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Abstract

The Moon very likely has polar caps, but not as conspicuous as the Earth or Mars; the Moon’s caps must be hidden under
the surface. The southern polar cap is probably more aquiferous than the northern one. Our indication of ground water at the
poles has been obtained by a remote sensing method. We use the gravity aspects, namely the combed strike angles, derived
from a global gravity field model of the Moon (now providing the ground resolution ~10 km already sufficient for this
purpose). We cannot estimate the absolute amount of the lunar water, only the contrast between the polar areas and the other
regions; the contrast is high, statistically significant — to § times more groundwater at the poles. For the southern polar zone,
we confirm the results achieved by others, and we do it in a completely independent way. The lunar water is necessary for
future permanent human missions on the Moon, like Artemis; they will start near the southern pole. Thus, our findings would

have immediate applications. Observe and download: https://www.asu.cas.cz/~jklokocn/MOON25_supplements/
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1 Introduction

The existence of lunar water can be taken, after a long evo-
lution of opinions, as proven (e.g., Crotts 2011, 2012). Wa-
ter will be necessary for permanent human missions like
Artemis. The recent landing of IM-1/Odysseus (Intuitive
Machines) at the Malapert A crater (near the south pole)
was an important step towards this aim (e.g.: https://www.
nasa.gov/feature/artemis/;  https://www.intuitivemachines.
com/im-1). The polar regions, and especially the southern
polar zone, are preferred for their higher chance to keep wa-
ter (e.g., Cannon et al. 2020). The deeply shadowed craters
at the poles, where water could be found in abundance, were
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identified for Artemis landing (NASA release 22-089). It re-
mains valid, but future astronauts would be happy to find
water (and hydroxyl) at any latitude by exploiting specific
water-rich areas. Ice could be harvested for drinking and
service water, oxygen, and rocket fuel. Some of such poten-
tial places have been discovered by analyzing spectrometer
data from three independent spacecraft, namely from the
Chandrayaan-1 orbiter (Clark et al. 2024); the infrared spec-
trometer detected water (H>O) and hydroxyl (OH) out of the
poles.

Water in various phases is known not only from the Earth
(which is the only celestial body in the Solar System known
for sure to have stable bodies of liquid water on its surface),
but also on Mars (as ice polar caps and as ground water on
other places), e.g., Orosei et al. (2018), and as groundwater
on the Moon (more below). It was probably also on Venus
(Sohl et al. 2016), can be even on Mercury (Greenwood
et al. 2018), under the surface, on Europa, Ganymedes, Cal-
listo (moons of Jupiter), on Enceladus, Titan, Dione, Mimas
(moons of Saturn), Triton (moon of Neptun), on Uranus,
Neptune, Pluto, Ceres, Vesta, or in comets and asteroids.

We refer here to a broader definition of the polar ice cap
as is used in planetary physics, where is no limit to be on
surface or beneath, no requirement with respect to size or
composition for a body of ice to be termed a polar ice cap,
nor any geological requirement for it to be over land. It must
only be a body of solid phase matter in the polar region (e.g.,
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Tu et al. 2014). Fanale and Salvail (1989) speak explicitly
about “subsurface ice” (they studied Ceres).

Our method, using the gravity aspects (descriptors),
Sect. 2 and Supplement SM1, depends on a “sufficient
knowledge” of the gravity field meantime already achieved
for the celestial body in question. For this purpose, a long
series of specific observations of artificial satellites orbit-
ing the bodies (and other data if possible) are needed. One
orbiter is not enough (various orbital characteristics are
needed, different kinds of observations are welcome). The
input to our analyses is always and solely in the form of
the Stokes parameters (harmonic potential coefficients) C,,,
Sim in the spherical harmonic expansion of the static gravi-
tational potential to selected maximum degree | = L, and
order m (d/o). This is the result of a big inversion from the
observational data and quality and resolution of the data dic-
tates reasonable limit of L, (found experimentally). These
coefficients depend on the mass density distribution (density
variations) inside the body. Their set published to some L,;,4x
is called gravity (static, global, gravitational) field model
(shortly: gravity model). That maximum d/o dictates theo-
retical global estimate of the ground resolution (GR); defi-
nition is in SM1, p. 14.

The “sufficient knowledge” is about the ground resolu-
tion, precision and objectivity of their gravity field descrip-
tion depends on the gravity field models available. In the
present time, for the Earth with L,,,, = 2190, GR is 8-9 km,
for L,,,x = 600 in the case of the Moon GR ~ 10 km, but for
Mars and L4 = 80, the GR is only 130 km (more in Sect. 2
about Data). Venus and Mercury have to wait for better data.
Thus, here we work with the Earth, the Moon, and Mars.

There are four possible sources of the lunar water: the
Sun (lunar dust interactions with the solar wind), interplan-
etary matter bombarding lunar surface, possible past volca-
noes, and the atmosphere and ionosphere of the Earth. These
sources might supply the Moon for a long time by ions of
hydrogen and oxygen to combine water (e.g., Cannon et al.
2020).

The fourth possible mechanism of ice deposition on the
Moon has recently been described by Kletetschka et al.
(2022). Our Moon periodically moves through the magnetic
tail of the Earth (when the Moon is full moon) that contains
terrestrial ions of hydrogen and oxygen (Earth’s atmospheric
escape). A density contrast of ions was measured by Kaguya
lunar orbiter. Kletetschka et al. (2022) suggested the accu-
mulation of terrestrial water phase filling the pore-spaced
regolith, a portion of which is distributed along the polar re-
gions of the Moon.

For the Earth, Mars, and the Moon we collected figures
showing the Comb factor, telling us how intensively the
strike angles are combed (Sect. 2.2 and SM2). Our main re-
sults are presented as statistics in Tables 1a, 1b and as figures
in Sect. 3. We find that the Moon has polar caps similarly as
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the Earth and Mars (but they must be hidden and protected
under the surface).

Supplementary files SM1 — SM3 with many figures
can be downloaded from: https://www.asu.cas.cz/~jklokocn/
MOONZ25_supplements/.

2 Notes on theory, method and data
2.1 Theory and method

We work with gravity aspects (descriptors), functions of dis-
turbing static global gravitational potential. Theory of the
gravity aspects has been put together from works from Ped-
ersen and Rasmussen (1990), Beiki and Pedersen (2010),
and is summarized in our two books (Klokoc¢nik et al. 2017a,
2020a). The reader can see theory and follow the formulae
for the individual gravity aspects also in SM1; we cannot
repeat the Theory in the main text, only its minimum.

The following is the list of the gravity aspects we work
with: the gravity anomaly (or disturbance) Ag, the Marussi
tensor (I') of the second derivatives of the disturbing po-
tential (7;;), with the second radial component T, of two
of just three gravity invariants (1;), their specific ratio (1),
the strike angles (6), SM1:A7, and the virtual deformations
(vd).

We repeat from Klokocnik et al. (2014, 2017a, 2020a,
2021) for easier reading of Sect. 3:

(i) The individual gravity aspects are sensitive in vari-
ous ways to the underground lithological density contrasts,
porosity changes and stress field orientation due to causative
bodies. They provide, as the whole group, much more com-
plete information about the ground density variations (the
location, shape, orientation, tendency toward 2D or 3D
shapes, stress tendencies and tensions).

(ii) The strike angles 8 can show directions important for
a description of the ground structures providing evidence
about the anisotropy (they seem to be parallel to the weak-
ness in the strength of the rock, e.g., the direction schistosity
and/or presence of micro-faults). More in SM1. In our fig-
ures, the strike angle is shown as abscissa and is counted
with respect to the local meridian; red colour means its di-
rection to north of east and blue to south from east.

(iii) The virtual deformations vd (presented as dilation in
red or compression in blue colour) show how much energy
is stored in the rock material. Around the craters, impact
driven expansion causes an irreversible deformation that is
exemplified in a motion along the faults through the rock,
fractures through the minerals, and even lattice deformations
that result in so-called planar deformation features.

We have to keep in mind that the gravity data them-
selves only indicate geologic structures (anticlines, faults,
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salt domes, sediments, etc.), any of which may occasion-
ally contain concentrations of “target deposits” (TD) of var-
ious kinds, of practical minerals, salt domes, permafrost
(on the Earth), regolith (on the Moon), hydrocarbons (on
the Earth and Mars), (water)ice, (ground)water, paleolakes,
rifts, faults, volcanic structures, or others.

2.2 Statistics

The strike angles 6 have normally diverse directions. The
combed strike angles are 6 aligned linearly (SM1, Fig. Al-
la versus Al-1b) or to a circle (halo). The theory and statis-
tics for the combed 8 may have various forms (Kloko¢nik
et al. 2019; Kletetschka et al. 2022 or SM1).

To estimate how intensively the strike angles (in the given
region) are combed, we introduced (Kloko¢nik et al. 2019,
SM1, pp. 9-11) statistical Comb factor. It is a relative value
in the interval (0, 1), where 0 means that 6 are “not combed”
(the vectors of 6 are oriented in diverse directions) and 1
means 6 are “combed” (perfectly aligned, the vectors of 6
are laid down into one direction). The value of Comb — 1
indicates a higher probability of the presence of the lunar
water in such areas than when Comb — 0.

The alignments among 6 can be: (i) linear, 6 are combed
in one prevailing direction; typical for valleys, trenches,
faults, and catenae, (ii) creating a halo around circular
features; the impact craters and basins, or (iii) generating
“plates” (blocks of huge size) with the same orientation in-
side one plate but with the different orientation among the
plates. It is not so important which direction is it; what is
important is their internal unidirectionality.

2.3 Data
2.3.1 Data for the Earth

We use combined gravitational model (based on satellite and
terrestrial data) EIGEN 6C4 Forste et al. (2014). It includes
gradiometry data (differential microaccelerometry) from the
entire ESA’s GOCE mission (2009-2013). This model is ex-
panded to maximum d/o = 2190. The formal global preci-
sion of EIGEN 6C4, expressed in terms of Ag, is ~10 mGal.
The stability of computation of all necessary functions is en-
sured by our programs and by software from (Bucha and
Jandk 2013).

The ETOPO 2022 release (MacFerrin et al. 2022) rep-
resents a global, detailed surface topography model of the
Earth, an improvement of the previous ETOPO 1 (Amante
and Eakins 2009). Their precision in heights (WGS 84) is
£+10 m (but not everywhere, as we have intensively tested
by comparing the models ETOPO 1, 2022 with other topog-
raphy models on various localities).

2.3.2 Data for Mars

We used the recent gravity model NASA JPL JGMRO_120
F (Konopliv et al. 2020). The extensive “truncation error
tests” (Klokoc¢nik et al. 2023a) brought us about choosing
the conservative limit d/o=80 to work with (this limit, and
not d/o=120, has also been recommended by the authors
of the model). The global surface topography of Mars is
derived from the MOLA altimeter on board of the Mars
Global Surveyor. The accuracy should be ~1 m radially and
~100 m horizontally. The total elevation uncertainty should
be “at least 3 m” (Lemoine et al. 2001).

2.3.3 Data for the Moon

We tested two global satellite gravity field models of the
Moon derived in the GSFC and JPL NASA, developed from
the GRAIL observations (Gravity Recovery and Interior
Laboratory). The models in spherical harmonic expan-
sion are available to (d/0)=1200 and 1500, respectively,
GRGM1200A (Lemoine et al. 2014) and GL1500E (Kono-
pliv et al. 2014). We decided to use the GRGM1200A; we
used it only to d/o = 600 (as recommended by the authors of
the model). A review of lunar missions related to landmark
solutions for the gravity field of the Moon is for example in
Table 3.1 of Klokoc¢nik et al. (2022b). The formal precision
of GRGM1200A should be about 10 mGal globally.

The surface topography of the Moon comes from very
successful LOLA (Lunar Orbiter Laser Altimeter), on board
of the LRO (Lunar Reconnaissance Orbiter). The heights are
given relative to a reference radius of 1737.4 km. A nominal
precision of the LOLA altimeter heights is ~10 cm globally.

The figures of the gravity aspects and topography are
plotted by surfer software in Mercator or polar projection
and the animations (for SM2) were prepared by Bezd€k and
Sebera (2013): https://www.asu.cas.cz/~bezdek/vyzkum/
rotating_3d_globe/.

3 Results and discussion

Our results are summarized in Figs. la-c for the Earth,
Figs. 2a-c for Mars, and Figs. 3a-c for the Moon in the main
text, in the tables (Table 1a and 1b), and as additional figures
in SM2.

The Earth has the largest concentrations of the high-
est Comb in Antarctica (compare the red spots in Fig. lc
to Figs. 1a, b), as must be expected. We know that many
regions of the Earth pose high Comb values due to vari-
ous reasons (recalled shortly in Sect. 2.1 and more details
in SM1, pp. 12-14), related to regionally lower density or
higher porosity and stress field orientation. Our Fig. 2a — as
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Fig.1 a-c. The Comb factors for the Earth (a global, b north pole zone, ¢ south pole zone). The colour scale is the same for all three figures

a general, global view on the Earth — cannot show such de-
tails. We refer to other our works with many details (e.g.,
Klokoc¢nik et al. 2014, 2017b, 2020a,b,c, 2022a, 2025a,b).

Mars exhibits the polar caps, the northern is more con-
spicuous than the southern. It contains H,O, CO, and dust
particles. Both caps survive in the local low-pressure atmo-
sphere showing seasonal variations. Again, we receive what
was expected — Figs. 2b, ¢ confirms it. The difference be-
tween Comb at the polar and non-polar regions is relatively
small (compare Fig. 2a to 2¢). The northern hemisphere had
very probably a huge paleo-ocean (SM2:22-29). Now there
are lowlands, covered by thick layers of sediments that may
contain various ingredients with a lower density or higher
porosity material than have the rocks around and on the
southern highlands (Kloko¢nik et al. 2023a,b).

@ Springer

On the Moon, the difference between the Comb values at
the poles and far from them is high (Fig. 3a-c). Tables 1a, 1b
show that the difference is statistically significant. Namely
the southern polar area shows a large concentration of the
highest Comb values (Fig. 3c, red spots). It is connected not
only with limited illumination at the pole generally but also
with an enormous lowland of the Aitken basin. One would
expect that highly Comb strike angles are only in areas of
permanent shadow, may be inside the craters, but they can
appear everywhere.

Table la shows the ratio r = P/A for all three stud-
ied bodies (the Earth, Mars and the Moon). The Comb
is arbitrary; it was chosen the highest Comb>0.99. The
“polar” means those regions with the planetographic lati-
tudes >|70°| and the non-polar is counted for the latitudes
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Fig.2 a-c. The Comb factors for Mars (a global, b north pole zone, ¢ south pole zone). The MOLA topography. The colour scale is the same for

all three figures

(—=70,70). The reader can compare r between the polar P
and non-polar A areas and among the bodies.

Table 1a clearly demonstrates the known fact that south-
ern polar cap of the Earth is much more conspicuous (r =
10) than the northern (r = 2). Antarctica is looking like a
loaf of Czech bread; the mean thickness of ice is 1.9 km;
thickness increases from the seashore to the South Pole up
to 4.7 km. The Arctic cannot compete with it. The strike
angles react on thick layers of ice first of all, then on the
background. Their signal falls quickly, with fourth to eighth
power of the distance from the source of density anomaly
(see SM1: eqgs. A3, A7). Thus, we have received the ex-
pected result. The number » = 10 is a huge number when
we take into account that the planet Earth has water every-
where around the globe; the concentration of water in the
“hat” of ice sheet of Antarctica is enormous.

The situation for Mars is more complicated. Table la
shows a small difference in r between north and south, al-

though we know that the northern cap is bigger and more
massive than the southern, looking like a thick pancake
sitting on the bottom of the paleo-ocean. The contrast of
density between the northern cap and surrounding northern
paleo-ocean (with low density/high porosity components) is
low (as mentioned above).

Table 1a for the Moon shows partly something expected,
partly a surprise. We expect r larger on the south than on
the north (8>6). Aitken Basin near the south pole contribute
to this result. This area has been chosen for landing of the
IM1/Odysseus and for the pioneer permanent human lunar
missions in the frame of the Artemis programme (Sect. 1).
A ground water is predicted there. The surprise is a high r
for both polar regions, r = 6 — 8. Compare with the Earth.
There is much more groundwater at the poles than in the
other localities. Thus, we can speak about the polar caps of
the Moon.

@ Springer
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Fig.3 a-c. The Comb factors for the Moon and the LOLA topography (a global, b north pole zone, ¢ south pole region). The colour scale is the

same for all three figures. All figures have the same colour scale

Table 1a The comparison of the ratios » = P/A for the Earth, the
Moon, and Mars for the Comb>0.99 between their polar P and non-
polar A areas [“polar” means for planetographic latitudes > [70°], the
non-polar latitudes are within the interval (—70,70)]. The contrast of
density between the polar areas (both) on Mars and the non-polar area
(—70,70) is low because of the paleo-ocean. It covered mostly the
northern hemisphere, but in our statistics in this table we have only
one non-polar area and it is extending to both hemispheres (—70,70).
Thus, it is useful to add Table 1b with further statistical information

Body The Earth & The Moon ¢ Mars &
polar south 10 8 1.1
north 2 6 1.5

Table 1b shows the ratios between Comb>0.99 and
Comb<0.99 for the same areas, or P, or A, defined as
above, expressed in per cents. This is a complementary in-
formation to Table 1a.
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Table 1b The ratios “Comb>0.99 to Comb<0.99” for the same areas,
P or A, expressed in per cents

Body The Earth § The Moon ¢ Mars &

polar south 20% 31% 23%
north 4% 23% 30%

others 2% 4% 20%

Table 1b for the Earth tells as again how strongly
aligned are the strike angles at the southern cap. The Arc-
tic comes out much weaker than Antarctica. For Mars, one
can see how high percentage of highly combed strike an-
gles exist in the both caps (23-30%). The Moon at the
southern polar area has even 31% of surface with the ra-
tio Comb>0.99/Comb<0.99, calling again our attention
to the hypothetical polar caps of the Moon. We can also
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Fig.4 a-b. The Comb factors
for the Moon together with the
LOLA topography [m]: (a) the
LOLA topography for the whole
southern hemisphere; blue
circular zone = the Aitken
basin, M Malapert,

S Schrédinger, Z Zeeman crater
(b) the topography plus the
Comb factors. All figures with
the Comb have the same colour
scale

270°

state that the south polar region of the Moon has nearly
1/3 of the surface with statistically higher probability of
the lunar water, 8 times more, than the non-polar part
of the Moon. There are not the absolute numbers for the
amount of water available — we cannot provide them by this
method.
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There is also well visible difference between two parts of
the southern hemisphere: one with the Aitken Basin, the sec-
ond including all what remains on this hemisphere (Figs. 4a,
b). The Aitken Basin is one of the largest impact basins in
the Solar System (diameter ~2500 km); it is very deep (to
~8 km). Majority opinion says that the Basin is of impact
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origin from time of the heavy bombardment, formed ~4.2
to 4.3 billion years ago (Pre-Nectarian epoch).

Figure 4b confirms that the Aitken Basin (AB) have more
chances for the groundwater than the rest of the southern
hemisphere (RSH). We document this difference by means
of the statistics with r using Comb factor >0.99. Our com-
putation shows that the ratio » AB/RSH of the ratios » AB
and r RSH is nearly two.

Let us note about independent results. We have also men-
tioned the NASA (2022) report about NASA candidate re-
gions (in permanent shadow) for landing Artemis, and Clark
et al. (2024). Sanin et al. (2017) and Chuikova et al. (2019)
achieved other results for comparison. Measurements of
neutron detectors on the board of LRO were conversed to
water equivalent hydrogen in the top ~1 meter layer of
the lunar regolith. From the relevant polar maps, hydrogen
abundance estimates were inferred; the authors claim that
water ice bearing layer may be located below a dry layer
of regolith. Their maps and results, concerning the largest
craters (their Table 1), fairly agree with our findings (due to
the scales of the maps compare their results with Kloko¢nik
et al. 2025a).

4 Conclusion

The Moon probably has polar caps (with water ice), like the
other terrestrial-type bodies have, but they must be protected
against sublimation, and therefore, they survive under the
surface. Our remote sensing approach, using the gravity as-
pects and namely the combed strike angles (Sect. 2.1, SM1),
indicates clearly this possibility (see Sect. 3, Tables la and
1b, and SM2) in the form of figures (Figs. la-c— 4a, b, also
figures in SM2) as well as statistically. The strike angles
are linearly aligned in the critical places, the Comb factor
is there approaching 1 (see the red spots in Figs. 3¢ and 4b).
The lunar water is necessary for future permanent human
missions on the Moon; they will start near the southern pole.
Thus, our findings would have immediate applications.
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