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An intermittent dynamo linked to  
high-titanium volcanism on the Moon
 

Claire I. O. Nichols      , Jon Wade     & Simon N. Stephenson    

The history of the lunar magnetic field is a longstanding controversy. Many 
palaeomagnetic studies provide evidence for either a persistent, weak 
magnetic field or the lack of an intrinsic magnetic field between 1.020 and 
3.580 billion years ago. However, for the period between 3.580 and 3.854 
billion years ago, palaeomagnetic studies have recovered strong intrinsic 
fields (>40 µT) distributed among weak or null intensity measurements. 
Crustal magnetic anomalies from this period have also been interpreted as 
evidence for the presence of both strong and weak magnetic fields. Here we 
explore potential links between published palaeointensity, rock magnetic 
and geochemical data for lunar basalts. We find there is a statistically 
significant relationship only between recovered palaeointensity and the 
titanium content of lunar basalts. By modelling the heat flux across the 
core–mantle boundary, we suggest that there is a causal link between lunar 
dynamo generation and the eruption of high-titanium basalts. Such a link 
may result from the intermittent melting of ilmenite-bearing cumulates at 
the core–mantle boundary. The coincidence of these rare events probably 
reflects sampling bias near high-titanium basaltic terranes.

Models of the lunar dynamo that span the period from 3.580 to 3.854 
billion years (Ga) ago must be consistent with several lines of seem-
ingly contradictory evidence. First, strong palaeomagnetic intensity 
measurements (for example, 69 ± 16 µT) have been recovered from 
returned Apollo samples that formed during this period1. Second, 
lunar swirls—high-albedo surface features associated with high 
magnetic-field strengths2—are also consistent with the existence of 
a high-intensity lunar dynamo at times between 3.3 and 3.9 Ga (ref. 3). 
Third and conversely, over the same period, weak and null palaeoin-
tensity measurements have been recovered from Apollo samples4,5, 
and weakly magnetized (<1 nT) craters have been reported6–8. 
Finally, although strong crustal magnetic anomalies with an age of 
3.7–3.9 Ga are observed at the antipodes of large impact basins, they 
are shown to be consistent with a weak dynamo field (~1 µT) amplified 
by impact-generated plasma fields9. Although variable preserva-
tion and detection biases complicate interpretation (Supplementary 
Information section 1), these observations point towards a generally 
weak lunar magnetic field with intermittent high-intensity interludes. 
We therefore refer to this period as the Intermittent High Intensity 
Epoch (IHIE).

The observed high palaeointensity measurements during the 
IHIE (Fig. 1) are particularly difficult to explain given the small size of 
the lunar core and the limited energy available to drive a dynamo10,11. 
Convective dynamos can sustain only a weak surface magnetic field 
(<11 µT) for the duration of the IHIE11. Several other mechanisms have 
been proposed to explain a sustained magnetic field that gradually 
decreases in strength over time by considering gravitational stirring 
of the lunar core12,13 or invoking a basal magma ocean coupled with 
core solidification14,15. However, these models cannot explain surface 
fields exceeding 30 µT and were not designed to explore the apparent 
intermittency observed throughout the IHIE suggested by more recent 
palaeointensity measurements4,5.

A notable feature of the IHIE is the eruption of high-Ti mare basalts, 
which contain >6 wt% TiO2 (ref. 16). These basalts were recovered by the 
Apollo 11 and 17 missions. High-Ti basalts with ages spanning 1.0–3.9 Ga 
have also been detected from remote-sensing data, although they 
make up a small proportion of total mare volcanism17,18 (Fig. 1 and 
Supplementary Information section 2). In contrast to low-Ti basalts, 
high-Ti magmas cannot be formed by equilibrium partial melting 
of the lunar mantle, but require a mixed source containing both 
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palaeointensity and basalt composition. To test this possibility, we 
examine the relationship between palaeointensity and the Ti content of 
Apollo samples. We assess whether compositional controls are required 
to explain the palaeomagnetic record and consider the implications for 
the source depth of high-Ti basalts and lunar mantle overturn.

A link between high-Ti basalts and strong 
magnetic fields
We find that all strong palaeointensities are exclusively recorded by 
high-Ti basalts while weak palaeointensities, within uncertainty of zero, 
are recorded by a range of lunar lithologies (Supplementary Figs. 1 and 
2 and Supplementary Table 1). Within the IHIE, all palaeointensity meas-
urements have been made on lunar basalts. Throughout mare volcan-
ism, the low-Ti basalts return a significantly lower weighted mean 
palaeointensity, Banc = 2 ± 7 µT, than the high-Ti basalts, Banc = 27 ± 23 
µT (Fig. 2a and Supplementary Tables 2 and 3). Despite the small num-
ber of measured samples and their large associated uncertainties, we 
find that the weighted mean palaeointensities for the low- and high-Ti 
basalts are statistically distinct (Mann–Whitney U = 0.0, P = 1.4 × 10−4). 
This result suggests that high- and low-Ti basalts are unlikely to have 
been randomly drawn from the same background palaeointen-
sity distribution.

Next, we compare the recovered palaeointensity measurements 
with other geochemical and rock magnetic properties of lunar basalts. 
We find the strongest statistically significant positive correlation is 
between palaeointensity and TiO2 wt% (r = 0.72, P = 1.7 × 10−4; Fig. 2). 
There are also significant correlations between age and TiO2 wt% 
(r = 0.71) and between age and palaeointensity (r = 0.54). Other cor-
relations between geochemical and magnetic hysteresis parameters31 
are markedly less strong and are unlikely to be significant when analyti-
cal uncertainties are included (Fig. 2b and Supplementary Figs. 3–6). 
We find no strong relationship between TiO2 wt% and magnetic hyster-
esis parameters, Mrs/Ms and Hcr/Hc, suggesting that potential confound-
ing controls, such as a systematic difference in magnetic carriers that 
would influence palaeomagnetic fidelity, are unlikely to account for 
their covariance. Similarly, the lack of correlation between palaeoin-
tensity and the other chemical components, K2O wt%, Sm/Nd and Mg#, 
suggest processes such as fractional crystallization do not play a role. 
These correlations, or the lack thereof, therefore suggest an external 
confounding variable is driving the observed relationship between 
palaeointensity and the Ti content of lunar basalts.

Our results can be explained in two ways. In scenario 1, the lunar 
dynamo is intermittently strong during the IHIE but, on average, oper-
ates at high intensity for a greater proportion of time before it gradu-
ally declines after the IHIE, as proposed by previous studies31,32. The 
apparent correlation with high-Ti basalts is incidental. In scenario 2, the 
dynamo need not be active for a large proportion of the IHIE. Instead, 
episodes of high magnetic-field intensity are causally linked to the 
melting of ilmenite-bearing cumulates at the CMB and the generation 
of high-Ti basalts30,33. Under this scenario, greater sampling of high-Ti 
basalts during the IHIE would bias the record towards an apparently 
more persistently intense field.

A dynamo driven by melting of ilmenite-bearing 
cumulates
Next we investigate whether either of the proposed dynamo mechanisms 
that involve ilmenite-bearing cumulates29,30 can recreate the observed 
palaeointensity record without invoking a link between high-Ti basalts 
and elevated dynamo activity (scenario 1). Each dynamo mechanism 
must satisfy four criteria dictated by the modern palaeomagnetic record 
of the lunar dynamo (Methods). First, the dynamo must be intermittently 
active for at least 274 Ma. Second, the dynamo must be able to exceed a 
surface magnetic-field intensity of 53 µT. Third, the duration of each 
discrete period of dynamo activity must last at least 100 days (2.7 × 10−5 
ka). Fourth, the dynamo must be active for at least 1% of the IHIE.

mantle and ilmenite-bearing cumulate material19,20. Several studies 
have proposed that the high-Ti basalts originate by partial melting of 
ilmenite-bearing cumulates at the core–mantle boundary (CMB) after 
mantle overturn21–24. However, others argue that the source melts must 
originate in the upper or middle mantle and suggest that high-Ti melts 
become increasingly dense with depth, reducing the likelihood of 
their return to the surface25–28. Notwithstanding the lack of consensus 
concerning the source depth of high-Ti basalts, at least some par-
tially molten ilmenite-bearing cumulates are thought to reside at the 
CMB. Indeed, their presence is required to explain lowermost mantle 
seismic signatures10,27.

The presence of ilmenite-bearing cumulate material at the CMB 
has been proposed to have triggered lunar dynamo activity29,30. It is 
possible to generate a dynamo, or at least enhance existing activity, 
by temporarily elevating the heat flux across the CMB. Elevated heat 
flow can be achieved in one of two ways. First, the latent heat of melt-
ing ilmenite-bearing cumulates can drive a sharp increase in thermal 
flux across the CMB, initiating a short-lived, high-intensity dynamo29. 
Second, as the cumulates melt, they may become buoyant and rise away 
from the CMB30. Removal of this hotter, radiogenically heated material 
could also temporarily elevate the CMB heat flux. However, in either 
case, strong magnetic fields can be sustained for only a fraction of the 
IHIE because of the limited core energy budget11. It is therefore chal-
lenging to explain why such a high proportion of Apollo samples (7 out 
of 13) with ages within the IHIE record a magnetic field exceeding 20 µT.

If melting of ilmenite-bearing cumulates drives both dynamo activ-
ity and the formation of high-Ti basalts, then a link may exist between 
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Fig. 1 | The age and composition of lunar mare volcanism compared with the 
palaeointensity record. Non-null palaeointensities (black circles represent 
mean values) and palaeointensities within an error of zero (grey circles represent 
mean values) with 1σ palaeointensity uncertainty reported from literature 
(vertical error bars) and 2σ age uncertainty from U–Pb dating (horizontal error 
bars) for returned samples (Supplementary Table 1) are compared with the age 
and composition of lunar mare basalts based on crater counting and remote 
spectral data (coloured error bars; 1σ uncertainty reported from literature17,18). 
Light blue box represents the total duration of mare volcanism; the yellow box 
represents the duration of the IHIE used in this study. All but one of the non-null 
palaeointensities coincides with the duration of mare volcanism, and this early 
palaeointensity may be explained by tidal heating48 (Supplementary Information 
section 2).
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Our first model considers the mechanism of dynamo generation 
proposed by Evans and Tikoo29, where ilmenite-bearing cumulates 
sink to the CMB during protracted mantle overturn and melt atop the 
core. As expected, our simulations are capable of yielding a stochastic, 
intense dynamo that is intermittently active for hundreds of millions of 
years for a wide range of parameter combinations (Methods), broadly 
reflecting the existing palaeomagnetic record throughout the IHIE. 
Importantly, all of the simulations can sustain a continuous dynamo 
for >100 days. Furthermore, many simulations generate an intermit-
tent dynamo for > 274 Ma with an intensity exceeding 53 µT. Crucially 
however, no simulation simultaneously satisfies these criteria while 
also driving a dynamo for >1% of the IHIE (Fig. 3). These criteria can-
not be met simultaneously because there is a direct trade-off between 
producing sufficiently high field intensities—requiring very short melt-
ing events—and the cumulative duration of the melting events being 
long enough to last >1% of the duration of the IHIE (Supplementary 
Information section 3). In the optimal case, descent of Ti-rich diapirs 
to the CMB is capable of sustaining a dynamo for only <0.2% of the IHIE 
(Fig. 3), indicating either a predominantly inactive or a predominantly 
weak dynamo. This dynamo mechanism therefore fails to reproduce 
the observed palaeomagnetic record for scenario 1 because the field 
is not pervasively operating at high intensity. However, in scenario 2 
there is a bias towards capturing these rare, high-intensity events. The 
existing palaeomagnetic record during the IHIE is exclusively preserved 
in high-Ti basalts; thus, the chances of capturing high-intensity events 
is far more likely, reflecting the observed palaeomagnetic record.

Next we consider the feasibility of the dynamo mechanism pro-
posed by Stegman and coauthors30, where ilmenite-bearing cumulates 
are radiogenically heated and melt at the CMB after mantle overturn 
has ended (Methods). The constraints for this second model are less 
restrictive than for the first since melting of ilmenite-bearing cumulates 
post-dates their arrival at the CMB. Therefore, we assume that the entire 
volume observed at the CMB today can melt in a single event of finite 
duration. We also assume cumulates can melt repeatedly throughout 
the IHIE, and therefore the dynamo can be intermittently active for 
>274 Ma, fulfilling one of our observational criteria. The remaining 
three observational criteria—the intensity of the surface magnetic 
field, the duration of individual high-intensity dynamo events and the 

cumulative proportion of high-intensity dynamo activity—are gov-
erned by the volume and duration of melting at the CMB. To generate 
the observed high-intensity surface magnetic fields, we find that the 
entire ilmenite-bearing cumulate layer would need to melt in <4.7 ka 
(Methods and Fig. 4). Such a rapid melting rate implies that roughly 600 
discrete events would be required to sustain a high-intensity dynamo 
for just 1% of the IHIE.

While the model proposed by Stegman and coauthors30 can poten-
tially fulfil the observational criteria, this is only for the case where the 
ilmenite-bearing cumulate layer repeatedly melts entirely. Petrological 
evidence indicates that the high-Ti basalts are generated by a melt frac-
tion between 20 and 40% (ref. 20), suggesting that, in reality, periods 
of intense dynamo activity are much shorter than 4.7 ka. Therefore, 
the very short-lived high-intensity dynamo events will result in a per-
vasively weak magnetic field during the IHIE, at odds with scenario 1. 
We therefore argue that under either mechanism of dynamo genera-
tion, it is necessary that the melting of ilmenite-bearing cumulates can 
simultaneously generate high-Ti basalts and strong magnetic fields, a 
conclusion that supports scenario 2. Again, such a conclusion poten-
tially points towards a bias in the lunar palaeomagnetic record, whereby 
rare, high-intensity magnetic fields are repeatedly sampled by the 
coincident eruption of high-Ti basalts.

Lunar dynamics during the IHIE
Our modelling results suggest that there is a genuine association 
between high-intensity dynamo activity and the eruption of high-Ti 
basalts, indicating that melting of ilmenite-bearing cumulates suf-
ficiently elevates the CMB heat flux to drive a short-lived, intense 
dynamo (Fig. 5). We favour a dynamo driven by radiogenic heating of 
ilmenite-bearing cumulates at the CMB after mantle overturn30 since 
a dynamo driven by protracted mantle overturn29 extending into the 
IHIE requires mantle overturn to last an order of magnitude longer than 
predicted by simulations of thermo-chemical mantle convection34. 
However, the ability of either mechanism to generate a dynamo, and 
the detail of its behaviour, requires further validation using magne-
tohydrodynamic simulations. In addition, to be dynamically feasible 
requires the union of three processes and their timescales of operation. 
First, the ilmenite-bearing cumulates must melt sufficiently quickly to 
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Fig. 2 | The relationship between palaeointensity and TiO2 wt% in lunar 
Apollo samples. a, Palaeointensity as a function of TiO2 wt% from existing data 
(Supplementary Table 1). Black circles represent mean palaeointensity and 
maximum reported TiO2 wt% in the literature (Supplementary Table 1). Error 
bars represent 1σ uncertainty. Palaeointensity measurements reported without 
uncertainty have been excluded. Bold black line represents two-sided weighted 
linear regression and 95% confidence interval (black dashed line). Blue horizontal 
line represents weighted mean palaeointensity value for low-Ti (<6 wt% TiO2) 
basalts. Red horizontal line represents weighted mean palaeointensity value 

for high-Ti (>6 wt% TiO2) basalts. Shaded regions represent precision on mean 
value for each group. Histograms show the distribution of palaeointensity 
measurements for low- and high-Ti basalts in blue and red, respectively. b, A 
correlation matrix for Pearson’s correlation coefficient, r, for palaeointensity, 
TiO2 wt%, Mg#, K2O wt%, Sm/Nd ratio, age and magnetic hysteresis parameters 
Mrs/Ms and Hcr/Hc for all lunar basalts for which palaeointensity and/or magnetic 
hysteresis measurements exist. The only strong correlations (r > 0.5) are between 
TiO2 wt%, age and palaeointensity.
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generate the observed surface magnetic-field intensities. Second, melts 
must ascend from the CMB to the surface and erupt as high-Ti basalts 
while the high-intensity dynamo is active. Finally, high-Ti basalts must 
cool through their Curie temperature and acquire a palaeomagnetic 
remanence before high-intensity dynamo activity ceases.

We have shown that ilmenite-bearing cumulate melting events must 
last <4.7 ka to generate the observed palaeointensities (Fig. 4), and 
therefore high-Ti basalts must also erupt within this time. This eruptive 
timescale is similar to those for flood basalts on Earth, which typically 
have eruption durations of <2 ka between hiatuses lasting from 1 × 10−3 
to 10 ka (ref. 35). A recent study on magnesium isotopic signatures in 
high-Ti basalts suggests they interact with the ambient mantle for just 
1–30 days (ref. 19), implying that ascent is much quicker than the required 
melting time. Rapid ascent of high-Ti basalts could be facilitated by the 
presence of high-permeability dunite channels, which have been shown 
to form when melts rise through the ambient harzburgitic mantle, allow-
ing the fast rise of subsequent melts36. Once at the surface, cooling below 
the Curie temperature takes less than 100 days (refs. 37,38). Thus, while 
high-intensity dynamo activity lasts on the order of 103 years, the sub-
sequent ascent, eruption and palaeomagnetic remanence acquisition 
of high-Ti basalts probably takes only months. Taken together, these 
timescales suggest it is plausible that melting of ilmenite-bearing cumu-
lates at the CMB can simultaneously generate a high-intensity magnetic 
field while high-Ti basalts are emplaced on the lunar surface, thus record-
ing this transient, intense magnetic field.

The link between high-Ti basaltic eruptions and an elevated CMB 
heat flux suggests that ilmenite-bearing cumulate melts are buoyant 
at all depths within the lunar mantle. This negates the requirement 
for high-Ti basalts to have a source region in the mid-mantle, as sug-
gested in several studies20,25,26,28. An origin for Ti-rich melts at the CMB 
is supported by recent high-pressure and temperature experiments39 
as well as molecular dynamical simulations40. Recent work has also 
suggested that the buoyancy of Ti-rich melts is further enhanced 
by Fe–Mg exchange with the ambient mantle19,41. A CMB origin for 

ilmenite-bearing cumulates is also consistent with the lack of evidence 
for this material in the mid-mantle42.

The distribution of ilmenite-bearing cumulates within the lunar 
mantle has further implications for the nature of mantle overturn. 
Ilmenite-bearing cumulates originated at the top of the lunar mantle 
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at the end of magma ocean solidification43. However, these cumulates 
are denser than the ambient mantle and therefore were gravitation-
ally unstable, leading to their subsequent transportation into the 
deep lunar interior (Fig. 5). Several different possibilities have been 
considered for this mantle overturn event, which we briefly discuss.

Several studies suggest that mantle overturn occurs on small 
length scales, with numerous diapirs of ilmenite-rich cumulate mate-
rial sinking to the CMB. This process is generally found to occur within 
a few hundred million years, pre-dating the IHIE34,44,45. Studies that 
explore short length-scale overturn indicate that partial overturn is 
feasible, such that some ilmenite-bearing cumulates may founder at 
mid-mantle depths rather than at the CMB. Foundering of Ti-rich mate-
rial in the mid-mantle typically occurs at higher mantle viscosities45 and 
aligns well with previous petrological studies20,25,26,28. However, these 
models also result in partially molten ilmenite-bearing cumulate mate-
rial at the CMB that is negatively buoyant, creating a thermal blanket 
that inhibits a lunar dynamo27,44. These models therefore predict the 
eruption of high-Ti basalts from a mid-mantle source in the absence of 
a dynamo, contrary to the consistently high palaeointensity measure-
ments recovered exclusively by these lavas (Fig. 2).

Other studies predict rapid (within the first 100 Ma after lunar 
magma ocean solidification), wholescale overturn of the gravitation-
ally unstable ilmenite-bearing cumulate layer to the CMB24,30,33,46. Once 
at the CMB, radiogenic heating from entrained material enriched in 
potassium, rare-earth elements and phosphorus (KREEP) leads to the 
thermal expansion of the ilmenite-bearing cumulates. This heating 
also triggers the onset of mantle convection ~500 Ma after magma 
ocean solidification, allowing hot, buoyant Ti-rich melts to become 
re-entrained into the overlying mantle47. This entrainment coincides 
with the onset of the IHIE ~3.85 Ga. The melting and rising of cumulates 
can drive a dynamo30 and may also trigger the eruption of high-Ti 
basalts24,30,33,47. These studies therefore predict that high-Ti basalts 
should erupt in the presence of a magnetic field, consistent with our 
observational findings.

Our results indicate that high-Ti basaltic eruptions and intense 
dynamo activity occurred during the melting and re-entrainment of 
ilmenite-bearing cumulates at the CMB several hundred million years 
after mantle overturn24,30,33. Both phenomena are short-lived, collec-
tively operating on a timescale of thousands of years during the IHIE, 
but are overrepresented in Apollo samples due to landing sites near 
high-Ti mare basalt terranes. This sampling bias helps reconcile the 
apparent mismatch between the lunar energy budget and the strong 
palaeointensity values from high-Ti basalts11.
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Methods
Composition, magnetic hysteresis and palaeointensity statis-
tical analysis
Palaeointensity measurements from the IHIE are divided into three cat-
egories: palaeointensities whose 1σ uncertainties are not within error 
of zero1,49–51, palaeointensities that are within uncertainty of zero4,5,52, 
and palaeointensities that exceed 20 µT by at least 1σ (refs. 1,49,51;  
Supplementary Fig. 7).

We examine the link between TiO2 wt% and the recovered palaeoin-
tensity for all basaltic samples that have undergone palaeomagnetic 
analysis. For each sample, we take the highest measured TiO2 wt% from 
the literature53 and compare this with the recovered palaeointensity 
and associated uncertainties. We do not include samples where a stable 
remanence could not be recovered52,54. To investigate the statistical 
relationship between composition and palaeointensity, we carry out 
several statistical tests.

To quantify the association between high-Ti basalts and high pal-
aeointensity measurements, we split the palaeointensity measure-
ments recovered from low- and high-Ti basalts into two populations 
for samples where a palaeointensity is reported with a calculated 1σ 
uncertainty. We calculate a weighted mean palaeointensity value 
for each group. This is done by scaling the contribution of each sam-
ple to the mean population by its reported uncertainty such that 
better-constrained estimates contribute proportionally more to the 
mean. We divide the data into two populations: low-Ti basalts, where 
TiO2 < 6 wt%, and high-Ti basalts, where TiO2 > 6 wt%. For each popula-
tion, we calculate the weighted mean

x =
∑i=n
i=0wixi
∑i=n
i=0wi

(1)

where wi =
1
σ2i

 is the weighted variance and is given by

σ =

√√√√√
√

⎛
⎜⎜
⎝

∑i=n
i=0wi(xi − x)

2

n − 1
n ∑

i=n
i=0wi

⎞
⎟⎟
⎠

(2)

and 1
∑i=n

i=0wi
 is the precision. We then compare these populations by car-

rying out a Mann–Whitney U test using the Python SciPy.stats package. 
We take the weighted mean, variance and number of samples from the 
low- and high-Ti groups. In the case of upper limits on palaeointensity, 
we take the mean to be zero and one standard deviation to be the upper 
limit. Next, we draw 10,000 samples from each distribution. We then 
rank these truncated, normal distributions (palaeointensity values 
cannot be negative) to determine whether the two distributions are 
different with statistical significance. These populations are used to 
create histograms to compare the distribution of palaeointensity 
values for the low- and high-Ti basalts, respectively (Supplementary  
Tables 2 and 3). A similar approach is also used to compare magnetic 
hysteresis properties between high- and low-Ti basalts (Supplemen-
tary Fig. 3).

To further quantify the link between palaeointensity and pet-
rologic composition, we evaluate correlations between composi-
tional (TiO2 wt%, K2O wt%, Mg# and Sm/Nd), palaeointensity and 
magnetic hysteresis parameters (Mrs/Ms and Hcr/Hc) for all lunar basalts 
for which palaeointensity and/or hysteresis measurements exist 
(Supplementary Table 4). We perform a weighted linear regression 
for all palaeointensities plotted against each composition using the 
statsmodels package in Python. We use this to find the best-fit line 
through the data and associated 95% confidence interval. Next we 
use the Pandas library DataFrame.corr() to calculate pairwise Pearson 
correlation coefficients (r and P values) between all parameters.

Reconciling dynamo models with the palaeomagnetic record
Our models must meet four criteria set by the lunar palaeomagnetic 
record. First, the dynamo must be intermittently active for at least 
274 Ma, a constraint based on the time between the first and last 
non-zero intensities during the IHIE (69 ± 13 µT recorded by samples 
10017 and 10049 at 3,580 ± 9 Ma (refs. 1,55) and 54 ± 5 µT recorded by 
sample 10003 at 3,854 ± 8 Ma (refs. 50,55)). Second, the dynamo must 
have a maximum intensity of >53 µT, a constraint that is based on the 
highest lower limit on the strength of the palaeointensity (69 ± 13 µT 
recorded by samples 10017 and 100491). Third, a period of dynamo 
activity must last at least 100 days (2.7 × 10−4 ka) to be captured during 
cooling of a typical lunar basalt, according to petrographic observa-
tions that suggest typical cooling rates between 0.5 and 100 °C hr−1 
from a temperature of 1,250 °C (refs. 37,38). Fourth, the dynamo must 
be active for at least 1% of the time throughout the IHIE based on a 
simple probability model outlined below.

The record is divided into discrete observations (n) covering the 
duration of basaltic volcanism and the entire palaeomagnetic record 
(Supplementary Fig. 7). Each sample is treated as a separate event, 
with events also grouped by geochronological age as summarized 
in Supplementary Table 1. For each case, we calculate the number 
of observations showing a positive field (k) on the basis of whether 
palaeointensity values are (or are not) within uncertainty of zero, and 
separately whether they are (or are not) within uncertainty of <20 µT. 
The corresponding n and k values for each scenario are provided in 
Supplementary Table 5.

We calculate the probability, P, that k positive intensities are cap-
tured for n discrete periods while varying the proportion of time the 
dynamo was active for, p, between 0 and 100% using

P (X ≥ k) = 1 − P (X < k) (3)

where

P (X < k) =
k
∑
k=0

( n
k
)pk(1 − p)n−k (4)

in the cases where n > k, and

P (X = k) = ( n
k
)pk(1 − p)n−k (5)

where n = k. In all cases

(nk ) =
n!

k! (n − k)!
(6)

We then conservatively calculate the proportion of time the 
dynamo would need to be active for there to be a 1% chance (P = 0.01) 
of capturing the observed palaeomagnetic record (based on chosen 
values of n and k; 1% is our tail probability). An example probability 
distribution is shown in Supplementary Fig. 8, where n = 3, k = 3 and a 
dynamo must be active for at least 22% of the time (p = 0.22) for there 
to be a 1% chance of observing three positive events. In this case, Apollo 
samples from the IHIE represent three discrete periods 
(Supplementary Fig. 7).

For all considered cases, we find for P = 0.01, the dynamo must be 
active for between 1 and 27% of the time (p = 0.01  to p = 0.27). Our 
modelling results cannot fulfil this criterion for any of the chosen 
values. We argue that the most realistic estimate is when we consider 
only basalts that acquired remanence during the IHIE. These samples 
fall into at least three discrete periods (n = 3) based on recent U–Pb 
ages55, and palaeointensities exceeding 20 µT are recovered for each 
period (k = 3). However, if we consider that these basalts may have 
erupted more continuously throughout the IHIE, with larger uncertain-
ties associated with each age56,57, then the IHIE may represent only one 
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discrete period (n = 1). In this case, the dynamo is required to be active 
for only 1% of the time to generate one observation of a positive palae-
ointensity. It is important to note that at the boundary n = 1,P(X ≥ 1) = p 
imposing P(X ≥ 1) = 0.01 states only that the dynamo must have been 
active long enough to yield a 1% chance of observing one positive event 
while it was operating. In this boundary case, where the IHIE is treated 
as a single event, our result is a conceptual limit under the imposed 
(conservative) tail probability, not a physical lower bound on p. Lower 
true dynamo activity timescales are possible but would make capturing 
this dynamo in a single sample correspondingly even less probable. 
Nonetheless, because this is the smallest inferred active fraction con-
sistent with our chosen 1% significance threshold, we adopt it for com-
parison with modelling results, both for consistency and to emphasise 
that, regardless of how the palaeomagnetic record is interpreted, it 
remains highly unlikely to capture such rare, short-lived high-intensity 
dynamo events.

A dynamo driven by protracted mantle overturn
Following Evans and Tikoo29, we allow multiple Ti-rich diapirs with a 
maximum diameter of 40 km (the limit for which diapirs can become 
entrained by mantle convection29) to stochastically fall to the CMB 
where they melt over varying timescales. Diapir descent and melting 
continues until the total volume of Ti-rich material residing at the 
CMB implied by seismic observations is reached (5.2 × 108 km3) (ref. 
58). By varying the number, size and frequency of Ti-rich diapirs sink-
ing to the CMB, and their subsequent melting times, this simple model 
can produce synthetic surface magnetic fields as a function of time 
that can be compared with the observational record (Supplemen-
tary Fig. 9).

We allow multiple, spherical diapirs to fall to the CMB. Diapirs 
are sampled from a one-tailed, normal distribution with a maximum 
value of 40 km, and we investigate the effect of varying the stand-
ard deviation (the likelihood of sampling a large versus small diapir) 
in our results. The number of diapirs that can fall simultaneously is 
also varied as part of our simulations, with an upper limit fixed by 
the amount of ilmenite-bearing cumulate material at the CMB today 
(Supplementary Fig. 10). We explore three different regimes for the 
subsequent melting of diapirs. In the first regime, melting is propor-
tional to the thickness of the ilmenite-bearing cumulate layer at the 
CMB. In the second regime, melting is proportional to the size of the 
largest diapir sinking in a single time step. In the third regime, melting 
time is treated as an independent variable (Supplementary Information 
section 3.1 and Supplementary Fig. 11). Results from the third melting 
case are presented in Fig. 3.

We assume that all the energy available to drive the dynamo is a 
result of the increased heat flux out of the core due to the latent energy 
required to melt the Ti-rich diapirs. The latent energy, EL, is given by

EL = VDρDL (7)

where VD is the volume of ilmenite-bearing cumulates that drop simul-
taneously to the CMB as diapirs, ρD is the density of the diapir material, 
which we take to be 4,000 kg m−3, and L is the latent heat of fusion, 
300 kJ kg−1.

For each time step, we calculate the total volume of diapirs 
that have fallen to the CMB, and the resulting thickness of the 
ilmenite-bearing cumulate layer at the CMB, H, where the total vol-
ume of the core and the overlying ilmenite-bearing cumulates, Vtot, 
is given by

Vtot = VD + VC (8)

where VD is the volume of diapir material at the CMB and VC is the volume 
of the core. Next we can calculate the volume-equivalent radius, Rtot, 
by assuming that diapirs are spherical such that

Rtot = ( 34πVtot)
1
3 (9)

and finally we calculate the height, H, using

H = Rtot − Rc. (10)

The heat flux, QCMB, is given by

QCMB =
R3DρDL
3R2CΔt

(11)

where RD is the radius of the total volume of Ti-rich cumulates dropped 
in one time step (assuming a spherical geometry), RC = 350 km is the 
radius of the core, and Δt  is the melting time of the diapirs. For the first 
melting case, melting time is proportional to the thickness, H, of cumu-
lates deposited at the CMB in a single time step, Δtc = cH, where c is a 
constant of proportionality, the value of which is varied. In the second 
melting case, melting time is proportional to the maximum individual 
diapir volume, VmaxD , that reaches the CMB in a single time step, 
Δtc = cVmaxD . In the third case, melting time is independent of diapir 
volume and is varied as a free parameter where Δtc = c.

The strength of the field generated at the surface, BS, is 
approximated as

BS ≅ 2 × 10
−5fdip(QCMB)

1
3 (12)

where the constant 2 × 10−5 and fdip =
1
7
, the proportion of the field that 

is dipolar, are based on dynamo scaling laws11,59. We allow diapirs to 
drop until the total volume of ilmenite-bearing cumulates thought to 
be present above the CMB today (520 × 106 km3) is exhausted, creating 
a cumulate layer with a thickness of 200 km (ref. 58).

We vary the maximum number of simultaneous diapirs that can 
fall, Dmax, the shape of the normal, one-tailed distribution from which 
the size of the diapirs is taken, Dsize, the duration of ‘off’ periods, when 
no diapirs drop to the CMB, toff, and the constant of proportionality, c, 
between the melting time and the height of the Ti-rich cumulate layer 
at the CMB.

A dynamo driven by melting of ilmenite-bearing cumulates at 
the CMB after mantle overturn
Following the mechanism proposed by Stegman et al.30, 
ilmenite-bearing cumulates at the CMB heat up due to the presence 
of radiogenic elements within KREEP material. Once the cumu-
lates become hot enough, they produce buoyant, Ti-rich melts that 
are re-entrained into the overlying mantle at the onset of convec-
tion around 3.9 Ga, consistent with the onset of the IHIE33,47. In this 
model, the heat flux across the CMB is elevated by the latent heat of 
cumulate melting (equation (7)). While the heat flux is likely to also 
increase due to the adiabatic removal of buoyant cumulate mate-
rial, we contend this factor is probably not important given the large 
volume of ilmenite-bearing cumulates inferred at the CMB today10,27 
and the relatively small volume of high-Ti basalts on the lunar surface 
(~1.8 × 106 km3) (refs. 60,61). We assume that melting will introduce 
Rayleigh–Taylor instabilities, causing the melt to rise and temporar-
ily elevate the heat flux across the CMB. While some melt will then 
erupt as high-Ti basalts, the majority will cool and crystallize as the 
temperature gradient re-equilibrates and sink back to the CMB where 
the process can repeat.

We consider upper and lower limits for the volume of molten 
ilmenite-bearing cumulates and use these to estimate the melting 
time that can produce the observed magnetic-field strengths. First, 
we calculate an upper limit by assuming that the entire cumulate layer 
at the CMB melts, but only a small amount of melt (<0.3%) becomes 
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sufficiently buoyant to reach the surface as high-Ti basalts. Second, 
we calculate a lower limit by assuming that only the volume of high-Ti 
basalts observed at the surface today melted and that melt extraction 
was 100% efficient.

We assume that all the ilmenite-bearing cumulates are at the CMB 
before the onset of the IHIE, and they can melt partially or entirely 
multiple times over. We use the relationship between surface field and 
volume (Equations (11) and (12)) to calculate upper estimates for melt 
time for the given surface magnetic-field intensities. Melting must 
fulfil our criterion of creating surface magnetic-field intensities that 
exceed 40–53 µT to explain the three high-intensity episodes recorded 
by high-Ti basalts (Fig. 1).

Data availability
All data used in this paper are summarized in the Supplemen-
tary Tables 1–5 and are available via Zenodo at https://doi.org/10.5281/
zenodo.18156520 (ref. 62). The data required to recreate Figs. 1–4 and 
Supplementary Figs. 1–11 are available via GitHub at https://github.
com/TinySpaceMagnet/LunarDynamo (ref. 63).

Code availability
All related Python code used in this study, including example code out-
puts (which are stochastic in nature), is available via GitHub at https://
github.com/TinySpaceMagnet/LunarDynamo (ref. 63)
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