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PLANETARY SCIENCE

Magmatic origin of the Dewar magnetic anomaly:
Implications for an early lunar dynamo

Xi Yang1*, Anna Mittelholz’, Adrien Broquetz, Max Moorkamp3

The Moon'’s ancient magnetic field provides critical insights into lunar thermal and magnetic evolution, yet the life-
time of the interior dynamo remains debated. Returned samples yield complex and contradictory paleomagnetic
records, while orbital data reveal crustal magnetic anomalies of uncertain origin from either a core dynamo or tran-
sient impact-generated fields. Here, we jointly invert gravity and magnetic observations in the region around the
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Dewar swirl, a high-albedo feature associated with the Dewar magnetic anomaly. We identify a shallow, magne-
tized, high-density body consistent with buried mare basalt. Our estimates require a paleointensity exceeding 11
microtesla, suggesting an active lunar dynamo about 4.2 billion years ago, as constrained by the superposed basin
ejecta. The results also show that swirl formation requires horizontal magnetization and iron oxide enrichment.
These findings link a magnetic anomaly to its geologic origin and magnetizing field, providing constraints on the

lunar magnetic and volcanic history.

INTRODUCTION
The Moon is thought to have once hosted a dynamo that produced a
global magnetic field, which is supported by the paleomagnetic re-
cord of the returned lunar samples and the presence of a magnetized
crust observed from orbit (I). The thermal requirements to power a
core dynamo provide important information on the timing of dif-
ferentiation and early geodynamic history. Remanent magnetization
preserved in the crust provides a record of crustal formation and
modification events, such as impact basin formation or volcanic em-
placement, in the presence of an ancient field (2). Such processes
result in localized magnetic anomalies that are observable today.
Furthermore, interactions between these anomalies and the solar
wind modify the local plasma environment, deflect solar wind ions,
and affect space weathering on the lunar surface materials (3). This
process has potential implications for the safety of future robotic or
human lunar exploration. Therefore, the study of lunar magnetism
has major implications for the interior structure and thermal history,
the physics of planetary dynamos, and future exploration missions.
The current records of the lunar dynamo come from paleomag-
netic studies of samples returned from the Moon and observations of
crater magnetization from orbiters (Fig. 1). Many paleomagnetic
analyses of lunar samples suggest that a long-lived lunar dynamo op-
erated from at least about 4.25 billion years ago (Ga) to about 3.5 Ga
with a field strength similar to that of the present Earth (4-10). The
intensity of the dynamo field then weakened drastically and was sus-
tained to sometime between about 1.92 and 0.8 Ga (11-18). However,
recent paleomagnetic analyses have led to conflicting results and, in-
stead, suggest the absence of a dynamo field from about 4.36 to 3.2 Ga
(19, 20), limiting its activity to the earliest period of lunar history and
even questioning whether a lunar dynamo ever existed. Some an-
cient samples might have recorded transient impact-generated fields
(21), similar to what has been proposed to explain the youngest
(a few million years old) high-paleointensity records. In parallel,
the magnetic signatures of lunar craters observed from orbit have
been proposed as evidence of a dynamo before the beginning of the
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Imbrian period at ~3.85 Ga (22-25). Therefore, to resolve ongoing
debates regarding the timing and longevity of the lunar dynamo,
additional paleointensity records, particularly for early periods from
about 4.3 to 3.8 Ga with clear evidence for or against a dynamo,
are required.

The lunar crust preserves a geophysical record of thermal, mag-
matic, and impact-related processes after the initial differentiation
of the Moon (26). Through these modifications, a portion of the lu-
nar crust acquired remanent magnetization (Fig. 2A), leading to
pronounced and heterogeneously distributed magnetic anomalies
detectable from orbit (27-30). On a global scale, magnetic anoma-
lies are concentrated on the farside southern hemisphere (Fig. 2A).
This could be the result of magnetized iron-rich materials from the
South Pole-Aitken (SPA) impact event (31). Alternatively, it could
be related to the acquisition of shock remanent magnetization in the
presence of the impact-amplified magnetic field near the antipodes
of the Imbrium, Serenitatis, and Crisium (32, 33). On a regional
scale, the formation mechanism responsible for many strong anom-
alies remains unknown. Some anomalies are associated with large
impact basins, supporting the hypothesis of thermoremanent mag-
netization of the impact melt (22-24). However, only a small frac-
tion of lunar craters exhibit magnetic anomalies (25), indicating that
impact-related mechanisms alone cannot explain the full range of
observed features. Nonimpact origins, such as magmatic emplace-
ment or intrusive bodies, have also been proposed (34), but these
are more difficult to investigate due to the limited ability to resolve
subsurface structures.

One set of geological features that may help investigate the non-
impact origins of lunar crustal anomalies is lunar swirls, which are
high-albedo sinuous surface features that consistently coincide with
magnetic anomalies (35, 36). Swirls have been proposed to be shaped
by deflection of the solar wind in regions of crustal magnetic fields
(36-39) or by transportation of fine-grain dust (40-42). Both models
provide a connection between the morphology of the swirl and the
structure of the crustal magnetic field [for example, (43)]. Therefore,
analysis of swirls can provide insight into the geologic processes that
have shaped the crust. The best studied example, Reiner Gamma, has
been proposed to be the result of magnetic fields associated with an
impact melt sheet deposit (44), distal ejecta of the Imbrian basin (29),
or an intrusive magmatic dike (34). Investigations have associated

10of 11

9202 '€z #00100 U0 Y1q L) a%edsoloy uewso) e Bioaous I()SMMM//Sd]JL{ wioJ} papeojumod


mailto:xi.​yang@​eaps.​ethz.​ch
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.aec0341&domain=pdf&date_stamp=2026-09-23

SCIENCE ADVANCES | RESEARCH ARTICLE

P-N[ N [ Imbrian | Eratosthenian | Copernican
Crater
¢ Nonzero
100 + e Upper limit
f "
= 1, f
2 199Dewar %
2 !
3 ! +
-— L ]
£ T
L . .
E T No dynamo required
A
1 1 T
!
0.1 1 1 1 1 1
4 3 2 1 0

Time before present (Ga)

Fig. 1. Paleointensity summary. The paleointensity results from paleomagnetic
analyses (5-20). Nonzero measurements (red) indicate an active dynamo with the
trend of the surface paleointensity of the long-lived dynamo shown by the red
dashed arrow. Others present upper limits of a possible dynamo field (blue). The blue
dashed line highlights the paleointensity of 2 uT, and results below this illustrative
limit have been interpreted as evidence for the absence of a lunar dynamo (78-20).
An active lunar dynamo before about 3.85 Ga from the cratering record is shown in
gray (25). The estimated minimum paleointensity from this study is shown in black.
An age error bar is shown only when the uncertainty is 0.05 Ga.

Reiner Gamma with a subsurface magnetized structure connected to
the Marius Hills volcanic complex (45, 46), suggesting a possible
magmatic origin.

If a magnetic anomaly originates from a geologic process that also
generates a density anomaly (e.g., magmatic processes), a correlation
between observed gravity and magnetic data is expected. Although
dominant structures such as large-scale linear gravity anomalies (47)
and linear magnetic anomalies (48) do not show a correlation, some
gravity and magnetic field correlations have been observed regionally
(49). In such regions, combined analysis of these datasets is well suit-
ed to constrain the structure and formation history of the crust. One
such region was identified in the vicinity of the Dewar swirl, a single
isolated swirl approximately 25 km across (35). The Dewar swirl is
located northwest of the SPA basin in the farside highlands near the
equator, next to the Dewar crater, and is associated with strong grav-
ity and magnetic anomalies (Fig. 2). In addition, the Dewar region
displays a prominent surface geochemical anomaly with an elevated
concentration of iron, titanjum (as shown below), thorium, and py-
roxene, which has been interpreted as a buried mare deposit, also
called cryptomare (50, 51).

Our study analyzes the crustal structure of the Dewar region to
provide insights into the origin of crustal magnetic anomalies and
lunar swirls. We conduct the first joint inversion of lunar gravity and
magnetic field data and characterize the density and magnetization
structure of the crust beneath the Dewar swirl. Then, we combine the
inversion results, surface topography, and compositional data to in-
vestigate the origin of the Dewar swirl and the associated magnetized
body. Last, we estimate the minimum paleointensity that is required
to generate the density and magnetization anomaly associated with
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the Dewar swirl based on the inverted model and discuss the impli-
cations of our results for the lunar dynamo.

RESULTS

This study uses gravity residual and magnetic field data (fig. S1) to
resolve the three-dimensional (3D) crustal structure of density and
magnetization simultaneously (see Methods). The gravity residual is
derived from the GRGM1200B gravity field model (52) by subtract-
ing gravity signals from the surface topography (i.e., Bouguer cor-
rection) and the modeled Moho relief using the DSP model (53).
The model calculates a finite-amplitude Bouguer correction with an
assumed density of 2550 kg m™ and inverts the associated Bouguer
anomaly for a 40-km-deep Moho relief with an assumed density
contrast of 670 kg m™ following previous work (54). Some residual
short-wavelength gravity anomalies cannot be explained by surface
topography or Moho relief, and these are expected to highlight den-
sity anomalies in the crust (55, 56). The magnetic field data are de-
rived from the lunar magnetic field model from (27). The maximum
spherical harmonic degrees used in our analyses of the gravity resid-
ual and magnetic data are 550 and 450, respectively. To better resolve
the small-scale features while preserving the dominant large-scale
features, we sample the gravity and magnetic data at 6 km altitude to
represent near-surface observations and 30 km altitude to approxi-
mate satellite measurements.

Resolving the crustal structure using inversions of potential field
data is inherently nonunique. As gravity and magnetic data sense
the structure differently, combined analysis can alleviate this issue
and allow simultaneous constraints on the subsurface density and
magnetization. The goal of a joint inversion is to find whether the
density and magnetic anomalies originate from the same geological
structure. If no such solution exists, it is impossible to fit both ob-
served gravity and magnetic datasets while simultaneously fulfilling
the imposed constraints, and we can refute the hypothesis of a com-
mon origin.

Our joint inversion of gravity and magnetic data applies an objec-
tive function composed of misfit, regularization, and coupling terms
(55, 57, 58). The coupling terms favor models in which density anom-
alies and magnetization are spatially collocated. A large coupling
weight enforces strongly collocated structures, while a low cou-
pling weight allows the model to better fit observations and results in
smoother models due to regularization. Our inversion aims for the
best coupled model parameters that also fit the observations. There-
fore, the inversion begins with a strong coupling constraint between
gravity and magnetic field anomalies. Such a high weight mandates
that every gravity and magnetic anomaly in the investigated region
originates from collocated sources, leading to a poor fit to the ob-
servations for noncollocated sources. Thus, we iteratively relax the
coupling weight to reduce the coupling requirement (fig. S2). This ap-
proach allows us to dissociate the gravity and magnetic sources that
do not originate from the same location, while preserving collocation
where observations imply a common source.

The resulting 3D crustal model of density and magnetization re-
veals several magnetized bodies in the region surrounding the Dewar
swirl, some of which are associated with a density anomaly (Fig. 3).
All magnetized bodies with a positive density anomaly consistently
exhibit horizontal magnetization, suggesting dipping magnetiza-
tion relative to the vertical. Among those, the Dewar swirl is associ-
ated with the strongest anomaly body (hereafter named the Dewar
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Fig. 2. Magnetic field strength and gravity residual at 30 km altitude. (A and B) The magnetic field strength from (27); (C and D) the gravity residual obtained by re-
moving signals associated with the surface and Moho reliefs. In (A), the dashed blue circles denote the antipodes of the Imbrium, Serenitatis, and Crisium basins with radii
from (67). [(A) and (C)] The solid ellipses denote the inner floor and outer rim of the South Pole-Aitken (SPA) basin (83). (B) and (D) correspond to the black box in (A) and
(C) highlighting the region around the Dewar swirl [cyan outline from (35)] and the Dewar crater rim (white circle). The solid white boxes show the region displayed
in Fig. 3. Maps are shown in [(A) and (C)] the Mollweide equal-area centered on the lunar farside and [(B) and (D)] Mercator projection, respectively.

anomaly) with a maximum magnetization of about 0.4 A/m and a
density about 250 kg/m> higher than the surrounding crust. In con-
trast, magnetized bodies that lack an associated density anomaly uni-
formly exhibit no horizontal magnetization and a negative vertical
magnetization of similar strength to that observed in other magne-
tized anomalies. Last, two weakly magnetized bodies are found to be
associated with weak negative density anomalies. All of these anoma-
lies extend down to a depth of about 10 km (fig. S3).

Our inversion results suggest that the density and magnetization
structure of the Dewar anomaly originates from one source body of
about 60 km width and extending down to about 9 km depth (Fig. 4,
A and B). To better characterize the Dewar anomaly, we extract cells
where both density and magnetization exceed the 72.5th percentile
within the region around the swirl (box in Fig. 3) at depths of <15 km
(Fig. 4, C to E). This prominent part of the strong anomaly extends
from the surface to about 5 km depth (Fig. 4, C and D). Here, the
average values reach about 150 kg/m” for density and 0.2 A/m for
magnetization, respectively. Notably, the density and magnetization
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of the strong anomaly show a pronounced linear correlation (Fig. 4E),
with an average magnetization per anomaly density of 1.4 mA m?/kg.
In contrast, the low density and magnetization parts lack correlation.

Although improved by the joint approach, potential field inver-
sions have limited ability to resolve the deep structure of the crust
(~30 km; fig. S4) because of the nonuniqueness in acceptable solu-
tions. Synthetic tests suggest that our inversion can well resolve the
shallow magnetized bodies and the horizontal extent of density struc-
ture, but it always allows for the coupling solution regardless of wheth-
er the anomalies are indeed overlapped vertically (fig. S5). Therefore,
the vertical density structure should be interpreted with caution. Nev-
ertheless, our results show that Dewar gravity and magnetic anomalies
originate from the same source body, which is valid within the uncer-
tainties of the data. However, we also cannot discard all other alterna-
tives, as is typical for gravity or magnetic field inversions.

To support our inferred shallow origin for the magnetic and
gravity anomaly, we conduct a degree-depth investigation (59). In a
Bouguer anomaly map, low-degree components tend to be associated
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Fig. 3. Magnetization and density surrounding the Dewar swirl at 1-km depth. (A) Density, (B) total, (C) vertical, and (D) horizontal magnetization, where the positive
direction of vertical magnetization is downward. The solid and dashed boxes denote magnetized bodies associated with a positive and lacking density anomaly, respec-
tively. The anomaly associated with the Dewar swirl (cyan) is highlighted by the bold box. Arrows point to additional magnetized bodies with negative density anomaly.

The gray dashed lines in the upper row denote the profiles shown in Fig. 4 (A and B).

with large-scale and deep structures, while high-degree components
are associated with small-scale and shallow structures. By filtering
out low-degree components, the resulting Bouguer anomaly maps
highlight shallow subsurface density features. This approach inde-
pendently suggests the presence of a large-scale structure with depths
exceeding about 42 km and a shallow small-scale structure within
less than about 11 km below the Dewar swirl (fig. S6). These depths
are consistent with the Moho relief depth estimated from gravity
and topography, as well as with shallow density anomalies, confirm-
ing our inversion results (Fig. 4A).

DISCUSSION

The resulting crustal structure surrounding the Dewar swirl pro-
vides clues for the mechanisms of swirl formation. Two key factors
might be required to explain the presence of the swirl: sufficiently
strong horizontal magnetization (Fig. 3D) and FeO-rich surface ma-
terial (Fig. 5A). This combination is consistent with the hypothesis
that local magnetic fields shield the surface from solar wind parti-
cles; while horizontal fields deflect charged particles, vertical fields
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channel them toward the planet. The resulting shielding locally re-
duces space weathering, thereby preserving a higher surface albedo.
However, because not all horizontally magnetized anomalies pro-
duce swirls, this condition alone is not sufficient. The Dewar swirl
lies within a geochemically anomalous region rich in iron oxide
(FeO), whereas none of the other magnetized bodies with horizon-
tal magnetization share this surface geochemistry. This observation
supports global trends, indicating that lunar swirls preferentially oc-
cur in regions with a high FeO content (35). We propose that space
weathering of FeO-rich material, which generates opaque submi-
croscopic iron, lowering the surface albedo, is required to lead to
observed brightness contrasts. Thus, only FeO-rich regions that are
effectively shielded from space weathering can form an albedo high
in contrast to their surroundings, resulting in swirls.

The positive density anomaly of the Dewar anomaly can be ex-
plained by intrusive basaltic materials. This intrusive body could be
associated with a near-surface cryptomare, which has been identi-
fied in the investigated region (50, 51). The inference of cryptomare
itself is supported by buried extrusive low-Ti basalt with elevated
FeO (Fig. 5A), TiO; (Fig. 5B), and mantle-derived materials at the
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Fig. 4. Density and magnetization of the Dewar anomaly. (A and B) The vertical profiles of the (A) density anomaly and (B) total magnetization across the Dewar
anomaly. (C to E) Only the region below the Dewar swirl [dashed box in (A) and (B) and bold box in Fig. 3) at depths <15 km is shown. [(C) and (D)] The distribution of the
(C) density anomaly and (D) magnetization of the Dewar anomaly as a function of depth. For visual support, weak (blue) and strong (red) parts are separated, where strong
is defined as having density and magnetization that are both larger than the 72.5th percentile within this region. (E) Density is represented by the sum of density anoma-
lies in (A) and the crustal density of 2550 kg/m? (see Methods). The black dashed line denotes the average magnetization-to-density anomaly ratio. The average and the
95th percentile of the magnetization-to-density ratio of strong anomalies are shown by the dashed gray lines, respectively.

surface (51). After removing the impact ejecta and background top-
ographic trend (fig. S7), we detect a mound-like topography above
the Dewar anomaly that is comparable to the Marius Hills volcanic
complex (Fig. 5, C and E). Magmatic intrusion-induced uplift is
widely observed on the Moon, including in floor-fractured craters
(60). Thus, our observation supports the presence of an intrusive
body, such as a buried volcano, under the Dewar swirl. Last, the
Dewar anomaly displays the thinnest regional crust (Fig. 5D), which
is a preferable condition for the extrusion and eruption of magma.
All of these observations are consistent with the magmatic origin of
the Dewar anomaly.

A magnetic body will acquire magnetization if it is emplaced
in the presence of a dynamo field, and we observe several magnetic
anomalies. The presence or absence of a collocated density anomaly
might indicate different formation mechanisms of such a body. Mag-
netized bodies other than Dewar that exhibit positive density anoma-
lies lack association with geochemical anomalies and are not located
near the inferred cryptomare (Fig. 5, A to D). For these, associated
density anomalies are consistent with intrusive dikes or buried local
emplacements of impact melt. Magnetized bodies with no density
anomaly exhibit only negative vertical magnetization components
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with similar strength (Fig. 3A), suggesting a common formation pe-
riod and mechanism. Such anomalies might originate from distal
ejected materials from large impact events, such as the SPA basin
(31). In contrast, weakly magnetized bodies accompanied by nega-
tive density anomalies may have formed through impact shock from
smaller regional impacts. Such a process could increase crustal po-
rosity, manifesting in a negative density anomaly, while simultane-
ously generating a shock remanent magnetization. However, this
process remains poorly understood, and whether it can generate a
detectable magnetic anomaly is still unclear [for example, (25)]. Gen-
erally, any magnetic anomalies observed in the vicinity of the Dewar
swirl are unlikely to result from antipodal shock magnetizing effects
(32, 33), as the studied region is located outside the antipodes of large
impact structures (61).

To further assess the possible magmatic origin of the Dewar
anomaly, we compare our model results with geochemical constraints
on magnetization formation. If the observed magnetization results
from the metallic iron enrichment produced by the reduction of il-
menite during slow basalt cooling (62) in the presence of a lunar dy-
namo, the density anomaly constrains the volume of basalt and thus
the amount of available ilmenite. Assuming a paleointensity of 70 pT,
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we estimate that ~31% of ilmenite would be reduced to iron (fig. S8,
Methods), consistent with the timescales expected for intrusive ba-
salt cooling.

The intensity of the magnetic field at the time of the formation of
the Dewar anomaly is unknown. Yet, as the availability of magnetic
material to form the anomaly is limited, our inferred magnetization
and density can be used to provide constraints on the paleointensity.
If the anomaly body contains the highest possible concentration
of iron, a minimum magnetic intensity is needed to generate the
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observed magnetic anomaly. This means that the lower bound of the
paleointensity during the formation of the Dewar magnetic anomaly
can be estimated. We find that the minimum paleointensity is propor-
tional to the crustal magnetization per mass. For the derived average
value of the Dewar anomaly, 73.1 pA m?/kg (Fig. 3E), the estimated
minimum paleointensity is about 11.4 pT, and 22.0 pT if we use the
largest magnetization per mass of 141.6 pA m”/kg. These estimates
are consistent with the surface intensity of tens of microtesla that sup-
port the presence of a lunar dynamo (Fig. 1), indicating that the
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Dewar anomaly was magnetized by a dynamo field during its slow
cooling. We note that our minimum constraint assumes a stable field
during the cooling timescale of tens of millions of years for a mag-
matic body with a size similar to the Dewar swirl. Any instabilities
would reduce net magnetization and require an increased paleomag-
netic field (63, 64). An alternative explanation for the magnetizing
field is the transient impact-generated fields, which is unlikely be-
cause such events could only thermally magnetize a very small por-
tion of the intrusive body within their short duration of only a few
hours (33).

The formation period of the Dewar anomaly is crucial for recon-
structing the history of the lunar dynamo. The Nectarian Dewar crater
postdates the cryptomare (50), suggesting that the formation of the
Dewar anomaly must have occurred before the end of the Nectarian
period at about 3.85 Ga. Furthermore, a rather precise constraint
comes from the impact ejecta material that covers the Dewar crypto-
mare. The Dewar anomaly should have formed later than the SPA ba-
sin. Otherwise, the Dewar region would be expected to be covered by
a thick ejecta blanket of a few kilometers (65) without distinct surface
chemical anomalies. Besides, Dewar cryptomare should have formed
before the nearest Freundlich-Sharanov (FS) basin because the cryp-
tomare is superposed by its ejecta (51). The model ages of the SPA and
FS basins are about 4.31 and 4.14 Ga, respectively (66). Therefore, we
conclude that the Dewar anomaly formed during the pre-Nectarian
period at about 4.22 + 0.08 Ga (Fig. 1). This is consistent with the
magnetic signatures of the crater (25) and a subset of paleomagnetic
results. The estimated minimum paleointensity of >11 pT (>22 pT to
explain the strongest magnetization) is consistent with the paleomag-
netic analysis of the 4.25 Ga lunar troctolite (5), the earliest nonzero
paleomagnetic estimate. The null results of the paleomagnetic analysis
could be explained by an episodic dynamo or a dynamo that frequent-
ly reversed its polarity, consistent with the coexistence of magnetized
and demagnetized craters of similar ages (25).

Our results have key implications for the lunar dynamo mecha-
nism, which must have been capable of generating and sustaining a
magnetic field strong enough to account for observed paleointensi-
ty, despite the small lunar core. This challenge has been presented in
the context of paleomagnetic studies arguing for a dynamo field. The
estimated paleointensity of >11 pT at about 4.2 Ga cannot be ex-
plained by thermal convection (67, 68), core crystallization (69, 70),
impact-induced nonsynchronous rotation (71), and inner core pre-
cession driving viscous friction (72); these mechanisms only gener-
ate surface intensities of a few microtesla. Thermal convection in a
basal magma ocean (73) and differential precession of the mantle
and core (74) could generate surface intensities of a few tens of mi-
crotesla consistent with our estimates. However, it has been ques-
tioned whether a basal magma ocean is sufficiently conductive and
whether mantle precession could generate a stable dynamo (2). En-
hanced cooling during the formation of Ti-rich material (75) could
generate a surface intensity of >50 pT for several centuries, but its
efficiency in the early period of about 4.2 Ga is unclear. Perhaps the
easiest explanation for the observed paleointensity is a combination
of different dynamo mechanisms mentioned above.

Future investigations of lunar magnetism and crustal structure
will be essential to address the limitations of this study. First, owing
to the altitude of satellite observations, our model cannot resolve the
fine-scale magnetization comparable to the albedo transition length
scales of lunar swirls. Second, inversion of the gravity field can-
not resolve the possible magmatic pathways connecting the shallow
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magma chamber and the crust-mantle boundary. This could be ad-
dressed with complementary geophysical observations, such as seis-
mic data. Third, current paleomagnetic constraints on dynamo field
intensity are derived primarily from Apollo nearside samples; a more
comprehensive assessment will require samples from farside high-
lands. Upcoming missions such as Lunar Vertex, Change 7 and 8,
and Artemis may provide the necessary observations and samples.
While resolving these aspects remains a key objective for future
studies, our results demonstrate that orbital data alone can place
constraints on the lunar dynamo that are independent of the sample
records. The methodology developed in this study offers particular
promise for investigating planetary bodies in which direct sampling
is sparse or absent.

METHODS

Gravity data processing

To focus on the density of the crust, we use what we call the gravity
residual, which is estimated as follows. We expand the spherical har-
monic model GRGM1200B of the lunar gravity potential (52) to a
maximum degree of 550. From the predicted free-air gravity, we
subtract gravity signals from the surface topography (Bouguer cor-
rection) using the LOLA shape model and from the crust-mantle in-
terface. The gravitational signature of the crust-mantle interface is
modeled using the DSP package (53) assuming an average crustal
thickness of 40 km, a crustal density of 2550 kg/m’, and a mantle den-
sity of 3220 kg/m” [the average values from (54)]. A half-degree 80
downward continuation filter is applied to the topography-corrected
gravity field before solving for the Moho relief. Filters with smaller
wavelengths lead to unrealistic oscillations of the Moho (54), and fil-
ters with a longer wavelength erase the expected crustal signature
of impact basins. The gravity residuals can thus be understood as
Bouguer anomaly signals arising from unrealistic oscillations of the
crust-mantle interface and therefore must have their source within the
crust. We attribute these residuals to variations in crustal density re-
lated to composition or porosity. We note that portions of the long-
wavelength gravity signals might correspond to large-scale density
anomalies in the crust, which cannot be uniquely resolved.

Joint inversion

For our joint inversion, we assign an uncertainty of 1 mGal to the
gravity data based on the predicted data error at the surface of the
model GRGM1200B (52). This is a conventional setup, as the trun-
cation of the model and the upward continuation may decrease the
uncertainty. Any further decrease in the uncertainties does not af-
fect the conclusions of our study. For the magnetic data, because no
estimates of uncertainties are provided for the input model, we as-
sign an uncertainty of 0.1 nT or 2% of the value, whichever is great-
er. Solar wind-generated fields or instrument noise might lead to
contamination of individual orbital tracks, but they are expected to
be small for a model that incorporates multiple repeat orbits, such as
the model by Tsunakawa et al. (27). Hence, the small uncertainty
assumes that the crustal field provides a very good description of the
field. In addition, to confirm the consistency of the predicted mag-
netic field structure, we use data generated from a second magnetic
field model (28). Note that when using this model for the inversion,
the results are found to be similar to those shown in Fig. 3, and the
estimate of paleointensity only decreases by less than 10%, which
does not affect the main conclusions of this work.
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We use the jif3D joint inversion framework (76) with a recently
developed coupling constraint based on the variation of informa-
tion (58) and jointly invert for the density and magnetization struc-
ture in the Dewar region. Variation of information (VI) is a measure
of the amount of information that one variable carries about an-
other variable. This methodology was recently proposed for terres-
trial (57) and subsequently Martian (55) investigations.

The joint inversion approach solves a nonlinear optimization prob-
lem to minimize an objective function. The objective function (®) is
composed of the misfit terms of the data for the gravity residual @ .,
and the components of the magnetic field data @, , (where i repre-
sents the components x, y, and z in Cartesian coordinates), the L2
regularization terms @, ..., and @, 5, and the coupling terms be-
tween density and the three components of magnetization @y g, _p -
The uncertainties of gravity and magnetic data are applied in the data
covariance matrix of the misfit terms. Regularization minimizes the
difference in density and magnetization gradient between adjacent
cells and thus favors a model with smooth variations. The coupling
term favors a model with a density that is correlated with each compo-
nent of magnetization. The objective function reads as

o= (Dd,grav + }‘reg,gravq)reg,grav + Z (Dd,B,- + Z }‘reg,B(Dreg,B,

i=x,y,2 i=x,),2

+ Z M1y grav-s,

i=x,y,2

where A are the weighting terms. For details of this approach, see
(55, 58).

We perform the inversion starting with a large coupling weight
of Ay; = 10° to ensure that the inversion initially enforces strong
coupling and provides models with collocated density anomaly and
magnetization. The model updates iteratively until the misfit reach-
es a plateau, then we lower Ay; by an order of magnitude, which re-
leases the coupling constraint and allows the model to better fit the
observations (fig. S2). We repeat this procedure until Ay, = 10%, at
which point the model is smooth due to the effect of the regulariza-
tion term (fig. S4). The regularization weights of magnetization and
density are constants of 10 and 100 for the whole run, respectively.
In the main text, we focus only on the resulting model with A,,; = 10%,
which fits the observations well while preserving a high degree of
collocation between density and magnetization where collocation is
suggested by observations (fig. S2).

The final model consists of a 3D representation of density and
three vector components of magnetization (fig. S3). We mainly focus
on total magnetization, | M |, vertical magnetization, M, and horizon-
M2+ M)%, for interpretation (Fig. 3). The
model has a horizontal resolution of 6 km by 6 km and a vertical reso-
lution of 0.5 km, which increases by a factor of 1.05 for each layer with
depth up to its total depth of about 60 km. The model has an upward
offset of 5 km to include the surface topography; that is, the model

space ranges from 5 km above the mean planetary surface to about
55 km depth.

tal magnetization, M, =

Synthetic test

We set up synthetic models (fig. S5) to test (i) how well the inversion
constrains the placement and extent of a magnetized body, and (ii)
how effectively, using the advantages of coupling, it can recover a
magnetized body collocated with a density structure. For all cases,
one of the prisms is magnetized but has no density anomaly. We
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create three scenarios where the second magnetized prism has an
overlapping (fig. S5A), partially overlapping (fig. S5B), or nonover-
lapping (fig. S5C) density anomaly. Random noise of 1 mGal and
0.1 nT is added to the synthetic observations. After predicting data
at 6- and 30-km altitudes, we perform joint inversions of the synthetic
models. We show results corresponding to the coupling weight de-
creasing to Ay; = 10

We note that the magnetized prism that is not associated with a
density structure always corresponds to a magnetized body with a
consistent magnetization and depth range (fig. S5, G to I). Then, we
compare the geometric extent and placement of high-density and
magnetized prisms for the different setups, referred to as overlap-
ping, partially overlapping, and nonoverlapping (fig. S5, D to I).
Only the overlapping model results in an anomaly body that can be
fully reconstructed with respect to density, magnetization, and depth
range (fig. S5, D and G). The partially overlapping model shows an
anomaly with an elevated density and reduced magnetization com-
pared to the synthetic setup. The extended depth of the high density
model block compared to the magnetization model block is not
fully captured. Instead, the inversion places an intermediate extent
structure (fig. S5, E and H). The nonoverlapping model shows an
anomaly body that extends to the same depth of 16 km as the mag-
netized prism but has a reduced density within a less defined struc-
ture compared to the overlapping and partially overlapping models
(fig. S5, Fand I).

The results of synthetic tests suggest that the joint inversion ap-
proach applied in this study can well resolve the density and magne-
tization horizontally. Within 10 km depth, the vertical extent of the
magnetized body can be reliably resolved. However, the depth of
density structure will be driven by magnetization depth, so the ver-
tical resolution needs to be interpreted with caution. This is a typical
challenge for potential field modeling. Therefore, we conduct an ad-
ditional degree-depth investigation to estimate the depth range of
the density structure described in the next subsection.

Degree-depth investigation

We assess the depth range of the density anomaly under the Dewar
swirl using a degree-depth relation (59). The source depth (d) of a mass
is connected to the spherical harmonic degree, , for a planet with ra-
dius, R, and can be simplified to d = R / (n+1) for high degrees. Sig-
nals from different depths can be isolated by band filtering. With this
relation, the relative strength of gravity anomalies in a filtered map pro-
vides visual intuition about their corresponding source depth.

Here, we use a sine-shaped high-pass filter with half-degrees
(where the filter has a value 0of 0.5) of 20 to 160, to remove the signals
of deep sources in the Bouguer gravity map (fig. S6). The map fil-
tered by a half-degree of 20 shows a large-scale positive Bouguer
gravity surrounding the Dewar swirl; this large-scale signal disap-
pears when the half-degree increases to 60, corresponding to a depth
of >~28 km. This depth matches our estimated Moho relief depth
at about 33 to 50 km, as derived using the DSP model (compare
Fig. 5D and fig. S6, A to C). The remaining small-scale anomaly as-
sociated with the Dewar swirl is prominent and invariant on maps
with a half-degree of 60 to 160, corresponding to the depth range
from ~28 to ~11 km (fig. S6, C to F). These observations suggest
that the density structure of the Dewar anomaly has a strong portion
at a depth of <11 km, which is consistent with the joint inversion
results (Fig. 4A), supporting the validity of our inversion model and
the associated interpretations.
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Estimate of minimum Paleointensity

We develop a four-step parametric investigation to estimate the min-
imum paleointensity using our inversion results (fig. S8), in which we
(i) constrain the intrusive basalt fraction, (ii) constrain the metallic
iron fraction, (iii) derive the reduced ilmenite fraction, and (iv) esti-
mate the minimum paleointensity. The values of the parameters and
the corresponding references used are summarized in Table 1.

Step 1: Constraint on the fraction of basalt

Given that the density anomaly (Ap), as estimated by our joint in-
version, has a magmatic origin, we assume that it originates only
from intrusive basalt and

Ap=c[(1=Dy)py,—pc] (1)
where ¢, is the volumetric fraction of basalt, @, is the porosity of the
basalt, p,, is the grain density of the basalt, and p_ is the bulk density
of the crust. The volumetric fraction of basalt must not be less than
Ap/ (Pb - pc) or exceed 100%, corresponding to the porosity of the
basalt ranging from 0 to 1 — (Ap+ pc) / Py For consistency, we use
the same crustal density as for the DSP model (p, = 2550 kg/m?).
The grain density of the basalt is assumed to be p, = 3350 kg/m?
using the typical value of the low-Ti basalt (77).

Step 2: Constraint on the fraction of iron

We follow the method from (24) to constrain the volumetric frac-
tion of metallic iron (cg,) using the inverted crustal magnetization
anomaly (AM)

AM = cpsa™ | B |MCFe ()

where s is the squareness ratio of the hysteresis loop (78), a is
an experimental constant (1, 79), and MCFe is the saturation mag-
netization of metallic iron (80). The parameter | B| is the paleoin-
tensity, that is, the magnetic field active at the time the material
was emplaced and magnetized. The magnetic properties of the intru-
sive basalt are assumed to be similar to those of the Apollo samples
of low-Ti basalt.

Step 3: Fraction of reduced ilmenite

We assume that all metallic iron is generated from the subsolidus
reduction of ilmenite during the slow cooling of magma (34, 62)

FeTiO, = Fe + TiO, + %02

The fraction of reduced ilmenite, f, following this reaction can be
derived from the mass ratio of iron to ilmenite

Pre CFe

R |
= (1-®,)py SCu

3)

where pp, is the grain density of iron, p; is the grain density of il-
menite, ¢; is the ilmenite concentration in the low-Ti lunar basalt,
and y = 0.368 is the ratio of iron to ilmenite molecular mass of
the reduction.

We assume an ilmenite concentration of ¢; = 2.7% using the
average value of pigeonite basalt from Apollo 12 samples (81). The
mineralogy of the low-Ti basalt is chosen based on the maximum sur-
face concentration of FeO (about 15 wt%) and TiO, (about 1.5 wt%)
shown by the Clementine UVVIS dataset (Fig. 5, A and B) and the
high concentration of pyroxene and the low concentration of olivine
observed from the Kaguya Multiband Imager dataset [see the global
composition map (82)].

Here, ilmenite is assumed to have the same porosity as basalt.
Combining Egs. 1 to 3, the fraction of reduced ilmenite is given by

f _ Y_l PrePb a AM
caPy sMEe|B| Ap + cpp,

)

We use the average values of the parameters in Table 1, po-
rosity @, = 12%, and a paleointensity of 70 puT, corresponding to
the average value during the strong field epoch before ~3.8 Ga
(see Fig. 1). The derived fraction of reduced ilmenite is f = 40%
using the maximum depth averaged value of AM =0.2 A/m and
Ap =150 kg /m? from our inversion results (Fig. 4, C and D).
Step 4: Minimum paleointensity
On the basis of Eq. 4, we can further estimate the minimum paleo-
intensity required to generate the magnetic anomaly. Assuming
maximum iron availability during the formation of the anomaly,
that is, the entire volume consists of basalt (¢, = 1) and all ilmenite
is fully reduced (f = 1), the magnetic intensity required to generate
the observed magnetization AM is minimized. Therefore, the mini-
mum paleointensity of the observed anomaly, | B|,,;,, is given by

-1 PrePp a AM
ciPi sMLe Ap +p,

|B |min =Y (5)

We note that the minimum paleointensity is proportional to
the crustal magnetization per mass AM / (Ap+pc). On the basis
of the average magnetization per mass of 73.1 pA m*/kg from the
joint inversion (Fig. 4E), the estimated minimum paleointensity is
| Bl =~ 11.4 pT. This value is affected by the uncertainties of the

min

Table 1. Parameters of estimating the minimum paleointensity. Reference values are listed in the table with uncertainties given in the footnote.

Symbol Description

Value Reference

Pe Crustal bulk density

oy Grain density of ilmenite

2550 kg/m?

3350 kg/m?>

0.006*

1.715 x 106 A/m

3000 Tt

2.7%%

7600 kg/m>

4800 kg/m*

*0.004 to 0.008 in (78). 12810 to 3770 pTin (7). $0.4 t0 4.0% in (87).
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parameters and processes involved. In particular, the squareness ratio
of the hysteresis loop (s) could vary by about 33%. The uncertainty of
constant a may decrease the estimate by less than 10% or increase it
by about 26%. The highest feasible concentration of ilmenite in the
pigeonite basalt is about 4%, which decreases the estimate by approx-
imately 33%. In summary, uncertainties could reduce the estimate to
about 5.4 pT, still requiring a dynamo field, or increase the estimate
by an order of magnitude.

Supplementary Materials
This PDF file includes:

Figs. S1to S8

References

REFERENCES

1.
2.

20.

Yang et al., Sci. Adv. 12, eaec0341 (2026)

B. P.Weiss, S. M. Tikoo, The lunar dynamo. Science 346, 1246753 (2014).

M. A. Wieczorek, B. P. Weiss, D. Breuer, D. Cébron, M. Fuller, I. Garrick-Bethell, J. Gattacceca,
J.S. Halekas, D. J. Hemingway, L. L. Hood, M. Laneuville, F. Nimmo, R. Oran, M. E. Purucker,
T. Ruckriemen, K. M. Soderlund, S. M. Tikoo, Lunar magnetism. Rev. Mineral. Geochem. 89,
207-241 (2023).

. C. M. Pieters, S. K. Noble, Space weathering on airless bodies. J. Geophys. Res.: Planets 121,

1865-1884 (2016).

. |. Garrick-Bethell, B. P. Weiss, D. L. Shuster, J. Buz, Early lunar magnetism. Science 323,

356-359 (2009).

. |. Garrick-Bethell, B. P. Weiss, D. L. Shuster, S. M. Tikoo, M. M. Tremblay, Further evidence

for early lunar magnetism from troctolite 76535. J. Geophys. Res.: Planets 122, 76-93
(2017).

. B.E. Strauss, S. M. Tikoo, J. Gross, J. B. Setera, B. Turrin, Constraining the decline of the

lunar dynamo field at 3.1 Ga through paleomagnetic analyses of Apollo 12 mare
basalts. J. Geophys. Res.: Planets 126, e2020JE006715 (2021).

. J-l. Jung, S. M. Tikoo, D. Burns, Z. Vaci, M. J. Krawczynski, Assessing lunar paleointensity

variability during the 3.9-3.5 Ga high field epoch. Earth Planet. Sci. Lett. 638, 118757 (2024).

. C.Cournede, J. Gattacceca, P. Rochette, Magnetic study of large Apollo samples: Possible

evidence for an ancient centered dipolar field on the Moon. Earth Planet. Sci. Lett.
331-332,31-42(2012).

. C.1.O. Nichols, B. P. Weiss, B. L. Getzin, H. H. Schmitt, A. Béguin, A. S. P. Rae, J. Shah, The

palaeoinclination of the ancient lunar magnetic field from an Apollo 17 basalt. Nat.
Astron. 5,1216-1223 (2021).

. E.K.Shea, B. P.Weiss, W. S. Cassata, D. L. Shuster, S. M. Tikoo, J. Gattacceca, T. L. Grove,

M. D. Fuller, A long-lived lunar core dynamo. Science 335, 453-456 (2012).

. S.M.Tikoo, B. P. Weiss, W. S. Cassata, D. L. Shuster, J. Gattacceca, E. A. Lima, C. Suavet,

F. Nimmo, M. D. Fuller, Decline of the lunar core dynamo. Earth Planet. Sci. Lett. 404, 89-97
(2014).

. K.Lawrence, C. Johnson, L. Tauxe, J. Gee, Lunar paleointensity measurements:

Implications for lunar magnetic evolution. Phys. Earth Planet. Inter. 168, 71-87 (2008).

. J.Buz, B. P.Weiss, S. M. Tikoo, D. L. Shuster, J. Gattacceca, T. L. Grove, Magnetism of a very

young lunar glass. J. Geophys. Res.: Planets 120, 1720-1735 (2015).

. S.M.Tikoo, B. P. Weiss, J. Buz, E. A. Lima, E. K. Shea, G. Melo, T. L. Grove, Magnetic fidelity of

lunar samples and implications for an ancient core dynamo. Earth Planet. Sci. Lett.
337-338,93-103 (2012).

. S. M.Tikoo, B. P. Weiss, D. L. Shuster, C. Suavet, H. Wang, T. L. Grove, A two-billion-year

history for the lunar dynamo. Sci. Adv. 3, 1700207 (2017).

. S. Cai, K. Qj, S. Yang, J. Fang, P. Shi, Z. Shen, M. Zhang, H. Qin, C. Zhang, X. Li, F. Chen,

Y. Chen, J. Li, H. He, C. Deng, C. Li, Y. Pan, R. Zhu, A reinforced lunar dynamo recorded by
Chang'e-6 farside basalt. Nature 643, 361-365 (2025).

. S.Cai, H. Qin, H.Wang, C. Deng, S. Yang, Y. Xu, C. Zhang, X. Tang, L. Gu, X. Li, Z. Shen,

M. Zhang, K. He, K. Qi, Y. Fan, L. Dong, Y. Hou, P. Shi, S. Liu, F. Su, Y. Chen, Q. Li, J. Li,
R. N. Mitchell, H. He, C. Li, Y. Pan, R. Zhu, Persistent but weak magnetic field at the Moon’s
midstage revealed by Chang'e-5 basalt. Sci. Adv. 11, eadp3333 (2025).

. S. Mighani, H. Wang, D. L. Shuster, C. S. Borlina, C. I. O. Nichols, B. P. Weiss, The end of the

lunar dynamo. Sci. Adv. 6, eaax0883 (2020).

. J.A.Tarduno, R. D. Cottrell, K. Lawrence, R. K. Bono, W. Huang, C. L. Johnson,

E. G. Blackman, A.V. Smirnov, M. Nakajima, C. R. Neal, T. Zhou, M. Ibanez-Mejia, H. Oda,

B. Crummins, Absence of a long-lived lunar paleomagnetosphere. Sci. Adv. 7, eabi7647
(2021).

T.Zhou, J. A. Tarduno, R. D. Cottrell, C. R. Neal, F. Nimmo, E. G. Blackman, M. Ibafiez-Mejia,
A lunar core dynamo limited to the Moon’s first 140 million years. Commun. Earth Environ.
5,456 (2024).

23 September 2026

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

D. A. Crawford, Simulations of magnetic fields produced by asteroid impact: Possible
implications for planetary paleomagnetism. Int. J. Impact Eng. 137, 103464 (2020).

J.S. Halekas, R. P. Lin, D. L. Mitchell, Magnetic fields of lunar multi-ring impact basins.
Meteorit. Planet. Sci. 38, 565-578 (2003).

L. L. Hood, Central magnetic anomalies of Nectarian-aged lunar impact basins: Probable
evidence for an early core dynamo. Icarus 211, 1109-1128 (2011).

J.S. Oliveira, M. A. Wieczorek, G. Kletetschka, Iron abundances in lunar impact basin melt
sheets from orbital magnetic field data. J. Geophys. Res.: Planets 122, 2429-2444 (2017).
X.Yang, M. Wieczorek, Magnetic signatures of lunar impact craters. Icarus 415, 116049
(2024).

J. C. Andrews-Hanna, R. C. Weber, |. Garrick-Bethell, A. J. Evans, W. S. Kiefer, R. E. Grimm,
J.T.Keane, M. Laneuville, Y. Ishihara, S. Kamata, I. Matsuyama, The structure and evolution
of the lunar interior. Rev. Mineral. Geochem. 89, 243-292 (2023).

H. Tsunakawa, F. Takahashi, H. Shimizu, H. Shibuya, M. Matsushima, Surface vector
mapping of magnetic anomalies over the Moon using Kaguya and Lunar Prospector
observations. J. Geophys. Res.: Planets 120, 1160-1185 (2015).

D. Ravat, M. E. Purucker, N. Olsen, Lunar magnetic field models from lunar prospector and
SELENE/Kaguya along-track magnetic field gradients. J. Geophys. Res.: Planets 125,
€2019JE006187 (2020).

L. L. Hood, C. B.Torres, J. S. Oliveira, M. A. Wieczorek, S.T. Stewart, A new large-scale map
of the lunar crustal magnetic field and its interpretation. J. Geophys. Res.: Planets 126,
€2020JE006667 (2021).

L. L. Hood, I. Bryant, J. Van Der Leeuw, Lunar magnetic anomalies and polar ice. Geophys.
Res. Lett. 49, €2022GL100557 (2022).

M. A. Wieczorek, B. P. Weiss, S. T. Stewart, An impactor origin for lunar magnetic
anomalies. Science 335, 1212-1215 (2012).

L. L. Hood, N. A. Artemieva, Antipodal effects of lunar basin-forming impacts: Initial 3D
simulations and comparisons with observations. Icarus 193, 485-502 (2008).

1. S. Narrett, R. Oran, Y. Chen, K. Miljkovi¢, G. Téth, E. N. Mansbach, B. P. Weiss, Impact
plasma amplification of the ancient lunar dynamo. Sci. Adv. 11, eadr7401 (2025).

D. J. Hemingway, S. M. Tikoo, Lunar swirl morphology constrains the geometry,
magnetization, and origins of lunar magnetic anomalies. J. Geophys. Res.: Planets 123,
2223-2241 (2018).

B.W. Denevi, M. S. Robinson, A. K. Boyd, D.T. Blewett, R. L. Klima, The distribution and
extent of lunar swirls. Icarus 273, 53-67 (2016).

L. L. Hood, G. Schubert, Lunar magnetic anomalies and surface optical properties. Science
208, 49-51 (1980).

R. A.Bamford, E. P. Alves, F. Cruz, B. J. Kellett, R. A. Fonseca, L. O. Silva, R. M. G. M. Trines,
J.S. Halekas, G. Kramer, E. Harnett, R. A. Cairns, R. Bingham, 3D PIC simulations of
collisionless shocks at lunar magnetic anomalies and their role in forming lunar swirls.
Astrophys. J. 830, 146 (2016).

J. Deca, A. Divin, C. Lue, T. Ahmadi, M. Horanyi, Reiner Gamma albedo features
reproduced by modeling solar wind standoff. Commun. Phys. 1,12 (2018).

J. Deca, D. J. Hemingway, A. Divin, C. Lue, A. R. Poppe, |. Garrick-Bethell, B. Lembege,

M. Horényi, Simulating the Reiner Gamma swirl: The long-term effect of solar wind
standoff. J. Geophys. Res.: Planets 125, e2019JE006219 (2020).

I. Garrick-Bethell, J. W. Head, C. M. Pieters, Spectral properties, magnetic fields, and dust
transport at lunar swirls. Icarus 212, 480-492 (2011).

C. M. Pieters, D. P. Moriarty, |. Garrick-Bethell, “Atypical regolith processes hold the key
to enigmatic lunar swirls," in 45th Annual Lunar and Planetary Science Conference (2014),
p. 1408.

D. Domingue, J. Weirich, F. Chuang, A. Sickafoose, E. Palmer, Topographic correlations
within lunar swirls in Mare Ingenii. Geophys. Res. Lett. 49, e2021GL095285 (2022).

D. Hemingway, |. Garrick-Bethell, Magnetic field direction and lunar swirl morphology:
Insights from Airy and Reiner Gamma. J. Geophys. Res.: Planets 117, 2012JE004165 (2012).
I. Garrick-Bethell, M. R. Kelley, Reiner Gamma: A Magnetized Elliptical Disk on the Moon.
Geophys. Res. Lett. 46, 5065-5074 (2019).

J.S. Oliveira, M. A. Wieczorek, Testing the axial dipole hypothesis for the Moon by
modeling the direction of crustal magnetization. J. Geophys. Res.: Planets 122, 383-399
(2017).

J.S. Oliveira, F. Vervelidou, M. A. Wieczorek, M. Diaz Michelena, Constraints on the spatial
distribution of lunar crustal magnetic sources from orbital magnetic field data. J.
Geophys. Res.: Planets 129, e2023JE008125 (2024).

J. C. Andrews-Hanna, S.W. Asmar, J. W. Head lIl, W. S. Kiefer, A. S. Konopliv, F. G. Lemoine,
I. Matsuyama, E. Mazarico, P. J. McGovern, H. J. Melosh, G. A. Neumann, F. Nimmo,

R. J. Phillips, D. E. Smith, S. C. Solomon, G. J. Taylor, M. A. Wieczorek, J. G. Williams,

M.T. Zuber, Ancient igneous intrusions and early expansion of the moon revealed by
GRAIL gravity gradiometry. Science 339, 675-678 (2013).

M. E. Purucker, J. W. Head, L. Wilson, Magnetic signature of the lunar South Pole-Aitken
basin: Character, origin, and age. J. Geophys. Res.: Planets 117, 2011JE003922 (2012).

S. Gong, M. A. Wieczorek, Is the lunar magnetic field correlated with gravity or
topography? J. Geophys. Res.: Planets 125, e2019JE006274 (2020).

100f 11

9202 '€z #00100 U0 Y1q L) a%edsoloy uewso) e Bioaous I()SMMM//Sd].'lL{ wioJ} papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

50. S.J.Lawrence, B. R. Hawke, J. J. Gillis-Davis, G. J. Taylor, D. J. Lawrence, J. T. Cahill,

J.J. Hagerty, P. G. Lucey, G. A. Smith, K. Keil, Composition and origin of the Dewar
geochemical anomaly. J. Geophys. Res.: Planets 113, 2007JE002904 (2008).

51. J.Whitten, J. W. Head, Lunar cryptomaria: Mineralogy and composition of ancient
volcanic deposits. Planet. Space Sci. 106, 67-81 (2015).

52. S.Goossens, T.J. Sabaka, M. A. Wieczorek, G. A. Neumann, E. Mazarico, F. G. Lemoine,

J. B. Nicholas, D. E. Smith, M. T. Zuber, High-resolution gravity field models from GRAIL
data and implications for models of the density structure of the moon’s crust. J. Geophys.
Res.: Planets 125, e2019JE006086 (2020).

53. A.Broquet, M. A. Wieczorek, W. Fa, The composition of the south polar cap of Mars
derived from orbital data. J. Geophys. Res.: Planets 126, e2020JE006730 (2021).

54. M. A.Wieczorek, G. A. Neumann, F. Nimmo, W. S. Kiefer, G. J. Taylor, H. J. Melosh,

R. J. Phillips, S. C. Solomon, J. C. Andrews-Hanna, S. W. Asmar, A. S. Konopliv,
F. G. Lemoine, D. E. Smith, M. M. Watkins, J. G. Williams, M. T. Zuber, The crust of the moon
as seen by GRAIL. Science 339, 671-675 (2013).

55. A.Mittelholz, M. Moorkamp, A. Broquet, L. Ojha, Gravity and magnetic field signatures in
hydrothermally affected regions on Mars. J. Geophys. Res.: Planets 130, e2024JE008832
(2025).

56. A.Broquet, J. Maia, M. A. Wieczorek, On the crustal architecture of the terrestrial planets.
J. Geophys. Res.: Planets 130, e2025JE009139 (2025).

57. M. Moorkamp, Deciphering the state of the lower crust and upper mantle with
multi-physics inversion. Geophys. Res. Lett. 49, €2021GL096336 (2022).

58. M. Moorkamp, “Joint inversion of gravity and magnetotelluric data from the Ernest-Henry
10CG deposit with a variation of information constraint,” in First International Meeting for
Applied Geoscience & Energy Expanded Abstracts (Society of Exploration Geophysicists,
2021), pp. 1711-1715, doi:10.1190/segam2021-3582000.1.

59. S.Goossens, D. E. Smith, Gravity degree-depth relationship using point mass spherical
harmonics. Geophys. J. Int. 233, 1878-1889 (2023).

60. L.M.Jozwiak, J. W. Head, M.T. Zuber, D. E. Smith, G. A. Neumann, Lunar floor-fractured
craters: Classification, distribution, origin and implications for magmatism and shallow
crustal structure. J. Geophys. Res.: Planets 117, 2012JE004134 (2012).

61. G.A.Neumann, M.T. Zuber, M. A. Wieczorek, J. W. Head, D. M. H. Baker, S. C. Solomon,
D. E. Smith, F. G. Lemoine, E. Mazarico, T. J. Sabaka, S. J. Goossens, H. J. Melosh,

R. J. Phillips, S. W. Asmar, A. S. Konopliv, J. G. Williams, M. M. Sori, J. M. Soderblom,

K. Miljkovi¢, J. C. Andrews-Hanna, F. Nimmo, W. S. Kiefer, Lunar impact basins revealed
by Gravity Recovery and Interior Laboratory measurements. Sci. Adv. 1, e1500852
(2015).

62. Y.Liang, S. M. Tikoo, M. J. Krawczynski, Possibility of lunar crustal magmatism producing
strong crustal magnetism. J. Geophys. Res.: Planets 129, e2023JE008179 (2024).

63. S.C.Steele, R.R. Fu, A. Mittelholz, A. I. Ermakov, R. I. Citron, R. J. Lillis, Weak magnetism of
Martian impact basins may reflect cooling in a reversing dynamo. Nat. Commun. 15, 6831
(2024).

64. T.Chaffee, S. M.Tikoo, R. E. Maxwell, I. Garrick-Bethell, Testing the fidelity of paleopole
determinations from multidirectionally magnetized lunar crustal anomaly source bodies.
J. Geophys. Res.: Planets 130, e2024JE008805 (2025).

65. R.l.Citron, D. E. Smith, S.T. Stewart, L. L. Hood, M. T. Zuber, The South Pole-Aitken basin:
Constraints on impact excavation, melt, and ejecta. Geophys. Res. Lett. 51,
€2024GL110034 (2024).

66. C.Orgel, G. Michael, C.|. Fassett, C. H. van der Bogert, C. Riedel, T. Kneissl, H. Hiesinger,
Ancient bombardment of the inner solar system: Reinvestigation of the “fingerprints” of
different impactor populations on the lunar surface. J. Geophys. Res.: Planets 123,
748-762 (2018).

67. M. Laneuville, M. A. Wieczorek, D. Breuer, N. Tosi, Asymmetric thermal evolution of the
Moon. J. Geophys. Res.: Planets 118, 1435-1452 (2013).

68. A.J.Evans, M.T. Zuber, B. P. Weiss, S. M. Tikoo, A wet, heterogeneous lunar interior: Lower
mantle and core dynamo evolution. J. Geophys. Res.: Planets 119, 1061-1077 (2014).

69. M. Laneuville, M. A. Wieczorek, D. Breuer, J. Aubert, G. Morard, T. Riickriemen, A
long-lived lunar dynamo powered by core crystallization. Earth Planet. Sci. Lett. 401,
251-260 (2014).

70. A.Scheinberg, K. Soderlund, G. Schubert, Magnetic field generation in the lunar core: The
role of inner core growth. Icarus 254, 62-71 (2015).

71. M. Le Bars, M. A. Wieczorek, O. Karatekin, D. Cébron, M. Laneuville, An impact-driven
dynamo for the early Moon. Nature 479, 215-218 (2011).

72. C.Stys, M. Dumberry, A past lunar dynamo thermally driven by the precession of its inner
core. J. Geophys. Res.: Planets 125, e2020JE006396 (2020).

73. A.L.Scheinberg, K. M. Soderlund, L. T. Elkins-Tanton, A basal magma ocean dynamo to
explain the early lunar magnetic field. Earth Planet. Sci. Lett. 492, 144-151 (2018).

74. C.A.Dwyer, D. J. Stevenson, F. Nimmo, A long-lived lunar dynamo driven by continuous
mechanical stirring. Nature 479, 212-214 (2011).

Yang et al., Sci. Adv. 12, eaec0341 (2026) 23 September 2026

75. A.J.Evans, S. M. Tikoo, An episodic high-intensity lunar core dynamo. Nat. Astron. 6,
325-330(2022).

76. M. Moorkamp, B. Heincke, M. Jegen, A. W. Roberts, R. W. Hobbs, A framework for 3-D joint
inversion of MT, gravity and seismic refraction data: 3-D joint inversion. Geophys. J. Int.
184,477-493 (2011).

77. W.S.Kiefer, R.J. Macke, D.T. Britt, A. J. Irving, G. J. Consolmagno, The density and porosity
of lunar rocks. Geophys. Res. Lett. 39,2012GL051319 (2012).

78. P.Rochette, J. Gattacceca, A. Ivanov, M. Nazarov, N. Bezaeva, Magnetic properties of lunar
materials: Meteorites, Luna and Apollo returned samples. Earth Planet. Sci. Lett. 292,
383-391(2010).

79. J.Gattacceca, P. Rochette, Toward a robust normalized magnetic paleointensity method
applied to meteorites. Earth Planet. Sci. Lett. 227,377-393 (2004).

80. D.Dunlop, . Ozdemir, G. Schubert, Magnetizations in rocks and minerals. Treatise
Geophysics 5,277-336 (2007).

81. C.R.Neal, M. D. Hacker, G. A. Snyder, L. A. Taylor, Y. G. Liu, R. A. Schmitt, Basalt generation
at the Apollo 12 site, Part 1: New data, classification, and re-evaluation. Meteoritics 29,
334-348 (1994).

82. M. Lemelin, P. G. Lucey, K. Miljkovi¢, L. R. Gaddis, T. Hare, M. Ohtake, The compositions of
the lunar crust and upper mantle: Spectral analysis of the inner rings of lunar impact
basins. Planet. Space Sci. 165, 230-243 (2019).

83. |. Garrick-Bethell, M. T. Zuber, Elliptical structure of the lunar South Pole-Aitken basin.
Icarus 204, 399-408 (2009).

84. J.J.Gillis, B. L. Jolliff, R. C. Elphic, A revised algorithm for calculating TiO, from Clementine
UVVIS data: A synthesis of rock, soil, and remotely sensed TiO, concentrations. J. Geophys.
Res.: Planets 108, 2001JE001515 (2003).

85. J.J.Gillis, B. L. Jolliff, R. L. Korotev, Lunar surface geochemistry: Global concentrations of
Th, K, and FeO as derived from lunar prospector and Clementine data. Geochim.
Cosmochim. Acta 68, 3791-3805 (2004).

86. M. A.Wieczorek, M. Meschede, SHTools: Tools for working with spherical harmonics.
Geochem. Geophys. Geosyst. 19, 2574-2592 (2018).

87. F.Crameri, G. E. Shephard, P. J. Heron, The misuse of colour in science communication.
Nat. Commun. 11, 5444 (2020).

88. J.Du, W.Fa, M. A. Wieczorek, M.-H. Zhu, Thickness of lunar mare basalts: New results
based on modeling the degradation of partially buried craters. J. Geophys. Res.: Planets
124, 2430-2459 (2019).

Acknowledgments: We thank A. Khan and S. Stahler for their writing suggestions and

D. Giardini for support. We also thank the reviewers for comments that helped improve the final
manuscript. Inversions were performed on the ETH-Zurich Euler cluster. Funding: X.Y. was
supported by ETH Grant (23-2 ETH-12). A.M. was supported by SNF Ambizione, grant number
PZ00P2_209123. A.B. was supported by the Alexander von Humboldt Foundation and the
Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) of his Emmy Noether
junior research group—Project-ID 559317179. Author contributions: Conceptualization: X.Y.,
A.M,, AB. and M.M. Methodology: X.Y., A.M., A.B,, and M.M. Software: X.Y., A.B.,, and M.M.
Investigation: X.Y. Resources: X.Y. Data curation: X.Y. Validation: X.Y. Formal analysis: X.Y.
Visualization: X.Y. Supervision: A.M. Funding acquisition: A.M. Writing—original draft: X.Y.
Writing—review and editing: X.Y., A.M., A.B,, and M.M. Competing interests: The authors
declare that they have no competing interests. Data, code, and materials availability: We
generated and processed the spherical harmonic topography, gravity, and magnetic models
using the Python pyshtools package (86) available at https://doi.org/10.5281/
zenodo.12698962. The two magnetic field models can be downloaded at https://doi.
org/10.5281/zenodo.3873648 and https://uknowledge.uky.edu/ees_data/2/. The gravity field
model is available on the PGDA data website (https://pgda.gsfc.nasa.gov/products/75). The
shape model of the Moon is available at https://doi.org/10.5281/zenodo.10820774. The
Clementine UVVIS datasets are archived at the NASA Planetary Data System (https://doi.
org/10.17189/1520339). The DSP package is available at https://doi.org/10.5281/
zen0do.10552129. The joint inversion framework jif3D is available under the GNU General
Public License (https://sourceforge.net/projects/jif3d/). All figures are generated using PyGMT
(https://doi.org/10.5281/zenodo.15071586). The perceptually uniform color maps (87) are
available at https://doi.org/10.5281/zenod0.8409685. The 3D density and magnetization
models of the Dewar region and the synthetic tests generated and analyzed in this study are
available from https://doi.org/10.5281/zenodo.19002935. This study did not generate new
materials. All data and code needed to evaluate and reproduce the results in the paper are
present in the paper and/or the Supplementary Materials.

Submitted 4 September 2025
Accepted 10 July 2026
Published 23 September 2026
10.1126/sciadv.aec0341

110f 11

9202 '€z #00100 U0 Y1q L) a%edsoloy uewso) e Bioaous I()SMMM//Sd].'lL{ wioJ} papeojumod


http://dx.doi.org/10.1190/segam2021-3582000.1
https://doi.org/10.5281/zenodo.12698962
https://doi.org/10.5281/zenodo.12698962
https://doi.org/10.5281/zenodo.3873648
https://doi.org/10.5281/zenodo.3873648
https://uknowledge.uky.edu/ees_data/2/
https://pgda.gsfc.nasa.gov/products/75
https://doi.org/10.5281/zenodo.10820774
https://doi.org/10.17189/1520339
https://doi.org/10.17189/1520339
https://doi.org/10.5281/zenodo.10552129
https://doi.org/10.5281/zenodo.10552129
https://sourceforge.net/projects/jif3d/
https://doi.org/10.5281/zenodo.15071586
https://doi.org/10.5281/zenodo.8409685
https://doi.org/10.5281/zenodo.19002935

Science Advances

Magmatic origin of the Dewar magnetic anomaly: Implications for an early lunar
dynamo
Xi Yang, Anna Mittelholz, Adrien Broquet, and Max Moorkamp

Sci. Adv. 12 (39), eaec0341. DOI: 10.1126/sciadv.aec0341

View the article online

https://www.science.org/doi/10.1126/sciadv.aec0341
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science. 1200 New York Avenue
NW, Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.

Copyright © 2026 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

9202 '€z #00100 U0 Y1q L) a%edsoloy uewso) e Bioaous m/vvvv\/\//sdnq wioJ} papeojumod


https://www.science.org/content/page/terms-service

	Magmatic origin of the Dewar magnetic anomaly: Implications for an early lunar dynamo
	INTRODUCTION
	RESULTS
	DISCUSSION
	METHODS
	Gravity data processing
	Joint inversion
	Synthetic test
	Degree-depth investigation
	Estimate of minimum Paleointensity
	Step 1: Constraint on the fraction of basalt
	Step 2: Constraint on the fraction of iron
	Step 3: Fraction of reduced ilmenite
	Step 4: Minimum paleointensity


	Supplementary Materials
	This PDF file includes:

	REFERENCES
	Acknowledgments


