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Abstract Approximate maps of the lunar crustal magnetic ﬁeld at low altitudes in the vicinities of the
three Imbrian-aged impact basins, Orientale, Schrödinger, and Imbrium, have been constructed using
Lunar Prospector and Kaguya orbital magnetometer data. Detectable anomalies are conﬁrmed to be
present well within the rims of Imbrium and Schrödinger. Anomalies in Schrödinger are asymmetrically
distributed about the basin center, while a single isolated anomaly is most clearly detected within Imbrium
northwest of Timocharis crater. The subsurface within these basins was heated to high temperatures at
the time of impact and required long time periods (up to 1 Myr) to cool below the Curie temperature for
metallic iron remanence carriers (1043 K). Therefore, consistent with laboratory analyses of returned
samples, a steady, long-lived magnetizing ﬁeld, i.e., a former core dynamo, is inferred to have existed when
these basins formed. The asymmetrical distribution within Schrödinger suggests partial demagnetization
by later volcanic activity when the dynamo ﬁeld was much weaker or nonexistent. However, it remains
true that anomalies within Imbrian-aged basins are much weaker than those within most Nectarian-aged
basins. The virtual absence of anomalies within Orientale where impact melt rocks (the Maunder Formation)
are exposed at the surface is diﬃcult to explain unless the dynamo ﬁeld was much weaker during the
Imbrian period.
1. Introduction
Laboratory analyses of returned samples indicate that a lunar core dynamo with surface ﬁelds of tens of μT
existed at ∼4.2 Gyr ago [Garrick-Bethell et al., 2009] and persisted at least until ∼3.7 Gyr [Shea et al., 2012;
Cournède et al., 2012; Suavet et al., 2013; Tikoo et al., 2014; Weiss and Tikoo, 2014]. A recent analysis of a lunar
regolith breccia indicates a much weaker or nonexistent surface ﬁeld (<0.1 μT) at ∼1 Gyr ago [Wang and Weiss,
2016]. For comparison, the lunar Imbrian period commenced at the time of the Imbrium impact at ∼3.9 Gyr
ago [e.g., Merle et al., 2014] and continued until the time of the Eratosthenes crater-forming event at about
3.1 Gyr ago [Wilhelms, 1987].
Analyses of orbital data to conﬁrm these laboratory constraints on lunar internal evolution are generally
diﬃcult because of evidence that impact processes (speciﬁcally impact ejecta deposition and shock magnetization and demagnetization) have contributed to the production and destruction of magnetic anomaly
sources on the Moon [e.g., Strangway et al., 1973; Hood et al., 2001, 2013; Halekas et al., 2001, 2002; Gattacceca
et al., 2010]. However, there is one class of lunar magnetic anomalies that is generally agreed to provide useful indicators of the existence or absence of a core dynamo at the times of their formation, i.e., magnetic
anomalies within the rims of impact basins or large craters [Halekas et al., 2003; Wieczorek and Weiss, 2010;
Hood, 2011]. This is because the source materials of such anomalies, which probably lie beneath the visible
mare basalt surfaces, must have formed via slow cooling (thermoremanent magnetization) in the presence
of a steady, long-lived magnetizing ﬁeld. The latter argument is suggested by the results of numerical impact
simulations [e.g., Ivanov, 2005], which show that the subsurface within large crater rims was heated to high
temperatures and required long periods (up to 1 Myr) to cool through the Curie blocking spectrum. Formation
of these anomaly sources therefore required a steady, long-lived magnetizing ﬁeld, i.e., a core dynamo ﬁeld.
Alternate ﬁeld sources, e.g., an early strong solar wind ﬁeld or a ﬁeld ampliﬁed immediately after the impact,
would either no longer be present or would change its orientation continuously leading to no coherent
magnetization over a 1 Myr period.
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Previous work has shown the existence of relatively strong central magnetic anomalies in a number of impact
basins that formed in the Nectarian period [Halekas et al., 2003; Hood, 2011]. These results are consistent with
the laboratory data because estimates for the time of the Nectaris impact at the beginning of the Nectarian
period range from ∼3.9 Gyr [e.g., Ryder, 2002] up to ∼4.2 Gyr ago [Fischer-Gödde and Becker, 2011, 2012].
Previous work has also shown the existence of weaker central anomalies in several pre-Nectarian basins [Hood
et al., 2014], which indicates that the onset of dynamo generation may have been prior to 4.2 Gyr. However,
only very weak anomalies have previously been reported in impact basins that are as young or younger than
∼3.9 Gyr (i.e., Imbrium, Schrödinger, and Orientale).
In this paper, more detailed mapping is reported of Kaguya (KG) and Lunar Prospector (LP) magnetometer data
in the vicinities of the three Imbrian-aged basins. In section 2, the selection and preparation of the best available measurements over these basins are described. In section 3, the mapping methodology is described, and
maps are presented and discussed. The existence of detectable anomalies within the basin rims is evaluated
on the basis of examinations of individual orbit passes in section 2, while the distribution of any anomalies is
evaluated in section 3. Discussion and conclusions are given in section 4.

2. Data Selection and Preparation
As noted in section 1, only three Imbrian-aged impact basins (deﬁned as impact structures whose main rims
are at least 300 km in diameter) exist. The largest of these is Imbrium (diameter ∼1160 km; centered at ∼35∘ N,
343∘ E). The second largest and (probably) youngest basin is Orientale (diameter ∼930 km; centered at ∼19∘ S,
265∘ E). The smallest and (probably) second youngest is Schrödinger (diameter ∼316 km; centered at 75∘ S,
133∘ E).
Two complementary low-altitude orbital magnetometer data sets and one electron reﬂectometer data set
are presently available for investigating the existence of crustal magnetic anomalies within these basin rims.
These are those obtained by the Lunar Prospector (LP) magnetometer and electron reﬂectometer (ER) in
1998–1999 [Lin et al., 1998; Hood et al., 2001; Halekas et al., 2001] and the Kaguya (KG) magnetometer in
2008–2009 [Tsunakawa et al., 2010, 2015]. The LP magnetometer data set provides nearly global measurements at low altitudes but was obtained under solar maximum conditions when external (solar wind and
magnetospheric) magnetic ﬁeld variability was relatively large. The indirect ER measurements are therefore
a valuable supplement to the LP magnetometer data. The KG data set was obtained under nearly ideal solar
minimum conditions but provides low-altitude measurements mainly in the southern hemisphere and at very
low northern latitudes. Thus, the LP data set usually provides the best available direct measurements at middle to high northern latitudes, while the KG data set provides highest quality measurements in the southern
hemisphere. Both the LP and KG magnetometer data are freely available for download as described in the
acknowledgments.
Previous mapping of magnetic anomalies near and within Imbrium has yielded some consistent evidence for
the existence of weak magnetic anomalies. Maps of the lunar nearside constructed using LP ER data show
weak anomalies within the rim of Imbrium [Halekas et al., 2001, Plate 1; Halekas et al., 2003, Figures 1 and 5;
Mitchell et al., 2008, Figures 4 and 5; Halekas et al., 2010, Figure 5]. More recent global mapping of LP and KG
magnetometer data also show weak anomalies within the Imbrium rim [Purucker and Nicholas, 2010, Figure 6;
Tsunakawa et al., 2015, Figures 2 and 4]. While the locations and relative amplitudes of these anomalies are
often inconsistent from one map to another, some consistencies can be found. For example, an early spherical
harmonic map [Purucker et al., 2008] showed an anomaly near 343∘ E, 25∘ N that could be consistent with an
anomaly near 344∘ E, 28∘ N on an ER map of Halekas et al. [2010]. But a detailed and documented map of
the interior of Imbrium has not really been produced. Similarly, some weak anomalies near and within the
Schrödinger and Orientale basins can be found on previous maps although the locations and amplitudes vary
considerably from one map to another [see, e.g., Purucker et al., 2008].
In order to evaluate further whether anomalies are detectable within the Imbrium, Schrödinger, and Orientale
impact basins, all low-altitude magnetometer measurements obtained during the LP and KG missions were
reexamined for coverage near and within these basins. In the case of Imbrium, a series of 29 LP orbits was
selected from 14 to 18 April 1999 when the spacecraft altitude was very low (as low as 13 km) over this region.
These orbits were for a period when the Moon was in the solar wind, but the spacecraft was centered in the
lunar wake so that external ﬁeld variations were reduced. Figure 1 shows a stack plot of the radial magnetic
ﬁeld component along 20 of these orbits after (a) editing to eliminate segments when external ﬁeld variability
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Figure 1. Radial magnetic ﬁeld component along a series of Lunar Prospector orbit passes in April 1999 over the
Imbrium basin after editing to remove passes containing signiﬁcant external ﬁeld contamination. All orbit segments
were quadratically detrended to reduce long-wavelength, noncrustal variations. Arrows identify a repeating anomaly
located well within the basin rim. Longitude and altitude at 35∘ N are indicated at right.

was unusually large and (b) quadratic detrending of the residual time series to minimize long-wavelength
external ﬁeld contributions. Speciﬁcally, adjacent orbit segments were ﬁrst diﬀerenced to minimize the crustal
ﬁeld contribution and then segments whose radial component residuals had RMS deviations greater than
1.5 nT were eliminated. Quadratic detrending of remaining segments with lengths of 50∘ of latitude eliminates
wavelengths longer than about 25∘ (750 km). Figures S1–S4 in the supporting information online illustrate
the editing and detrending steps that were taken. Figures S5 and S6 show the ﬁnal east and north components
in the same format as Figure 1. As can be seen by comparing Figure 1 with Figures S5 and S6, the radial ﬁeld
component is less contaminated by external ﬁeld variations. This is mainly because induced currents in the
lunar upper mantle tend to suppress external ﬁeld variations that are normal to the surface. The radial ﬁeld
component is therefore chosen as the primary mapping input.
As seen in Figure 1, although some external ﬁeld contamination remains in most orbits, a number of anomalies
are identiﬁable that repeat on successive orbits and are therefore conﬁrmed to be of lunar origin. Many of the
stronger ones (e.g., those near 5∘ E, 20∘ N) lie near or just outside the basin rim. However, one relatively strong
and isolated anomaly with an amplitude of several nT is veriﬁed to be present well within the basin rim northwest of the crater Timocharis near 344∘ E, 28∘ N (indicated by vertical arrows). The existence of this anomaly
HOOD AND SPUDIS
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Figure 2. As in Figure 1 but for a series of Kaguya orbit passes from May 2009 over the Schrödinger impact basin in the
south polar region. Longitude and altitude at 75∘ S are indicated at left.

has not been speciﬁcally reported previously to the authors’ knowledge, although at least one previous ER
map shows a surface ﬁeld enhancement near this location [Halekas et al., 2010, Figure 5]. It should be emphasized that weaker anomalies with amplitudes less than 1 nT may be undetectable elsewhere in Imbrium due
to remaining external ﬁeld contamination. However, it is clear that there is no other anomaly within the basin
rim that is as strong as that detected on the two passes at longitudes of 342.4∘ E and 344.0∘ E.
In the case of Schrödinger, 57 low-altitude passes of the KG spacecraft obtained during 8–12 May 2009 over
a region from 100∘ E to 160∘ E and from 65∘ S to 85∘ S were selected. The altitude of observation varied from
∼19 km on the southeastern side to ∼26 km on the western side of this region. These particular orbits occurred
during a period when the Moon was in a lobe of the geomagnetic tail and so were relatively free of external ﬁeld variations. Figure 2 plots the radial ﬁeld component for a subset of these orbits for a latitude range
bracketing the basin center at 75∘ S. For comparison, Figures S7 and S8 show the east and north ﬁeld components. Much less external ﬁeld contamination is present for all three components than was the case for
the Imbrium data shown in Figures 1, S5, and S6. The same editing and detrending operations were applied
as described above for the Imbrium passes but much less editing was required; almost all orbit passes were
retained. Repeating anomalies are detectable on most passes, including areas that are well within the basin
rim, which has boundaries at 115∘ E and 150∘ E.
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Figure 3. As in Figures 1 and 2 but for a series of 12 Kaguya orbit passes from May 2009 over the Orientale basin.
Longitude and altitude at 20∘ S are indicated at left.

In the case of Orientale, 32 KG passes from 26 to 29 May 2009 covering a region extending from 240∘ E to 290∘ E
longitude and from 40∘ S to the equator were selected. The spacecraft altitude ranged from ∼17 km on the
western side to ∼26 km on the eastern side. The Moon was in the solar wind, and the spacecraft was in the
lunar wake; however, the spacecraft was near one side of the downstream cavity, so external ﬁeld variations
were signiﬁcant. Figure 3 plots the radial ﬁeld component along a subset of 12 of these passes with coverage over the basin center. The increased external ﬁeld contamination level for these passes as compared to
the Imbrium and Schrödinger passes is evident from the lack of repetition of anomaly patterns on successive
orbits. The contamination level is even larger for the east and north ﬁeld components (not shown). No conﬁrmed anomalies can be detected in the central part of the basin (longitudes from ∼253∘ E to 277∘ E). Further
examination of both LP and KG data for all months of both missions did not identify measurements of better
quality over this basin.

3. Mapping Methods and Results
Because of the slow lunar rotation rate, adjacent polar orbit passes of a low-altitude spacecraft are typically
separated by only about 1∘ of longitude (∼30 km) at the equator. Consecutive passes during a single lunation
therefore yield measurements on a slightly curved surface deﬁned by the evolving spacecraft altitude. It is
then possible to apply a simple direct mapping method to produce maps of the crustal magnetic ﬁeld over a
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given region on this surface. Alternatively, approximate maps on a constant altitude surface can be produced
in which anomaly amplitudes are adjusted for small diﬀerences in spacecraft altitude using a power law procedure [e.g., Hood et al., 2013]. However, for measurements obtained at the lowest altitudes (10 to 25 km),
the spacecraft altitude can vary substantially (by as much as a factor of 2) across a large impact basin. Also,
in some cases, accurate measurements were only obtained for the radial ﬁeld component, as was described
above for LP measurements over Imbrium, for example. A direct mapping method then becomes less than
suﬃcient for producing acceptable maps of the three ﬁeld components and the ﬁeld magnitude.
For these reasons, an equivalent source dipole (ESD) mapping technique [Mayhew, 1979; von Frese et al., 1981;
Purucker et al., 2000; Langlais et al., 2004; Thébault et al., 2006] is adopted here for those basins in which anomalies are conﬁrmed to exist. The ESD technique has been applied most recently for mapping of Mercury’s crustal
ﬁeld using MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) magnetometer
data [Hood, 2015, 2016; Johnson et al., 2016]. This technique allows estimation of the crustal ﬁeld at a constant
altitude using only one measured vector ﬁeld component and has the advantage that the ﬁnal mapped ﬁeld is
guaranteed to be a purely potential ﬁeld. Here a relatively simple “classical ESD” technique [e.g., Purucker et al.,
2000] is used in which the sources are assumed to consist of an array of vertically oriented magnetic dipoles
at some depth below the planetary surface. The amplitudes and signs of the individual dipole moments are
then determined via an iterative least squares ﬁt of the model ﬁeld to the spacecraft magnetometer measurements along the orbit tracks. Once a ﬁnal set of dipole moments is determined, these can be applied to
estimate the three ﬁeld components and ﬁeld magnitude on a constant-altitude surface. The optimal depth
of the array for a given spacing of the dipoles is determined by repeating the inversion procedure until a
minimum root-mean-square (RMS) deviation of the model radial ﬁeld values from the observed radial ﬁeld
measurements is obtained. For example, a depth of about 20 km for a dipole array with a horizontal spacing
of 1∘ in latitude and 2∘ in longitude centered at 55∘ N latitude was found to be optimal using MESSENGER data
[Hood, 2016]. The derived depth of this equivalent source representation does not imply that the true sources
are at this depth. For example, distributed sources near the surface could produce nearly the same ﬁeld at the
spacecraft altitude.
To illustrate the application of the ESD technique to lunar data, we consider ﬁrst the Kaguya orbit passes near
Schrödinger, which are relatively complete and free of external ﬁelds (see Figure 2 and the description in
section 2). Figure 4a plots the 57 low-altitude orbit tracks during 8–12 May 2009 and Figure 4b is a contour
map of the spacecraft altitude during these passes, both superposed on color-coded topography based on
Clementine laser altimeter data [Smith et al., 1997] (www.mapaplanet.org; orthographic projection). As seen
in Figure 4b, the spacecraft altitude ranges from about 19 km to 26 km. This altitude variation alone is not
suﬃcient to require an ESD approach. However, stack plots similar to Figure 2 but for all three vector ﬁeld components (see Figures S7 and S8) show that the residual east component is signiﬁcantly aﬀected by external
ﬁeld variations. Hence, use of an ESD technique is a useful improvement.
For this purpose, the sources in the vicinity of Schrödinger were assumed to consist of an array of 41 by 31
radially oriented magnetic dipoles on a spherical surface at some to-be-determined depth beneath the mean
lunar radius. The dipoles were spaced 0.5∘ apart in latitude and 2∘ apart in longitude covering latitudes from
65∘ S to 85∘ S and longitudes from 100∘ E to 160∘ E (1200 dipoles). Dipole moment amplitudes were iteratively
adjusted positively or negatively depending on the diﬀerence between the observed and model ﬁeld above
the location of a given dipole. Convergence to a solution (deﬁned as occurring when the change in RMS deviation between iterations was less than 0.001 nT) occurred after about 50 iterations. By repeating the calculation
for a series of assumed depths, it was found that a depth of about 5 km yields a minimum RMS misﬁt of
∼0.4 nT. The ﬁnal correlation coeﬃcient between the modeled and observed radial ﬁeld component along the
spacecraft orbit tracks within the basin rim was 0.975. For comparison, the corresponding correlation coeﬃcients for the north and east components, which contain more external ﬁeld contamination, were 0.906 and
0.869, respectively.
Figure 5a plots the radial ﬁeld component in nT at an altitude of 15 km over Schrödinger calculated
from the ESD solution and superposed onto the Clementine topography. To produce an equally spaced
array suitable for contour mapping, the model data along the original orbit tracks were ﬁrst sorted into
1∘ longitude × 0.5∘ latitude bins and were then smoothed two-dimensionally using a 5 × 5 boxcar ﬁlter (i.e., 5∘
longitude by 2.5∘ latitude). The chosen altitude is somewhat below the observation altitude of 19–26 km but
not so low that signiﬁcant downward continuation errors are produced. Anomalies within the basin rim are
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Figure 4. (a) 57 Kaguya orbit tracks from 8 to 12 May 2009 near the Schrödinger basin. (b) Approximate altitude above
the mean lunar radius (1737.1 km). Both plots are superposed on Clementine topography (see the text).

seen to be asymmetrically distributed with larger values toward the northwest (lower right) and smaller values toward the southeast (upper left). Figure 5b shows the ﬁeld magnitude in the same format. These results
are not very sensitive to the chosen ﬁlter size because the anomalies themselves (Figure 2) have relatively
long wavelengths. Smoothing using a 3 × 3 boxcar ﬁlter (3∘ longitude by 1.5∘ latitude) yields maps that diﬀer
in only minor details from those shown in Figure 5.
Figure 6 shows the ﬁeld magnitude from Figure 5b superposed onto a Lunar Reconnaissance Orbiter Wide
Angle Camera composite image (North is at top). The asymmetrical structure of the internal basin anomalies
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Figure 5. As in Figure 4 but showing (a) the radial magnetic ﬁeld component and (b) the ﬁeld magnitude at 15 km
altitude within Schrödinger as estimated by the ESD technique. The contour interval is 0.3 nT. The model data have been
two-dimensionally smoothed using a 5 × 5 boxcar ﬁlter with a bin size of 1∘ of longitude by 0.5∘ of latitude. Superposed
on Clementine topography, orthographic projection.

is similar to that of other central basin anomalies on the Moon, e.g., Crisium [Hood, 2011]. This could reﬂect
either an original asymmetry in the distribution of magnetic sources (e.g., impact melt within the basin) or
demagnetization eﬀects of later events. It is unlikely that resurfacing by volcanic plains material in the basin
alone would have been eﬀective in thermally demagnetizing the anomaly sources because the heat from such
a thin molten layer would not penetrate signiﬁcantly into the interior [e.g., Rumpf et al., 2013]. However, volcanic materials within Schrödinger are concentrated within the basin’s semicircular peak ring, and a relatively
recent pyroclastic deposit is located to the southeast of the basin center [Mest, 2010]. It is therefore possible
HOOD AND SPUDIS
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Figure 6. Same ﬁeld magnitude contour map as in Figure 5b but superposed onto a Lunar Reconnaissance Orbiter Wide
Angle Camera composite image (www.lroc.asu.edu). North is at top. A dark deposit caused by a relatively recent
pyroclastic eruption from a volcanic cone is visible southeast of the basin center.

that the deeper internal thermal eﬀects of this volcanic activity (e.g., dike swarms) have weakened preexisting
subsurface magnetization, leading to the observed asymmetry.
Figure 7 shows results of applying the ESD technique to the radial magnetic ﬁeld measurements obtained
over the Imbrium basin (Figure 1). Figure 7a plots the modeled radial ﬁeld component, and Figure 7b plots the
ﬁeld magnitude. Figure S5 in the supporting information shows plots for the modeled east and north components. Unlike the KG Schrödinger measurements, which were nearly complete, the edited LP measurements
are characterized by missing orbit passes and passes with only partial coverage. To produce a complete map,
it was therefore necessary to ﬁll in some missing data with data interpolated from adjacent passes. After doing
so, the sources in the vicinity of Imbrium were assumed to consist of an array of 42 by 51 radially oriented
magnetic dipoles on a spherical surface beneath the mean lunar radius. The dipoles were spaced 1∘ apart in
both latitude and longitude covering latitudes from 14.5∘ N to 55.5∘ N and longitudes from 318∘ E to 8∘ E (2142
dipoles). After trial calculations, it was found that a depth of about 40 km produced a minimum RMS misﬁt
(0.156 nT) of the model radial ﬁeld measurements to the observed measurements along the orbit tracks.
Convergence to a solution occurred after about 50 iterations. To produce the contour maps, the model ﬁeld
data at a constant altitude of 15 km along the orbit tracks were ﬁrst sorted into one third by one third
degree bins and were then smoothed two-dimensionally using a 3 × 3 boxcar ﬁlter (i.e., 1.0∘ longitude by 1.0∘
latitude). The chosen altitude of 15 km is comparable to the actual altitude of observation, which ranged from
13 to 19 km.
A comparison of the mapped anomalies within the basin rim in Figure 7a with the direct measurements in
Figure 1 shows that only the strongest anomaly (smoothed amplitude 1.6 nT near 344∘ E, 28∘ N) is repeated on
adjacent orbit tracks and is therefore conﬁrmed to be of lunar origin. Weaker anomalies with amplitudes of
0.4 nT or less are not conﬁrmed with the existing data. As emphasized in section 2, the existence of only a single detectable anomaly within Imbrium may be due to external ﬁeld contamination since anomaly amplitudes
less than 1 nT are only marginally detectable. However, their apparent lesser presence in most of the basin
suggests that the original magnetization that existed shortly after the basin-forming event may have been
modiﬁed by demagnetization events later in lunar history. As was the case for Schrödinger, the occurrence
of extensive mare volcanism within the basin raises the possibility of thermal demagnetization by volcanic
events. While the thin mare basalt layer may not have heated the subsurface to signiﬁcant depths, it is possible that internal volcanic activity (e.g., feeder dikes) were more eﬀective at heating and demagnetizing
the deeper subsurface. The single detected anomaly is centered on a portion of the inner basin ridge ring
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Figure 7. (a) Radial magnetic ﬁeld component; and (b) the ﬁeld magnitude at 15 km altitude within the Imbrium basin
as estimated by the ESD technique. The contour interval is 0.4 nT. The model data have been two-dimensionally
smoothed using a 3 × 3 boxcar ﬁlter with a bin size of 0.33∘ of longitude by 0.33∘ of latitude. Superposed on Clementine
topography, mercator projection.
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Figure 8. Radial component of the crustal magnetic ﬁeld at about 25 km altitude in the vicinity of the Orientale Basin
superposed on Clementine topography. The contour interval is 0.2 nT. See Figure 7 for the elevation color scale.

(550 km in diameter). The mare basalt layer would be relatively thin here, and it is possible that the original
subsurface magnetization was better preserved at this location against volcanic heating eﬀects.
Finally, Figure 8 shows a map of the radial magnetic ﬁeld component in the vicinity of the Orientale basin at
about 25 km altitude produced directly from the orbital measurements of Figure 3. The ESD technique was
not applied to these data because of lack of evidence in the individual orbit passes for detectable anomalies.
To produce the map, measurements along individual orbit passes were ﬁrst sorted into 0.5∘ × 0.5∘ bins and
smoothed using a 5 × 5 boxcar ﬁlter. The spacecraft altitude ranged from about 17 to 26 km, and anomaly
amplitudes were adjusted for altitude diﬀerences assuming an inverse dependence on altitude. Although no
anomalies were detected, it is possible that future measurements at altitudes this low during periods with less
external ﬁeld variability will yield evidence for weak anomalies.

4. Discussion and Conclusions
The anomaly within Imbrium (Figure 7) is not clearly present on recent global maps of the lunar crustal magnetic ﬁeld produced from LP and KG magnetometer data [Purucker and Nicholas, 2010; Tsunakawa et al., 2015].
It is shown on only one previous ER map [Halekas et al., 2010] and possibly on an early spherical harmonic
model map [Purucker et al., 2008]. A likely explanation is that, in the current work, only the best available
measurements obtained at the lowest altitudes and with the least amount of external ﬁeld contamination
were identiﬁed over a given basin using either the LP or the KG data set. Regional ﬁeld maps were then constructed considering only the radial ﬁeld component, which usually has less external ﬁeld variability than the
two horizontal ﬁeld components.
As noted in section 1, the existence of even weak magnetic anomalies well within a basin rim is very diﬃcult to
explain in the absence of a former core dynamo. This is because the post-impact subsurface was heated to very
high temperatures, which would have thermally eliminated any preexisting magnetization, and then cooled
slowly through the Curie blocking spectrum for metallic iron remanence carriers. Only a steady, long-lived
magnetizing ﬁeld would have imparted coherent magnetization. It is unlikely that the overlying thin mare
basalt layer could be the sources of the anomalies because pristine igneous lunar rocks contain almost no
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metallic iron remanence carriers [Fuller and Cisowski, 1987; Rochette et al., 2010], and anomalies elsewhere
over the lunar maria are weak or nonexistent [e.g., Hood et al., 1979]. Direct magnetometer measurements at
the Apollo 15 landing site on the edge of Imbrium in an area dominated by mare basalt yielded only a very
weak surface ﬁeld of ∼ 3 nT [Dyal et al., 1974]. There is also no evidence that ejecta from a later basin-forming
event (i.e., Orientale) could have been deposited in Imbrium and Schrödinger and that this material could be
the sources of the anomalies. The anomalies in Schrödinger are distributed around the basin center, while the
detected anomaly in Imbrium is in an isolated part of the basin, neither of which is suggestive of an Orientale
ejecta origin. Rather, the most likely explanation is that the sources consist of subsurface material that was
heated and melted at the time of impact and subsequently acquired thermoremanent magnetization.
The weakness of anomalies in the Imbrian-aged basins as compared to those found in many Nectarian-aged
impact basins has been known for some time [Halekas et al., 2003] and could be due to a number of factors.
First, as suggested originally by the latter authors, it is possible that the core dynamo ﬁeld was signiﬁcantly less intense during the early Imbrian epoch than during the Nectarian period. Second, it is possible
that basin-forming impactors during the Imbrian period were less iron rich than those during the Nectarian
period, and this led to a reduced concentration of magnetic carriers in their impact melt rocks. Third, as suggested in section 3, later subsurface volcanic activity may have thermally demagnetized preexisting stronger
magnetization during a period when the dynamo was much weaker or absent.
While the third (thermal demagnetization) mechanism could have been signiﬁcant for Imbrium and
Schrödinger, it is less likely to explain the lack of anomalies over Orientale. Geologic maps [Scott et al., 1977]
show that, although the central part of the basin contains mare basalt, much of the remaining interior consists of the Maunder Formation, which is interpreted as “probably mostly impact melt.” This exposed solidiﬁed
impact melt was probably not subjected to later thermal demagnetization and has no detectable magnetic
signature. It must therefore either contain very little susceptible material or must have solidiﬁed in the presence of a very weak or nonexistent steady magnetizing ﬁeld. Compositionally, the Maunder Formation is quite
feldspathic and low in FeO (∼4.5 wt %, probably almost all FeO in silicates [e.g., Spudis et al., 2014]), which might
support a lesser concentration of metallic iron remanence carriers. However, there is no general tendency for
Imbrian-aged basin melt sheets to be depleted in FeO compared to Nectarian-aged basins. In general, the
composition of a basin’s melt sheet is mainly dependent on the location of the basin (its crustal target), not
the basin age. For example, the Imbrium basin melt is iron rich (8–11 wt % FeO [Spudis and Murl, 2015]),
while the Nectaris basin melt is more feldspathic (Fe-poor). Also, a factor of 2 diﬀerence in FeO content may
not be enough to explain the extreme weakness of anomalies in Imbrian-aged basins compared to those in
Nectarian-aged basins.
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The second (iron-poor impactor) mechanism also is not supported by current views on the origin of planetary
impactors in the inner solar system during the late heavy bombardment period when Imbrium, Schrödinger,
and Orientale formed. These impactors are believed to have been asteroids that were ejected dynamically
from the main asteroid belt, possibly as a consequence of orbital migration of Jupiter and Saturn [e.g., Strom
et al., 2005]. Some fraction of these impactors, especially the larger ones, would have contained iron cores.
There is therefore no reason to expect a progression of iron-rich impactors producing mainly moderate-sized
basins during the Nectarian period to iron-poor impactors producing mainly larger basins during the Imbrian
period.
The simplest explanation for the weakness of anomalies in Imbrian-aged basins therefore remains that the
magnetizing ﬁeld strength was much weaker during Imbrian time than it was during earlier epochs, as suggested originally by Halekas et al. [2003]. This conclusion contrasts with sample evidence, which indicates
strong paleoﬁelds (tens of μT) extending well into the Imbrian period. Without more information to favor an
alternate explanation, it must be concluded that, at this point in time, the sample evidence and the orbital
evidence do not obviously agree as to the history of lunar magnetism.
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