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REPORTS

Ian Garrick-Bethell,1*† Francis Nimmo,2 Mark A. Wieczorek3
The formation of the lunar farside highlands has long been an open problem in lunar science. We
show that much of the topography and crustal thickness in this terrain can be described by a
degree-2 harmonic. No other portion of the Moon exhibits comparable degree-2 structure. The
quantified structure of the farside highlands unites them with the nearside and suggests a relation
between lunar crustal structure, nearside volcanism, and heat-producing elements. The farside
topography cannot be explained by a frozen-in tidal bulge. However, the farside crustal thickness
and the topography it produces may have been caused by spatial variations in tidal heating when
the ancient crust was decoupled from the mantle by a liquid magma ocean, similar to Europa’s
present ice shell.
ince the Apollo 15 laser altimeter experiment, it has been widely known that the
topography of the lunar farside highlands
is the highest on the Moon (1). This elevated
region makes up a large part of the Feldspathic
Highlands Terrane (FHT), the largest of the Moon’s
three major geologic provinces (2). Because the
farside highlands may be a relict of very early
thermal processes (2, 3), understanding their structure and formation may help constrain models of
global lunar evolution and magma-ocean processes in general (4). Theories for the formation of
the farside highlands include South Pole–Aitken
(SP-A) basin ejecta deposits (5), asymmetric
nearside/farside cratering (6), magma-ocean convective asymmetries (7), and asymmetric crustal
growth (3). However, there has been no quantitative description of the farside highlands to date;
therefore, models that describe their formation are
poorly constrained.
Here, we analyze global topography (8) and
gravity data sets (9) to better describe the lunar
farside highlands. We fit the mean topography
from five swaths of terrain centered in the farside
highlands to a degree-2 Legendre polynomial P2
[Fig. 1, supporting online material (SOM), fig.
S2] in north, northeast, and east directions (Fig.
1A, black portion of topography profile, 0° to
between 95° and 105° of arc). We used a variety
of swath centers because of the uncertainty in the
exact terrain center. The fit to P2 is excellent in
all cases (correlation coefficient R 2 > 0.93), and
two additional observations allow us to confirm
that the terrain is indeed described by P2. First,
for swaths 1 to 3, the fits accurately predict the
topography encountered in the western, southwestern, and southeastern portions of the swaths
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for at least 55° of arc (~1700 km, leftmost blue
section of topography profiles; figs. S2 and S8).
Second, the entire northern-, northeastern-, and
eastern-directed decrease in topography on the
lunar farside takes place over ~90° of arc, as expected from a P2 function. A global search revealed that no other region of the Moon exhibits
comparable degree-2 structure (figs. S4 to S7),
including all of the nearside, despite the Moon’s
well-known high degree-2 topography and gravity spherical harmonic coefficients.
We have also applied the same swath fitting
analysis described above to a crustal-thickness
model derived from topography (8) and gravity
data (9) (SOM). We find that all of the same
trends in topography are also observed in crustal
thickness (Fig. 1, C and D), indicating that the
farside highlands topography is largely due to
crustal-thickness variations, as inferred previously (1). Using the average values of the fitted
regions in swaths 1 to 5, the maximum crustal
thickness is 76 km, and the minimum is 40 km
(amplitude of ~36 km).
The maximum amplitude and center of the
terrain described by a P2 function is near 0° T 5°N,
215° T 5°E, close to the direction of the centerof-mass/center-of-figure offset at 8°N, 203°E (10).
Overall, the region fit by P2 comprises ~24% of
the lunar surface, and, for convenience, we refer to
it here as the DTT (degree-2 terrain).
Two observations suggest that ejecta from the
neighboring SP-A basin had a minimal effect on
the DTT and farside highlands and that SP-A
postdates their formation. First, the DTT topography obeys a P2 function that is centered
external to and northeast of the basin, and there
are no models for ejecta production that would
explain such an unusual distribution. The lack
of an extensive ejecta deposit for SP-A is consistent with anomalously low excavated volumes
for this and the next two largest lunar basins
(11). Second, a comparison of swaths 4 and 5,
which extend into SP-A’s depression, with swaths
1 to 3, suggests that SP-A is superimposed on
a longer wavelength P2 shape in the south and
southwest. Therefore, because of the great antiquity of SP-A, the P2 shape of the DTT is probably
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the Moon’s most primordial feature, in agreement
with (12).
The DTT extends for ~40° of arc into the
lunar nearside, crossing mare units in Oceanus
Procellarum and parts of Mare Frigoris (Fig. 1),
thereby linking two traditionally separate geologic units: the farside FHT and the Procellarum
KREEP Terrane (PKT) (2). Profiles of crustal
thickness and topography along the borders of
both units are relatively constant (SOM, fig. S17).
This continuity and constancy of border data suggest a related early geologic history for both
provinces and that the borders of Oceanus Procellarum and Mare Frigoris are related to longwavelength crustal structure (Fig. 1D). The DTT
structure is also undisturbed across the rim of
the putative Procellarum impact basin that has
been suggested to produce a number of nearsidefarside differences (13). Therefore, either the
Procellarum basin formed well before complete
crust formation, or it never formed. Finally, if the
DTT center was once nearer to 0°N, 180°E, as
implied by the tidal-heating calculations developed below, it would imply the Moon’s minimum moment of inertia axis has shifted only
~35° since crust formation.
The DTT must have formed very early in
lunar thermal evolution, because its crust is nearly
compensated, as indicated by the regional lack of
strong positive free-air gravity anomalies (9)
(SOM). In order for such compensation to have
taken place, the Moon must have still been very
hot, probably <100 million years (My) after accretion (14), when a subsurface magma ocean was
likely present (15, 16).
The DTT follows a P2 function like that
expected from a tidal process, but it cannot have
been formed entirely by freezing in an ancient
tidal bulge (17), because such a bulge would not
cause crustal-thickness variations. In addition, a
hydrostatic tide of 6.4-km amplitude (mean of
swaths 1 to 5) exists at a semimajor axis of ~12
Earth radii (RE). The Moon evolved to this location only ~106 years after accretion (SOM) and
was certainly too hot and its lithosphere too thin
to retain such a bulge.
Predominantly degree-2 crustal-thickness
variations similar to those in the DTT may arise
in tidally heated satellites with subsurface liquid
oceans, such as Europa (18–20) and Titan (21).
The subsurface ocean decouples the crust from
the mantle and leads to high tidal dissipation
in the crust’s warm base. This dissipation serves
as a heat source within the crust, such that the
crust will be thinner relative to its thickness
without dissipation (18). Because dissipation
is greatest at the poles and least at the equatorial 0° and 180° longitudes, the crust becomes
thinner and thicker in those locations, respectively, for low-obliquity orbits. Like Europa, the
Moon also once possessed an ocean beneath
its crust.
We calculated the tidal heating in a floating
anorthositic lunar crust (19) with a temperaturedependent viscosity (22) (SOM). We assumed
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(SOM), but it illustrates the effect of increased
dissipation.
Despite these uncertainties in crustal amplitude, the detailed crustal-thickness pattern is very
similar for all models in which dissipation is
strong, and it can, therefore, be used to test our
predictions (Fig. 2, SOM, fig. S12). The crustalthickness patterns in swaths 3 to 5 are in good
agreement with amplitude-scaled tidal model
data (27), over the regions plotted on the globe
in Fig. 2B, except for the effect of SP-A. Swath
1 has good agreement over ~90° of arc, but is
poorer elsewhere. Swath 2 has good agreement
from –90° to +50° and also predicts the terrain
labeled “X” in Fig. 1. Generally, the lack of
agreement is due to the superposition of a weak
pole-to-equator surface temperature effect and
degree-4 harmonic on the model’s stronger
degree-2 pattern (SOM). Note that swath 2 shows
evidence of the predicted degree-4 harmonic at
site X. The case for Tb = 1225°C gives even
better agreement in shape without any rescaling
of the actual crustal thickness (fig. S10).
Though there is disagreement between model
and observations in some locations, the model
shows clear evidence for a degree-2 pattern that
dominates higher-order effects (SOM). Physically,
the imperfect agreement may be due to subsequent
thermal processes that altered the distribution of
crustal thickness near the PKT and elsewhere (28).
Alternatively, polar wander about the axis through
the primordial sub and anti-Earth points (29)
could have averaged out harmonics other than the
dominant degree-2 harmonic. In addition, lower
crustal flow may have preferentially removed the
higher-order degree-4 thickness variations (SOM).
Most importantly, however, whereas other largescale geophysical processes (such as convection
and Rayleigh-Taylor instabilities) can be described
mathematically in spherical harmonics, there is no
simple reason that they must manifest themselves
geologically with a predominantly P2 shape (SOM),
in contrast to the tidal-dissipation mechanism
discussed here. Therefore, early tidal dissipation
is presently the strongest candidate for the formation of the DTT.
A consequence of tidally driven crustalthickness variations is that the subsurface magma
ocean will be thicker and thinner in regions of
thinner and thicker crust, respectively, assuming
negligible mantle topography (Fig. 3). Because
magma-ocean liquids are enriched in radiogenic
elements (4), regions of thinner crust will have
higher subsurface heat production than regions of
thicker crust. Depending on the ocean depth and
vigor of convective heat redistribution, this variable heat production may further influence crustal
crystallization (SOM) (3) and global ocean convection patterns.
A tidally driven crust-building mechanism
would have likely once had global symmetry. A
second region of thickened crust would have
been centered antipodal to the DTT at present day
(0°N, 35°E), and the present PKT would have
been approximately between them (Fig. 2B). In
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the 4.4 billion years after the magma-ocean epoch,
many geologic processes may have altered and
diminished the evidence for this crust-building
process on the other ~76% of the Moon, such as
large impact basins, long wavelength thermalcompositional events (28), and volcanism. However, the relict of that epoch identified here has
linked two previously disparate sections of the
Moon and implicates the role of ancient tidal
processes in defining the present-day structure of
the lunar crust.
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synchronous rotation and that the crust is in
conductive thermal equilibrium with tidal heating and an additional basal heat flux (qo) from
mantle cooling and radiogenic heat. Important
parameters are the eccentricity (e), semimajor
axis (a), and magma-ocean temperature (Tb).
We calculate that, 100 My after accretion, there
was an approximate mean basal heat flux of
~27 mW/m2: ~20 mW/m2 from radiogenic magmaocean liquids and ~7 mW/m2 from mantle cooling (SOM).
We find that crustal-thickness differences of
21 km (mean = 65 km, minimum = 50 km, maximum = 71 km) can be generated for e = 0.02, a =
20 RE, Tb = 1175°C, and qo = 27 mW/m2 (Fig. 2).
The mean thickness is slightly higher than the
present estimate of ~45 km, but it is lower than
present farside values. The value of a corresponds to up to tens of million years of lunar
evolution, during which the crust may have
grown by tens of kilometers (SOM), relatively
consistent with the calculated thickness, given
our uncertainty in early orbital evolution. Further,
the value of e is not inconsistent with our knowledge of the early lunar eccentricity (SOM). The
value of Tb is reasonable based on the temperature of late-stage crystallization products [for instance, KREEP basalt liquidus of ~1185°C (23);
pyroxene-ilmenite cumulate solidus of ~1125°C
(24)] (SOM).
The net crustal-thickness difference arising
from dissipation depends on numerous orbital
and thermal parameters that are difficult to constrain precisely (25). Higher differences may
result from a basal partially molten zone (26)
(SOM), a different rheology, higher e, or higher
Tb. For example, the use of the above parameters (with Tb = 1225°C and qo = 30 mW/m2)
yields a crustal-thickness amplitude of 44 km
(mean thickness = 39 km), which is close to
the observed values. Such a temperature may
be too hot for late-stage magma-ocean liquids
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