÞ ¼ f2ðrÞρ0ðrÞP2ðcos θÞ; ðB1Þ

where f2ðrÞ is a negative dimensionless zonal harmonic
coefficient that accounts for the variation in the ellipsoidal
flattening factor as r decreases. In [36] the value of f2ðrÞ
has been adjusted to yield a best fit to the moments of
inertia of Earth, the gravitational potential outside of Earth,
and Earth’s surface flattening while maintaining Earth’s
mass, the radial density of the PREM model and hydro-
static equilibrium. To facilitate integration, we have fit the
values of f2ðrÞ contained in Table I of [36] over the radii
contained in the mantle and crust to a fourth order
polynomial. Numerically integrating this spin density
over the mantle and crust yields a net polarization of
∼3.2 × 1038 electrons spin polarized along −ẑ. In order to
get a sense of the model dependence of this analysis, we
have also evaluated it for the extreme case of a uniform-
density Earth where f2ðrÞ is assumed to be a constant equal
to its value at Earth’s surface, −0.00223 [36]. This analysis
yields a net polarization of ∼3.6 × 1038 electrons spin
polarized along −ẑ, suggesting that the result is fairly
robust to the precise internal model used. We assume an
uncertainty in our central value of about 10%. We note that
the sign of the net electron spin is consistent with Fig. 1,
which generally has more negative electron-spin compo-
nents in the equatorial plane where there is more mass, and
more positive components in the direction of the poles
where there is less mass.

APPENDIX C: CRUSTAL
CONTRIBUTION ESTIMATE

Here we model the effect of nonradial heterogeneity in
the composition of Earth’s crust and uppermost mantle.
These inhomogeneities can be described using the ECM1
global crustal model [37]. This model identifies Earth
properties in a one-degree grid including the thickness
of water, ice, sediment, and crustal layers. The model is
based on 19,200 seismic measurements and provides a
three-dimensional density distribution of the crust and
uppermost mantle. Moreover the ECM1 assigns one of
12 crustal types to each geographically defined tile. These
crustal types can be further categorized as either continental
or oceanic allowing assignment of the iron fractions of
Table I to these regions. To estimate the effects on the net
electron-spin polarization along ẑ we combine the ECM1
model with these iron fraction estimates. Integrating over
shells of varying depths and thicknesses we are able to
determine the contributions of different layers to the net
electron spin along ẑ. This result depends highly on the
assumed iron fractions and mass density distributions. To
quantify the uncertainties associated with the allowed iron
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fractions we select the iron fractions in Table I that
maximize or minimize the number of electrons spin
polarized along ẑ. We integrate over a volume which
extends 40 km below and 10 km above sea level and
includes the majority of the crust’s heterogeneity. This
integration yields ð2.2� 1.5Þ × 1038 electrons spin polar-
ized along −ẑ. To explore the effect of different mass
distributions we repeat the integration using the densities
and depths given by CRUST 1.0 [38], an alternative global
crustal model, and find similar results.

APPENDIX D: LLSVPS CONTRIBUTION
ESTIMATE

The LLSVPs are two broad regions in the lowermost
mantle below Africa and the Pacific, characterized by
percent-level perturbations of seismic wave speeds. Both
anomalies extend laterally for thousands of kilometers and
extend vertically ∼1200 km from the core-mantle boun-
dary. These perturbations reflect thermal, density, and/or
compositional heterogeneity in those regions. A number of
origin mechanisms have been proposed, including that the
LLSVPs represent accumulations of subducted oceanic
crust [47], primordial thermochemical piles [48], a residue
of basal magma crystallization [49], or remnants of a
protoplanet theorized to have struck Earth [50]. These
various origins often lead to different LLSVP material
compositions, densities, and/or temperatures than those of
the surrounding mantle material.
It has been suggested that these LLSVP regions may be

enriched with as much as ∼40% more iron than the
surrounding mantle at 2800 km depths [51]. Iron enrich-
ment of the LLSVPs has also widely been suggested by

previous studies [52–56]. The density anomalies associated
with the LLSVPs remain actively debated. Tidal tomogra-
phy-based studies found that the mean density of the lower
two thirds of the two LLSVPs is ∼0.5% higher than that of
the surrounding mantle. On the contrary, a study using
Stoneley modes suggests a negative density anomaly within
LLSVPs, without excluding the possibility of a high-
density anomaly within the lowermost regions of the
LLSVPs [57]. A resolution to these discrepancies is
presented in Ref. [51] which models the 3D chemical
composition and thermal state of the lower mantle based on
seismic tomography and mineral elasticity data.
Reference [51] concludes that the lowermost LLSVP
regions are denser than the ambient mantle, but at shallower
depths the structures are less dense than the surrounding
mantle.
Acknowledging the challenges related to understanding

the nature, origin, and morphology of the LLSVPs we
attempt to estimate the minimum net electron spin along ẑ
that the LLSVPs might contribute. We use the work of
Ref. [58] to determine the spatial extent and location of the
LLSVPs. That clustering analysis contrasts five global
shear wave speed tomographic models and infers the
morphology and volume of the LLSVPs. In our estimate
we specifically use the majority (m ≥ 3) slow cluster vote
map of Ref. [58]. This represents a lower bound as it likely
underestimates the volume of the LLSVPs as 6.7% of the
mantle.
Within the LLSVPs we use the density and temperature

variation inferred from the inversion of the GLAD-M25
model [59] described in Ref. [51]. At depths below
2800 km we assume an iron fraction 40% greater and a
mass density 0.7% greater than those assumed in Ref. [12].

TABLE I. Weight percents of the total iron expressed as the calculated ferrous amount (FeOt) for the crust and uppermost mantle
layers. As in the ECM1 model, we divide the oceanic and continental crust into its constituent ice/water, crustal, and sedimentary layers.
Values for the upper mantle are also shown. The middle row for each gives the literature recommended value. To estimate the model
dependence of these parameters (see text), 1-σ variations in these central values are considered in the rows marked min and max. For the
lower continental crust, 1-σ variations are unavailable, and instead a range of published concentrations are given. We are unable to
identify uncertainty estimates for the thin sedimentary layers.

Continental Oceanic Both

Considered
range Sedimentary

Upper
continental

Middle
continental

Lower
continental Sedimentary

Oceanic
basaltic Ice=water

Upper
mantle

Min FeOt � � � 4.51 5.22 7.47b � � � 8.79 � � � 8.04
Avg FeOt 5.16a,c 5.04d 6.02d 8.57d 4.32a,c 10.36f ~0e 8.27g

Max FeOt � � � 5.57 6.82 10.6h � � � 11.93 � � � 8.41
aReference [39] is used to determine the FeOt weight percent from the FeO and Fe2O3 weight percents of Ref [40]. In this model, we

assume that all of the iron is in the HS state.
bReference [41].
cReference [40].
dReference [42].
eReference [30].
fReference [43].
gReference [44].
hReferences [45,46].
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At depths shallower than 2700 km we assume a mass
density 0.2% less than Ref. [12] while leaving the iron
fraction unchanged. This reduction of the mass density is
consistent with that suggested in Ref. [57]. In the inter-
mediate region between 2700 km and 2800 km we assume
a mass density 0.25% greater and an iron fraction 20%
greater. We also assume that the temperature in the LLSVPs
is 20% higher than the surrounding mantle material. From
Eq. (1) this results in a 20% reduction of all of the electron
spins in these regions. Numerically integrating the con-
tributions of these regions we find that they yield

∼4.1 × 1038 electrons spin polarized along −ẑ. However,
this result is highly model dependent. If the iron fractions of
the model are reduced by a factor of 2 as suggested by the
inversion of the SP12RTSmodel [60] described in Ref. [51],
then the net electrons spin polarized along −ẑ is reduced to
∼1.6 × 1038. We regard this as a reasonable lower bound on
the polarization along−ẑ. We note that the sign of the effect,
based onFig. 1,matches the expectation that onewould have
due to the additional polarizable spins the LLSVP models
preferentially add to the equatorial regions.
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