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Lunar true polar wander inferred from polar hydrogen
M. A. Siegler1,2*, R. S. Miller3*, J. T. Keane4*, M. Laneuville5, D. A. Paige6, I. Matsuyama4, D. J. Lawrence7,  
A. Crotts8‡ & M. J. Poston9

The earliest dynamic and thermal history of the Moon is not well 
understood. The hydrogen content of deposits near the lunar 
poles may yield insight into this history, because these deposits 
(which are probably composed of water ice) survive only if they 
remain in permanent shadow. If the orientation of the Moon has 
changed, then the locations of the shadowed regions will also 
have changed. The polar hydrogen deposits have been mapped 
by orbiting neutron spectrometers1–3, and their observed spatial 
distribution does not match the expected distribution of water 
ice inferred from present-day lunar temperatures4,5. This finding 
is in contrast to the distribution of volatiles observed in similar 
thermal environments at Mercury’s poles6. Here we show that 
polar hydrogen preserves evidence that the spin axis of the Moon 
has shifted: the hydrogen deposits are antipodal and displaced 
equally from each pole along opposite longitudes. From the 
direction and magnitude of the inferred reorientation, and from 
analysis of the moments of inertia of the Moon, we hypothesize 
that this change in the spin axis, known as true polar wander, was 
caused by a low-density thermal anomaly beneath the Procellarum 
region. Radiogenic heating within this region resulted in the bulk 
of lunar mare volcanism7–11 and altered the density structure 
of the Moon, changing its moments of inertia. This resulted in 
true polar wander consistent with the observed remnant polar 
hydrogen. This thermal anomaly still exists and, in part, controls 
the current orientation of the Moon. The Procellarum region was 
most geologically active early in lunar history7–9, which implies 
that polar wander initiated billions of years ago and that a large 
portion of the measured polar hydrogen is ancient, recording 
early delivery of water to the inner Solar System. Our hypothesis 
provides an explanation for the antipodal distribution of lunar 
polar hydrogen, and connects polar volatiles to the geologic and 
geophysical evolution of the Moon and the bombardment history 
of the early Solar System.

Lunar polar volatiles, including water ice, record the delivery, 
weathering and loss of external material, as well as the orbital dynamic 
history of the Moon4,12,13. Epithermal neutron deficits measured by 
orbital instruments provide an effective means of probing the spa-
tial distribution and quantity of these volatiles through the measure-
ment of hydrogen abundances. Here, we use improved data sets of 
lunar hydrogen abundance that are derived using a statistics-based 
likelihood analysis14–16, shown in Fig. 1a, b. Our analysis relies on 
data from the Lunar Prospector Neutron Spectrometer (see Methods 
for a discussion of additional neutron data sets). Enhancements are 
determined on a pixel-by-pixel basis relative to the mid-latitude lunar 
highlands, which are assumed to be hydrogen-poor14,16. Modelled 
present-day temperature-dependent ice stability depths are also shown 
at the approximate spatial resolution of the Lunar Prospector Neutron 
Spectrometer (Fig. 1c, d).

These maps show four key features: first, the polar hydrogen maxima 
(north: 84.9° N, 147.9° E; south: 84.1° S, 309.4° E) are offset from the 
current rotation axis of the Moon by roughly 5.5°; second, the hydro-
gen enhancements are of similar magnitude at both poles; third, the 
asymmetric enhancements do not correlate with expectations from 
the current thermal or permanently shadowed environment4,5,17; and 
fourth, and most relevant to this study, the spatial distributions of polar 
hydrogen appear to be nearly antipodal.

A perfect antipodal relationship would manifest as identical distribu-
tions separated by 180° in longitude (Methods, Extended Data Fig. 1). 
This relationship can be quantified for any set of north–south spatial 
distributions by calculating r(α = 0) and r(α), where r(α) is the corre-
lation coefficient obtained when the south polar distribution is rotated 
by an angle α in longitude relative to the north polar distribution  
(Fig. 2a). Figure 2b, c shows the correlation r(α) and the significance of 
that correlation P(α) (see Methods) for polar hydrogen, the modelled 
ice stability depths and the maximum and average yearly temperatures 
measured by Lunar Reconnaissance Orbiter Diviner5. Only hydrogen 
shows statistically significant correlations (>5σ), with peak significance 
near α = 180° (8.3σ at 187°).

The unique, high-significance antipodal relationship suggests a fun-
damental connection between north and south polar hydrogen. We 
interpret this as evidence that the lunar spin axis has reoriented from 
a past spin pole position, with the expectation that volatiles will accu-
mulate in cold traps about the instantaneous poles. Our ‘palaeopole’ is 
described by the averaged polar hydrogen maxima, corresponding to 
84.5° N, 138° E in the north (84.5° S, 318° E in the south). Models of ice 
stability that assume an admixture of thermal environments from the 
current and palaeopole orientations (Fig. 1e, f) lead to a better descrip-
tion of the hydrogen distributions than does the current environment 
alone (see Methods).

This type of reorientation is known as true polar wander (TPW). In 
a minimum energy state, the spin axis of a planet will align with the 
maximum principal axis of inertia. TPW results when the maximum 
principal axis changes orientation owing to mass redistribution within 
the planet18 (see Methods). As the principal axis changes, the planet 
will attempt to minimize rotational energy and reorient to align this 
principal axis with the spin axis. This reorientation results in motion 
of the spin axis with respect to the surface of the planet (although the 
spin axis remains fixed in inertial space). Lunar TPW of varying age, 
magnitude and direction has been previously suggested on the basis 
of topography, gravity and remnant magnetism19–21 (see Methods); 
however, polar volatiles have not previously been used to infer polar 
wander on the Moon.

A palaeo-axis represents a previous maximum principal axis of 
inertia. Because the present-day lunar inertia tensor is known, we can 
test whether a single mass anomaly could reorient the Moon from the 
neutron-data-derived palaeo-axis to the present-day spin axis. Using a 
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Figure 2 | Antipodal nature of polar 
hydrogen. a, Hydrogen abundance 
contours at 75 p.p.m. (thick) and 100 
p.p.m. (thin) as viewed from the north 
pole. North (red) and south (grey; 
solid α = 0°, dashed α = 180°) spatial 
distributions are shown poleward 
of 80° with markers every 2°. The 
red filled circle shows the northern 
hydrogen enhancement maximum, the 
black filled circle shows the southern 
maximum and the filled diamond 
shows the LCROSS impact site; open 
shapes are projections onto the north. 
b, c, Computed correlation coefficients 
r(α) (b) and probability values 
−log10(P) (c) versus longitudinal 
rotation angle α, for hydrogen 
abundances (black), current ice 
stability depths (red), and maximum 
(grey) and average (blue) yearly 
temperatures. High values of −log10(P) 
represent low-chance probabilities. 
Reference significance values at 3σ and 
5σ are also shown (horizontal dashed 
lines). The maximum correlation is 
found to have 8.3σ significance.

Figure 1 | Lunar polar hydrogen and predicted ice stability fields.  
a, b, Abundance enhancements of lunar polar hydrogen (H; given in p.p.m.) 
for the north (a) and south (b) poles15,17. c–f, Ice stability depths for the 
north (c, e) and south (d, f). Depths for the current epoch (c, d), and an 
admixture of current and palaeopole epochs (e, f) are shown separately. 

Ice stability depths are based on the model described in refs 5 and 6. In all 
panels, the red and black filled circles show the locations of the northern 
and southern hydrogen enhancement maximums, respectively, and the 
orange diamond shows the LCROSS impact site. All maps show quantities 
poleward of 80° with markers every 2°.
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parameter-space search, positive and negative mass anomalies of vary-
ing size were placed across the lunar surface, and changes to the lunar 
inertia tensor were evaluated. Reorientation in response to these mass 
anomalies is counteracted by the Moon’s non-equilibrium degree-2 
figure21.

Figure 3a–c shows the regions in which a mass anomaly ΔQ = 
/J J2

MA
2 (in which ( )J 2

MA  is the degree-2 zonal spherical harmonic gravity 
coefficient of the Moon (mass anomaly); see Methods) of a given mag-
nitude would cause a reorientation of the Moon from within 1° of the 
hypothesized palaeo-axis to the present-day spin axis. Both positive 
(mass excesses; ΔQ > 0) and negative (mass deficits; ΔQ < 0) anom-
alies are possible, although the allowed regions are limited. These 
regions depend only on the observed lunar inertia tensor and the  

location of the palaeopoles. To first order, anomalies fall on large  
circles connecting the present-day poles and the palaeopoles (Fig. 3a), 
although they deviate owing to the triaxial nature of the Moon.

Although many impact basins fall within the allowed regions, inverse 
modelling of the gravity fields of lunar impact basins shows that most 
do not have a large enough mass anomaly to produce the required 
reorientation21. Only the South Pole–Aitken basin has a large enough 
mass anomaly, but does not correlate with any of the allowed regions 
and would result in roughly orthogonal motion to our proposed wan-
der path (Extended Data Fig. 8e).

The centre of the radiogenic-rich Procellarum KREEP Terrane 
(PKT; a region rich in potassium, rare-earth elements and phos-
phorous7) lies within the acceptable regions (Fig. 3c). The thermal 

Figure 3 | The locations of plausible mass anomalies that produce the 
required TPW, and the effect of the PKT. a–c, Orthographic spherical 
projection of the lunar northern hemisphere (a), far side (b) and near 
side (c), with contours enclosing the locations where mass anomalies 
ΔQ of the indicated size must be centred to reorient the Moon from the 
epithermal neutron palaeo-axis (pink lines) to the present-day spin axis 
(dark blue lines). Positive mass anomalies (ΔQ > 0) indicate present-day 
mass excesses; negative mass anomalies (ΔQ < 0) indicate present-day 
mass deficits. Our preferred solution is a negative mass anomaly beneath 
the PKT (dashed tan circle and dot). For reference, LRO/LOLA (Lunar 
Reconnaissance Orbiter/Lunar Orbiter Laser Altimeter) topography29 

(greyscale), mare basalts boundaries from LRO/WAC (Wide Angle 
Camera) mapping (black lines, data available at http://wms.lroc.asu.edu/
lroc/view_rdr/SHAPEFILE_LUNAR_MARE), the PKT as identified by a 
3.5-p.p.m. thorium contour30 (cyan contours) and the PKT-border gravity 
anomalies11 (pink lines) are also shown. d, e, 2D cross-sections (d) of 3D 
thermochemical convection models from model W of ref. 9 that was used 
to determine the effective mass anomaly (e) associated with the PKT for 
different values of lithospheric compensation C. C = 0 corresponds to a 
rigid lithosphere; C = 1 corresponds to a strengthless lithosphere. This 
evolution is also illustrated in Supplementary Video 1.
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evolution of the PKT has previously been used to explain the forma-
tion of the near-side mare basalts, the distributions of incompatible  
elements, the anomalous heat flow and the gravity signature of 
the PKT7–11,22,23; however, the effect of PKT thermal evolution on  
the moments of inertia of the Moon has not been examined. A simple 
model of the PKT as a spherical internal mass anomaly that spans the 
mantle requires only a moderate density anomaly (|Δρ| > 15 kg m−3; 
equivalent to a temperature anomaly of |ΔT| > 150 K) to generate 
the required reorientation (see Methods). This anomaly is similar 
in magnitude to the thermal anomalies suggested to sit beneath the 
PKT7–11,22,23.

To determine whether the thermal evolution of the PKT can produce 
the required reorientation, we use the 3D thermochemical convection 
model of ref. 9. This model (Fig. 3d) evaluates the influence of the 
high concentration of heat sources within the PKT on global thermal 
evolution. Two limiting models are considered here: heat-producing 
KREEP material initially beneath the crust (model ‘B’), and heat- 
producing KREEP material initially mixed within the crust (model 
‘W’); see Methods. Using these models, we evaluate changes in the 
lunar inertia tensor and, hence, in the spin axis, as functions of time. 
These changes are caused by internal density variations as a result of 
temperature and compositional changes, and surface deformation. 
Figure 3e shows the mass anomaly ΔQ of our nominal PKT thermal 
evolution model (model W) as a function of time, for a range of lith-
ospheric compensation states C. All PKT thermal evolution models 
produce substantial perturbations to the lunar inertia tensor, and large 
amounts of TPW, regardless of model parameters or compensation 
state (Extended Data Figs 9, 10). Models with semi-rigid lithospheres 
(C < 0.5) produce mass anomalies that are consistent with those 
required for PKT to be responsible for the reorientation implied by 
our palaeopole (ΔQ = −0.45; Fig. 3c).

Figure 4 shows the chronology of three representative TPW paths 
derived using the nominal PKT thermal evolution for different lith-
ospheric strengths. Starting from the present-day (non-equilibrium) 
lunar inertia tensor and working backwards in time allows us to track 
TPW due to PKT thermal evolution without making assumptions 
about the lunar fossil figure. TPW tracks are not forced to pass through 
the epithermal neutron palaeopoles; this is simply a result of placing the 
thermal anomaly within the PKT. As long as the lithosphere is moder-
ately rigid, tracks will pass through the palaeopole (Fig. 4a, b, Extended 

Data Figs 9, 10). This result is consistent with the present geophysical 
state of the PKT9 and expectations of the early rigid lunar lithosphere24. 
TPW tracks assuming a strengthless lithosphere (C ≈ 1) do not pass 
through the palaeopole (Fig. 4c, Extended Data Figs 9, 10), constraining 
past lithospheric compensation.

Although the allowed locations and magnitudes of perturbing 
mass anomalies are robust (Fig. 3a–c, Extended Data Fig. 7), other 
geophysical processes can affect our proposed TPW, owing to the 
degeneracy of interpreting gravity and moments of inertia. The TPW 
paths and chronology depend sensitively on the compensation state 
of the lithosphere and on the emplacement and relaxation of near-
side mare basalts. Future seismic and heat-flow measurements will 
constrain the current nature of the PKT thermal anomaly. Passage 
through the palaeopole occurs more than 3.5 Gyr ago for these 
representative models. Alternative chronologies that incorporate 
early magma-ocean evolution, mare emplacement and changes 
in lithospheric strength may lead to later palaeopole passage, but 
require additional free parameters and modelling (Extended Data  
Fig. 10).

Because a substantial fraction of the observed hydrogen deposits 
are believed to record an ancient palaeopole, they may preserve water 
from the early Solar System, necessitating long-term hydrogen stabil-
ity. If Mercury’s polar volatiles are also ancient, then lunar TPW may 
explain the differences between the volatile reservoirs on these two 
bodies (see Methods). For many TPW scenarios, the pole may not 
migrate substantially, water ice may always be stable in the observed 
locations and the detected hydrogen could simply be the remaining 
ice (Extended Data Fig. 3e, f), kept near to the surface by thermal 
migration despite impact gardening4,13,25. The detection of water 
ice near the southern palaeopole by the Lunar Crater Observation 
and Sensing Satellite (LCROSS) may favour this explanation26. If, 
instead, the Moon underwent a large amount of TPW, then the pal-
aeopole may have been directly illuminated, resulting in temperatures 
too high for water ice. In this scenario, surficial water adsorption27 
and storage of hydrogen within grains28 are viable mechanisms for 
long-term hydrogen storage (see Methods), although the spatial dis-
tribution would still point to a pre-TPW deposition in the form of 
ice. In situ measurements, sample return and high-resolution orbital 
geochemistry measurements could differentiate plausible TPW  
scenarios.

a   Rigid lithosphere, C = 0 b   Partially rigid lithosphere, C = 0.5 c   Strengthless lithosphere, C = 1

Time (Gyr ago)

2.0 1.5 1.0 0.5 0.02.53.03.54.04.5

150° E

120° E

90° E

60° E

0° E

300° E

270° E

240° E

70° N 30° E330° E

210° E

75° N

80° N

180° E

150° E

120° E

90° E

60° E

0° E

300° E

270° E

240° E

70° N 30° E330° E

210° E

75° N

80° N

180° E

150° E

120° E

90° E

60° E

0° E

300° E

270° E

240° E

70° N 30° E330° E

210° E

75° N

80° N

180° E

Figure 4 | TPW due to the evolution of the PKT. a–c, The predicted TPW 
path backwards through time from the present-day pole (red), owing  
to the thermal evolution of the PKT, for a model with KREEP material 
mixed within the crust (model W), assuming a rigid lithosphere (C = 0; a),  
a partially rigid lithosphere (C = 0.5; b) and a strengthless lithosphere 

(C = 1; c). In a and b, the TPW paths pass through the palaeopole, which 
is not forced by the model. The 1σ uncertainty in pole position due to the 
rotational ambiguity of the PKT thermal anomalies are smaller than the 
plotted points. Other features are as in Fig. 2a.
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Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Methods
Determination of hydrogen abundance. Orbital neutron spectroscopy is com-
monly divided into three distinct energy regimes—thermal (low energy), epither-
mal (intermediate energy) and fast (high energy)—each providing complimentary 
information about elemental abundance and distribution (spatial and depth). The 
process starts with fast neutrons created by cosmic-ray interactions in the lunar 
regolith. Elastic neutron–proton scattering causes these neutrons to rapidly lose 
energy, shifting some of them into the epithermal regime. Subsequent modera-
tion and/or capture processes can further modify the flux and spectrum thereby 
imprinting details of the intervening material on escaping neutrons. Owing to the 
efficiency of the neutron energy-loss process, the epithermal regime is an especially 
sensitive probe of hydrogen1,2. Epithermal neutron deficits measured from orbit 
are therefore indicative of enhanced hydrogen abundances.

Proper determination of statistical significance is often exchanged for approx-
imate methods that may be simple or reduce computation requirements. Low  
signal-to-noise environments require a more rigorous approach. Relevant statis-
tical descriptions are based on particle counts, not rates, and therefore require the 
use of exposure distributions in addition to observed neutron count rates. Our 
statistical analysis approach uses a likelihood parameter λ to characterize consist-
ency between acquired neutron data and a hydrogen-poor (null) hypothesis on 
a pixel-by-pixel basis. This parameter incorporates fundamental observational 
details as well as the inherent uncertainties associated with counting statistics. 
The likelihood parameter is governed by a well-known statistical distribution (χ2) 
and, hence, can be used to exclude features of low or marginal significance. The 
null hypothesis is rejected, on a pixel-by-pixel basis, if λ exceeds a predetermined 
critical value. For this work the critical value (λ = 25) was chosen to correspond 
to a chance probability of 5.7 × 10−7, equivalent to a 5σ Gaussian detection with 
1 degree of freedom. Additional details of the statistical analysis framework used 
here are found in ref. 15.

Significance maps are converted to hydrogen abundance distributions following 
the procedure outlined in ref. 14 (and references therein). Briefly, the statistical 
significance (for example, λ-statistic) is proportional to the magnitude of neutron 
count rate deficits, which in turn correlates directly with hydrogen abundance1. 
The relationship between neutron count rates and hydrogen abundances has been 
derived using Monte Carlo simulations that assume that the regolith has a compo-
sition equivalent to ferroan anorthosite1. Hydrogen abundance distributions for 
Lunar Prospector (LP), obtained following the likelihood-based analysis protocols 
described above, are shown in Fig. 1.
Additional neutron data sets. The Lunar Reconnaissance Orbiter (LRO) Lunar 
Exploration Neutron Detector (LRO/LEND) includes a combination of collimated 
and uncollimated 3He sensors3,31,32 with one of the four uncollimated sensors con-
figured for epithermal neutron detection. The collimated sensors for epithermal 
neutrons (CSETN) were designed to provide data with improved spatial resolution 
over uncollimated sensors, but low count rates and systematic background effects 
limit its value for confidently inferring hydrogen concentrations with high spatial 
resolution14,33–36. Because of these documented problems, the collimated LEND 
data are not used in this study. Uncollimated epithermal neutron data from the 
LEND sensors for epithermal neutrons (SETN) have been shown to have a reason-
ably good spatial correlation with the uncollimated LP data14,32. The correlations 
between the two uncollimated data sets, however, are not perfect, and at best only 
qualitative suggestions have been provided to explain discrepancies that occur in 
both equatorial and polar regions32. Similar to LP, the spatial distribution of hydro-
gen derived from LEND-SETN does not match the predicted locations of water 
ice in the present thermal environment, and shows a broad, asymmetric, slightly 
off-polar distribution32. However, there are quantitative differences between LEND 
and LP that are not fully understood or documented. Our confidence in the LP 
data is well grounded because the LP data were measured with well-characterized 
sensors on a boom such that backgrounds from nearby materials were both under-
stood and minimized37, and because the data reduction is supported by extensive 
documentation38 and a well-validated comparison with modelled count rates39. 
We expect that a more detailed analysis of the LEND data could provide additional 
insight to the differences between these data sets. However, such an analysis is 
beyond the scope of this study, and we have therefore focused on the LP-derived 
parameters.
Antipodal symmetry. Two surface features are antipodal if they lie on diametri-
cally opposite sides of a planet, such that a line connecting the two points passes 
through the centre of the planet. If a feature has a latitude and longitude of (θ, ϕ), 
then the antipode is located at (−θ, ϕ + 180°). This type of symmetry can also be 
referred to as an inversion, central reflection or point reflection.

In typical map projection of polar data sets (for example, Fig. 1), antipodal 
features do not appear simply shifted by 180°. The different handedness between 
the north and south polar maps results in an additional reflection. This geometry  

is illustrated schematically in Extended Data Fig. 1a and b, in which two antip-
odally symmetric features are shown in north and south polar maps, respec-
tively. To illustrate the antipodal nature of this feature, we show both north and 
south features in each plot, with the antipodal feature shown as it would appear 
if you could view it through the Moon. In this projection, a feature rotated by an  
angle (α) of 180° about the pole will exactly line up with its antipodal self 
(Extended Data Fig. 1c, d).
Correlation analysis. The Pearson product-moment correlation coefficient r is 
used to quantify the strength of the correlations between data sets40. Values of this 
statistic occur within limits (−1 ≤ r ≤ 1) corresponding to perfect anti-correlation 
and correlation, respectively. A two-point correlation was implemented to operate 
on pixelated spatial distributions characterized by latitude and longitude. This 
coefficient measures similarities in relative amplitude (or shape) only, and is not 
used to evaluate the physics implications of the absolute neutron rates or thermal 
parameters.

By itself the correlation coefficient is not a good statistic for determining the 
quality of an observed correlation. However, the significance of differences in cor-
relation coefficients is relevant. The Fisher z-transformation facilitates hypothesis 
testing by quantifying whether a change in some physical parameter modifies the 
baseline correlation between two distributions. When applied to the Pearson coef-
ficient it stabilizes the variance41 and can be used to determine significance. Fisher’s 
transformation takes the form
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where N is the number of measurements in the population. If the baseline correla-
tion (or null hypothesis) is characterized by a coefficient r0 and a second correlation 
by r, then the two-sided significance of the difference between the two measured 
coefficients (Δz = |z(r0) − z(r)|) is
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where erfc(x) is the complementary error function41. The Fisher transformation 
also enables determination of confidence levels. Because z can be approximated by 
a normal distribution with known variance, a 90% confidence interval is given by

σ σ− . ( ) ≤ ≤ + . ( )z z z z z1 64 1 64

and application of the inverse Fisher transform yields the relevant confidence inter-
vals on the measured correlation coefficient r.

The determination of significance assumes that polar map pixels are independ-
ent. A globally mapped, equal-area pixel size was selected to match the ~45-km 
spatial resolution of acquired neutron data14, but total independence cannot be 
assured. This results in each polar region containing 364 equal-area pixels. Of 
those, only 248 (123 in the north and 125 in the south) meet the statistical threshold 
requirement discussed below (λ = 25). The number of pixels (N) used to evaluate 
significance was independent for each α and includes only those pixels common 
to the unrotated case (α = 0°); at peak significance N = 236.

Using equation (1), the peak in Fig. 2b corresponds to Δz = 0.548 (with 
r = 0.728 and r0 = 0.356). Substituting these values into equation (2), we obtain 
−log10(P) = 16.2, which corresponds to the peak in Fig. 2c and is equivalent to 
about 8.3σ. Even if the spatial distributions are oversampled by a factor of two—an 
extreme exaggeration that reduces the number of pixels to N = 118—the observed 
antipodal correlation is still significant, with a chance probability <10−9, which 
exceeds a 5σ threshold.

Random processes (noise) will degrade any observed correlations. Therefore, 
investigating the dependence of inter-polar correlations on the likelihood para
meter λ is instructive because it serves as a proxy for statistical significance of 
features. North and south polar hydrogen distributions show evidence for a 
strong near-antipodal relationship. Extended Data Fig. 2 shows peak significance 
−log10(P) as a function of λ. A reduction in correlation significance as low-λ (low 
statistical significance) features are included is evident. Such a trend is expected 
if the features identified above the critical threshold (λ ≥ 25) are real, and those 
below are dominated by statistical fluctuations.
Surface thermal model to examine ice stability. The central argument for the 
existence of lunar volatiles is based on thermal modelling42. The forward thermal 
model presented here (for example, Figs 1c, d, 3 and 4) is an updated version of 
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that presented in refs 5 and 6. The thermal model we use is intended to be the 
simplest model that can reproduce the major features of the LRO Diviner south 
polar observations. Updates to the model of ref. 5 include the use of polar meshes 
and an updated model of the Sun and its ephemeris, as detailed below.

Polar meshes were modified to reproduce thermal conditions under the assump-
tion of a past spin by transforming the polar stereographic ‘z’ coordinate to appro-
priately represent the change in polar position. Our offset figures were created with 
a map shifted to have the poles at 84.5° N, 138.6° E and 84.5° S, 318.6° E, which 
correspond to simple averages of the two polar hydrogen maxima.

We model the Sun using a triangular mesh consisting of 128 triangles whose 
radiance decreases with distance from the centre of the Sun according to the solar 
limb darkening curve5,6. The location and distance of the Sun relative to the Moon 
as a function of time is determined using the DE421 JPL Planetary Ephemeris.

The full-resolution thermal-model results for ice stability depths in Fig. 1 are 
presented in Extended Data Fig. 3a–d. A version of Extended Data Fig. 3b has pre-
viously been published in ref. 5, but the remaining models are new. These models 
show where ice would be stable from sublimation at a rate of 1 mm Gyr−1 assuming 
a regolith cover. These depths have been shown to be consistent with radar43,44 and 
neutron-spectrometer-derived depths on Mercury45.

Volatiles should collect in the most thermally stable environments—perma-
nently shadowed regions. Using a thermal and ice stability model4–6, the location 
of possible volatile reservoirs can be identified for different polar axis locations.

The model outputs for the current lunar orientation are shown in Fig. 1. To 
facilitate direct comparisons with the hydrogen distributions the model outputs 
have been degraded to a spatial resolution of 30 km from the original 0.5 km to 
approximate the spatial resolution of the LP Neutron Spectrometer instrument 
in its low-altitude orbit. Water-ice stability depths for the current orientation, the 
proposed palaeopole orientation and an admixture between the two (at about 
30-km resolution) are shown in Extended Data Fig. 4, which repeats parts of  
Fig. 1 for clarity.

Admixtures of the present-day- and palaeo-axis model results (Fig. 1e, f; 
Extended Data Fig. 4c, f) are better correlated to the neutron data than is the 
present-day model alone. A given admixture is a reasonable descriptor if the cor-
responding correlation between it and the hydrogen distribution improves; here, 
statistical significance is measured relative to the correlation with a pure current 
spin-axis thermal model.

For the north polar region, a present-day-only model (Fig. 1c, Extended Data 
Fig. 4a) is excluded at the 90% confidence level and the best descriptor is a 57%–
43% admixture of current- and palaeo-axis hypotheses, respectively. The south 
polar region (Fig. 1d, Extended Data Fig. 4d) is consistent with a pure current 
spin-axis hypothesis, although the optimum north pole admixture (the 57%–43% 
mixture) is allowed at the 90% confidence level. This strengthens the argument 
that the identified longitudinal bias is related to topographic and thermal effects 
on hydrogen.

We caution not to over-interpret the thermal analysis because it is an approx-
imation that incorporates only two unique polar-axis locations. A more rigorous 
analysis must fully account for the TPW path and chronology. However, if tem-
perature is the fundamental parameter driving volatile retention, then this approx-
imation provides useful insights and additional support for our hypothesis of a 
palaeo-axis and TPW migration. Given higher-resolution neutron measurements46 
and advances in polar crater chronology47, it may be possible to use comparisons 
between neutron data and crater age to help constrain the timescale of the sug-
gested lunar TPW. If certain craters did not exist at the time of hydrogen deposition, 
then they will plausibly remove near-surface hydrogen-rich materials, setting a 
lower limit on hydrogen age. Conversely, if hydrogen is found to be associated 
with relatively young craters (about 2–3.5 Gyr), then it will set an upper limit on 
the age of hydrogen emplacement and constrain many TPW models. Evolution of 
lunar obliquity can also influence volatile survivability and its spatial distribution 
and may inform this timeline4,12,48,49.
True polar wander. Changes in the spin axis of a planetary body fall into two 
categories50–52: changes in obliquity and true polar wander (TPW) (Extended Data 
Fig. 5).

The first category involves changes in the orientation of the spin axis in inertial 
space (that is, changing the position of the spin axis with respect to the celestial 
sphere), but not with respect to the surface of the planet (Extended Data Fig. 5b). 
In other words: the obliquity of the planet (the angle between the planet’s spin axis 
and the planet’s orbit normal) changes. Changes of this type result from external 
torques acting on the planet that can alter the planet’s angular momentum (both in 
magnitude and direction). For planets, the most notable torques are tidal torques 
from satellites, the Sun and other planets. Precession and nutation are well-known 
examples of this form of spin evolution for the Earth, as are Cassini state transitions 
for the Moon and Mercury53,54. Spin evolution of this type can have large influences 

on the stability of ice at the lunar poles4,12,48,49. In general, near-zero obliquity is 
required for ice stability at the poles.

The second category of changes in planetary spin axes are those that change 
the orientation of the spin axis with respect to the surface of the planet, but do not 
change the position of the spin axis in inertial space (Extended Data Fig. 5c). This 
reorientation of the planet with respect to the spin axis is generally referred to as 
TPW18,55,56. Changes of this type are due to changes in the mass distribution within 
a planet or its hydrosphere/atmosphere. Redistribution of mass within the planet 
alters its inertia tensor. In a minimum energy rotation state, the rotation axis will 
be aligned with the maximum principal axis of inertia. If the mass redistribution 
changes the direction of the maximum principal axis, then the planet will reorient 
to keep the maximum principal axis aligned with the spin axis. Thus, to an out-
side (inertial) observer, the surface of the body appears to reorient with respect 
to the spin axis and maximum principal axis of inertia—as long as the changes in 
the mass distribution occur slowly with respect to the free precession period of 
the planet. If the changes in the inertia tensor are rapid (as might happen in the 
aftermath of a giant asteroid impact), the planet will enter an ephemeral period 
of non-principal axis rotation until the planet dissipates enough energy to return 
to principal axis rotation58. For most non-catastrophic geologic processes (for 
example, mantle convection and isostatic relaxation of topography), it is generally 
safe to assume that the planet always remains in principal axis rotation. TPW has 
been directly measured for the Earth, in the form of periodic TPW (driven by 
seasonal variations in atmospheric pressure, oceanic currents and ice loading) and 
secular TPW (driven by post-glacial rebound and mantle convection)50. Beyond 
Earth, TPW has been inferred for a variety of planetary bodies, including the 
Moon19–21,59–64, Enceladus65,66, Europa66–68 and Mars69,70 (see ref. 18 for a review). 
Because TPW does not change the orientation of the planet’s spin vector in inertial 
space, the instantaneous spin pole can remain a volatile cold trap (for sufficiently 
small obliquities).
The many palaeopoles of the Moon. Our epithermal neutron palaeopole is not 
the first palaeopole proposed for the Moon. Extended Data Fig. 6 summarizes 
all previously proposed lunar palaeopoles. Lunar palaeopoles can be subdivided 
into three distinct categories on the basis of the data set used to identify them:  
(1) palaeomagnetic poles, (2) fossil-figure poles determined from long-wavelength 
topography or gravity, and (3) palaeopoles inferred from the distribution of polar 
volatiles (proposed for the first time here). Here we summarize these methods and 
the associated difficulties.

The first lunar palaeopoles were inferred from orbital surveys of crustal mag-
netic anomalies from Apollo 15 and 16 sub-satellites59,60, and have subsequently 
been measured to higher precession with Lunar Prospector61 and Kaguya19,63,64 
observations. These magnetic anomalies can be fitted with source models of vary-
ing prescription, and a local dipole magnitude and orientation can be determined. 
Assuming that this local dipole is a frozen remnant from a global, body-centred 
core dynamo field, the geometry of this local field can be used to infer a palaeo-
magnetic pole (that is, the surface location where the magnetic dipole intersects 
the surface). Under the assumption that the dipole is aligned with spin axis of the 
Moon, this palaeomagnetic pole is then a record of the spin pole at the time at 
which the magnetic anomaly formed.

There are several difficulties with interpreting palaeomagnetic poles. First, 
not all magnetic anomalies trace global dynamos. Large-scale impacts generate 
transient magnetic fields that can be different from any core dynamo existing at 
that time. Many deposits associated with magnetic anomalies (particularly those 
associated with impact ejecta, or features antipodal to large basins) may have expe-
rienced rapid shock-remnant magnetization during these transient fields, and thus 
may not accurately trace a core dynamo. To determine a true magnetic palaeopole, 
it is necessary to identify deposits that cooled slowly, well after the dissipation 
of any transient field (that is, thermoremnant magnetization). Identifying these 
deposits is difficult, and has been done convincingly only for a few magnetic anom-
alies61,64. Although disentangling shock-remnant and thermoremnant anomalies 
is difficult, it is still curious that many magnetic anomalies cluster into two groups: 
one near the present-day spin-pole, and one in the far-side mid-latitudes19. The 
second major difficulty with interpreting palaeomagnetic poles is that they may 
not accurately trace the spin axis of a planet. This is the case on Earth, where the 
magnetic pole is misaligned with the spin pole by about 10°. Future work will need 
to investigate the formation and evolution of the lunar dynamo, in 3D, to determine 
how large of a misalignment is possible.

There have been some attempts to infer palaeomagnetic poles from analysis of 
remnant magnetism in samples returned from the Apollo missions. Because the 
original orientation of these samples is unknown, it is not possible to completely 
describe the field geometry at the time these samples acquired their magnetizations— 
however, it is possible to infer the palaeolatitude of the samples on the basis of the 
orientation of the remnant field with respect to the sample’s magnetic fabric, which 
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is used as a proxy for palaeohorizontal. Analysis of multiple samples from multiple 
Apollo landing sites has been used to infer palaeomagnetic poles62.

The second types of palaeopoles are those inferred from measurements of the 
Moon’s long-wavelength topographic shape and gravitational field—the so-called 
‘fossil figure’. Following the Moon’s formation and differentiation, the Moon was 
largely molten, and probably possessed a triaxial figure in equilibrium with the tidal 
and rotational potential of its early orbit. Eventually, the Moon cooled, and devel-
oped an elastic lithosphere capable of supporting this primordial, fossil triaxial 
figure over geologic time. The axis associated with the maximum principal moment 
of inertia of this figure would represent the palaeopole at the time that the elastic 
lithosphere formed. This fossil figure was preserved even as the Moon migrated to 
larger radial distances from Earth and the tidal and rotational potentials decreased.

Although it is possible to directly measure the Moon’s present-day figure and 
its associated pole (quantified by degree-2 gravity and topography, and libration 
measurements), it is non-trivial to measure the primordial figure. Giant impact 
basins (particularly the South Pole–Aitken basin) and other large-scale geologic 
processes alter the Moon’s figure and obscure the true fossil figure. Garrick-Bethell 
et al.20 and Keane and Matsuyama21 have developed two different methods for 
isolating this fossil figure. A critical comparison of these two works is beyond the 
scope of this paper, but both suggest that the fossil figure has reoriented by 15°–30° 
(although in different directions).

Although there is substantial scatter in the lunar palaeopoles reported in the 
literature (Extended Data Fig. 6), future work might be able to synthesize these 
data sets into a cohesive history of lunar TPW. Studies of the lunar fossil figure20,21 
should provide the ‘initial’ spin pole of the Moon. Paleomagnetic poles proba-
bly trace the lunar pole during the subsequent 1 Gyr, when the core dynamo was 
active71. Because polar volatiles are stable only during near-zero (roughly <12°) 
obliquity, polar volatiles probably trace polar wander only after the highly uncer-
tain Cassini-state transition49. Although polar volatiles may not be able to trace the 
earliest episodes of lunar TPW, they have the distinct advantage of being capable 
of tracing small amounts of polar wander, late in lunar history.
Identifying the mass anomaly responsible for the epithermal neutron palaeo-
pole. Under the assumption that the epithermal neutron palaeopole (north pole: 
84.9° N, 147.9° E; south pole: 84.1° S, 309.4° E) is a former rotational palaeopole, 
and thus a former maximum principal axis of inertia, we ask the question: what 
mass anomaly would be required to reorient the Moon from this palaeopole to its 
present-day spin pole (0° N/S)? Phrased in terms of inertia tensors, this question 
is equivalent to I = Ipalaeo + IMA, in which I is the present-day lunar inertia tensor, 
IMA is the inertia tensor of some arbitrary mass anomaly and Ipalaeo is an unde-
termined inertia tensor with the maximum principal axis of inertia aligned with 
the epithermal neutron palaeopole. The goal here is to find all possible IMA that 
satisfy this condition.

The present-day lunar inertia tensor I can be determined directly from a com-
bination of degree-2 spherical harmonic gravity coefficients, J2 (–C20) and C22, and 
libration parameters, β and γ, and is well constrained21,57,72,73. In a principal-axis 
reference frame, the lunar inertia tensor can be written
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The inertia tensor of an arbitrary mass anomaly IMA depends strongly on the 
assumed location, geometry and mass distribution of the perturbing mass anomaly. 
However, if we consider the limiting case of an axisymmetric anomaly centred on 
the north pole of the planet (such that the symmetry axis of the anomaly, and the 
z axis are aligned), then the inertia tensor of the anomaly is reduced to a single 

parameter. This is because an axisymmetric anomaly centred on the north pole will 
contribute only to J2, no other degree-2 spherical harmonic gravity coefficients, 
owing to symmetry. Following ref. 50, we then relate the degree-2 gravity of the 
mass anomaly located on the pole directly to an inertia tensor
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in which J 2
MA is the degree-2 zonal spherical harmonic coefficient associated with 

the mass anomaly when centred on the north pole (aligned with the positive z axis). 
Because we are concerned only with the orientation of the principal axes of inertia 
(the maximum of which is presumed to be associated with a palaeopole), the mean 
moment of inertia can be neglected. The mean moment of inertia is spherically 
symmetric and does not control the orientation of the principal axis of inertia. 
(Stated another way: the mean moment of inertia affects the eigenvalues of the 
inertia tensor, but not the eigenvectors.) ⁎IMA is the inertia tensor for the case in 
which the mass anomaly is located on the north pole (with the symmetry axis 
aligned with the positive z axis). To determine the inertia tensor for a mass anom-
aly located anywhere on the Moon, we rotate the inertia tensor: ⁎=R R�I IMA MA , 
in which R is a rotation matrix to rotate the mass anomaly from the north pole to 
an arbitrary latitude and longitude and R� is the transpose of R. Ultimately, IMA is 
simply a function of J 2

MA and the position (latitude and longitude) of the anomaly. 
For simplicity, we define the quantity = − /Q J J2

MA
2 , with J2 the degree-2 zonal 

gravity harmonic measured by GRAIL74: J2 = −C20 = 203.2133 × 10−6, in unnor-
malized spherical harmonic coefficients. The negative sign forces Q to be positive 
for positive mass anomalies and negative for negative mass anomalies.

To determine the possible locations and magnitudes of perturbing mass anom-
alies that could be responsible for the observed epithermal neutron palaeopole, 
we performed a parameter-space survey investigating the effect of placing mass 
anomalies of various sizes (Q) across the surface of the Moon. For each test case, 
we determined the palaeo inertia tensor: I − IMA = Ipalaeo.

We determined the orientations of the principal axes of inertia by evaluating the 
eigenvalues and eigenvectors of Ipalaeo. We then measured the mean angular sepa-
ration between the maximum principal axis of inertia and the epithermal neutron 
north and south poles. Extended Data Figure 7a–d shows example slices of this 
parameter-space search for positive and negative mass anomalies. The regions that 
can drive the required reorientation to within the measured uncertainty (approxi-
mately 1°) are limited. Figure 3a–c and Extended Data Fig. 7e show the acceptable 
regions in which a mass anomaly of a range of sizes (Q) could produce the required 
reorientation to within 1°.
Simple physical models for producing the required reorientation. Lunar impact 
basins, uncompensated topography and mare basalts can have a substantial contri-
bution to the inertia tensor of the Moon21,58,75. To determine if these features were 
possibly responsible for the reorientation that is required to explain the epithermal 
neutron palaeopoles, we considered a simple case of a spherical cap of uniform 
surface density (Extended Data Fig. 8a). Extended Data Figure 8b shows Q for 
spherical caps as a function of surface density (which, assuming a material density, 
can be converted into an equivalent, uncompensated material thickness) and cap 
radius. For the typical sizes of large impact basins (radii of <15°), required mass 
anomalies (Fig. 3a–c; |Q| > 0.2) would be equivalent to >5 km of uncompensated 
topography (either a topographic excess or depression, depending on the sign of 
the surface density). This magnitude of uncompensated topography or mare basalts 
is not observed in any lunar impact basin. In the following section, we exclude 
impact basins and mare basalts in a more rigorous manner.

Internal mass anomalies, including mantle plumes or lateral variations in com-
position or density, can also have a contribution to the Moon’s inertia tensor. For 
simplicity, we considered a simple spherical mass anomaly, spanning from the outer 
core to the lunar crust, with an arbitrary density contrast (Extended Data Fig. 8c). 
In this case, Q for this simple internal anomaly is dependent only on the density 
contrast, as shown in Extended Data Fig. 8d. The smallest required mass anomalies  
(Fig. 3a–c; |Q| ≈ 0.2) would be equivalent to density anomalies of only |Δρ| ≈ 10 kg m−3.  
If these density anomalies are thought to arise from temperature variations, this 
would be equivalent to |ΔT|≈ 100 K (assuming a 3,300 kg m−3 mantle density and a 
volumetric coefficient of thermal expansion of 3 × 10−5)76. Temperature anomalies 
of this magnitude are easily generated in thermal evolution models of the PKT8–11. 
This drives our detailed investigation of the TPW potential of the PKT.
The contribution of impact basins to the lunar inertia tensor. To determine 
whether impact-basin features can produce the mass anomalies required to explain 
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the epithermal neutron palaeopole, we used the method of ref. 21 to isolate the 
degree-2 gravity field of these features. Extended Data Figure 8f shows the best-
fit mass anomaly (Q) associated with each of the 32 largest lunar impact basins.

From Extended Data Fig. 8f it is clear that most lunar impact basins have a 
small contribution to the degree-2 gravity field of the Moon—with the exception 
of the South Pole–Aitken basin, and its associated ejecta blanket. All other impact 
basins have |Q| < 0.2, which is the smallest possible value of Q that can reorient 
the Moon enough to explain the epithermal neutron palaeopoles (Fig. 3a–c). The 
only large impact basin that is located in a place that could potentially reorient the 
Moon in the necessary direction is Moscoviense (27° N, 148° E). For it to cause 
the observed reorientation, Moscoviense would need to be a present-day positive 
mass anomaly, with Q ≈ +0.22 (Fig. 3a–c). From the inverse modelling of this 
basin’s gravity field, we find that Moscoviense is a net negative mass anomaly, with 
Q < 0.1. Thus, even the favourably located Moscoviense impact basin is not capable 
of causing the required reorientation.

Lunar impact basins tend to have a negligible contribution to degree-2, owing to 
the detailed structure of their gravity fields. Large lunar impact basins frequently 
possess large, central, positive free-air anomalies (so-called ‘mascons’77), sur-
rounded by a broad, negative free-air anomaly collar resulting from the deposition 
of ejecta and thickening of the crust78. This alternating positive/negative ‘bull’s-eye’ 
pattern results in an almost net-zero contribution to the degree-2 gravity field21. 
It is possible that impact basins had more substantial contributions to degree-2 
shortly after they formed, and before the formation of the central mascon, due to 
viscoelastic relaxation, mantle-flow, and cooling and contraction of the impact 
melt pool; however, this would be a transient stage lasting less than 30 Myr (ref. 78).  
It is unlikely that all of the observed hydrogen deposits formed in such a short 
time-span. Furthermore, if large impact basins were responsible, then we would 
expect several sets of antipodal epithermal neutron deposits, rather than just one.

Although the South Pole–Aitken basin and its associated global ejecta blanket 
easily produce mass anomalies comparable to those required to explain the epith-
ermal neutron palaeopoles21 (Extended Data Fig. 8f), it is not at the proper location 
to reorient the Moon in the necessary direction (Fig. 3b). In fact, the location of the 
South Pole–Aitken basin is incompatible with the observed epithermal neutron 
palaeopole. Extended Data Figure 8e illustrates the range of possible palaeopoles 
for both the South Pole–Aitken basin and the PKT, for a wide range of mass anom-
alies centred on each feature (the entire parameter space of Extended Data Fig. 8b). 
The latitude and longitude of the perturbing mass anomaly immediately restricts 
the possible locations for a palaeopole. The set of possible palaeopoles for PKT 
naturally passes through the epithermal neutron palaeopoles, whereas the possible 
palaeopoles associated with the South Pole–Aitken basin are nearly orthogonal to 
the observed reorientation. Thus, the South Pole–Aitken basin cannot be respon-
sible for the observed epithermal neutron palaeopoles (although asymmetries in 
the impact basin and associated ejecta blanket79 may complicate this picture).
Evolution of the lunar inertia tensor due to the formation and evolution of the 
PKT. To determine the reorientation of the Moon due to the thermal evolution of 
the Procellarum KREEP Terrain (PKT), we used the 3D thermochemical convec-
tion models of ref. 9 (see ref. 9 for the details of the model). Here, we focus on how 
we use these models to determine the TPW history of the Moon.

The PKT thermal models consist of a 3D spherical grid, with 20-km radial 
resolution and 60-km lateral resolution. The radial grid runs from the core–mantle 
boundary (at a radius of RC = 390 km) to the Moon’s surface (RP = 1,740 km). At 
each volume element within the model domain, the density varies owing to thermal 
expansion/contraction; in the bulk composition, it varies owing to partial melting 
and subsequent melt migration. We determine the full inertia tensor of the model 
by summing the contribution of each volume element
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and similarly for the other components of the inertia tensor (Iyy, Izz, Ixz, Iyz). Here, 
Vi is the volume of the ith grid element and ρi is the density, which varies with time. 
In these calculations, we take PKT to be located along the positive z axis.

For TPW, it is not only important to consider density variations within the body, 
but also surface deformation in response to the temperature evolution at depth. As 
the mantle heats up, the surface will be uplifted in response to the thermal expan-
sion of the mantle. Depending on the magnitude of this surface compensation, it is 
possible for PKT to act as either a net negative anomaly (Q < 0; if the thermal anom-
aly at depth dominates) or a net positive anomaly (Q > 0; if the topographic uplift 
dominates). Our PKT models do not directly take into account changes in surface 
topography due to thermal evolution at depth. To address this, we followed the 

approach used in ref. 9 and calculated the amount of surface uplift a posteriori by 
determining the amount of topography necessary to balance the thermal expansion/ 
contraction of the mantle at depth. For each radial column within the model 
domain, we determined the initial integrated mass within that column. As the inte-
rior warms owing to the evolution of PKT, this results in an overall decrease in den-
sity in the column, which, in an incompressible model without surface flexure, leads 
to a small decrease in the integrated mass within the column. If we assume that 
the lithosphere can perfectly compensate for this change in density (which would 
occur only if the lithosphere was completely strengthless), then we add this miss-
ing mass back into the model at the uppermost radial volume element within the 
column. This added mass is a proxy for the topographic uplift resulting from this 
interior changes in density. Because real planetary lithospheres are not strength-
less, and instead possess some rigidity, we modulated this correction by a factor 
we term the ‘compensation state’ C. If C = 1, then we add in the complete mass 
correction corresponding to a strengthless lithosphere. If C = 0, then we do not 
add in any mass correction, which would correspond to a completely rigid litho-
sphere, incapable of deforming in response to the interior thermal expansion. Thus, 
the total inertia tensor IPKT from the thermal model is IPKT = Iinterior + CItopography,  
in which Iinterior is the inertia tensor that results from summing up the contribution 
of each volume element within the model and Itopography is the inertia tensor that 
results from the mass due to this dynamic topography in the upper-most grid cell. 
For all cases, we normalize the final total inertia tensor to the observed mass and 
radius of the Moon.

From the inertia tensor, it is possible to directly calculate spherical harmonic 
gravity coefficients50

= − = −
− ( + )

= −

= −
( − )

= −

= −

C J
I I I

MR

C I
MR

C
I I

MR

S
I

MR

S
I

MR

zz xx yy

xz

xx yy

yz

xy

20 2

1
2

2

21 2

22

1
4

2

21 2

22

1
2

2

For the case with the PKT centred on the z axis, the degree-2 gravity field associ-
ated with PKT is described primarily by C20, owing to symmetry. Although there 
is some power in the other spherical harmonic gravity coefficients, C20 is the most 
important. The inertia tensor is uniquely related to degree-2 gravity coefficients 
(and only degree-2 gravity coefficients).

In our parameter-space search for possible perturbing mass anomalies  
(Fig. 3a–c), we assume that the Moon used to have its spin axis at a different location 
(possibly at the epithermal neutron palaeopole) and was subsequently reoriented 
to the present-day spin pole. Phrased differently, we assume that the perturbing 
mass anomaly is still present, and still contributes to the observed lunar inertia 
tensor and degree-2 spherical harmonic gravity coefficients. Thus, to determine 
the relative importance of the PKT, it is more useful to define the change in the 
mass-anomaly size with respect to its present value: ΔQ = Q(t) − ΔQ(0 Gyr ago).  
This ΔQ is the relevant quantity for the parameter-space survey in Fig. 3a–c, and 
determines how much the Moon could have reoriented in the past, with respect to 
its present-day orientation. A positive ΔQ indicates the presence of a positive mass 
anomaly (mass excess) with respect to the present state; a negative ΔQ indicates the 
presence of a negative mass anomaly (mass deficit) with respect to the present state. 
Q and ΔQ for two end-member PKT thermal anomalies are shown in Extended 
Data Figs 9, 10. The nomenclature ‘W’ and ‘B’ are shortened from ‘0LW’ and ‘0LB’ 
adopted from ref. 9, in which ‘0’ denotes low radiogenic mantle composition and 
‘L’ denotes the larger (in diameter) of two test cases, ‘W’ denotes KREEP within 
the crust and ‘B’ denotes KREEP below the crust.
True polar wander due to the PKT. To determine how the Moon would reorient 
under the thermal evolution of the PKT, it is necessary to first reorient the PKT 
inertia tensor so that it is properly aligned with the approximate centre of the PKT 
(18° N, 334° E). This can be done by either directly rotating the inertia tensor or 
rotating the spherical harmonic gravity coefficients via the spherical harmonic 
addition theorem57,80.

To determine the TPW path predicted from the thermal evolution of the PKT, it 
is necessary to determine the location of the maximum axis of inertia as a function 
of time. The location of this maximum axis of inertia is defined as the palaeopole. 
To calculate this TPW path for any PKT thermal model, we first assume that the 
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present-day, observed lunar inertia tensor is the sum of the inertia tensor from 
the final time-step of the thermal evolution models (t = 0 Gyr ago), and some 
non-hydrostatic component (including other impact basins, mascons, the fossil 
figure and so on) INH: I = IPKT(0 Gyr ago) + INH. In this calculation, we remove 
the hydrostatic component of the present-day, observed lunar inertia tensor73. 
Although much of the geologic history outside of the PKT is buried within INH, 
it is important to note that most of the other geologic processes on the Moon (for 
example, impact basins and mare basalts) have negligible contributions to the lunar 
inertia tensor21 (Extended Data Fig. 8f). The most substantial other contributors 
are the South Pole–Aitken basin and its global ejecta blanket21, and the Moon’s 
fossil figure—the remnant rotational and tidal bulge, preserved from when the 
Moon’s lithosphere cooled sufficiently to support long-term deformation. Although 
the nature of the fossil figure is debated20,21, and the formation of the South Pole–
Aitken basin is still poorly understood79, both of these events would have occurred 
very early in lunar history, probably predating the initial conditions of our PKT 
thermal model. Thus, we do not expect INH to change appreciably during the 
course of lunar history, but rather expect only negligible perturbations due to the 
formation of impact basins with time. Because I is known and IPKT(0 Gyr ago) is 
inferred from our PKT thermal evolution models, we rearrange the above equation  
(I = IPKT(0 Gyr ago) + INH) to determine INH.

By isolating the non-PKT, non-hydrostatic component of the lunar inertia 
tensor, we then determine the inertia tensor as a function of time from our PKT 
thermal models: I(t) = IPKT(t) + INH. The palaeopole can be calculated at any time-
step in the model by taking the inertia tensor at that time, evaluating the eigenvalue 
problem and identifying the orientation of the maximum axis of inertia. Figure 4  
and Extended Data Figs 9 and 10 show representative TPW tracks calculated using 
this method. Supplementary Video 1 shows an example of this TPW for our nomi-
nal model (model W; C = 0), as viewed from an outside observer. As a consequence 
of our definition of INH, the TPW track will always end at the present-day rotation 
pole. However, the TPW track is not forced to pass through the epithermal neutron 
palaeopole, although this happens frequently, owing to the placement of the PKT 
model at the PKT.

The thermal evolution of the PKT is not completely axisymmetric about the cen-
tre of the PKT, owing to the 3D nature of the problem. This results in intermediate 
and minimum principal axes of inertia that are not quite equal (Ixx ≠ Iyy), in addi-
tion to small, non-zero off-diagonal terms in the inertia tensor (Ixy ≠ Ixz ≠ Iyz ≠ 0). 
These terms can have a small effect on the orientation of the maximum principal 
axis of inertia derived using the above method. To account for this variation, we 
rotate the PKT anomaly about the vector aligned with the PKT, and repeat the 
analysis for all possible PKT rotation angles. Error bars in our TPW paths (for 
example, in Fig. 4) indicate the 1σ uncertainty in the palaeopole position that 
results from this effect. In general, it is negligible.

Thus far, we have only considered solutions where the compensation state of the 
lunar crust is constant with time and independent of the position on the surface 
of the Moon. More complicated histories of the strength of the lithosphere might 
be possible, but a full parameter-space survey is beyond the scope of this work. 
In Extended Data Fig. 10m–o, we present three example TPW tracks for cases for 
which the compensation state varies monotonically with time.

Models that allow for the compensation state to increase with time (Extended 
Data Fig. 10n, o) produce TPW tracks that would markedly reduce the age of the 
epithermal neutron palaeopole (to only about 1.5 Gyr in Extended Data Fig. 10o). 
Although this sort of weakening of the lithosphere with time might not be physical, 
it is possible that the loading and isostatic adjustment (or non-adjustment) of the 
PKT mare basalts and other near-surface mass anomalies could replicate the effect 
of this time-varying compensation state. Thus, further study of the geologic and 
geophysical history of the PKT could provide insight into the long-term stability 
of lunar polar ice.
Plausible modes of long-term hydrogen stability. Our nominal TPW models 
suggest a source for the observed off-polar hydrogen (plausibly in the form of water 
ice) that predates the migration of the lunar spin axis. Because this hydrogen would 
have to survive for what could amount to several billion years, it may have experi-
enced temperature conditions warmer than present. Therefore, it is important to 
consider the long-term stability of polar hydrogen.

Water ice will be stable if the temperatures in the first few metres of the Moon’s 
surface remain below about 145 K. Even near the poles, directly illuminated surfaces 
will experience maximum temperatures that exceed 145 K, which leads to ground 
ice being stable only within polar craters or regions with high topographic relief5. 
Above this temperature, water ice (thicker than a single surface-bound monolayer) 
will sublime on geologic timescales, with rates exceeding 1 mm Gyr−1 (refs 25, 81).

Although a single monolayer of water is more stable, it is probably not sufficient 
to cause the observed hydrogen excess. A typical sample of Apollo lunar rego-
lith has a surface area of about 0.5 m2 g−1 (refs 82, 83). An idealized monolayer  

contains approximately 1015 molecules per square centimetre, so a monolayer con-
tains approximately 5 × 1018 molecules per gram of regolith. This corresponds to 
a mass of 1.5 × 10−4 grams of H2O, or 17 p.p.m. of hydrogen atoms. Although 
variations in grain size may change the ratio of surface area to volume (and thus the 
mass fraction of hydrogen), with these assumptions, adsorption of water molecules 
directly to regolith can contribute only a small fraction of the minimum plausible 
hydrogen concentration observed at the epithermal neutron palaeopole (Fig. 1a, b). 
Thus, we assume that the observed hydrogen corresponds to either water ice mixed 
within regolith (pore ice), or hydrogen bound within mineral grains.

Ancient ice must also survive billions of years of impact gardening, a process 
that will slowly mix ice with the surrounding regolith13,84. Impact gardening can 
result in both ice loss, because ice is brought to the warmer near-surface, and pres-
ervation of ice, because ice is buried under layers of protective, thermally insulating 
regolith. However, impact gardening processes will dominate only if the water ice is 
completely immobile (as would be the case for adsorbed water). Given even short 
windows of time with temperatures above about 70–90 K, buried water molecules 
can migrate towards the surface, driven solely by the water vapour concentration 
gradient between the regolith and the vacuum of space. Water will migrate upward 
until it hits the predicted ice stability depths (Fig. 1c, d, Extended Data Fig. 4) 
where it will remain and concentrate, because loss rates to space are slow enough 
(1 mm Gyr−1) that it will not thermally sublimate over geologic time. The ice may 
be buried again, mixed into the regolith or lost by an impact related process, but, 
assuming some small amount of thermal mobility, it will again return to the ice 
stability depth. Therefore, even accounting for impact gardening, as long as tem-
peratures remain greater than about 70–90 K, but never exceed about 145 K, the 
predicted depths should be a good proxy for detectable hydrogen.

Ice stability models presented here show that ice can be stable both at the current 
and proposed palaeopole orientations. Extended Data Figure 4e, f shows that there 
are large areas that are stable in the upper 2.5 m for ice both at the current lunar 
pole position and at the proposed palaeopole (ice stability depth is assigned as an 
average of the two models). However, if wander led to a spin pole much further 
from the palaeopole, ground ice would no longer be stable in these locations. To 
estimate how far a shadowed crater could move from the pole and still retain large 
amounts of ground ice, we look at previous studies examining the effects of lunar 
obliquity on ice stability. In such studies, a polar crater (Shackleton) was found to 
retain stable ice until the Moon tilted by >12° (refs 4, 49). We use this 12° limit as 
an approximate estimate for the maximum extent of polar wander that can occur 
with respect to a palaeopole and still allow for the preservation of water ice at the 
pole. In fact, some wander past the current pole would aid in the migration of 
buried water to the surface by creating slightly warmer conditions than present. 
At present, some cold traps are so cold (maximum temperatures < 90 K) that ice is 
effectively immobile25, leaving it to be slowly buried by impact gardening13. TPW 
might have caused these areas to experience conditions warm enough that ice bur-
ied by impact gardening would migrate towards the surface (~90 K < T < 145 K), 
driven by the concentration gradient (with the vacuum of space).

Although many of our TPW paths remain within this 12° ice-stability limit, 
suggesting that the hydrogen observed at the epithermal neutron palaeopole is 
plausibly water ice (Fig. 4a, b, Extended Data Fig. 10a–d, n, o), many do not. In 
these ‘large wander’ cases, the shadowed regions near the epithermal palaeopole 
may have experienced temperatures that exceeded the 145-K stability limit for 
water ice. This would suggest that the epithermal neutrons may be mineralogically 
trapped or bound hydrogen, rather than pore ice. Most mineralogies will have 
higher bonding strength than that of water to water, and be more stable to large 
temperature fluctuations. It may be that pore ice was originally stable at these loca-
tions, but has since been partially lost (perhaps via hydrothermally interacting with 
the surrounding regolith), leaving only the most stable forms of hydrogen behind. 
However, impact gardening will slowly bury the grains this water is bound to and 
thus limit the length of time such hydrogen will be in sufficient abundances to be 
detectable via neutron spectrometry.

It is also plausible that the observed hydrogen might never have been water. 
Hydrogen can implant into permanently shadowed regions both from Earth’s 
magnetotail and by backscattering of solar-wind hydrogen off of nearby irra-
diated crater walls. However, an explanation of why such a mechanism would 
result in the observed antipodal ice distribution has not been proposed. Perhaps 
areas that once harboured water ice are more accepting of solar-wind hydrogen. 
The time required to build up about 100 p.p.m. of rim-entrapped hydrogen in a 
permanently shadowed region has been estimated28 to be of the order of 200 Myr. 
If not continuously resupplied, then hydrogen trapped at defects in grain rims has 
a chance to escape, with this chance depending primarily on two variables: dif-
fusion activation energy and temperature. A range of realistic activation energies 
were found85 for which hydrogen would be retained at low lunar temperatures 
and for billions of years.
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Regardless of the hydrogen source, defects in weathered grain rims can create a 
large volume for hydrogen retention, and may be sufficient to explain the observed 
hydrogen concentrations. The possible retention of hydrogen trapped at defects 
within the rims of the lunar grains themselves has been calculated28,86. The maxi-
mum concentration is set by the maximum retention of implanted hydrogen in lab-
oratory experiments, and is about 2 × 1017 cm−2. The thickness of the implantation 
rim is taken to be 100 nm. For a lunar soil surface area of 0.5 m2 g−1, the maximum 
trapped-hydrogen concentration is about 1,700 p.p.m. (ref. 28).

Large-scale defects, such as radiation tracks, can react with water87–91. Such a sit-
uation could occur as once-stable ice deposits begin to sublimate. This reaction was 
shown to increase the specific surface area and porosity of lunar fines and retain 
water. However, it is unclear how long water might stay within the grain lattice once 
it is established there. We adopt a silicate lattice of 3.3 g cm−3 and, hence, an atomic 
density of about 1023 cm−3; we assume a water density of about 1020 cm−3. By using 
Fick’s law92, with a typical silicate diffusion coefficient of D = 10−25 cm2 s−1, and 
calculating the flux J across a 1-μm lattice layer into the vacuum (so that 1020 cm−3 
drops to 0 cm−3 in 10−4 cm), we obtain
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The number of water molecules in a 1 μm × 1 cm2 volume is 1016, so the diffusion 
timescale is 1016/(0.1 s−1) = 1017 s = 3 Gyr. Using values from the literature93,94,  
we estimate D ≈ 10−28 and J ≈ 10−4 cm−2 s−1, which implies that water, having 
incorporated into lunar materials, will not diffuse from the outer micrometres in 
several billion years.

The mechanisms described above may allow for reasonable long-term (Gyr) 
storage of hydrogen—either in the form of pore ice or mineralogically bound 
hydrogen—in the off-polar regions detected by the epithermal neutron data pre-
sented here. However, the evidence presented here points to a correlation with 
preferential water stability along the path of TPW.

It is possible that the epithermal neutron distribution marks the surviving 
hydrogen from an epoch of ice stability or high supply (for example, the late heavy 
bombardment, a time during which the Moon had a protective magnetic field, or 
primordial internal water from the Moon’s formation); alternatively, it could trace 
a history of later-stage addition of hydrogen (for example, outgassing of water from 
mare volcanism, large volatile-rich impacts or some variation in solar wind). Future 
orbital missions with high-resolution, high-precision neutron spectrometers might 
be able to better constrain the extent of the polar hydrogen, and future in situ 
polar landers or sample return might be able to directly determine the nature of 
lunar polar hydrogen. Current evidence, such as the detection of water ice in the 
LCROSS-impact vapour plume26 (this impact occurred very close to our proposed 
southern palaeopole), suggests that the observed hydrogen enhancement is due 
to water, and that the Moon may not have wandered an extreme amount since the 
deposition of this water.
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Extended Data Figure 1 | Antipodal symmetry. a, b, Standard north and 
south polar maps, respectively, akin to Fig. 1a, b. In each figure we show  
a hypothetical distribution of antipodally symmetric north (blue) and 
south (pink) polar ice. In each polar map, we show both the ice present 
in that hemisphere and the ice on the opposite hemisphere as it would be 
viewed through the Moon. Despite the antipodal symmetry, the polar ice 

that would be normally shown in each polar map (blue in a; pink in b)  
are not separated by 180° as one might expect. c, To test for antipodal 
symmetry, we rotate the features as viewed through the planet by an angle α. 
d, Antipodally symmetric features match their antipodal counterparts if 
rotated by α = 180°.
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Extended Data Figure 2 | Statistical significance of inter-polar 
hydrogen. The statistical significant −log10(P) is shown as a function of 
the likelihood parameter λ.
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Extended Data Figure 3 | Full-resolution maps of ice stability depth. 
The ice stability depth is defined as the depth at which water ice will 
sublimate at a rate of 1 mm Gyr−1). a–f, Full-resolution maps of ice stability 
depth for areas where water ice is stable at the current orientation (a, b), in 
the palaeopole orientation (c, d) and in an ‘overlapping’ orientation  
(e, f); left panels shown the north polar region, right panels show the 
south. These models define the locations at which isotropically supplied 

water ice would be stable over geologic time; depth is given as an average 
of the two models in those locations. Panels a–d are the bases for Fig. 1c, d.  
Models are constrained to ± 300 km in stereographic x, y coordinates. 
Latitude lines are every 2° poleward of 80°. All other symbols are defined 
in Fig. 1. Panel b adapted from ref. 5, American Association for the 
Advancement of Science.
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Extended Data Figure 4 | Water-ice stability depths for the past and 
present poles. a–f, Water-ice stability depths for the north (a, c, e) and 
south (b, d, f) polar regions. The model-derived stability depths4–6 
are shown for the current lunar spin axis (a, b) and the hypothesized 
palaeo-axis (c, d). Also shown is the optimum admixture of current- and 

palaeo-axis models that best matches the distributions of polar hydrogen 
abundance (e, f). Topography measured by the LOLA instrument29 has 
been superimposed. Latitudinal contours are every 2° poleward of 80°. All 
other symbols are defined in Fig. 1.
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Extended Data Figure 5 | Two different modes of planetary 
reorientation. a–c, Initial spin state (a), changes in obliquity (b) and 
changes due to TPW (c). In these schematics, we view the reorienting 
planet in an inertial frame.
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Extended Data Figure 7 | Slices through the mass-anomaly parameter-
space search. a–d, Coloured contours enclose regions where placing a 
mass anomaly ΔQ of the indicated size will cause a reorientation of the 
Moon to within the specified distance (see legend) of the present-day lunar 
spin pole. Red filled circles denote the epithermal neutron palaeopole.  

e, Contours enclose regions where mass anomalies ΔQ must be centred to 
reorient the Moon from the epithermal neutron palaeopole to the present-
day spin pole, to within 1°. This figure is the same as in Fig. 3a–c, but in an 
equirectangular projection; symbols and lines as in Fig. 3a–c.
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Extended Data Figure 8 | Simple physical models for reorienting the 
Moon, and the effect of lunar impact basins. a, A schematic of our 
spherical cap model, showing a spherical cap on the surface of the Moon 
(green circle), centred on a particular latitude and longitude (arrow).  
b, The mass anomaly ΔQ for a spherical cap as a function of cap 
size and cap surface density (or cap thickness, assuming a density of 
ρ = 2,550 kg m−3). c, A schematic of our mantle-spanning interior 
anomaly, with a spherical mass anomaly (green circle), centred on a 
particular latitude and longitude (arrow), grazing the core (dark grey 
circle) and the surface. d, The mass anomaly ΔQ for the spherical mantle 
anomaly as a function of the density contrast of the anomaly (black line). 
Over-plotted (green shading and orange lines) is the ΔQ required if the 

PKT is responsible (ΔQ = −0.45; Fig. 3c). e, North polar projection of all 
possible palaeopole positions based on a mass anomaly placed at either the 
PKT or South Pole–Aitken basin (SPA). PKT paths always pass through 
the neutron palaeopole, whereas SPA paths are nearly orthogonal to this 
path. f, Mass anomalies ΔQ of the largest lunar impact basins derived 
from inverse fitting of the present-day lunar gravity field, following the 
method outlined in ref. 21. The only impact basin with a large enough 
mass anomaly is the South Pole–Aitken basin, which is not properly 
located to drive the observed TPW (Fig. 3b). The only major impact 
basin that is properly located is Moscoviense, which has a negligible mass 
anomaly (and with the wrong sign). Error bars are 1σ uncertainties from 
the inverse solution (see ref. 21).
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Extended Data Figure 9 | Mass anomalies and TPW of the Moon due 
the thermal evolution of the PKT. a–e, Results for model W, in which 
KREEP is mixed within the crust. f–j, Results for model B, in which 
KREEP is mixed beneath the crust. a, f, Temperature cross-sections of the 
lunar mantle, as a function of time. The dark circle is the lunar core. White 
regions are partially molten. b, c, g, h, The mass anomaly Q (b, g) and  
ΔQ (c, h) associated with the thermal anomalies shown in a and  
f, respectively, as functions of time for various assumed compensation 

states (coloured lines). C = 0 corresponds to a rigid lithosphere; C = 1 
corresponds to a strengthless lithosphere. The region required to explain 
the epithermal neutron palaeopole is highlighted in green. d, i, The 
distance between PKT and the instantaneous spin pole as a function of 
time. e, j, The co-latitude of the instantaneous spin pole as a function of 
time. In this plot, the co-latitude is defined as positive if the northern spin 
pole is on the near side and negative if it is on the far side. The co-latitude 
of the epithermal neutron palaeopole is highlighted in green.
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Extended Data Figure 10 | Predicted TPW paths due to the thermal 
evolution of the PKT for a range of models and compensation states.  
a–f, Model W, in which KREEP is mixed within the crust; g–l, model B,  
in which KREEP is mixed beneath the crust; m–o, model W, with a time- 
varying compensation state. In general, these TPW paths are consistent  
with the epithermal neutron pole forming early (4 ± 0.5 Gyr ago), as long  
as the lithosphere is partially rigid. If the lithosphere is weak or strengthless 
(d–f, k, l), the topographic uplift from the PKT thermal anomaly dominates 
and the TPW track never passes through the epithermal neutron pole.  

m, An example where the lithosphere starts strengthless (fluid; C = 1) and 
becomes perfectly rigid (C = 0) by the present day. n, o, Examples where the 
lithosphere starts partially rigid and becomes weaker with time. Although 
these cases may not be geophysically feasible, it is interesting as it confines 
the TPW paths to within the observed hydrogen distribution and reduces the  
age of the epithermal neutron palaeopole. Error bars indicate 1σ uncertainty 
in the palaeopole position due to the rotational ambiguity of the PKT 
thermal models; the error bars are often smaller than the plotted pole 
positions. Contours and symbols as in Fig. 2a.
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