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Is the Lunar Magnetic Field Correlated With Gravity
or topography?

Shengxia Gong!?'" and Mark A. Wieczorek?

LCAS Key Laboratory of Planetary Sciences, Shanghai Astronomical Observatory, Chinese Academy of Sciences,
Shanghai, China, 2Université Cote d'Azur, Observatoire de la Cote d'Azur, CNRS, Laboratoire Lagrange, Nice, France

Abstract Magnetic field measurements made from orbit show that there are strong magnetic
anomalies on the Moon, but many of these show no clear correlation with known geological processes.
Given that the primary magnetic carrier on the Moon is metallic iron, which is considerably denser than
the silicate minerals that make up the crust, we might expect that there would be a correlation between the
magnetic field and gravity. If the magnetic anomaly were related to iron-rich impact ejecta, there might
also be a correlation between the magnetic field and topography. We use magnetic field, topography, and
gravity data to test whether such correlations exist. Our results demonstrate that some magnetic anomalies
show statistically significant positive correlations with free-air gravity and topography, and the magnetic
sources within these regions could potentially be iron-rich impact ejecta. In a few cases, the magnetic
anomalies show statistically significant positive correlations with Bouguer gravity, implying that the
magnetic anomalies are associated with density anomalies within either the crust or upper mantle. The
origin of the vast remainder of lunar magnetic anomalies remains enigmatic.

Plain Language Summary Although the Moon does not have a global magnetic field like the
Earth at the present time, portions of the lunar crust are found to be strongly magnetized. The origin of
these crustal magnetic anomalies is uncertain since many of these anomalies show no clear correlation
with geological features. Here we test whether these magnetic anomalies are related to topography or
gravity in order to constrain the origin of these anomalies. We found that in some cases, the magnetic
anomalies could be related to iron-rich impact ejecta. In a smaller number of cases, some magnetic
anomalies might be related to subsurface density anomalies.

1. Introduction

The Moon does not have a core-generated magnetic field at present, but surface and orbital magnetic field
measurements show that portions of the lunar crust are strongly magnetized (Dyal et al., 1974; Hood et al.,
2001; Tsunakawa et al., 2010). Some lunar samples collected on the Moon's surface also are magnetized, and
paleomagnetic analyses of these samples suggest that a long-lived core dynamo could have operated from
~4.25 Ga (Garrick-Bethell et al., 2009, 2017) to somewhere between ~2.5 and 1 Ga (Mighani et al., 2020;
Tikoo et al., 2017). The surface intensity of this early dynamo field is predicted to be 10s of uT and to have
decreased by an order of magnitude after 3.56 Ga (Suavet et al., 2013; Tikoo et al., 2014). Several mechanisms
have been proposed to drive a core dynamo, including thermal and thermochemical convection (Evans et al.,
2014; Konrad & Spohn, 1997; Laneuville et al., 2014; Scheinberg et al., 2015), and mechanical forcing by
precession, librations, and non-synchronous rotation (Cébron et al., 2019; Dwyer et al., 2011; Le Bars et al.,
2011). Recently, a dynamo generated by convection in a silicate basal magma ocean has also been proposed
to explain the early lunar magnetic field (Scheinberg et al., 2018).

The lunar magnetic anomalies almost certainly formed in the presence of a long-lived magnetic field
(for areview, see Weiss & Tikoo, 2014). However, it is unclear as to whether these magnetic anomalies formed
at the same time as the primordial crust or later as a result of subsequent geological processes. Though some
of the magnetic sources could be related to lateral variations in iron metal content of the primordial crust,
others could be related to metal-rich basin impact ejecta, basin impact melt sheets, ancient lava flows, or
magmatic intrusions (Halekas et al., 2001; Hemingway & Tikoo, 2018; Hood, 2011; Hood & Artemieva, 2008;
Oliveira et al., 2017; Purucker et al., 2012; Wieczorek, 2018; Wieczorek et al., 2012). One of the key difficulties
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in distinguishing among these hypotheses is that the vast majority of these anomalies show no clear correla-
tions with known geological processes. A few exceptions to this rule do exist. The impact melt sheets of about
six Nectarian basins (Serenitatis, Crisium, Humboldtianum, Moscoviense, Mendel-Rydberg, and Nectaris)
are clearly magnetized (Le Bars et al., 2011; Oliveira et al., 2017), as is the northern rim of the pre-Nectarian
South Pole-Aitken basin (Wieczorek et al., 2012). Recently, Reiner Gamma has also been suggested to
be potentially a magnetized impact melt sheet that was later buried by mare basalts (Garrick-Bethell &
Kelley, 2019). These observations could be accounted for by the incorporation of small quantities of
iron metal derived from the projectile in these deposits. The iron metal would then have subsequently
magnetized in the presence of a core generated dynamo field as the melt sheet crystallized and cooled.

Lunar magnetic anomalies are likely related in some way to changes in the composition of the crust. As the
crustal composition is related to its density, lunar magnetic anomalies might be expected to have a gravita-
tional signature. One possible scenario involves magnetic materials that are located deep below the surface.
As one example, basaltic and Mg-suite plutonic rocks could have acquired a thermoremanent magnetiza-
tion as they cooled in the presence of a long-lived magnetic field. These mafic rocks are intrinsically more
dense than the anorthositic crust that they intruded (e.g., Wieczorek et al., 2001), and their density contrast
with the surrounding crust could potentially be enhanced by having comparatively less impact-generated
porosity as a result of their younger ages. These rocks could thus generate both a magnetic anomaly and
a positive Bouguer gravity anomaly, but they would not be expected to be associated with topography.
(As will be discussed in section 2, the Bouguer anomaly is the gravitational attraction after removing the
gravitational contribution of topography.) Another example is that the compositional anomalies in the deep
crust could have formed at the same time as the crust itself, which would probably again generate both
magnetic anomalies and Bouguer gravity anomalies, but would not be associated with topography.

A second scenario is that the magnetic materials were emplaced, or formed, on the surface. For example,
the impact melt pool of an impact basin might be enriched in iron metal that was derived from the impactor,
and it could potentially acquire a strong remanent magnetization if it cooled in the presence of a magnetic
field (e.g., Garrick-Bethell & Kelley, 2019; Oliveira et al., 2017). The composition of the impact melt pool
would likely differ from the surrounding crust, either as a result of differentiation during crystallization
or by being derived from deep crustal and mantle materials. Furthermore, the melt sheet would initially
form with no porosity, which is considerably different from the ~12% porosity that is found in typical upper
crustal highland rocks (Wieczorek et al., 2013). In addition to potentially having a correlation with Bouguer
gravity (from the variations in crustal density), we might also expect to see a negative correlation with topog-
raphy given that the impact melt pool is located in the center of the crater where the elevations are lowest.
Conversely, magnetized iron-rich impact ejecta deposits surrounding a basin would be expected to exhibit a
positive correlation with topography given that they were emplaced directly on top of the preexisting crust.

In this study, we investigate whether the magnetic field of the Moon is correlated with the Bouguer gravity,
free-air gravity, or topography. Whereas other studies have noted potential correlations between the mag-
netic and gravitational fields by inspection of these data in the space domain (such as in the studies of
Smrekar et al., 2004, and Milbury et al., 2007, for Mars), we investigate potential correlations using a local-
ized spectral analysis approach. We then quantify the significance of any such correlations using Monte
Carlo simulations. In the following section, we describe the data sets that will be employed in our investi-
gation and the localized spectral correlation analysis procedures. Following this, we present our results and
then finally discuss the implications of our results for the origin of lunar magnetic anomalies.

2. Data and Methods

The primary data sets used in this study are spherical harmonic models of the Moon's magnetic field, free-air
gravity, Bouguer gravity, and topography. The global crustal magnetic field model is a 450 degree and order
spherical harmonic model (Tsunakawa et al., 2015) based on both Lunar Prospector and Kaguya measure-
ments. The topography model is a 2500 degree and order spherical harmonic expansion (Wieczorek, 2015) of
gridded Lunar Orbiter Laser Altimeter data (Smith et al., 2010). The free-air gravity model is the 900 degree
and order spherical harmonic model GRGM900C of Lemoine et al. (2014) that is based on data obtained from
the Gravity Recovery and Interior Laboratory mission (Zuber et al., 2013). Lastly, we will make use of a grav-
ity model from Wieczorek et al. (2013) that is the gravity that remains after removing all known gravitational
contributions, including topography, long-wavelength variations in crustal density, and long-wavelength

GONG AND WIECZOREK

20f13



~1
AGU

100 Journal of Geophysical Research: Planets 10.1029/2019JE006274

ADVANCING EARTH
AND SPACE SCIENCE

6 5 -4-3-2-10 1 2 3 4 5 6 7
Topography, km

—-400 -300 -200 -100

100 200 300 400 500 -20 -10 0 10 20 30

Total free-air gravity, mGals Total modified Bouguer gravity, mGals

Figure 1. (upper left) Total magnetic field strength, (upper right) topography, (lower left) total free-air gravity, and (lower right) total modified Bouguer gravity
of the Moon at the mean planetary radius. All the maps were evaluated using spherical harmonic coefficients up to degree and order 449. Total magnetic

field strength is plotted using a logarithmic color scale. All maps are presented in a Mollweide equal-area projection centered over the farside hemisphere on
180° E longitude with grid lines, plotted every 30° in both latitude and longitude.

variations of crustal thickness. The remaining gravitational signal should be the result of short-wavelength
density variations within either the crust or upper mantle that differ from the assumed values. This gravity
model was previously used in the study by Thorey et al. (2015) and is very similar to the filtered Bouguer
gravity model used by Jansen et al. (2017). We will, from this point onward, refer to this gravity model as the
“modified Bouguer gravity.” In practice, this gravity product is most similar to the “isostatic anomaly,” with
the main difference being that our crustal thickness model is not necessarily isostatic.

The surface crustal magnetic field model of Tsunakawa et al. (2015) was first downward continued to
the mean planetary radius (~1,737.2km) which is slightly lower than the reference radius of the model
(1,737.4km). The three vector components, total field intensity, and magnetic potential were then obtained
from the Gauss coefficients using the software package SHTOOLS (Wieczorek & Meschede, 2018), with a
maximum spherical-harmonic degree of 449 that corresponds to a spatial resolution of 0.2°. In our baseline
analyses, we make use of the total magnetic field strength as opposed to any vector component or magnetic
potential, as it is the least sensitive to the (unknown) direction of magnetization. The gravity models were
also expanded on the same reference sphere. The total free-air gravity and total modified Bouguer gravity
were computed from the three vector components of these fields in order to be consistent with the employed
total magnetic field intensity. The resulting total magnetic field strength (plotted using a logarithmic color
scale), the total free-air gravity, and the total modified Bouguer gravity are plotted in Figure 1 along with the
surface topography.

We next performed a cross-correlation analysis to determine if the magnetic field strength was statistically
correlated with any of the other three data sets. One approach would be to do the correlation analysis in
the spatial domain by determining a single correlation coefficient using data within a specified region of

GONG AND WIECZOREK

30f13



. ¥ell

100 Journal of Geophysical Research: Planets 10.1029/2019JE006274

interest. However, such an analysis would be biased by the longest wavelength signals that usually have the
highest amplitudes. To avoid this problem, we instead performed the correlation analyses in the spectral
domain, which provides a correlation coefficient for each spherical harmonic degree.

In order to obtain estimates of the spectral correlation that are localized to a region of interest, we employed
the multitaper spectrum analysis technique as developed by Wieczorek and Simons (2005, 2007). The idea of
this technique is simple: The data are multiplied by one or several specially constructed orthogonal localiza-
tion windows, and the resulting functions are expanded into spherical harmonics. The spherical harmonic
expansion of the localized field B = hb, where h is the window and b is the global field, is given by

Linax

!
B0, $) = h(0,$) b0, d) = D ¥ By, Y3, (6, ), e
=0 m=-1
where the localized spherical harmonic coefficients of degree | and order m are given by B,,,, Y,,, are the
corresponding 4z-normalized spherical harmonic functions at colatitude 6 and longitude ¢, and the sum
is performed over all degrees that are permissible by the resolution of the data. For a single localization
window, the localized auto-power spectrum of the function B is given by

1
Sp) = Y B )

m=-—1

and the localized cross-power spectrum of two function B and G is

1
SBG(I) = Z Blm Glm’ (3)

m=-1|

From these two definitions, the localized correlation spectrum can be computed as

Spa(l
y@)y = ——ss® @

vV Sge(D) Sge(D

The spectral correlation has a maximum value of 1 when the two fields are perfectly correlated and a min-
imum value of —1 when they are perfectly anticorrelated. If the two fields were unrelated, the spectral
correlation would be close to zero. When multiple localization windows are employed, the localized power
spectrum is defined as the average of the spectra from each of the individual localization windows. The cor-
relation estimate is then computed according to equation (4). Our localized spectral analyses make use of the
procedures available in the SHTOOLS software package, with all spherical harmonic coefficients converted
to the geodesy 4z-normalization.

In order to test whether the two data sets are correlated or not, we define a single statistic that is the average
correlation over the degree range of interest:

3
1
¥=r7—7—=270: (5)
L-L+1 g:

where [, and [, are the minimum and maximum degrees that will be used in the analyses, respectively. As
opposed to statistics that make use of y2, this statistic allows us to investigate the sign of the correlation, and
we will discuss later how [; and I, are chosen.

Given that a high correlation could occur by chance, we next quantified the probability that a specific value
of ¥ would occur if the two data sets were unrelated to each other using a Monte Carlo approach. Treating
the spherical harmonic coefficients of the magnetic field as a random Gaussian process, we created syn-
thetic magnetic field models that are consistent with the localized magnetic power spectrum. First, for a
given analysis region, the localized power spectrum of the magnetic potential Sy;; was computed on the ref-
erence sphere of the magnetic field model. The degree-dependent variance of the magnetic field coefficients
(using 4z-normalized harmonics) is given by (see equation (11) of Wieczorek, 2018)

2 _ SUU
&m) = a2@l+1) ©
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where g, are the Gauss coefficients of the magnetic field and a is the reference radius. For each degree,
the spherical harmonic coefficients were chosen to be random Gaussian variables with a variance given by
equation (6). After converting the coefficients to the Schmidt semi-normalization, a map of the magnetic
field intensity was computed, and the average localized correlation 7 with the secondary field was deter-
mined. By repeating this procedure 1,000 times, we constructed a normalized probability distribution of the
values of 7 and determined the 95% confidence limits. Any average correlation outside of the 95% confi-
dence limits was considered to be statistically significant given its possibility of occurrence is only 5%. We
note that the probability distribution of ¥ was found to be symmetric about zero, and for convenience, we
used the absolute value of 7 in our Monte Carlo computations.

As described by Wieczorek and Simons (2005), each degree [ of the localized spectrum contains contribu-
tions from degree - 1,;, to [+1,;, of the global fields, where [, is the bandwidth of the localization window.
This places strict constraints on the degree range of the localized fields that can be analyzed. In particular,
we note that when doing the Monte Carlo simulations, the localization window is effectively applied twice
to the random realization and that the first 21, coefficients are hence unreliable. Specifically, the first
degrees of the localized power spectrum S;;;; are unreliable as a result of these degrees having wavelengths
that are larger than the analysis region. When a random realization is constructed based on this spectrum,
and it is itself localized, localized degrees less than 2[,;, will be affected by the initially unreliable coefti-
cients with degrees less than [;,,. Thus, the average correlation y obtained from the Monte Carlo simulations
should be analyzed only for degrees greater than 21,;,. In a similar manner, the maximum degree that can
be analyzed when localizing a random realization based on the localized power spectrum Sy, is 21

win

win

max 'win*
When the power spectrum is red (i.e., the power spectrum decreases with the increasing degree), the expec-
tation of the localized power spectrum will be biased with respect to the global one, especially at the lowest
degrees. Numerical simulations show that the degree range with substantial bias is usually confined to
degrees less than about 2, (e.g., Simons et al., 2006; Wieczorek & Simons, 2007). Thus, for our simula-
tions, when localizing a random realization of the magnetic field, we will only analyze degrees greater than
31, Therefore, in our analyses using equation (5), the minimum degree [, is set to 3/,;,, and the maximum

degree [, is set to I, — 2L ;,-

win?

3. Results

We calculated localized correlation spectra between the total magnetic field intensity and three separate data
sets: topography, total free-air gravity, and total modified Bouguer gravity. In the multitaper analysis, we use
only well-localized windows that concentrate 99% of their power within the region of interest. For our base-
line results, we chose the localization region to be a spherical cap with an angular radius of 10° (~300km)
and set the spectral bandwidth to 26, which provides only one well-localized window. Localized correlation
analyses were performed on an equally spaced grid that covered the lunar surface with a 2° grid spacing at
the equator. The statistic y was computed for each location, and this value was subsequently compared with
the 95% confidence limits obtained from Monte Carlo simulations. Regions where the average correlation y
is higher than would occur by chance at the 95% level were then retained as being statistically significant.
Given the manner by which we define statistical significance, if two data sets were unrelated, 5% of the anal-
yses should show average correlations that are significant at the 95% level (2.5% with positive values and
2.5% with negative values).

Figure 2 illustrates how we determined the 95% confidence limits of the 7 statistic, here referred to as |7ys|.
In the first panel, we plot a representative localized power spectrum of the magnetic field intensity centered
at (30° S, 180° E). This analysis region is on the farside of the Moon in the South Pole-Aitken basin and
has higher power at all degrees when compared to the global magnetic power spectrum as plotted in blue.
The power spectra of 20 synthetic fields derived from the localized spectrum are plotted in gray. The second
panel shows the probability density function of the statistic 7 based on 1,000 synthetic fields. As shown in
the figure, the distribution is centered on zero and is Gaussian in form. For this analysis, |7,s| is close to 0.1:
Any value of |7| that is greater than this value would occur by chance with a probability of only 5%. Similar
Monte Carlo simulations were performed on a map with a grid spacing of 30° in both latitude and longitude.
As shown in the third panel, the values of |7,s| vary across the surface of the Moon only from 0.07 to 0.10.
For computation convenience, observed values of |7| were compared with the closest value of |7,5| on this
map. We note that the distribution of 7 is not always perfectly centered on zero, which is a result of the small
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Figure 2. (upper left) Localized magnetic power spectrum at (30° S, 180° E) using a single taper, 20 synthetic power spectra based on this spectrum, and the
global magnetic power spectrum of the Moon, all at the mean planetary radius. The vertical dotted lines correspond to the minimum and maximum degrees
used in the analyses, which are 31, and [, — 2Ly, respectively. (upper right) The probability distribution of the average localized correlation 7 between the
magnetic field intensity and total free-air gravity using 1,000 synthetic magnetic fields. The dashed blue lines show the 95% confidence limits |7y5|, which is
here equal to about 0.1. (bottom) Map of |79s| calculated on a 30° grid in latitude and longitude.

number of Monte Carlo simulations that were employed. Nevertheless, tests using different 7,5 limits for
positive and negative correlations were found to be almost identical to those of using a single value of 7.
For convenience, we thus used a single |7,5| value in the following analyses.

We start by discussing the correlation results between the total magnetic field strength and topography. We
plot in Figure 3 (upper right panel) those regions where |7| is greater than the 95% confidence limit. We
found that 14.7% of the surface area of the Moon possessed average correlations that exceeded the 95% con-
fidence limits; 13.4% of our analyses possessed positive correlations (plotted in red) whereas 1.3% possessed
negative correlations (plotted in black). The regions with negative correlations that exceeded the 95% confi-
dence limits are roughly consistent with the two fields being unrelated (2.5% of the analyses should be both
positively and negatively correlated on average). However, the analyses with positive correlations are higher
than what one would expect by about 10.9%. We also tested whether our conclusions changed when using
different parameters of the localization windows. (The same criterion was used as in the baseline analy-
sis where 99% of the window's power is concentrated within the region of interest.) As shown in Table 1,
the regions that are negatively correlated do not depend upon the parameters of the localization windows.
The percentage of the analyses that are positively correlated, however, does increase from 5.0% for windows
with angular radii of 6° to about 18.4% for localization windows with radii of 12°. Regardless, the conclu-
sions of our analysis remain unchanged: The negative correlations are always consistent with being random,
whereas the positive correlations are in excess of what one would expect for unrelated fields.

Results for the correlation between the total free-air gravity and the magnetic field strength are shown in the
lower left panel of Figure 3 and in Table 1. These results are seen to be nearly identical to those obtained using
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exceed the 95% confidence limits.

the topography. The reason for this is that lunar free-air gravity is highly correlated with surface topography
for short wavelengths. In fact, for degrees greater than 80, the correlation between free-air gravity and gravity
predicted from topography is usually greater than 0.98 (Lemoine et al., 2014).

Our correlation results between the total modified Bouguer gravity and total magnetic field intensity are
shown in the lower right panel of Figure 3. In this case, we found that only 8.1% of the surface area of
the Moon has average correlations that exceed the 95% confidence limits, and this is just slightly larger
than the 5% that would be expected to occur if the magnetic field intensity and total modified Bouguer
anomaly were unrelated. Of the 8.1% of the region that has || larger than |7ys|, 6.7% corresponds to positive
correlations and 1.4% corresponds to negative correlations. Thus, the regions with negative correlations that
exceeded the 95% confidence limits are consistent with the two fields being unrelated, just as was the case

Table 1
Percentage of the Moon's Surface Area Where |7| > |7gs|

Topography Total free-air gravity Total modified Bouguer gravity
Localized window parameters Positive Negative Positive Negative Positive Negative
0=06°1Lu,=43,K=1 5.0% 1.8% 5.4% 1.6% 3.5% 1.9%
6 =81y, =32,K=1 9.0% 1.7% 9.8% 1.3% 5.1% 1.9%
0 =10° Ly, =26,K=1 13.4% 1.3% 14.3% 1.0% 6.7% 1.4%
0=12°1;,=21,K=1 18.4% 1.1% 20.2% 0.7% 9.2% 0.8%
0 =10°, Ly, =35,K=3 13.2% 1.5% 14.4% 1.2% 7.3% 2.2%

Note. Results are shown using several different localization windows parameters (where 0 is the angular radius of the
window, Ly, is the spectral bandwidth of the window, and K is the number of tapers used in the analysis). For each
field, the percentages of the correlations that are positive and negative are indicated. For random fields, the positive
and negative correlations would be expected to be about 2.5% each.
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with our analyses that considered topography and total free-air gravity. However, the analyses with positive
correlations are slightly higher than what one would expect by about 4.2%, which seems to indicate thatin a
few cases, the total modified Bouguer gravity might be correlated with the total field intensity. Similar results
are obtained when using single localization windows with radii that range from 6° to 12° or multitaper
analyses with three localization windows (see Table 1).

The above analyses used a minimum degree of [, = 3l,,, and we tested the sensitivity of the results to
this choice. By increasing the minimum degree to 41, the results are generally consistent with those dis-
cussed above, but there are slightly fewer regions where the total field intensity is positively correlated with
either topography, total free-air gravity, or total modified Bouguer gravity (see Figure S1 in the supporting
information). For example, the surface area that possesses statistically significant positive correlations using
topography is decreased slightly from 13.4% to 10.3%. For the results of using total free-air gravity and total
modified Bouguer gravity, the surface area reduced somewhat from 14.3% to 11.8% and from 6.7% to 6.0%,
respectively.

We next tested the sensitivity of our results by performing the correlation analyses at 30 km altitude, which
corresponds to where most of the magnetic field measurements were obtained. These results are shown in
Figure S2 in the supporting information. When using topography, the surface area that has average corre-
lations greater than the 95% confidence limits decreased by nearly a factor of 2 compared to those at the
surface, from a total of about 15% to 8%. Regardless, the regions that are negatively correlated are still con-
sistent with not being statistically significant, and those regions that are positively correlated exceed that
expected of unrelated fields by about 3-4% of the Moon's surface area. The results of using the total free-air
gravity are nearly identical to those of using topography. For the results using the total modified Bouguer
gravity, the surface area decreased from 8.1% to 5.3%, with the negative correlations remaining consistent
with being random. The correlation results are thus somewhat sensitive to the altitude at which the analysis
is performed, and this is simply because the magnetic field intensity is sensitive to the magnetization direc-
tion and is not always centered directly over the magnetic sources. Simulations using magnetized disks show
that there can be an offset between the strongest magnetic field intensity and the location of the magnetic
sources and that this offset increases with altitude. Thus, by performing a correlation analysis at spacecraft
altitudes, one would naturally expect the correlations between the magnetic field and other observables to
decrease, as is observed.

We also tested the sensitivity of our results by using the 99.7% (3-¢) confidence limits instead of the 95% (2-c)
confidence limits. As shown in Figure S3, the regions that have an average correlation value that is negative
and that is greater than the 99.7% confidence limits only cover less than 0.15% of the surface area. Thus, both
the 95% and 99.7% confidence limits show that the regions with negative correlations are consistent with
being uncorrelated. On the other hand, the percentages of the areas that have a positive correlation that is
greater than the 99.7% confidence limit are 4.2%, 4.8%, and 1.1% when using the topography, total free-air
gravity, and total modified Bouguer gravity, respectively. Similar to when using the 95% confidence limits,
this shows that more regions are positively correlated than one would expect by chance.

Up until this point, when analyzing the correlations between the various data sets, we have made use of the
magnetic field intensity given that it is less sensitive to the direction of magnetization than any of its three
vector components and its potential. Nevertheless, we have investigated how our correlation results depend
upon using both the potential and radial components of both the magnetic and gravity fields.

We find that the radial modified Bouguer gravity shows no statistical correlation with the radial component
of the magnetic field. Both topography and the radial free-air gravity also show no statistical correlation with
the radial component of the magnetic field. The results of using magnetic and gravitational potentials are
nearly identical to those of using the radial components of the magnetic and gravity fields (i.e., there is no
statistically significant correlation). Thus, no statistically significant correlations were found using either the
potential or the radial components of the magnetic and gravity fields. These results are easily understood.
An isolated magnetic source will generate both positive and negative magnetic anomalies when using only a
single vector component. When calculating correlations with another field over a large region, the negative
and positive components of the magnetic field average to zero.

We also tested our results by using a different statistical metric. Instead of using the average correlation, we
tested the use of the average of the absolute value of the correlation. The results were found to be not too
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different with respect to those discussed above, with the exception that the sign information in the corre-
lation was discarded. Additional statistical metrics could conceivably be tested as well, including weighted
averages and quadratic estimates.

Lastly, we have also performed our correlation analysis in the spatial domain. Spatial maps of the gravity,
topography, and magnetic field were first obtained on a regularly spaced grid, and the maps were constructed
using the same spherical harmonic degree ranges as in the spectral analyses. For a specified location, data
were sampled within a circle, whose size corresponded to the same radii as in our spectral analyses. The
correlation between the two data sets was then computed, ensuring that each pixel was weighted by its
corresponding area. However, as expected, we found that the correlation results were highly sensitive to
the degree ranges that were used when constructing the gridded data. For example, we found that 57.3% of
our analyses had correlations that were larger than the 95% confidence limits (44.5% positively and 12.8%
negatively) when using the entire degree range of the magnetic field intensity and total free-air gravity.
Whereas, by removing the first 3/,;, and last 2[;, degrees, only 18% of the surface area exceeded the 95%
limits (16.9% positively and 1.1% negatively), which is consistent with the results obtained in the spectral
domain. Similar behavior was found when using the topography: The surface area decreased from 62.9%
to 17.3% by using the degrees from 3l to I, — 2l;,, With 16.4% possessing positive correlations and
0.9% possessing negative correlations. For the results using total modified Bouguer gravity, the surface areas
decreased from 21% to 11% by removing the first 31;, and the last 2[;, degrees.

4. Discussion

The origin of lunar magnetic anomalies is a long-standing enigmatic topic in lunar science, and in this study,
we have attempted to place constraints on their origin by investigating whether they are correlated with
gravity or topography. Using a localized cross-spectral analysis, our results show that there are no statisti-
cally significant negative correlations between the magnetic field intensity and topography, the total free-air
gravity, or the total modified Bouguer gravity. Depending on the analysis parameters, the surface area of the
Moon with statistically significant positive correlations between the magnetic field intensity and both topog-
raphy and the total free-air gravity exceeds that expected for unrelated fields by up to 18%. For the case of
the total modified Bouguer gravity and magnetic field intensity, the surface area with statistically significant
positive correlations exceeds that for unrelated fields by up to 7%.

We first discuss our results concerning the total modified Bouguer gravity, which is related to subsurface
density anomalies. The first result is that there are no statistically significant negative correlations between
the total magnetic field and total modified Bouguer gravity. This means that there are no cases where a
region of the crust with a negative density anomaly would cause a positive enhancement in magnetic field
strength (or the converse). The statistically significant correlations that are found are thus a result of positive
density anomalies causing positive magnetic intensity anomalies, or conversely, negative density anomalies
causing a reduction in the magnetic field intensity.

The regions that do possess positive correlations between the total modified Bouguer gravity and magnetic
field intensity are relatively few, isolated, and small in total area. It is thus somewhat difficult to determine
which regions occur by chance as opposed to those that are a result of a real correlation between subsurface
density anomalies and crustal magnetization. To elucidate the origin of these positive correlations, we first
compared these regions to the linear gravity anomalies identified in the Bouguer gravity by Andrews-Hanna
et al. (2013) but did not find any clear association. Wieczorek (2018) showed that the vast majority of crustal
magnetization was located in the deep crust (several kilometers below the surface), and it is thus surprising
that there are not more regions with statistically significant positive correlations between the magnetic field
intensity and the total modified Bouguer gravity. Together, these results imply that the majority of deep
magnetization in the crust of the Moon is not associated with a detectable density contrast.

The lack of a more substantial correlation between deep magnetization and subsurface density anomalies
could be accounted for by one of four scenarios. First, if these magnetic anomalies were the result of mag-
matic intrusions, they would need to have the same density as the anorthositic crust that they intruded.
This seems unlikely, given that basaltic magmas and Mg-suite intrusive rocks are considerably more mafic
(and hence denser) than anorthositic rocks. Second, it is possible that the deep crust has a uniform
composition but that it cooled heterogeneously in time. If the core dynamo strength varied in intensity
and/or direction during cooling, this could have led to variations in deep crustal magnetization. The entire
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Figure 4. (upper left) Correlation between the total free-air gravity and magnetic field intensity calculated at the
surface, (lower left) depth to the top of the magnetic sources from Wieczorek (2018), and (right) the cumulative
frequency of the depth to the top of the magnetic sources globally (black) and within only those regions with
statistically significant positive correlations between free-air gravity and magnetic field intensity (red).

crust is expected to cool below the Curie temperature of iron metal in the first 100 Myr of lunar evolution
(Laneuville et al., 2018), so this would require temporal variations in magnetic field strength and cooling
rates during the earliest part of lunar evolution. Third, it is possible that small variations in iron-metal
contentin the deep crust are responsible for lateral variations in magnetic field strength but that the resulting
density anomalies are sufficiently small to be undetectable in the gravity data. For example, magnetized
lunar rocks typically contain about 1 wt.% Fe metal (e.g., Fuller & Cisowski, 1987), and the addition of 1
wt.% metal to an anorthositic rock would only increase its bulk density by about 16 kg m=3. Given that the
GRAIL bulk density estimates have uncertainties of the same order (Besserer et al., 2014; Wieczorek et al.,
2013), it is unlikely that such small variations in iron metal content would be discernible in the modified
Bouguer gravity. Lastly, if the magnetization is associated with density anomalies located deep within the
crust, it is possible that the obtained correlation would be relatively small since the correlation results are
sensitive to the depth of the magnetic sources.

In contrast to the modified Bouguer gravity, both the free-air gravity and topography show substantial
enhancements in the percentage of the Moon's surface area that have higher correlations with the magnetic
field intensity than expected by chance. Like the results with the modified Bouguer anomaly, we first find
that there are no statistically significant negative correlations between magnetic field intensity and either
the free-air gravity or topography. This means that there are no cases where enhancements in the magnetic
field intensity are associated with lower elevations or lower free-air gravity anomalies. Thus, enhancements
in the magnetic field intensity are statistically associated with higher elevations with higher free-air gravities
(or the converse). The behaviors of the free-air gravity and topography are nearly identical, and this is
because the free-air gravity is almost entirely a result of variations in topography.

These results suggest that the regions with high positive correlations are the result of the addition of mag-
netized materials on to the top of the lunar crust. Crustal magnetization for these regions would thus be
expected to be close to the surface. To test this hypothesis, we first investigated how the depths of magne-
tization derived by Wieczorek (2018) compare with our regions with statistically significant correlations.
In Figure 4 we plot the correlation results using total free-air gravity and magnetic field intensity in the
upper left panel and the depth to the top of the magnetic sources from Wieczorek (2018) in the lower left
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panel. In the right panel of this figure we plot the cumulative frequency of the depth of magnetic sources for
the entire Moon (black) and the cumulative frequency only for those regions with statistically significant
positive correlations (red). The average depth to the top of the magnetized regions for the entire Moon is
found to be 10.7 km, whereas when considering only those regions with statistically significant correlations
between magnetic field strength and free-air gravity the average depth is 8.1 km. Thus, crustal magnetiza-
tion is closer to the surface wherever the magnetic field strength and free-air gravity (or topography) are
statistically correlated. Examples where both the depth to magnetization is shallow and the magnetic field
strength is statistically correlated with free-air gravity include regions within the northern portion of the
South Pole-Aitken basin, which extend to the north-west and north-east beyond the rim, as well as parts of
the region north of the Orientale basin.

We also compared our results with the distribution of lunar swirls, which likely have extremely shallow
source depths as shown in the study of Hemingway and Tikoo (2018). As shown in Figure S4, we found
that more than half of the swirls as mapped by Denevi et al. (2016) are within or are proximal to our high
correlation regions. For example, a large portion of the lunar swirls are located in the northern portion of the
South Pole-Aitken basin. Another region is northeast of the Smythii basin, where some, but not all, of the
swirls in this region are associated with high correlations. We note that there is no obvious relation between
the regions with statistically significant correlations and either the composition of the surface, surface age,
or surface geomorphology.

The most plausible explanation for the regions with shallow depths of magnetization and statistically sig-
nificant correlations between magnetic field intensity and free-air gravity is that they are related to the
emplacement of impact basin ejecta on the surface that contain small quantities of iron metal derived from
the impactor (see Wieczorek et al., 2012). For example, one extensive region is found in the northern portion
of the South Pole-Aitken basin. This region possesses some of the strongest magnetic anomalies on the Moon
and was previously suggested by Wieczorek et al. (2012) to be the result of iron-rich remnants of the projec-
tile that formed this basin that were subsequently magnetized in the presence of a core-generated dynamo
field. The northwest and northeast extension of this region is consistent with the deposition of projectile
materials from an oblique impact from south to north as suggested by Garrick-Bethell and Zuber (2009).
Another notable region is located north of the Orientale impact basin that extends almost to the north pole
of the Moon.

A large portion of the high correlation regions also possess strong magnetic field intensities at the surface
(Figure S5). For example, if we take 50 nT as a threshold magnetic field strength, almost half of these high
magnetic field regions show statistically significant positive correlations with total free-air gravity. In Figure
S5we also plot the distribution of mare basalts as mapped by Nelson et al. (2014). These are located primarily
on the nearside in a region where the magnetic field intensities are extremely weak (see Wieczorek, 2018).
This image shows that the regions with statistically significant correlations between the magnetic field and
free-air gravity are not associated with mare basalts. Finally, we also note that almost no regions have sta-
tistically significant correlations between magnetic field intensity and either free-air gravity or topography
within the Procellarum KREEP Terrane (Jolliff et al., 2000) on the nearside of the Moon. The magnetic
field strengths are extremely weak in this region which is plausibly explained by the local high heat pro-
duction and delayed cooling below the Curie temperature of iron metal until after the core dynamo shut off
(Laneuville et al., 2018).

5. Conclusion

We used a localized cross-spectral analysis to test whether the magnetic anomalies on the Moon are corre-
lated with gravity or topography. Our results show that there are no regions that have statistically significant
negative correlations between the magnetic field intensity and free-air gravity, topography, or modified
Bouguer gravity. Portions of the surface do show statistically significant positive correlations with free-air
gravity and topography and also in a small number of cases with the modified Bouguer gravity. The regions
that show statistically significant positive correlations with free-air gravity and topography are likely to have
shallow depths of magnetization and could be related to iron-rich impact ejecta. The regions that are statis-
tically correlated, however, are rather small in area: up to about 18% for the free-air gravity or topography
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and 7% for the modified Bouguer gravity. Although the origin of most lunar magnetic anomalies remains
enigmatic, our work elucidates the origin of the strongest magnetic anomalies on the Moon.
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