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Abstract

Low altitude magnetic field data acquired by MESSENGER over a small portion of Mer-
cury’s surface revealed weak crustal magnetic field signatures. Here we study the crustal
magnetic anomalies associated with impact craters on Mercury. We assume that the sources
of these anomalies consist of impact melt, enriched in impactor iron. We assume that
the subsurfaces of Mercury’s impact craters have cooled in the presence of a constant
global magnetic field, thus becoming thermoremanently magnetized. We invert for the
crustal magnetization direction within five craters using a unidirectional magnetization
model which assumes that the melt impact rocks recorded the constant core magnetic
field present when the crater was formed, and that the crater’s magnetization has not
been altered since its formation. From the best fitting magnetization direction we then
obtain the corresponding north magnetic paleopole position assuming a centered core
dipolar field. Results show that all five magnetic paleopoles lie in the Southern Hemi-
sphere but are not required to be located near the present-day magnetic pole, which lies
near the south geographic pole. Accounting for the uncertainties, we show that our re-
sults all agree in a common small region that excludes the current magnetic pole. This
strongly suggests that the dynamo has evolved with time. Our results represent valu-
able information for understanding the evolution of Mercury, and emphasize the impor-

tance of including more anomaly analyses to complete and refine our conclusions.

1 Introduction

The MESSENGER spacecraft orbited Mercury during roughly 4 terrestrial years
acquiring important information on the internal magnetic field of Mercury. Recent stud-
ies have shown that the core magnetic field of Mercury is dipolar with a strong quadrupo-
lar component (Anderson et al., 2012; Oliveira et al., 2015; Thébault et al., 2018). The
lack of small scales is an astonishing observation (Oliveira et al., 2015; Thébault et al.,
2018), and is very difficult to be explained by dynamo models. Several numerical dynamo
simulations have tried to explain such observations but mostly fail to produce all observed
characteristics. Those models include dynamos operating in a thin shell (Stanley et al.,
2005; Takahashi & Matsushima, 2006), a strong dynamo with a stably-stratified layer
in the top of the core (Christensen, 2006; Christensen & Wicht, 2008), snow iron pro-
cesses in the core (Vilim et al., 2010), or even a heterogeneous heat flux pattern at the

core-mantle boundary (CMB) (Cao et al., 2014). However, using specific dynamo pa-
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rameters, most of the models explain at least some of the characteristics of the observed
field. Recently, numerical simulations combining double-diffusive convection with a sta-
bly stratified layer reproduced the present magnetic field of Mercury (Takahashi et al.,
2019) showing that the equatorial asymmetry could last for millions of years. More im-
portantly, to date, none of those models use observational constraints for the early stages

of the dynamo.

Only during its low altitude campaign MESSENGER acquired important informa-
tion on the crustal magnetic field of Mercury. However, the small magnetosphere of the
planet (Johnson et al., 2012; Anderson et al., 2012), the strong field variability due to
external sources (Korth et al., 2012), and the relatively weak crustal fields (Purucker et
al., 2009; Hood, 2015, 2016; Hood et al., 2018; Johnson et al., 2015) combined with the
very eccentric spacecraft orbit represent obstacles for investigating the nature of the crustal
field. Indeed, available crustal magnetic field maps only span a small portion of the Her-
mean surface, between 35° and 75° North over all longitudes. Crustal magnetic field maps
reveal anomalies heterogeneously distributed within the (mapped) surface. The strongest
intensities at 40 km altitude of, ~ 10 nT, are found within the Caloris basin. Many of
the anomalies are not found to correlate either with the topography, surface geology, or
gravity (Hood, 2016; Hood et al., 2018). Some important exceptions are found for anoma-
lies within some craters (e.g., Rustaveli and Vyasa) and basins (e.g., Caloris), however

(Hood, 2016; Hood et al., 2018).

The exact nature of crustal magnetic field sources is difficult to determine when
using solely spacecraft measurements. The sources generating the observed crustal fields
could, in principle, be either ancient remanent magnetization or merely induced mag-
netization (IM) caused by permeability contrasts in the presence of Mercury’s existing
core dynamo field. Ancient remanent magnetism could be caused by different processes
such as shock remanent magnetization (SRM) and thermoremanent magnetization (TRM).
TRM and IM would record the ancient or the present core field direction, respectively.
The early history of planets can be assessed by studying the crustal magnetism, only when
the sources are remanently magnetized. Many crustal field studies for the Earth, Mars,
and the Moon have allowed constraints to be placed on the early history of those bod-
ies. For instance, on Earth, studies on the Atlantic Ridge crustal fields revealed that the
terrestrial dynamo has undergone many resersals of polarity (Vine & Matthews, 1963).

For Mars and Moon, true polar wander (TPW) events, dynamo polarity reversals, a dif-
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ferent morphology dynamo field, and, in the lunar case, evidence for iron-rich impactors,

have been inferred (Arkani-Hamed, 2001; Takahashi et al., 2014; Wieczorek et al., 2012).

Contrary to these bodies, Mercury, like the Earth, possesses a core magnetic field.
The major difficulty when studying the crustal magnetic field of such a body is to dis-
tinguish how the sources are magnetized. In this respect, calculations concerning the de-
pendency of Curie temperature on depth have shown that at least part of the crustal field
of Mercury is generated by TRM sources (Johnson et al., 2015; Hood et al., 2018). In
the other hand, as for the lunar case (Wieczorek et al., 2012), it was suggested that impactor-
delivered iron could be the main source material of crater-associated magnetic anoma-
lies on Mercury. If the main source material of the Hermean crater-associated anoma-
lies is impactor iron, then the IM source signal is too weak to explain the observed anomaly
amplitudes (Hood et al., 2018) . Therefore, the anomalies associated with craters are the

best option to choose if one wishes to study the ancient magnetic field.

On Earth, the majority of impact molten rocks contain remains of the projectiles,
with projectile abundances in the melt sheet reaching several percent in weight (Tagle
& Hecht, 2006; Tagle et al., 2009). We assume that this could also be the case for Mer-
cury, as was also sugested by Hood et al. (2018). The Hermean surface is generally metal
iron poor (Weider et al., 2014), and the magnetic anomalies could be a result of impactor-
metal iron that was carried to the surface of Mercury. Anomalies within the center of
relatively fresh complex impact craters are the most appropriate for paleopole studies.
Complex impact craters are large enough to contain a melt sheet with the thickest re-
gion in its center (e.g.,Cintala and Grieve (1998)). This melt sheet would have cooled
slowly with time scales of about a million year. Compared to long-lived core dynamo time
scales, crater melt sheets cool fast enough to record thermoremanently a constant and
unidirectional surface field. In addition, studying anomalies associated with fresh craters
reduces the probability of potential demagnetization processes, such as other impacts,
unstable terrain near the crater boundaries and, space weathering. On the other hand,
considering that the crust was previously magnetized, the vertical extent of the crater
center corresponds to the region that suffers high levels of shock and pressure demag-
netization. It was observed in laboratory experiments, under certain conditions, that the
demagnetization of the rocks can reach levels above 50% (Gattacceca et al., 2010; Beza-

eva et al., 2010).
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m Crater-associated anomalies on Mercury can be used to estimate the direction of

112 magnetization. If these anomalies are of TRM origin, converting the magnetization di-
13 rection to paleomagnetic pole positions, would give valuable insights. The present day
114 Mercury core dynamo field has its magnetic north pole located near the geographic south

15 pole (e.g., Anderson et al. (2012)). Therefore, if the paleopoles are not found close to

116 the geographical poles, true polar wander events or a different magnetic field morphol-
a7 ogy could explain such results. Alternatively, if some paleopoles are found in the North-
18 ern Hemisphere, this would suggest not only that the dynamo underwent polarity rever-
119 sals but also proves that the sources are unequivocally TRM in origin. In all cases, this
120 would be indicative that the ancient dynamo field was different from that of nowadays.
21 Small and isolated crustal magnetic field anomalies on Mercury can be used to in-
122 fer the magnetization direction based on the unidirectional assumption. Here we invert
2 for the direction of crustal magnetization associated with Hermean isolated anomalies

124 within craters using the approach initially developed by (Parker, 1991). In this method,

125 the only assumption made is that the magnetization direction is constant within the an-
126 alyzed region of the crust. The strength of this method is that it makes no assumptions
7 about the source geometry. Recently, this approach has been applied to planetary mag-
28 netic crustal fields to determine paleopole locations for the Moon (Oliveira & Wieczorek,

120 2017) and Mars (Thomas et al., 2018). Another slightly different application has com-

30 bined the unidirectional model with laboratory thermoremanent experiments to deter-
31 mine iron abundances within basins on the Moon (Oliveira et al., 2017).
132 In this work, we make use of a global crustal magnetic field model based on MES-

33 SENGER low altitude campaign measurements (Hood, 2016; Hood et al., 2018) and ap-

134 ply the technique of (Parker, 1991) to the Hermean isolated magnetic anomalies asso-
3 ciated with craters. In section 2, we describe the methodology of inverting crustal mag-
136 netic field data for a unidirectional magnetization distribution (Parker, 1991) and how
37 it is applied to Mercury. Next, in section 3 we show the results for all the anomalies as-
138 sociated with craters. In section 4, different hypotheses that could account for our de-
30 rived distribution of paleopoles are discussed. Finally, we make our concluding remarks
140 on how our results might help to place constraints on the Hermean evolution models.
5
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141 2 Method

142 In order to determine new constraints on the early history of Mercury we inves-

3 tigate isolated magnetic anomalies associated with impact craters. We use the method

144 of Parker (Parker, 1991) which was first applied to estimate the magnetization direction

145 of terrestrial seamounts. This method assumes a unidirectional magnetization volume

16 source model, consistent with the hypothesis of a melt sheet cooling down in a stable global
17 ambient field. For a melt sheet occupying the interior of a large basin such as Caloris,

18 this might not be a valid assumption because: 1) different areas and/or different depths

20 of the basin may have cooled at different rates and the core dynamo field may have changed
150 between one TRM acquisition event and another; 2) the direction of the core dynamo

51 field is changing over the surface of the planet. For instance, (Parker, 1991) showed that

152 when inverting for the magnetization direction of synthetic samples with mixed polar-
53 ity magnetizations, the method did not retrieve a single solution. However, for single anoma-
154 lies within craters, such as those to be considered here, it is reasonable to assume that

155 the melt sheet cooled uniformly in a constant dynamo field. As shown by (Parker, 1991),

156 a volume (i.e., continuous distribution) of unidirectional magnetization is mathemati-
57 cally equivalent to discretized unidirectional dipoles placed at the volume’s boundary (i.e.,
58 its top surface), reducing significantly the dimensionality of the problem. The magnetic
159 moments of the unidirectional dipoles distribution are allowed to vary with position, and
.60 therefore the magnetization is described as,

M(s;) = m(s),  m(s;) >0 1)
161 where 1 is the unit vector of magnetization M, and m(s;) is the dipole moment at vec-
162 torial position s;. Note that we arbitrarily impose positive dipoles instead of negative
163 ones.
164 In his initial study, Parker (1991) analyzed the field component that is aligned with
s the global field. Lunar and martian studies that used the same method analyzed a sin-
166 gle component because none of those bodies contain a present global field. In the case
67 of Mercury, though a global field is present, we choose to follow the lunar and martian
168 studies using the radial component. The magnetic field d in the radial direction 7 at ob-
59 servation point j is calculated as the sum of the contributions from the dipoles located

767
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A= gi(s)mlsi),  G=1 e Nops )
i=1

where the contribution of a single dipole at location ¢ is given by

vy —sif° rj — sqf?

_m<3m.(rj_si)fj'(rj—si) - )

gi(s0) = 12 3)

Nops and Ny correspond to the number of observations and the number of dipoles at the
surface, and r; and s; are the vector positions of the observations and dipoles relative
to a fixed planetocentric origin, respectively. The equations 2 and 3 may be combined

into a matrix form as

d = G(m) m, (4)

where d is a vector of the magnetic field observations projected in the radial direction,
the matrix G depends upon the assumed direction of magnetization m and contains the
elements given by eq. 3, and m is a vector that contains the dipole moments of the sur-

face dipoles at locations s;. All dipole moments are taken to be positive.

Following Parker (1991), with the elements of vector m positive we use the tech-
nique of nonnegative least squares analysis developed by (Lawson & Hanson, 1974) to
solve equation 4. One of the advantages of this technique is that only a maximum of Ngps
out of Ny dipoles are needed to explain the magnetic field observations. Therefore, us-
ing a number of Ny surface dipoles larger than the number of observations (Nops), al-
lows the nonnegative least squares (nnls) technique to determine automatically which

dipoles have nonzero values.

In pratice, we follow the same modelling procedures as those used by (Oliveira &
Wieczorek, 2017) and (Oliveira et al., 2017) in lunar studies. First, a grid of homoge-
neously distributed dipoles (Katanforoush & Shahshahani, 2003) of 0.4° resolution is placed
in the planet’s surface within a circle of radius r4 around the crater center. Here we fix
rq to be equal to the crater rim radius, as TRM sources (i.e., the crater melt sheet) are
supposed to lie within this boundary. The magnetic field data used in the inversion scheme
are contained within a circle of radius r,ps that is 1° larger than the dipoles circle ra-
dius, r4. As shown by (Oliveira & Wieczorek, 2017) this difference in the circles radii
avoids strong edge effects of the modeled field. Taking into account the nnls property
mentioned above, we choose the initial number of dipoles (Ny) to be much larger than

Nops, allowing the technique to determine the dipoles that are positive.
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For each magnetization direction m we perform the inversion to determine the dipoles
position, their dipole moments, and the RMS misfit between the observations and mod-
elled magnetic field. We vary the magnetization direction over all directions in a unit
sphere. Each vector is centered in a unit sphere pointing to each surface point spaced
of 4° over an equidistant spherical grid (Katanforoush & Shahshahani, 2003). Each mag-
netization direction is converted to the corresponding magnetic north paleopole position,
as explained by Butler (1992). We then plot a map of the RMS misfit as a function of
the paleopole position. The lowest RMS misfit value of the map corresponds to the best

fitting paleopole position.

We note that the instrument uncertainty and the Equivalent Source Dipoles (ESD)
model formal uncertainties are too small to give a reasonable uncertainty value for our
inversions. In practice, we calculate the RMS difference between the observed and mod-
elled radial field points located between the circles of radii r4 and r,ps, respectively. Our
uncertainty is obtained by calculating the maximum allowable misfit, i.e., the upper limit
of RMS values for which the corresponding solution is accepted, and is based on the as-
sumption that the magnetic field signal surrounding the isolated anomaly should not be
inconsistent with that calculated from the unidirectional model. All models with inver-
sion uncertainties lower than the allowable misfit are therefore a possible paleopole po-

sition.

By definition, for an isolated anomaly it is not expected to observe anomaly-related
signals far from the principal anomaly. If there is any signal that is inconsistent with the
modeled anomaly then the uncertainty would likely be larger. On the other hand, if the
signal of the surrounding area is weak, then the uncertainty is expected to be smaller.
Synthetic tests based on Parker’s method performed by Thomas et al. (2018), show that
in the presence of a secondary anomaly in the vicinity of the principal one, a solution
that includes half of the planet surface is obtained. We have extended the synthetic study
using synthetic magnetized sources instead of a single dipole as previously done, to un-
derstand if our estimations could be affected. The paleopole positions were retrieved cor-
rectly independently of the source body used. Weaker secondary anomalies are often
present in the vicinity of each studied crater, which could perturb our inversion results.
As the Parker method is designed to invert for the magnetization direction of a single
isolated anomaly, we chose to reduce the observations’ area circle size, when necessary,

to avoid secondary anomalies. This, in turn, affects the dipoles’ grid area circle, which
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will be slightly smaller than the impact crater area itself. We expect that final results

would not be affected by slightly reducing the study area, however.

3 Analysis of anomalies associated with craters

In this section, we first briefly present the input model of the hermean crustal mag-
netic field, specifying the anomalies studied here. Next, we show the results by discussing

each anomaly in detail.

3.1 Data

We use the gridded crustal magnetic field model at 40 km altitude derived by Hood
(2016) and Hood et al. (2018), which uses magnetometer data from the low-altitude passes
of the spacecraft during the last three months of the MESSENGER mission. This model
is based on the equivalent source dipole (ESD) technique, which was applied to data pre-
viously long-wavelength and high pass filtered from non-crustal sources (e.g., internal
core field and magnetosphere sources). The grid has 1° and 0.5° resolution in longitude
and latitude, respectively, and only covers latitudes between 35° and 75° due to the space-
craft orbit configuration. In this study, we will make use only of the radial field compo-
nent. To determine their model (Hood, 2016) and (Hood et al., 2018) made use of only
the radial field measurements, as horizontal components are highly susceptible to con-

tamination by non-crustal fields.

From our survey, we found five anomalies that are likely related to the crater form-
ing process: Rustaveli, Vyasa, and three other unnamed craters. Note that we chose to
follow the same terminology as that of Table 1 from (Hood et al., 2018) to identify the
craters. Figure 1 shows the locations of the anomalies associated with craters analyzed
in this study superposed with the crustal magnetic field intensity map. Note that we have
access to the crustal magnetic field information over a small portion of latitudes of the
planet only, due to the very eccentric MESSENGER spacecraft orbit configuration. Though
important external field contamination is believed to prevail in the northern and south-
ern boundaries of the map, the anomalies of this study are not located in their vicinity.

In this section, we first describe the inversion steps for the craters in our study. We show
the results for the five anomalies associated with craters. Following this, we show the

global picture of the resulting paleopoles.
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Figure 1. Crustal magnetic field strength of Mercury at 40 km altitude from (Hood, 2016;

Hood et al., 2018) based on MESSENGER observations. White circles indicate the locations of
the magnetic anomalies investigated in this study. Projection is global Molleweide, centered on

the 0° meridian.

3.2 Results

We performed inversions for five anomalies that are associated with impact craters
of diameter varying from 130 to 300 km. As mentioned above, we follow the same num-
bering order of craters as in (Hood et al., 2018) (See Figure 3b of that reference for a
topographical map of the crater locations). Figure 2 shows, for each anomaly, the to-
pographical map (left column), the magnetic field intensity at 40 km altitude (middle
column) and, the location of the nonnegative dipoles retrieved by the inversion (right
column). In all charts, we delimit the grid of observations and that of dipoles used in
our inversions by a solid and dashed black circles of radii r,,s and r4, respectively. For
the sake of completeness, we show in the supporting information the radial magnetic field
data component, the best fitting radial magnetic field (i.e., the modelled field), and the
difference between the two. In addition to the circles we also plot the locations of the
observations and the dipoles used in the inversion. Finally, Figure 3 shows how the mis-
fit varies with the north magnetic pole position, where the star symbol denotes the best

fitting solution and the white line corresponds to the uncertainty.

,10,
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Table 1. Location (Lon, Lat), radii of observations (roys) and dipoles (r4), number of obser-
vations (Nops) and dipoles (Ng) used in the inversion, the number of non-zero dipoles (Nzq) of
the best-fitting calculated model, North paleopole position (¢p,0,), the RMS misfit between the

best-fitting model and the data, and the corresponding uncertainty.

# Name Lon (°) Lat (°) Tobs () rq (%) Nobs Ny Nzg op (°) 0, (°) Misfit (nT) o (nT)
1 Rustaveli 82.5 52.5 3.5 2.5 128 148 43 66.8 -62.6 0.715 1.195
2 Vyasa 275.0 50.0 3.5 2.5 110 155 44 246.8 -50.9 0.442 0.795
3 - 289.0 57.0 3.0 2.0 104 96 14 289.0 -2.2 0.487 0.780
4 - 295.2 46.8 2.0 1.0 37 27 5 240.9 -34.8 0.588 0.837
5 - 281.8 41.2 2.5 1.5 50 56 12 29.6 -50.6 0.324 0.594

In Table 1 we provide detailed information for each anomaly, including the center
location (longitude and latitude) of the crater that is associated with the magnetic anomaly,
the radius of the observations circle, 7., and that of the dipoles, 74, the number of ob-
servations, Nyps and the number of dipoles, Ny, the nonzero dipoles retained by the in-
version Nzg, the north paleomagnetic pole position ( ¢, , 6, ), the RMS misfit, and the

uncertainty value, o.

3.2.1 Rustaveli

Rustaveli, (82.5°E, 52.5°N), is a crater of medium size with an approximate diam-
eter of 200 km located in a relatively flat region with few small craters in its vicinity. Rus-
taveli is a good example of a magnetic anomaly correlated with an impact crater, not
only because of its relatively strong field but also because it is an impact crater with rel-
atively unaltered topography. Comparing the magnetic field signal with the topography
of the crater we see that almost all of the magnetic anomaly is within the crater main
rim. Though the strongest signal of the anomaly is confined to the crater rim, the en-
tire anomaly is somewhat elongated toward the northeast of the crater or is not com-
pletely dissociated from a much weaker secondary anomaly outside the crater’s main rim.
We chose not to model this secondary anomaly because it is not located in the crater’s

melt sheet and therefore has undefined sources origin.

Our method retrieves well the radial magnetic field with an RMS misfit of 0.72 nT,
which is much lower than the central anomaly strength (~ 6 nT). First, we observe that
only few dipoles are retained to explain the radial field. Secondly, comparing the distri-
bution of dipole moments with the magnetic field observations, we note that the strong

dipoles are slightly offset towards the north when compared to the magnetic field strength’s

—11-
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peak. If the positions of the nonnegative dipoles are indicative of the sources’ position,
then the asymmetric nonnegative dipoles distribution might be explained by the process
of a projectile that impacted the surface at an oblique angle, as shown in lunar simu-

lations by (Wieczorek et al., 2012).

The best fitting magnetization direction is pointing down towards the planet’s sur-
face (inclination 44° and declination 8°) resulting in a north magnetic paleopole posi-
tion at (66.8°E, 62.6°S). We note that for a core field predominantly generated by a cen-
tral inducing dipole aligned with the rotation axis, the paleopole position is located at
the geographic poles. Additionally, extrapolating the model of the present core magnetic
field to the Southern Hemisphere, it is expected to find the magnetic north pole to be
located at the geographic south pole. This is roughly 30° apart from our best fitting pa-
leopole result. The calculated uncertainty of 1.2 nT is larger than the best fitting RMS
misfit value of 0.72 nT. This results in having the entire Southern Hemisphere of the planet

as a possible solution for the location of the palaeopole.

3.2.2 Vyasa

Vyasa, centered at (275°E, 50°N), is our preferred case due to its high magnetic
peak strength of roughly 7 nT. The anomaly peak is found within the crater rim but is
displaced slightly to the south of its center. The magnetic anomaly is somewhat elon-
gated towards the southern direction, slightly crossing the crater rim. Vyasa impact crater,
with a diameter of approximately 300 km, has its rim degraded by two other smaller sec-
ondary anomalies on the northeast and northwest sides. Additionally, we observe a weaker

magnetic anomaly associated with the northwest secondary crater.

Our method explains well the radial magnetic field with an RMS misfit of 0.44 nT,
again much lower than the peak strength of ~7 nT. The magnetization vectors have an
inclination of 26° and declination of 18°. The model, as for Rustaveli, needs few dipoles
to explain the magnetic anomaly. The strongest retained dipoles are roughly distributed
in the center of the impact crater and are not shifted towards the south as happens with
the observed magnetic anomaly itself. The best fitting paleopole position is at (247°E,
51°S) which is farther from the geographic south pole than in the previous case. Tak-
ing into account the uncertainty value, it is possible that the paleopole could be anywhere

south of 30°S. Overall results, Vyasa has the best constrained paleopole position con-
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sistent with the fact that its magnetic anomaly is the strongest among the five anoma-
lies of this study. In addition, we also performed an inversion of the small anomaly re-
lated to the secondary crater located northwest of Vyasa. Its best fitting paleopole po-
sition is located at (275°E, 49°S) with an RMS misfit of 0.42 nT, which is only 18° from

the Vyasa paleopole.

3.2.3 Anomaly 3

The anomaly 3 is correlated with a unnamed impact crater centered at (289°E, 57°N),

with an approximate diameter of 136 km. We note that the impact crater is located in

the vicinity of some elevated terrains associated with younger craters. The magnetic anomaly

is shifted towards the north of the crater’s center, and it shows a weak elongated signal

which falls slightly outside of the crater rim in the same direction.

We model the radial component of anomaly 3 with an RMS misfit of 0.49 nT, which
is low comparing to the anomaly peak strength of 3.5 nT. The magnetization vectors have
an inclination of -50° and declination of 18°. Only 14 out of 96 dipoles within the crater
rim are needed to describe the anomaly. The dipoles do not show any particular pref-
erence in their distribution, but the strongest dipoles are lying roughly where the mag-
netic anomaly is. The best fitting paleopole position is found near the geographic equa-
tor at (289°E, 2°S), corresponding to a distance of about 90° from the geographic poles.
In addition, accounting for the uncertainties, contrary to the other cases, the geographic
south pole is excluded from the solution. Instead, the geographic north pole is a possi-

ble solution for this case.

3.2.4 Anomaly 4

The anomaly 4 is related to the impact crater centered at (295°E, 47°N). The peak
of the anomaly is shifted east of the center of the crater. This anomaly presents several
differences in respect to the other cases, such as: 1) the crater morphology is more com-
plex, showing several overlapping younger craters; 2) the crater size is the smallest of all
the cases considered in this study; and 3) we use an area of observations smaller than
the crater size to avoid a relatively strong and large magnetic anomaly, which appears

to be related to the elevated terrain south-east of the crater.
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The magnetic radial field is explained with an RMS misfit of 0.59 nT, smaller than
the peak strength of ~3.5 nT. The magnetization vector has an inclination of 10° and
declination of 42°. Only 5 out of 27 available dipoles are necessary to explain the ob-
served field. The nonnegative dipoles are placed east of the crater center, where the anomaly
peak is found. The best fitting paleopole position obtained is located at (241°E, 35°S).
Not surprisingly, accounting for the uncertainty, more than half of the planet might con-
tain the possible paleopole solution. Although this result is not robust, it was expected
due to the limitations that this particular anomaly faces. However, similar to all the other
cases except the anomaly 3, it contains the geographic south pole as a possible solution

for the paleopole position.

3.2.5 Anomaly 5

The anomaly 5 is related to the unnamed impact crater centered at (282°E, 41°N),
corresponding to our southernmost case. The position of the crater is sufficiently far from
the map limit so that the signal is not perturbed by edge effects. The impact crater mor-
phology is perturbed by two other smaller impact craters southwest and south of the crater’s
center. However, none of those smaller craters seem to perturb the isolated magnetic anomaly
signal. In addition, the magnetic field anomaly is relatively small, and it is roughly cen-

tered on the impact crater.

The radial field component is explained with an RMS misfit of 0.3 nT, which is much
weaker than the peak strength of ~3.5 nT. The magnetization vectors have an inclina-
tion of -50° and declination of 30°. Only 12 dipoles from 56 available dipoles are used
to describe the magnetic anomaly. The nonnegative dipoles are mainly distributed where
the magnetic anomaly is, which is the case for the anomalies 3 and 4. The best fitting
paleopole position obtained is located at (30°E, 51°S). This corresponds to a distance
of 40° from the geographic south pole, similar to the paleopole position found for Vyasa
anomaly. Accounting for the uncertainty, a large part of the Southern Hemisphere could

be a possible solution, similar to the Rustaveli case.

4 Discussion: Constraining the early history of Mercury

In this section, we first discuss the distribution of the paleopoles obtained for all

the studied anomalies. Then, we consider the possibility that the anomaly sources might
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be magnetized by induction in the present-day Mercury field. Finally, assuming that our
sources carry thermoremanent magnetization, we consider and discuss separately two dif-
ferent main hypotheses that can explain our paleopoles distribution: True polar wan-

der process and ancient dynamo field morphology. Through out all section we discuss
our results with three different perspectives: 1) our paleopoles within uncertainties which
is a conservative approach but, is our preferred one as uncertainties should be associated
to any result; 2) that our uncertainties are calculated in a conservative way, and there-
fore we focus on paleopoles best fitting position for discussion purposes; and 3) that all
our craters were formed during the same conditions field, and therefore we focus on the

overlapping of results.

4.1 Paleopoles distribution

Figure 4 shows the distribution of the best-fit north magnetic paleopoles together
with the corresponding uncertainties for all studied anomalies. We find the best fitting
paleopoles at latitudes between 2°S and 62°S. The associated uncertainties are large, and
cover approximately one hemisphere in most cases. Despite the individual large uncer-
tainties, all paleopole solutions overlap in a relatively small common region. This com-
mon region is located between 30°S and 80°S latitudes, and between 170°E and 300°E
longitudes. This region could be perceived as the most probable solution, if we assume
that our five craters formed with an Hermean magnetic field of similar morphology. We
emphasize that the southernmost latitude of this overlapping region is only 10° away from
the geographic south pole. Rather small angular distances between this possible pale-
opole position and the geographical south pole can be explained by true polar wander

events (see subsection 4.3).

Although our sample size is small with only five studied anomalies, they can nonethe-
less be discussed as they offer consistent results. Four of the five anomalies results sug-
gest that the paleopoles are located in the Southern Hemisphere. In addition, another
interesting feature that we can observe is that the best fitting paleopoles do not seem
to be randomly distributed across the Hermean surface, with the entire Northern Hemi-
sphere showing a lack of magnetic best fitting paleopoles. Additionally, none are found
in the immediate vicinity of the geographic poles as would be expected for a dipolar core
field aligned with the planet’s rotation axis. However, three best fitting paleopoles lie

at latitudes exceeding 50°S, and can therefore be considered to be high-latitude pole po-
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sitions. The anomaly 3 has its best fitting paleopole at an equatorial position, but this

is also the poorest constrained result. For this particular anomaly, the geographic north
pole is within the solution area. This would imply a geomagnetic north pole close to the
geographic north pole, in contradiction to the other four results. This is however not un-
expected, as polarity reversals are a very common feature of dynamos. Furthermore, we
observe that the best fitting paleopoles for Rustaveli and anomaly 5 are very close to each
other, despite the anomalies being far away. The same situation is found for both Vyasa
and anomaly 4 (note that the paleopole for the secondary crater anomaly near Vyasa

is also located nearby).

We conclude that our results do not exclude a reversal, but neither do they imply
one. Future inversions of further anomalies of TRM origin are required to refine our con-
clusions. In the following, we discuss the remanent or induced origin of the modeled anoma-
lies. Next, we discuss the different hypotheses that can explain our results, which are usu-
ally called to explain planetary evolution. In particular, we consider true polar wander

events and different ancient dynamo morphology scenarios.

4.2 Anomaly source origin

As explained in the Introduction, in order to constrain the early history of Mer-
cury’s interior and axial orientation, we have to assume that our magnetic sources are
related to ancient TRM rather than induced by permeability contrasts in the crust by
the present-day core dynamo field. However, in practice, distinguishing IM from TRM
sources is not straightforward. We also recognize that, if they exist, large-scale lithospheric
field originated by deeper sources might be filtered out when constructing the magnetic
field model. This in turn prevent us to access the contribution of unknown large-scale
lithospheric field, and consequently preclude us from inferring correctly the magnetiza-
tion direction (see (Vervelidou et al., 2017) for details). We expect, however, small ef-
fects from the large-scales deep sources to the shallow ones studied here. On the other
hand, under the assumption of an axial dipolar field, the paleopole position of induced
sources would lie near the magnetic north pole, corresponding to the present geographic
south pole. However, the present-day core field is not purely dipolar, as it has a strong
quadrupole component (Anderson et al., 2012; Oliveira et al., 2015; Thébault et al., 2018).

In order to better distinguish between a TRM and IM origin, we investigate the distri-
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bution of paleopoles that would be obtained if the magnetic anomalies were actually due

to IM acquired in the presence of the present-day core magnetic field.

In order to estimate the distribution of paleopoles that would be obtained if all sources

were associated with IM, we use an Hermean core field model updated from Oliveira et
al. (2015). This model uses 16 Hermean days of MESSENGER measurements correspond-
ing almost to all mission available data. The magnetic field is modeled from the north
pole down to 5°N latitudes, i.e., the region where the measurements are available. We
use this model to compute the inclination and declination (I, D) for latitudes ranging
from 35 to 75°N on a regular grid. Next, we use these angle pairs as if they were related
to the magnetization direction associated with a centered dipole and compute the mag-
netic paleopole position. Figure 5 shows the normalized probability of the paleopole dis-
tribution, where the darkest area corresponds to a maximum 40% probability. The re-
sulting paleopoles distribution shows that the poles are located over a relatively large
area, from the south pole up to 70°S, instead of a single polar location as expected for

a purely dipolar field. We also note that the paleopoles are preferentially distributed in
a band of latitudes between 70°S and 75°S. None of our best fitting paleopole locations
(Figure 4) is compatible with this small area around the geographic south pole. Con-
sidering our uncertainties, however, we cannot rule out that our paleopole distribution

is consistent with the IM hypothesis.

We conclude that, based on this study, paleopoles derived from IM sources cannot
be distinguished from paleopoles corresponding to sources that have been magnetized
by an ancient centered dipolar field. Such a distinction on the basis of paleopole esti-
mates could only be possible if the paleopoles, accounting for their location uncertain-
ties, are estimated to lie northward of 70°S. On the other hand, metal iron is the prob-
able magnetic carrier present in Mercury’s surface (Strauss et al., 2016). In addition, the
abundance of metal iron present in the crater melt sheet is constrained by the crater’s
size. This is because the crater’s structure is naturally related to the size, velocity and
chemical composition of the impactor. Under the hypothesis that the metal iron was de-
livered by the projectile, Hood et al. (2018) found that the signal of magnetic sources

related with craters were too strong to be explained only by induced fields.
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482 4.3 True Polar Wander Hypothesis

483 True polar wander is a common pattern that is believed to have hapenned in ter-
34 restrial planetary bodies. This physical process consists of a reorientation of the body
485 in order to adjust the major principal axis with the rotation axis after a perturbation
486 of its mass distribution. This can happen due to external processes, e.g., impactors or
5 due to internal processes. (Matsuyama et al., 2014). In this work, our best fitting pa-
488 leopole positions are distributed over the southern hemisphere, albeit with large uncer-

89 tainties. Four of the five best fitting paleopoles are found at mid- to high-latitudes, be-

% tween 35°S and 63°S. To account for these paleopole positions by considering only plan-
201 etary reorientation, a true polar wander of 27 up to 55 degrees is required. If we wish

e to explain the anomaly 3 best fitting paleopole only by means of reorientation processes,
493 then a true polar wander of nearly 90° would be necessary.

a0 Considering the large impact basins and highlands formation, (Keane & Matsuyama,
405 2018) computed a true polar wander of roughly 20°. In particular, according to their model,
496 Caloris and Sobkou basins together with the volcanic rise can already explain a polar

407 wander of 5 to 10 degrees. We note that 10° corresponds to the lower bound of latitudes
108 of our common solutions region. Under the hypothesis that all craters were formed when
499 the core field morphology was similar, TPW process could easily explain the results. If

%0 we give a particular attention to the best fitting paleopole positions, we observe that Rus-
501 taveli best fitting paleopole is located only 7° from the maximum latitude value that true
02 polar wander events can explain. However, the reorientation directions of 120°E up to

503 180°E from the models of (Keane & Matsuyama, 2018) do not agree with the paleopole

“0 position longitudes of 247°E. Another case hard to be explained by TPW is the equa-

50 torial paleopole. If it is due to reorientation process only, then other geological features
%6 must be considered. For instance, the translating inner core process might also play a
507 role in the reorientation of Mercury (Abrahams et al., 2016). Accounting for the uncer-
08 tainties, all our solutions indicate that the paleopoles could be located in the actual ge-
509 ographic south or north poles. We emphasize, however, that our uncertainties are prob-
10 ably calculated in a very conservative way. Therefore, we conclude that true polar wan-
511 der events are not necessary to explain our results, if we consider that the dynamo was
12 reversing.
18-
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4.4 Ancient Dynamo Field

In general, dynamo simulations usually show several possible scenarios of dynamo
evolution, which depend on the chosen parameters and the initial conditions. To account
for all scenarios we discuss the degree of compatibility of our methodological approach
and of our results with the three main core magnetic field morphologies that could be
present at the surface during the craters formation period: multipolar field; dipolar field;

and, dipolar-quadrupolar field (e.g., morphology similar to the current stage).

Although a multi-polar field hypothesis gives rise to the question of how the dy-
namo evolved to its current axisymmetric state, there are arguments supporting such a
configuration for an ancient core field. On Mercury, Hauck II et al. (2013) infer a shal-
low core mantle boundary at depths of solely 420 km. Though higher multipole compo-
nents decay rapidly with distance compared to the dipole component, the planetary sur-
face being close to the core eventually favors a multipolar component field case. In this
work, we used the Parker’s method which inverts for the magnetization direction through
an unidirectional assumption. This is still valid for an ancient multipolar field case, be-
cause 1) those component scales are much larger than the crater sizes and 2) the mag-
netic field is supposed to evolve on longer time scales than the time the craters molten
material takes to cool down to the Curie temperature within the crater rim. However,
to convert the inverted magnetization direction to its corresponding paleopole position,
we make a centered dipolar field assumption. This is in contradiction with the multipo-
lar field hypothesis. The resulting paleopoles positions would not be clustering in a small
region as shown in Figure 5 (see also Oliveira and Wieczorek (2017) for another exam-
ple). Our paleopole solutions indicate that an ancient multi-polar core field may have

existed.

Assuming that the ancient field morphology was dipolar, then the assumption made
to convert from the magnetization direction to the corresponding paleopole position is
valid. It is also known from numerical simulations and from paleomagnetic records that
the dynamo might undergo polarity reversals. The reversal process is thought to be much
faster than the period of time that the dynamo is stable, in particular with a dominat-
ing dipolar component. During the reversal process the field morphology is thought to
be dominated by the nondipolar terms. Specifically, for the Earth, the dynamo-generated

field spends most of its time in a single polarity and reverses in a short period of time

—19—

This article is protected by copyright. All rights reserved.



545

546

47

548

49

550

551

752

553

554

555

<56

57

558

560

)62

563

064

565

566

57

569

070

571

072

573

074

576

577

compared to the time it spends in the dipolar morphology. For a crater formed during

a dynamo reversal, the resulting recorded paleopole would be an average of the many
directions that the field would locally take during the reversal process. For example, the
time scale for a lunar melt sheet to cool down under Curie temperature is roughly 10 mil-
lions of years for 1 km thick layer (Le Bars et al., 2011). This is, however, unlikely to
have happened for all craters, assuming that the dynamo spends most of its time in a
dipolar configuration. The best fitting palaecolopes obtained do not cluster near the ge-
ographic poles, as expected for a reversal dynamo of centered axial dipolar morphology,
nor in a small region as expected for the non-axial centered dipolar field. Accounting for
uncertainties, we find a common area for all magnetic anomalies. If we assume that the
Hermean magnetic field kept its morphology during our craters formation, this region
could be explained by a centered non-axial dipolar field, or by an axial dipolar field present
before the planet suffers a true polar wander. Our results are not in disagreement with

a reversing dynamo of axial dipolar morphology as the southern/northern poles are in-

cluded in the solutions.

Recently, numerical simulations combining double-diffusive convection with a sta-
bly stratified layer reproduced the present magnetic field of Mercury (Takahashi et al.,
2019). This particular dynamo configuration reproduces a very stable magnetic equa-
tor offset for some magnetic diffusion times (around 60.000 years). Even if exotic, it is
possible that the Hermean dynamo is extremely stable with an almost frozen surface field
configuration since the craters formation period. Note that temporal variations were not
found when comparing observations of Mariner 10 and those of MESSENGER (Philpott
et al. 2014). In this case, the ancient field would be of the same configuration as the cur-
rent one. This would lead to the magnetization distribution of the crustal magnetic field
sources being the same as in the case of an IM origin, discussed in section 4.2. Conse-
quently, the paleopoles would be found in the small region around the geographic pole
as shown in Figure 5. However, our best fitting paleopoles are not found in the region
where the paleopoles would lie for a field with dipolar and quadrupolar components (shown
in Figure 5). Nevertheless, as shown by Takahashi et al. (2019), the evolution of the dipo-
lar and quadrupolar terms could vary in a way that maintains the equatorial asymme-
try of the field, while changing (by increasing or decreasing) the extent of the region where
the paleopoles would lie. Accounting for the uncertainties, all anomalies correspond to

an area of admissible paleopoles that overlaps partially or entirely with the region of pale-
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578 poles that corresponds to today’s field, preventing us from excluding this scenario. Though

579 this work shows that the dynamo can preserve the same configuration for a few million
80 years, a study with a longer time period is needed to confirm whether the core field mor-
581 phology is stable since the crater formation period.

582 The exact ancient dynamo morphology is still an open question according to our

33 paleopoles within uncertainties results. The best we can conclude from our findings is

584 that: if the ancient dynamo field had a dipolar morphology, a true polar wander is likely

8 to have happened; the multipolar morphology is still a possibility; the dynamo field may

86 vary very little in terms of its morphology.

587 5 Conclusion

288 Today the early history of Mercury is poorly constrained by in situ measurements.
589 However, some constraints on the early history of Mercury might be found by analyz-

590 ing its crustal magnetic field as measured by satellites. Magnetic anomalies that are gen-
501 erated by thermoremanently magnetized sources possess information on the ancient core
502 field, and therefore it is important to distinguish them from sources generated by other

503 magnetization processes. Here we study magnetic anomalies that are associated with com-
504 plex craters on Mercury as their centered melt sheets are likely to be thermoremanently
505 magnetized rather than shockremanently magnetized. During the crater formation, the

%6 iron rich impactor is incorporated mostly in the melt sheet that cools down slowly, record-
507 ing thermoremanently the ambient magnetic field. However, as argued by (Hood et al.,

8 2018), the amount of iron that an impactor can plausibly deliver to Mercury’s surface

falls well short of that needed to explain the observed relatively strong crater-associated

500 magnetic anomalies as being induced in the present-day core dynamo field. Addition-

601 ally, not all craters are associated with magnetic field anomalies as the composition of

502 the impactor is expected to vary in iron content.

603 Here we use the crustal magnetic field model of (Hood, 2016) and (Hood et al., 2018)

" based on low magnetic field measurements of the MESSENGER spacecraft and estimate

605 magnetization directions, which we then convert to magnetic paleopole positions. We

06 employed the method of (Parker, 1991), which assumes a unidirectionally magnetized

607 source. This is in agreement with a stable core-generated dipolar field present when the

08 crater was formed. An important characteristic of this method is that it does not require
91
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any assumptions on the source geometry. We studied five anomalies associated with craters
suitable for inversion, and we obtained the corresponding magnetic paleopoles. Most of

the best-fitting paleopoles are found at middle to high latitudes in the Southern Hemi-
sphere although one is very close to the equator. Accounting for the uncertainties, which
are calculated in a very conservative way, we find that our results converge towards a

small region that excludes the current magnetic (and geographic South) pole.

No single physical process can satisfactorily explain the finding that our best fit-
ting paleopoles are located in the southern hemisphere only, but away from the geographic
pole. Assuming a dipolar field aligned with the rotation axis, true polar wander events
from 27 up to 88 degrees are required. Reorientation models can only explain up to 20°
of true polar wander when accounting for important masses added by impactors. Alter-
natively, their distribution might be also indicative of a different field morphology present
at the surface of Mercury when the craters formed. However, it would be a major chal-
lenge for dynamo modelers to account for an abrupt change from a multipolar field to
a very stable axisymmetric field morphology as observed by MESSENGER today. We
found that the five anomalies solutions all agree in a smaller common solutions area that
excludes the current geographic poles. This could be explained by a centered non-axial
dipolar field, or by an axial dipolar field present before the planet has suffered a true po-

lar wander.

Overall, our study strongly suggests that Mercury has evolved with time. Our re-
sults cannot decipher between changes caused by a true polar wander or evolution af-
fecting the dynamo process. It should be emphasized that our study is limited by the
small area of low altitude measurements containing crustal information due to MESSEN-
GER’s eccentric orbit. New results and conclusions may arise with BepiColombo ESA/JAXA
mission (Benkhoff et al., 2010) launched in October 2018. The mission will return mag-
netic field measurements at low altitudes all around the planet. Hopefully, during this
new mission or towards its end, other regions of Mercury’s crustal magnetic field might
be also measured and consequently increase our understanding of the early history of Mer-

cury.
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Figure 2. Modeling summary for each of the five crater-associated anomalies: Left column:
topography; middle column: observed magnetic field strength at 40 km altitude; right column:
magnetic moments of the retained dipoles used in the inversions. Also shown in the supporting
information is the radial magnetic field data component, the best fitting radial magnetic field
(i.e., the modelled field), and the difference betwibn the two. Black circles delimit the grid of ob-
servations (solid line) and dipoles (dashed line). Images are presented using a Lambert azimuthal

equal-area projection.
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Figure 3. Misfit as a function of north paleomagnetic pole position with the corresponding
uncertainty denoted by a white solid line for Rustaveli (a), Vyasa (b), anomaly 3 (c), anomaly 4
(d), and anomaly 5 (e). The star denotes the begg fitting solution. Results are presented using a

global Molleweide projection with a central meridian of 0°.
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Figure 4. North paleomagnetic pole positions for all studied crustal magnetic anomalies:
(red) Rustaveli, (blue) Vyasa, (green) Anomaly3, (orange) Anomaly 4 and, (black) Anomaly5.
The maps are: (left) in a Lambert Azimuthal Equal Area projection with the south pole in the
center and, (right) in a Molleweide projection centered at 0°E. The darker yellow color corre-

sponds to regions with a higher probability of containing the solution.
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Figure 5. Distribution of paleopoles under the assumption of a dipolar field using a present
day core field model for Mercury. The maps are: (left) in a Lambert Azimuthal Equal Area pro-
jection with the south pole in the center and, (right) in a Molleweide projection centered at 0°E.

The maximum normalized probability corresponds to 40%.
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