
Icarus 358 (2021) 114202

Available online 7 November 2020
0019-1035/© 2020 Elsevier Inc. All rights reserved.

Global tectonic patterns of the Moon 
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A B S T R A C T   

Planetary tectonics provide a record of the myriad of processes that shape planetary surfaces and interiors. While 
there is a long history of mapping and modeling planetary tectonics, stresses from disparate processes are not 
generally captured by a single model. We present a comprehensive and general stress and tectonics model that 
can consider multiple stress-generating mechanisms simultaneously. The model is applicable to mass loading 
with arbitrary geometry, rotational and orbital perturbations, and arbitrary elastic lithosphere thicknesses. This 
wholistic approach to tectonic modeling has important implications for understanding both lunar evolution and 
tectonics across the solar system. We apply this model to the Moon, which exhibits a global pattern of thrust 
faults. The ubiquitous presence of young thrust faults suggests that isotropic contraction plays a dominant role. 
However, their non-random orientation requires additional stress-generating mechanisms that are not isotropic. 
Best-fit solutions correspond to models combining isotropic contraction with orbit recession, despinning, and 
South Pole-Aitken ejecta loading and the corresponding true polar wander. Contraction and despinning assuming 
an elastic shell with a thinner equatorial region can lead to misfits that are smaller than those assuming a 
constant thickness elastic shell. The young age of the faults favors recent contraction and recession; however, 
unrelaxed stresses from older processes combined with recent contractional stresses can also generate young 
faults. This possibility is supported by the Moon’s ability to preserve a fossil figure.   

1. Introduction 

A myriad of processes can shape planetary surfaces and interiors, 
generating observable tectonic patterns. Previous studies have provided 
methods for computing stresses associated with rotational perturbations 
(Melosh 1977, 1980; Matsuyama and Nimmo 2008), tidal perturbations 
(Melosh 1977; Cheng and Toksoz 1978; Melosh 1980; Harada and Kurita 
2006; Matsuyama and Nimmo 2008; Wahr et al. 2009), and surface mass 
loading perturbations (Turcotte et al. 1981; Banerdt et al. 1982; Wil-
lemann and Turcotte 1982; Janes and Melosh 1990). Stresses from 
disparate processes can affect tectonic patterns; however, none of these 
methods are general enough to consider multiple processes simulta-
neously. We develop a comprehensive and general stress and tectonics 
model that can consider multiple stress-generating mechanisms simul-
taneously. Additionally, our method is not limited by assumptions of 
elastic lithosphere thickness and incompressibility. The stresses and 
corresponding tectonic patterns can be computed for any process given 
its gravitational potential. 

We apply the model to the Moon, which exhibits a global scale 
pattern of thrust faults indicative of a global stress scenario where 
horizontal principal stresses are compressive. Lobate thrust fault scarps 
were first detected on the Moon in high-resolution Apollo Panoramic 
Camera and some Lunar Orbiter photographs (Schultz 1976; Binder 
1982). Because of their small scale, the full extent of the distribution and 
number of fault scarps was not realized until the Lunar Reconnaissance 
Orbiter (LRO) mission (Watters et al. 2010). Ongoing surveys using LRO 
Camera images have revealed a globally distributed population of over 
3500 thrust fault scarps (Watters et al. 2015a, 2019). Lunar scarps are an 
order of magnitude smaller in scale than the large-scale lobate scarps on 
Mercury and Mars, averaging tens of meters of relief with lengths of only 
up to tens of kilometers (Banks et al. 2012). The scale, pristine 
appearance, relations with small craters, and preserved small super-
posed graben, indicate the fault scarps are very young, active within the 
last ~100 Myr and possibly still active (Watters et al., 2010, 2015, 2019; 
Clark et al. 2017; van der Bogert et al. 2018). Fig. 1a shows the observed 
global pattern by sampling the digitized segments in 400 equal area 
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regions partitioned using the “igloo” method of Leopardi (2006). Polar 
faults tend to be more E-W oriented, while equatorial faults tend to be 
more N-S oriented (Watters et al. 2015a; Fig. 1b). Although the effect of 
illumination bias cannot be completely discounted, the large range of 
orientations at all latitudes suggests that the pattern of orientations is 
not controlled by Sun azimuth (Watters et al. 2015a). 

The contractional strain estimated from the observed thrust faults 
suggests a minimum radius decrease ~25 m (Watters et al. 2015a), 
which corresponds to a minimum isotropic stress ~2 MPa (Eq. (15)) 
assuming an unbroken lithosphere and ignoring stress relaxation as 
faults form. As the Moon cools its volume decreases, generating 
compressional horizontal stresses. Thermal evolution models starting 
with an initially molten Moon predict a radius decrease ~16 km over the 
past ~4 Gyr (Solomon and Chaiken 1976; Solomon 1986). Models 
starting with a ~200 − 300 km thick near-surface magma ocean predict 
a smaller radius decrease ≲1 km over the past ~2 Gyr due to the tradeoff 
between expansion of the inner regions and contraction of the outer 
regions (Solomon and Chaiken 1976; Solomon 1977). 

The ubiquitous presence of thrust faults indicates that contraction 
plays a dominant role. Assuming isotropic contraction alone, the mag-
nitudes of the horizontal compressive principal stresses are equal, pro-
ducing randomly oriented thrust faults. Therefore, the observed non- 
random orientations require non-isotropic processes that can generate 
additional global-scale stresses. Several such processes can influence the 
observed pattern of thrust faults: orbit recession, despinning, tides raised 
by the Earth on the Moon, surface mass loading, and true polar wander 
(TPW, the reorientation of the rotation and tidal axes relative to the 
surface (Melosh 1975; Keane and Matsuyama 2014)). A notable feature 
of the Moon that can affect the global tectonic pattern is its large rota-
tional deformation (which creates a rotational bulge) and tidal defor-
mation (which creates a tidal bulge along the tidal axis, the axis 
connecting the centers of the Earth and the Moon). The long-wavelength 
lunar figure is triaxial, as expected due to these deformations; however, 
the observed deformation is significantly larger than the expected 
deformation assuming a hydrostatic response to the present rotational 
and tidal potentials. This discrepancy indicates the presence of a fossil 
figure, frozen in when the Moon was closer to Earth and the rotational 
and tidal potentials were larger (Jeffreys 1915; Lambeck and Pullan 
1980; Garrick-Bethell et al. 2006; Matsuyama 2013; Keane and Mat-
suyama 2014; Qin et al. 2018). As the Moon recedes from the Earth, it 
deforms in response to changes in the rotational and tidal potentials, and 
the existence of a fossil figure requires the preservation of stresses 
associated with past, larger rotational and tidal deformation. 

The model presented in this paper captures all the processes dis-
cussed above, and we evaluate which of these processes considered 
individually or jointly, most likely generated the observed tectonic 

pattern. The rest of the paper is organized as follows: In §2 we review the 
theoretical background and describe the model and theoretical method. 
§3 goes through the most important loading stresses on the Moon — SPA 
ejecta (§3.1) and mare flood basalts (§3.2) — and the tectonic patterns 
that result when combining those loading stresses with orbital, rota-
tional, and fossil figure stresses (§3.3). We compare the results to the 
observed lunar tectonic pattern in §3.3, and present conclusions in §4. 

2. Theory 

2.1. Gravitational potential 

The gravitational potential Φ at a surface point with spherical co-
ordinates (R,θ,ϕ), where R is the mean radius, θ is colatitude and ϕ is 
longitude, can be expanded in surface spherical harmonics with 
unnormalized expansion coefficients Φℓm as (e.g., Wieczorek 2015) 

Φ(r, θ,ϕ) =
GM
R

+
GM
R

∑∞

ℓ=0

∑ℓ

m=− ℓ
ΦℓmYℓm(θ,ϕ), (1)  

where G is the gravitational constant and M is the body’s mass. The 
spherical harmonic functions Yℓm of degree ℓ and order m are defined as 

Yℓm(θ,ϕ) =
(

Pℓm(cosθ)cos(mϕ) if m ≥ 0
Pℓ|m|(cosθ)sin(|m|ϕ), if m < 0 (2)  

where Pℓm is the unnormalized associated Legendre function (e.g., 
Arfken and Weber 1995; Wieczorek 2015). We adopt the sign conven-
tion of geodesy and astronomy in which the gravitational potential is 
positive. On the right-hand-side (RHS) in Eq. (1), the first term is the 
first-order expression for a spherically symmetric state, and the second 
term corresponds to perturbations from this state. Below, we consider 
the specific case of rotational, orbital, and surface loading perturbations. 

2.1.1. Rotational and tidal perturbations 
Rotational and tidal perturbations to the gravitational potential due 

to a change from an initial state with rotation rate Ωi, rotation axis with 
spherical coordinates (θR,i,ϕR,i), semimajor axis ai, and tidal axis with 
spherical coordinates (θT,i,ϕT,i), to a final state with rotation rate Ωf, 
rotation axis with spherical coordinates (θR,f,ϕR,f), semimajor axis af, 
and tidal axis with spherical coordinates (θT,f,ϕT, f) can be written as 
(Matsuyama et al. 2014) 

Φ2m ≡ Φf
2m − Φi

2m, (3)  

where 

Fig. 1. a, Average observed pattern computed by sampling digitized fault (Watters et al. 2015a; Watters et al. 2019) in 400 equal area regions partitioned using the 
“igloo” method of Leopardi (2006). b, Relative frequency distribution of fault azimuths for all segments, polar segments (latitudes >45∘), and equatorial segments 
(latitudes <45∘), weighted by fault segment length and without averaging over equal area partitions. To compute the average pattern in panel a, we first transform 
the axial azimuth data to vector data (e.g. Fisher 1995, Eq. (2.36)), then compute the average direction using vector addition (e.g. Fisher 1995, Eqs. (2.7)–(2.9)), and 
finally back-transform the vector data to axial azimuth data by dividing by a factor of two. 

I. Matsuyama et al.                                                                                                                                                                                                                             



Icarus 358 (2021) 114202

3

Φs
2m = (2 − δm0)

(2 − |m|)!

(2 + |m|)!

[
ΦR’

20Y2m
(
θR,s,ϕR,s

)
+ΦT’

20Y2m
(
θT,s ,ϕT,s

)]
, (4) 

δm0 is the Kronecker delta function, and we use a superscript or 
subscript to indicate the initial (s = i) and final (s = f) states. Assuming 
synchronous rotation and small orbital eccentricity at the initial and 
final states (ei ≪ 1 and ef ≪ 1), 

ΦR’
20 = −

Ω2
s R3

3GM

ΦT’
20 =

MT

M

(
R
as

)3

,

(5)  

where MT is the mass of the tide-raising body. Note that we account for 
the possibility of changes in the rotation rate between the initial and 
final states (Ωi ∕= Ωf). More generally, assuming a rotation rate to mean 
motion (ns) ratio ps ≡ Ωs/ns, the orbit-averaged potential coefficients are 

ΦR’
20 = −

Ω2
s R3

3GM
+

1
2

MT

M

(
R
as

)3[
H(ps, es) −

(
1 − e2

s

)− 3/2
]

ΦT’
20 =

MT

M

(
R
as

)3

H(ps, es),

(6)  

where H(ps,es) are Hansen coefficients, which describe the time- 
averaged gravitational potential as a function of spin-orbit resonance 
ratio ps and orbital eccentricity es (Goldreich 1966; Matsuyama and 
Nimmo 2009). Once again, we use a subscript to indicate the initial (s =
i) and final (s = f) states. We consider the orbit-averaged potential co-
efficients because we are interested in rotational and tidal perturbations 
over time scales that are much longer than the orbital period. Assuming 
synchronous rotation and small eccentricity, ps = 1, H(1,e) = 1 − 5e2/2 
+ ⋯ ~ 1, and we can recover Eq. (5) as expected. Assuming a 3:2 spin- 
orbit resonance (Mercury’s present spin-orbit state) and small eccen-
tricity, ps = 3/2, H(3/2,e) = 7e/2 + ⋯ ≪ 1, and the axially symmetric 
deformation around the tidal axis becomes negligible compared with the 
axially symmetric deformation around the rotation axis (Φ20

T’ ≪ Φ20
R’ ). 

The difference between these two cases is more easily understood when 
considering the motion of the Earth as seen in a reference frame centered 
on the Moon and rotating with the Moon’s mean rotation rate, Ωs = psns. 
In synchronous rotation, the Earth remains near the tidal axis at all times 
(Murray and Dermott 1999, Fig. 5.1), producing an orbit-averaged tidal 
bulge along the tidal axis. In 3:2 spin-orbit resonance, the Earth revolves 
around the Moon (Murray and Dermott 1999, Fig. 5.10), producing a 
small orbit-averaged tidal bulge. 

Eqs. (5) and (6) can be used to compute the gravitational potential 
perturbations if the initial and final rotational and orbital parameters are 
known. Given the large, non-hydrostatic gravity field of the Moon sug-
gesting the presence of a fossil figure (Jeffreys 1915; Lambeck and 
Pullan 1980; Garrick-Bethell et al. 2006; Matsuyama 2013; Keane and 
Matsuyama 2014; Qin et al. 2018), it is useful to consider the gravita-
tional potential perturbations associated with it. We extend the 
approach of Matsuyama and Nimmo (2009) and Matsuyama et al. 
(2014) to describe any fossil figure contribution as the combination of 
two axially symmetric perturbations around two orthogonal axes, as 
expected for the combination of rotational and tidal deformation. Given 
the degree-2 potential coefficients of the fossil figure when it is aligned 
with the present rotation and tidal axes, Φ20

FF and Φ22
FF, the forcing 

gravitational potential perturbation responsible for producing the fossil 
figure can be written as Φ2m = Φ2m

s , where the potential coefficients Φ2m
s 

are given by Eq. (4) with 

ΦR’
20 =

ΦFF
20 + 2ΦFF

22

kT*
2 − kT

2

ΦT’
20 =

4ΦFF
22

kT*
2 − kT

2
.

(7) 

In this equation, Φ20
R’ and Φ20

T’ quantify the axially symmetric defor-
mation around the rotation and tidal axes, and k2

T and k2
T* are degree-2 

tidal Love numbers with and without an elastic lithosphere respectively 
(Matsuyama et al. 2014). These tidal Love numbers describe the defor-
mation in response to tidal forcing and are given by the ratio between 
the response and forcing gravitational potentials. For example, k2

T = 0 in 
the limiting case of an infinite rigidity elastic lithosphere and no 
deformation. We compute the tidal Love numbers using the propagator 
matrix method (Appendix C). 

Given Φ20
R’ and Φ20

T’ , Eq. (4) can be used to compute the degree-2 
gravity coefficients for any fossil figure orientation, and Eq. (7) allows 
us to compute Φ20

R’ and Φ20
T’ for arbitrary axisymmetric perturbations 

given Φ20
FF and Φ22

FF. For a non-resonant spin-orbit state, the long-term 
deformation becomes axisymmetric around the rotation axis and Φ22

FF 

= Φ20
T’ = 0. The potential coefficients of the fossil figure are given by (k2

T* 
− k2

T)Φ2m. For example, for a fossil figure aligned with the present 
rotation and tidal axes (i.e. θR, s = ϕT, s = 0∘ and θT, s = 90∘), (k2

T* −
k2

T)Φ20 = Φ20
FF and (k2

T* − k2
T)Φ22 = Φ22

FF, as expected. 

2.1.2. Surface loading perturbations 
Mass loading perturbations due to a surface load with density ρL and 

thickness 

H(θ,ϕ) = R
∑∞

ℓ=1

∑ℓ

m=− ℓ,
HℓmYℓm(θ,ϕ) (8)  

can be written as (Matsuyama et al. 2014) 

Φℓm =
(
1+ kL

ℓ
)
(

3
2ℓ + 1

)
ρL

ρ Hℓm, (9)  

where kℓ
L is the degree-ℓ load Love number, ρ is the mean density of the 

planet, and Hℓm is a dimensionless expansion coefficient. Similar to tidal 
Love numbers, load Love numbers describe the deformation in response 
to mass loading and are given by the ratio between the response and 
forcing gravitational potentials. For example, if the load is fully 
compensated kℓ

L = − 1, such that the total (forcing plus response) 
gravitational potential is zero, and kℓ

L = 0 in the limiting case of an 
infinite rigidity elastic lithosphere and no deformation. We compute the 
load Love numbers using the propagator matrix method (Appendix C). 

Planetary surface loading perturbations are often nearly axially 
symmetric, especially at low harmonic degrees for which perturbations 
are largest. Therefore, it is useful to consider this special case. If we 
define 

H
′

ℓ0 ≡
2ℓ + 1

4πR

∫ 2π

0

∫ π

0
dθdϕsinθH(θ)Pℓ0(cosθ) (10)  

as the expansion coefficient for the case when the load is centered on the 
north pole, the expansion coefficients for the same load centered at 
(θL,ϕL) are given by (Matsuyama et al. 2014) 

Hℓm = H ′

ℓ0(2 − δm0)
(ℓ − |m|)!

(ℓ + |m|)!
Yℓm

(
θL,,ϕL

)
(11)  

2.2. Stresses 

Given the potential coefficients of the perturbations due to rota-
tional, tidal, fossil figure, or surface loading perturbations, the corre-
sponding displacements at the planet surface (r = R) are 

(dr , dθ, dϕ) = R
∑∞

ℓ=0

∑ℓ

m=− ℓ

(

hℓ, lℓ∂θ,
1

sinθ
lℓ∂ϕ

)

ΦℓmYℓm, (12)  

where hℓ and lℓ are tidal displacement Love numbers for rotational, 
tidal, or fossil figure perturbations; and loading displacement Love 
numbers for surface loading perturbations. These Love numbers 
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generally depend on the perturbation forcing time scale. For example, 
for long-term perturbations, the relevant Love numbers are the long- 
term Love numbers; and for diurnal forcing perturbations, the relevant 
Love numbers are the Love numbers at the tidal forcing period. In this 
paper, we consider long-term perturbations that depend on long-term 
Love numbers. We compute the tidal and load displacement Love 
numbers using the propagator matrix method (Appendix C). 

Assuming a compressible, elastic lithosphere with Lamé parameters 
μ and λ, the Lagrangian increment to the Cauchy stress tensor is given by 
(Appendix A) 

τθθ =
λ

λ+2μτrr +
2μ

R(λ+2μ)

[

(3λ+2μ)dr +2(λ+μ)∂θdθ +λ
(

∂ϕdϕ

sinθ
+dθcotθ

)]

τϕϕ =
λ

λ+2μτrr +
2μ

R(λ+2μ)

[

(3λ+2μ)dr +λ∂θdθ +2(λ+μ)
(

∂ϕdϕ

sinθ
+dθcotθ

)]

τθϕ =
μ
R

(

∂θdϕ +
∂ϕdθ

sinθ
− dϕcotθ

)

(13) 

At the surface (r = R), τrr = 0 for rotational or tidal perturbations, and 

τrr = − ρLgH = − ρLgR
∑∞

ℓ=1

∑ℓ

m=− ℓ
HℓmYℓm, (14)  

where g is the surface gravity, for surface loading. Eq. (13) is equivalent 
to Eqs. (B.8)-(B.10) in Wahr et al. (2009) for rotational or tidal stresses at 
the surface with τrr = 0. For an isotropic contraction, ∂θ = ∂ϕ = dθ = dϕ =

0 and 

τθθ = τϕϕ =
λ

λ + 2μτrr +
2μ(3λ + 2μ)
(λ + 2μ)

dr

R
, (15)  

where τrr = 0 at the planet surface (r = R). This expression is equivalent 
to Eq. (25) of Melosh (1977) for contraction stresses at the planet 
surface. 

Given the stress tensor, the expected tectonic patterns can be found 
using Anderson’s theory of faulting (Anderson 1951). The model is 
general enough to be applicable to mass loading, and rotational and tidal 
perturbations. Additionally, it is not restricted by assumptions on the 
interior structure (including arbitrary elastic lithosphere thicknesses), 
load size, or load geometry, as long as the interior is spherically 
symmetric. 

2.3. Equatorial lithosphere thinning 

Mercury exhibits a non-random, global pattern of scarps similar to 
the one on the Moon (Watters et al. 2015b), and an elastic lithosphere 
with a thinner equatorial region due to insolation driven variations has 
been suggested as a possible explanation for the non-random orientation 
of the faults (Williams et al. 2011; Watters et al. 2015b). The Moon and 
Mercury experience a different magnitude but a similar latitudinal 
variation in surface temperature (e.g. Vasavada et al. 1999, Fig. 5); 
therefore, similar variations of elastic lithosphere thickness are expected 
(Williams et al. 2011). We consider this effect using the thin elastic shell 
model of Beuthe (2010) because the model described in §2 assumes a 
uniform elastic lithosphere. 

A pattern with equatorial N-S oriented faults and polar E-W oriented 
faults can arise due to despinning and contraction on an elastic litho-
sphere that is thinner at the equator (Beuthe 2010, Fig. 8). Given the 
qualitative agreement between this pattern and observed lunar pattern 
(Fig. 4f), we focus on this case, which arises when the equatorial thin 
zone is more extended than the one for a model with a thickness 
perturbation ∝P20 (cos θ) (Beuthe, 2010). This last assumption is sup-
ported by the results of Williams et al. (2011), who computed for Mer-
cury a variation of the lithospheric thickness corresponding to this 
definition of an extended equatorial thin zone (Williams et al. 2011, 
Fig. 4). Other cases such as orbital recession or TPW can be treated with 

the non-uniform thin shell method (Beuthe 2018) by replacing the 
despinning potential by the static potential perturbation derived in 
section §2.1.1. 

We note that contraction of an elastic lithosphere thinner at the poles 
generates N-S oriented faults on the entire surface, the same pattern as 
the one due to despinning and contraction on a uniform lithosphere 
(Fig. 4e). This lithospheric thickness variation could be caused by tidal 
dissipation driven by eccentricity tides when the ancient lithosphere was 
underlaid by a magma ocean during the early evolution of the Moon (e. 
g. Garrick-Bethell et al. 2010). 

3. Application to the Moon 

We apply the model and theoretical methods described in §2 to the 
Moon assuming interior structure parameters based on mass, moment of 
inertia, gravity and topography constraints (Matsuyama et al. 2016). 
These parameters are summarized in Table 1 but it is worth noting that 
the predicted tectonic patterns are not sensitive to them. 

The evolution of the lunar orbit and the corresponding rotational and 
tidal perturbations depend on mutual tides and energy dissipation in the 
Earth-Moon system (e.g. Goldreich 1966). The present orbit recession 
rate is constrained by lunar laser ranging to 3.82 ± 0.07 cm yr− 1 (Dickey 
et al. 1994), and the mean orbit recession rate over the past ~600 Myr is 
constrained by Earth’s paleorotation values inferred from geological 
observations to 2.17 ± 0.31 cm yr− 1 (Williams 2000). Earlier orbit 
recession rate estimates based on geologic constraints are more uncer-
tain, and theoretical estimates are limited due to uncertainties in tidal 
energy dissipation at this time. Nevertheless, it is possible to constrain 
the lunar orbit at earlier times if the present, anomalously large rota-
tional and tidal deformation of the Moon is interpreted as due to a fossil 
figure preserving a record of past orbital parameters (Jeffreys 1915; 
Lambeck and Pullan 1980; Garrick-Bethell et al. 2006). For reasonable 
effective rigidities (which depend on the thickness and rigidity of the 
elastic lithosphere), the observed fossil figure requires initial semimajor 
axes ≲20 R⊕ (the present semimajor axis is 60 R⊕) (Matsuyama 2013; 
Qin et al. 2018) and initial orbital eccentricities ~0.5 (Matsuyama 
2013). Such a high eccentricity would generate extreme tidal heating, 
complicating the preservation of the fossil figure (Meyer et al. 2010). 
Impact basins can contribute significantly to the fossil figure, and 
removing their contribution lowers the required initial orbital eccen-
tricity to ~0.2 (Keane and Matsuyama 2014). Additionally, the removal 
of impact basin contributions reveals a fossil figure that is misaligned 
relative to the present principal axes of inertia (Keane and Matsuyama 
2014), suggesting an early TPW driven by mass loading associated with 
impact basins (Melosh 1975). The most important loading stresses are 
associated with SPA ejecta and mare flood basalts, which we describe 
below. 

3.1. SPA ejecta 

SPA ejecta represents a substantial load on the lunar farside high-
lands, plausibly contributing several kilometers to the overall crustal 

Table 1 
Lunar interior structure parameters. We assume a 25 km thick elastic litho-
sphere. Since we are interested in the long-term Love numbers, the rigidity of all 
layers is set to zero except for the elastic lithosphere (see Appendix C). The Lamé 
parameter λ of the elastic lithosphere is 40 GPa, which corresponds to a Poisson 
ratio of 0.25.   

Solid 
core 

Liquid 
core 

Mantle Lithosphere Elastic 
lithosphere 

Radius (km) 203 381 1697 1712 1737 
Density (kg 

m− 3) 
7700 5730 3360 2740 2740 

Shear modulus, 
μ (GPa) 

0 0 0 0 40  
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thickness (Fig. 2a; Melosh et al. 2017). At present, the spatial distribu-
tion of this ejecta is poorly constrained— in part because other impact 
basins also contribute to the crustal structure of the farside highlands. In 
order to remove the effects of smaller impact basins, we applied the 
crustal reconstruction method of Bouley et al. (2020) to isolate the 
crustal structure of SPA. This approach utilizes crustal thickness maps 
derived from gravity and topography data (Wieczorek et al. 2013). In 
this technique, we assume that impact basins modify the crust in a way 

that is both symmetric about the basin center, and that approximately 
conserves crustal mass. Crustal volume is calculated by scaling and 
combining crustal thickness, porosity, and density—which are con-
strained from geophysical data and analysis of returned samples 
(Wieczorek et al. 2013). Fig. 2b shows an example of this fitting process 
for the Orientale impact basin. For each impact basin we calculate the 
azimuthally-averaged crustal thickness as a function of distance from 
the center of the basin. We then iteratively search for a mean crustal 

Fig. 2. a, Adjusted crustal thickness of the 
Moon (model 1 from Wieczorek et al. 
2013). Adjusted crustal thickness is crustal 
thickness, but scaled by the crustal density 
and porosity so that the density is globally 
uniform. This is a small effect, but is useful 
as it enables reconstruction of crustal 
structure by conservation of mass argu-
ments (Bouley et al. 2020). b, The 
azimuthally-averaged crustal structure 
about the Orientale impact basin (solid 
black line with hatching below). We 
calculate the pre-Orientale crustal thick-
ness by assuming that the basin reshaped 
crustal structure in a way that conserved 
mass, i.e., the mass deficit (blue) is equal 
to the mass excess (red). The pre-Orientale 
crustal thickness is the dashed line. c, 
Crustal structure without the contribution 
of the 73 largest lunar impact basins. d, 
Our model for the spatial distribution and 
volume of SPA impact ejecta. This is 
merely the adjusted crustal thickness 
above 40 km in Fig. 2c. The volume excess 
in this region is equal to the volume deficit 
in SPA. (For interpretation of the refer-
ences to color in this figure legend, the 
reader is referred to the web version of this 
article.)   
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thickness that balanced the volume deficit in the central depression with 
the volume excess in the surrounding terrains associated with crustal 
thickening and ejecta deposits. More complete description of this 
method can be found in Bouley et al. (2020). We used this method to 
sequentially remove the 73 largest lunar impact basins identified by 
gravity and topography data (Neumann et al. 2015), with the exception 
of SPA and the putative Procellarum impact basin (which may not be an 
impact basin; Andrews-Hanna et al. 2014). 

Fig. 2c shows the crustal structure of the Moon with the 73 largest 
impact basins (other than SPA) removed. Removing impact basins re-
veals a more subdued crustal thickness map, dominated by the crustal 
thinning in SPA, a crustal excess in the farside highlands, and a polyg-
onal region of thin crust in the Procellarum region— likely associated 
with the unique tectono-magmatic evolution of that region (Andrews- 
Hanna et al. 2014). The excess crustal thickness in the farside highlands 
is interesting for two reasons. First, the spatial distribution of this crustal 
excess is similar to the expected spatial distribution of SPA ejecta 
(Melosh et al. 2017), where the ejecta is deposited in a non-trivial 
pattern downrange of the impact (which likely impacted from south to 
north; e.g., Wieczorek et al. 2012). Second, the volume excess in this 
region is approximately equal to the volume deficit in the SPA depres-
sion (a fact that has been recognized since the first global topography 
maps of the Moon; Zuber et al. 1994). This evidence supports the hy-
pothesis that a significant component of the farside highlands is made up 
of SPA ejecta. We define a SPA ejecta blanket model from this “cor-
rected” crustal thickness map by assuming that all crust thicker than 40 
km arises from SPA ejecta (Fig. 2d). The 40 km thickness arises from 
assuming that the volume excess in this ejecta blanket is balanced by the 
volume deficit in SPA. 

The inferred SPA crustal thickness model (Fig. 2d) is equivalent to an 
ejecta thickness model if loading is the only mechanism involved. 
However, given the long-wavelength nature of the model, fossil figure 
(Keane and Matsuyama 2014) and tidal dissipation (Garrick-Bethell 
et al. 2014) perturbations may contribute significantly. For all practical 
purposes, fossil figure perturbations are limited to degree two, and tidal 
dissipation perturbations are limited to degrees two and four (Beuthe 
2013). Therefore, we can find a best-fit SPA ejecta thickness model using 
the long-wavelength gravity field, excluding degrees two and four, as a 
constraint. For simplicity, we assume that the SPA ejecta thickness scales 
linearly with the crustal thickness derived above and obtain a best-fit 
solution by minimizing the misfit 

χ2
SPA =

∑3

m=− 3

(
ΦOBS

ℓm − ΦSPA
ℓm

δΦOBS
ℓm

)2

+
∑ℓmax

ℓ=5

∑ℓ

m=− ℓ

(
ΦOBS

ℓm − ΦSPA
ℓm

δΦOBS
ℓm

)2

. (16) 

Here, SPA potential coefficients are given by Eq. (9) with Hℓm =

αhℓm, where α is a scaling constant, hℓm are the crustal thickness 
expansion coefficients, Φℓm

OBS are the observed potential coefficients, and 
δΦℓm

OBS are the corresponding uncertainties. SPA ejecta compensation is 
taken into account by the term 1 + kℓ

L in Φℓm
SPA (Eq. (9)), where kℓ

L is the 
degree-ℓ load Love number. We use the JPL Lunar gravity field 
GRAIL420C1A (Konopliv et al. 2013) for the observed potential co-
efficients. The misfit minimization yields 0.55 ≤ α ≤ 0.58 for 7 ≤ ℓmax ≤

15 and we adopt α = 0.55. In principle, it is possible to model possible 
fossil figure and tidal dissipation contributions to constrain the SPA 
ejecta thickness. However, this is beyond the scope of this paper. 

The mass redistribution associated with SPA ejecta is capable of 
driving TPW (Melosh 1975; Keane and Matsuyama 2014). The non- 
spherical part of the inertia tensor which controls TPW is directly 
related to the degree-2 potential coefficients (e.g. Eq. (3) of Matsuyama 
et al. 2014). Therefore, it is possible to compute the TPW associated with 
any perturbation given its degree-2 potential coefficients. The SPA 
ejecta potential coefficients are given by Eq. (9) with the best-fit solution 
discussed above. The total, non-spherical part of the inertia tensor can 
be written as Iij = IijSPA + IijFF + IijEQ, where IijSPA is the SPA ejecta contri-
bution, IijFF is a fossil figure contribution, and IijEQ is an equilibrium 

contribution associated with the response to the present rotational and 
tidal potentials (Matsuyama et al. 2014). The fossil figure contribution 
can be found given the total inertia tensor Iij (which can be found using 
the observed degree-2 potential coefficients), the SPA ejecta contribu-
tion, and the equilibrium contribution (e.g. Matsuyama et al. 2014, Eqs. 
(19) and (27))). The rotation and tidal axis locations prior to TPW can 
then be calculated by diagonalizing IijFF, and the coefficients for the 
gravitational potential perturbation responsible for the fossil figure can 
be found using Eqs. (4) and (7). This yields an initial rotation axis at 68∘ 

N, 215∘ E and an initial tidal axis at 6∘ N, 320∘ E recorded by a fossil 
figure, which is similar to the TPW solution inferred by Keane and 
Matsuyama (2014) with an initial rotation axis at 72∘ N, 222∘ E and an 
initial tidal axis at 14∘ N, 2∘ E. The initial rotation axis locations are the 
same within a few degrees, and the difference between the initial tidal 
axis locations is larger. These differences are not surprising because 
Keane and Matsuyama (2014) assumed an axially symmetric SPA ejecta 
while we use the observed crustal thickness to construct a non-axially 
symmetric SPA ejecta model. 

3.2. Mare 

While ejecta from SPA dominates the loading of the lunar farside, 
lunar maria dominate the nearside. Maria are the extensive, flood ba-
salts that superpose low-lying terrains and impact basins— predomi-
nantly on the lunar nearside, and within the Procellarum KREEP terrain 
(PKT, where KREEP stands for potassium, rare-earth elements, and 
phosphorus; Jolliff et al. 2000). The areal extent of the mare has been 
mapped with great detail by the LRO Wide Angle Camera (Nelson et al. 
2014). The total thickness and volume of the mare have been inferred 
from a number of geological and geophysical methods, and modern 
estimates generally point to thicknesses of ~1 km (Gong et al. 2016), 
although there is considerable uncertainty. 

We use the LRO-derived map of mare boundaries, expand it in 
spherical harmonics, and find the best-fit mare load thickness by mini-
mizing the misfit to the observed gravity field, after correcting for the 
SPA contribution. That is, we obtain a best-fit solution by minimizing 
the misfit 

χ2
Mare =

∑3

m=− 3

(
ΦOBS

ℓm − ΦSPA
ℓm − ΦMAR

ℓm

δΦOBS
ℓm

)2

+
∑ℓmax

ℓ=5

∑ℓ

m=− ℓ

(
ΦOBS

ℓm − ΦSPA
ℓm − ΦMAR

ℓm

δΦOBS
ℓm

)2

,

(17)  

where we adopt the SPA solution described above for Φℓm
SPA and the maria 

potential coefficients Φℓm
MAR are given by Eq. (9) with the maria load 

thickness coefficients Hℓm
MAR. These coefficients are 

HMAR
ℓm ≡ (2 − δm0)

2ℓ + 1
4πR

(ℓ − |m|)!

(ℓ + |m|)!

∫ 2π

0

∫ π

0
dθdϕsinθHMAR(θ,ϕ)Yℓm(θ,ϕ),

(18)  

where we assume a constant value for HMAR(θ,ϕ) at the locations 
highlighted in red in Fig. 3 and HMAR(θ,ϕ) = 0 elsewhere. As discussed 
above for the SPA ejecta thickness, we exclude degrees two and four in 
Eq. (17) to avoid fossil figure and tidal dissipation contributions to the 
observed gravity field. Minimization of Eq. (17) yields a best-fit constant 
thickness for the lunar maria. This best-fit solution is sensitive to the 
degree truncation, with maria thicknesses in the range 0.62 − 0.84 km 
for 20 ≤ ℓmax ≤ 30. We consider harmonic degrees higher than those 
considered for the SPA ejecta model given the smaller size of the maria. 
We arbitrarily choose a maria thickness of 0.78 km corresponding to the 
ℓmax = 25 solution; however, the tectonic patterns shown below are 
indistinguishable from each other for 20 ≤ ℓmax ≤ 30. It is worth noting 
that the compensated maria height is not uniform because longer 
wavelength contributions are more compensated, which is quantified by 
the load Love numbers in Eq. (9). Following the same procedure 
described above for the SPA ejecta, we find a small amount of TPW 
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driven by maria loading alone (ignoring SPA ejecta), with an initial 
rotation axis at 88.1∘ N, 327.1∘ E and an initial tidal axis at 1.5∘ S, 356.9∘ 

E. 

3.3. Tectonic patterns 

Assuming isotropic contraction alone, the magnitudes of the hori-
zontal compressive principal stresses are equal, producing randomly 
oriented thrust faults. The non-isotropic orbital, rotational, tidal, fossil 
figure, or surface loading perturbations generate horizontal principal 
stresses that can be compressive or extensional. In the cases considered 
below, we choose a global isotropic contraction that is large enough to 
make horizontal principal stresses compressional on the entire surface 
and produce widespread thrust faulting. In this case, contraction is 
responsible for the thrust style of faulting and the non-isotropic pro-
cesses are responsible for the orientation of the faults. 

Fig. 4 compares the observed tectonic pattern with the predicted 
patterns due to the combination of global contraction with rotational 
and orbital perturbations. The orbital and rotational evolution of the 
Moon is not well constrained due to its complicated dependence on 
poorly constrained energy dissipation processes in the Earth and the 
Moon (e.g. Goldreich 1966; Peale and Cassen 1978; Meyer et al. 2010; 
Qin et al. 2018). Therefore, we consider a wide range of orbital and 
rotational perturbations. 

The symmetry of the predicted tectonic patterns can be explained by 
the symmetry of the forcing potential, i.e. the difference between the 
final and initial gravitational potentials averaged over the orbital 
period. For orbit recession with synchronous rotation throughout 
(Fig. 4a), the forcing potential is axially symmetric around the tidal axis, 
producing a deformation and a corresponding tectonic pattern with the 
same symmetry. For orbit recession with an initial 3:2 spin-orbit reso-
nance (Fig. 4b), or despinning from a non-resonant spin-orbit state to 
synchronous rotation (Fig. 4d), the forcing potential is axially symmetric 
around an axis passing through the equator at ±90∘ longitudes, 
explaining the symmetry of the tectonic patterns. 

Despinning from a non-resonant spin-orbit state to another non- 
resonant one produces N-S oriented faults on the entire surface 
(Fig. 4e), and polar faults become E-W oriented for an elastic shell with a 
thinner equatorial region (Fig. 4f). The forcing potential is axially 
symmetric around the rotation axis in this case, producing a deformation 
and corresponding tectonic pattern with the same symmetry if the shell 

is uniform. This case assumes that the tectonic pattern is established 
before the Moon arrives at a spin-orbit resonance state, the timing of 
which is poorly constrained. 

TPW driven by internal mass anomalies can occur without leaving an 
observable surface feature. Therefore, we explore all possible TPW ge-
ometries and find a best-fit TPW solution by minimizing the misfit be-
tween the observed and predicted fault azimuths (Fig. 4c). This best-fit 
TPW solution corresponds to a reorientation of the tidal axis alone, with 
an initial tidal axis at the equator and 61∘ E. The tectonic pattern is quasi- 
concentric around the initial tidal axis. 

Fig. 5 compares the observed tectonic pattern with the predicted 
patterns due to the combination of global contraction with SPA ejecta 
loading, SPA ejecta and maria loading, and the corresponding TPW. We 
also consider the tectonic patterns due to loading or TPW alone (middle 
and bottom rows). These tectonic patterns are calculated using the 
models described in §3.1 and §3.2. SPA ejecta loading alone produces a 
tectonic pattern that is quasi-concentric around an axis passing through 
the center of SPA, roughly at the equator and 150∘ W (Fig. 5c). As dis-
cussed above, TPW driven by SPA ejecta loading reorients both the 
rotation and tidal axes, with an initial rotation axis at 68∘ N, 145∘ W and 
an initial tidal axis at 6∘ N, 40∘ W. The TPW tectonic pattern is quasi- 
concentric around the initial tidal axis (Fig. 5e). Loading and TPW 
contributions are important when considering both mechanisms 
(Fig. 5a). Proximal to SPA, the pattern is dominated by SPA ejecta 
loading, with quasi-concentric faults around SPA. Distal to SPA, the 
pattern is dominated by TPW, with quasi-concentric faults around the 
initial tidal axis. Mare loading stresses are significantly smaller than SPA 
ejecta loading stresses, and their effect is only marginally noticeable 
when considering mass loading alone (e.g. compare Figs. 5c and d at 
~20∘ N, ~0∘ E). 

Figs. 4 and 5 provide a qualitative comparison between the observed 
and predicted tectonic patterns. We quantify the agreement between the 
observed and predicted patterns in Fig. 6 by computing the azimuth 
misfit δ, defined as the absolute difference between the observed and 
predicted fault azimuths, and the global average misfit δ, defined as the 
global average of δ weighed by fault segment length. In these calcula-
tions, we use all N = 51614 fault segments instead of the 400 average 
azimuths shown in Figs. 4 and 5 for the tectonic patterns. Assuming 
isotropic contraction alone, the expected distribution of the azimuth 
misfit is uniform (gray flat lines in Fig. 6), which corresponds to a mean 
misfit with a normal distribution with a mean value of 45∘ and standard 

Fig. 3. Lunar Reconnaissance Orbiter-derived map of lunar maria (from Nelson et al. 2014).  
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deviation of σ = 90∘/(12N)1/2 = 0.1∘. In this case, the probability of a 
mean misfit outside the range 45.0∘ ± 0.5∘ is less than 0.002%. As a 
caveat, we note that we are implicitly assuming that fault azimuths are 
random at any scale to compute the expected standard deviation. 
However, neighboring faults could start to affect their mutual azimuths 
at small scales. As a conservative estimate, we can use the 400 average 
azimuths (Figs. 4 and 5) to compute the expected standard deviation 
instead of using all fault segment azimuths, which corresponds to 
assuming that faults can be randomly oriented if they are separated by 
≳10∘. In this case, the expected standard deviation is σ = 90∘/(12 ×
400)1/2 = 1.3∘. 

Best-fit solutions correspond to orbit recession (Fig. 6a), despinning 
(Fig. 6b), SPA ejecta loading and the corresponding TPW (Fig. 6f), and 
despinning for an elastic shell with a thinner equatorial region (Fig. 6e). 
The mean misfit for these cases is smaller than 40∘, which is well outside 

the expected value assuming isotropic contraction alone. 
Orbit recession misfits are not sensitive to the assumed initial spin- 

orbit state. Despite differences in the predicted tectonic patterns (4a), 
assuming different initial spin-orbit states produces similar misfits, with 
mean misfits 38.8∘ ≤ δ ≤ 39.6 (Fig. 6a). Despinning misfits are sensitive 
to the assumed initial and final spin-orbit state. Assuming non-resonant 
initial and final spin-orbit states results in a smaller misfit relative to the 
case assuming a non-resonant initial spin-orbit state and a final syn-
chronous rotation state (Fig. 6b, δ = 39.5∘ vs. 43.4∘). SPA ejecta loading 
provides a smaller misfit than maria loading (Fig. 6d, δ = 40.8∘ vs. 
43.6∘), and adding the expected SPA-driven TPW reduces the misfit 
(Fig. 6f, δ = 39.3∘). 

The misfits for the TPW inferred by Keane and Matsuyama (2014) 
due to the mass redistribution associated with the largest impact basins, 

Fig. 4. Observed (orange) and predicted (blue) tectonic patterns due to the combination of global contraction with rotational and orbital perturbations. a, Orbit 
recession assuming synchronous rotation throughout. b, Orbit recession assuming an initial 3:2 spin-orbit resonance. c, Best-fit TPW. d, Despinning from a non- 
resonant spin-orbit state to the present synchronous rotation. e, Despinning assuming non-resonant initial and final spin states. f, Same as panel e, but for a shell 
with a thinner equatorial region assuming ±45∘ latitudes for the transition between N-S and E-W predicted faults. Despinning scenarios assume rotation rate var-
iations alone without orbit recession. Faults are shown at 400 equal area regions partitioned using the “igloo” method of Leopardi (2006). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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and the TPW inferred by Siegler et al. (2016) based on the distribution of 
antipodal hydrogen deposits are larger than or equal to (within the ex-
pected standard deviation) the isotropic contraction misfit (Fig. 6c, 
δ ≥ 45∘). The best-fit TPW solution discussed above corresponding to a 
reorientation of the tidal axis alone (Fig. 4c) provides a smaller misfit 
(Fig. 6c, δ = 43.5∘). These TPW scenarios must be driven by mass 
redistribution, which can generate additional stresses that must be taken 
into account. As discussed above, SPA ejecta loading and the corre-
sponding TPW, which has a similar TPW solution as the one found by 
Keane and Matsuyama (2014), leads to a smaller misfit (Fig. 6f, δ =

39.3∘). 
As shown in Fig. 4f, the combination of contraction and despinning 

assuming non-resonant initial and final spin states for an elastic shell 
with an extended thinner equatorial region produces N-S oriented 
equatorial faults and E-W oriented polar faults. The transition latitude 
between N-S and E-W faults depends on the extent of the thinner 
equatorial region and the ratio between contraction and despinning 
(Beuthe 2010, Fig. 9). The former can be inferred from the insolation 
pattern (Williams et al. 2011); however, the latter is not constrained. 

Therefore, we consider a range of transition latitudes. For transition 
latitudes ~45∘ − 60∘, the mean misfit becomes smaller than the misfit for 
the best-fit solutions discussed above assuming an elastic shell with 
constant thickness (Fig. 6f, δ ∼ 36∘ vs. ~39∘). 

In addition to the fault orientation pattern, we consider the spatial 
distribution of faults and the magnitude of deviatoric stresses. Fig. 7 
compares the spatial distribution of the observed fault segment length 
per unit area and the deviatoric stress. Faulting is more likely in regions 
with larger deviatoric stress; therefore, variations in the deviatoric stress 
can produce variations in the spatial distribution of faults. However, this 
correlation is not obvious for any of the best-fit models considered 
above. Watters et al. (2015a, 2019) note that diurnal stresses result in 
maximum compression around the sub-Earth and anti-Earth points, and 
that some shallow moonquakes in proximity to young fault scarps occur 
near when peak compressional stresses are reached at their locations. 
However, deviatoric stresses due to diurnal tides are maximum at the 
sub- and anti-Earth points only for a small fraction of the surface (Ap-
pendix E, Fig. 9). Additionally, their magnitude is ~1kPa (Appendix E), 
which is orders of magnitude smaller than the magnitude of deviatoric 

Fig. 5. Observed (orange) and predicted (blue) tectonic patterns due to the combination of global contraction with (a, b) SPA ejecta and maria loading, and the 
corresponding TPW; (c, d) loading alone; and (e, f) TPW alone, as labeled. Faults are shown at 400 equal area regions partitioned using the “igloo” method of 
Leopardi (2006). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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stresses for recession, despinning, and SPA ejecta loading and the cor-
responding TPW (Fig. 7). 

4. Conclusions 

The global thrust fault pattern of the Moon has been explained as due 
to the combination of global contraction with orbit recession and diurnal 
tidal stresses (Watters et al. 2015a, 2019). In this paper, we illustrate 
that global contraction combined with other processes can provide an 
alternative explanation. In particular, global contraction combined with 
orbit recession with different initial spin-orbit states, despinning from a 
non-resonant spin-orbit state to another non-resonant one, and SPA 
ejecta loading with the corresponding TPW result in equally good model 
fits (Fig. 6). 

The model presented in this paper is general enough to consider 
multiple stress-generating processes, including mass loading with arbi-
trary geometry, rotational and orbital perturbations, and arbitrary 

elastic lithosphere thicknesses. One limitation of the model is that it 
assumes an elastic lithosphere with constant thickness. We consider the 
tectonic patterns on a non-uniform, thin elastic shell using the approach 
of Beuthe (2010). Contraction and despinning assuming non-resonant 
initial and final spin states for an elastic shell with a thinner equato-
rial region can lead to misfits that are smaller than those discussed above 
assuming a constant thickness elastic shell (Fig. 6f). 

The young age of the population of thrust fault scarps favors recent 
contraction and recession. However, unrelaxed stresses from older 
processes combined with recent contractional stresses can also generate 
young faults. The non-hydrostatic figure of the Moon suggests a fossil 
figure (Jeffreys 1915; Lambeck and Pullan 1980; Garrick-Bethell et al. 
2006; Matsuyama 2013; Keane and Matsuyama 2014; Qin et al. 2018), 
which requires the preservation of ancient stresses. One of the best-fit 
solutions discussed above, SPA ejecta loading and the corresponding 
TPW, includes a self-consistent computation of a reoriented fossil figure 
contribution (§2.1.1), combined with a large (≳ 1 km) isotropic radius 

Fig. 6. Relative frequency distribution of the misfit between observed and predicted fault segment azimuths for a variety of processes combined with isotropic 
contraction, weighted by fault segment length. Better fits are characterized by higher relative frequencies in lower azimuths, and labels show the length-averaged 
mean misfit δ for each model. The gray horizontal line in each panel shows the expected distribution for contraction alone. a, Orbit recession assuming different 
initial spin-orbit states, as labeled. b, Despinning from a non-resonant spin-orbit state to the present synchronous rotation state, and despinning assuming non- 
resonant initial and final spin-orbit states. c, Best-fit TPW, and TPW scenarios of Keane and Matsuyama (2014) (without any SPA ejecta loading contributions) 
and Siegler et al. (2016). d, Loading due to SPA ejecta and maria e, Despinning assuming non-resonant initial and final spin states for an elastic shell with a thinner 
equatorial region. We consider different transition latitudes above which N-S oriented faults become E-W oriented (Fig. 4f). f, Best-fit models: despinning for an 
elastic shell with a thinner equatorial region (assuming a transition latitude of 45∘), orbit recession assuming synchronous rotation, SPA ejecta loading and the 
corresponding TPW, and despinning with non-resonant initial and final spin-orbit states. 
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Fig. 7. a, Total fault segment length per unit area computed by sampling the digitized fault segments in 400 equal area regions partitioned using the “igloo” method 
of Leopardi (2006). b-f, Absolute difference between the maximum and minimum principal stresses (principal stresses difference), which quantifies the deviatoric 
stress, for a variety of mechanisms combined with isotropic contraction (b, orbit recession assuming synchronous rotation throughout; c, despinning assuming non- 
resonant initial and final spin states and a uniform shell; d, same as panel c, but for a shell with a thinner equatorial region assuming ±35∘ latitudes for the transition 
between N-S and E-W predicted faults; e, SPA ejecta loading and the corresponding TPW; and f, best-fit TPW). Despinning scenarios assume rotation rate variations 
alone without orbit recession. For recession and despinning, the magnitude of the principal stresses difference is somewhat arbitrary because the amount of recession 
and despinning is unconstrained; however, the spatial pattern shown in panels b-d is independent of these parameters. 
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contraction to make horizontal principal stresses compressional on the 
entire surface and generate global thrust faulting. Despinning assuming 
an elastic shell with a thinner equatorial region provides a smaller misfit 
to the observed pattern; however, despinning stresses are smaller than 
fossil figure stresses. The minimum radius contraction of ~1 km 
required to overcome large fossil figure stresses and generate global 
thrust faulting corresponds to the total contraction since the fossil figure 
is established, the timing of which is uncertain. It is worth noting that 
this minimum radius contraction is significantly larger than the radius 
contraction of ≳25 m over the past ~100 Myr inferred from strain es-
timates based on the population of fault scarps (Watters et al. 2010, 
2015a). Ultimately, distinguishing between the scenarios described 
above requires time-dependent stress evolution models with the age of 
the faults as additional constraints, which is challenging given the 
limited constraints on time-dependent model parameters. 
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A. Stress tensor 

Assuming an isotropic linear elastic solid (e.g. Jaeger et al. 2009, Eq. (5.16)), 

τij = λδijεkk + 2μεij, (19)  

where the strain components in spherical coordinates are (Dahlen and Tromp, 1998, Eq. A.139) 

εrr = ∂rdr

εθθ =
1
r
(∂θdθ + dr)

εϕϕ =
1

rsinθ
(∂ϕdϕ + drsinθ + dθcosθ) =

1
r

(
∂ϕdϕ

sinθ
+ dr + dθcotθ

)

εθϕ =
1
2r

(
∂ϕdθ

sinθ
+ ∂θdϕ − dϕcotθ

)

(20)   

A.1. Compressible interior 

For a compressible interior, it is useful to write the other components of the (Lagrangian increment to the Cauchy) stress tensor in terms of τrr using 
the relation 

∂rdr =
τrr

(λ + 2μ) −
λ

(λ + 2μ)R

(

∂θdθ + 2dr +
∂ϕdϕ

sinθ
+ dθcotθ

)

(21)  

derived from Eqs. (19) and (20). We obtain Eq. (13) in the main text for the stress tensor by combining Eqs. (19)-(21). 
Combining Eqs. (12) and (13), 

τθθ = −
λ

(λ + 2μ)τrr +
2μ

(λ + 2μ)
∑∞

ℓ=0

∑ℓ

m=− ℓ

[
hℓ(3λ + 2μ) + lℓ

( λ
sin2θ

∂2
ϕ + λcotθ∂θ + 2(λ + μ)∂2

θ

) ]
ΦℓmYℓm

τϕϕ = −
λ

(λ + 2μ)τrr +
2μ

(λ + 2μ)
∑∞

ℓ=0

∑ℓ

m=− ℓ

[

hℓ(3λ + 2μ) + lℓ

(
2(λ + μ)

sin2θ
∂2

ϕ + 2(λ + μ)cotθ∂θ + λ∂2
θ

)]

ΦℓmYℓm

τθϕ =
2μ

sinθ
∑∞

ℓ=0

∑ℓ

m=− ℓ
lℓ[∂θ∂ϕ − cotθ∂ϕ]ΦℓmYℓm.

(22) 

These equations are equivalent to Eqs. (B.11)-(B.13) in Wahr et al. (2009) for rotational or tidal stresses at the surface with τrr = 0. 

A.2. Incompressible interior 

The predicted tectonic patterns are not sensitive to the assumption of an incompressible interior. Therefore, mass loading, recession, despinning, 
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and TPW stresses can be computed assuming an incompressible interior, which involves incompressible Love numbers that are easier to compute. In 
this case, we combine the incompressible condition ∇ ⋅ d = 0, 

∂rdr = −
1
r

(

2dr + ∂θdθ + cotθdθ +
1

sinθ
∂ϕdϕ

)

(23)  

with 

τrr = λεkk + 2μεrr = λεkk + 2μ∂rdr (24)  

to obtain 

λεkk = τrr +
2μ
r

(

2dr + ∂θdθ + cotθdθ +
1

sinθ
∂ϕdϕ

)

(25) 

In the last equation, λ → ∞, εkk = ∇ ⋅ d = 0, and the product λεkk remains finite. Using Eqs. (19), (20), and (25), the non-zero stress tensor 
components can be written as 

τθθ = τrr +
6μ
r

dr +
2μ
r

[

2∂θdθ + cotθdθ +
1

sinθ
∂ϕdϕ

]

τϕϕ = τrr +
6μ
r

dr +
2μ
r

[

∂θdθ + 2dθcotθ + 2
∂ϕdϕ

sinθ

]

τθϕ =
μ
R

(

∂θdϕ +
∂ϕdθ

sinθ
− dϕcotθ

)

(26) 

Combining Eqs. (12) and (26), 

τθθ = τrr + 2μ
∑∞

ℓ=0

∑ℓ

m=− ℓ

[

3hℓ + lℓ

(

2∂2
θ + cotθ∂θ +

1
sin2θ

∂2
ϕ

)]

ΦℓmYℓm

τϕϕ = τrr + 2μ
∑∞

ℓ=0

∑ℓ

m=− ℓ

[

3hℓ + lℓ

(

∂2
θ + 2cotθ∂θ +

2
sin2θ

∂2
ϕ

)]

ΦℓmYℓm.

τθϕ =
μ

sinθ

∑∞

ℓ=0

∑ℓ

m=− ℓ
lℓ(2∂θ∂ϕ − 2cotθ∂ϕ)ΦℓmYℓm.

(27) 

The Love numbers in Eqs. (22) and (27) must be used self-consistently to obtain the correct stress tensor. That is, Love numbers computed assuming 
a compressible interior must be used in Eq. (22), whereas Love numbers computed assuming an incompressible interior must be used in Eq. (27). 

B. Spherical harmonics identities 

The spherical harmonic identities below are useful for evaluating the derivatives in Eqs. (22) and (27). 

1
sinθ

∂θ(sinθ∂θPℓm) = ∂2
θPℓm + cotθ∂θPℓm =

[

− ℓ(ℓ+ 1)+
m2

sin2θ

]

Pℓm (28) 

(Arfken and Weber 1995, Eq. 12.72, p. 722), and 

∂θPℓm = − sinθ∂xPℓm =
1
2
(ℓ+m)(ℓ+ 1 − m)Pℓ,m− 1 −

1
2
Pℓ,m+1 =

1
2
(
AℓmPℓ,m− 1 − Pℓ,m+1

)
, (29) 

(Arfken and Weber 1995, Eq. 12.72, p. 722), where x ≡ cos θ and we define 

Aℓm ≡ (ℓ+m)(ℓ − m+ 1) (30) 

The second derivative can be written as 

∂2
θPℓm =

1
4
[
BℓmPℓm +CℓmPℓ,m− 2 +Pℓ,m+2

]
, (31)  

where we define 

Bℓm ≡ − Aℓm − Aℓ m+1
Cℓm ≡ AℓmAℓ,m− 1.

(32)   
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Fig. 8. Top: (a) tidal and (b) load Love numbers as a function of spherical harmonic degree. Middle: Degree-2 (c) tidal and (d) load Love numbers as a function of 
elastic lithosphere thickness. Bottom: Time-dependent degree-2 (e) tidal and (f) load Love numbers as a function time assuming a step-function forcing at time t = 0. 
We assume the Moon parameters adopted in this paper (Table 1). Additionally, computing the time-dependent Love numbers requires specifying the rigidity and 
viscosity of all layers, and we assume a core rigidity and viscosity of 40 GPa and 1021 Pa s, a mantle rigidity and viscosity of 70 GPa and 1021 Pa s, and a lithosphere 
rigidity and viscosity of 40 GPa and 1026 Pa s. 

C. Love numbers 

Tidal and load Love numbers can be computed by solving mass and momentum conservation, and Poisson’s equation at each interior layer, which 
is commonly done using the propagator matrix method (e.g. Sabadini et al. 2016). Across any incompressible layer (we will assume all layers are 
incompressible except the elastic lithosphere), a full set of linearly independent analytical solutions can be found, the boundary values of which we use 
to build the propagator matrix. Across the compressible elastic lithosphere, no analytical solution can be found (unless the density were uniform 
throughout the body, making g/r a constant (Gilbert and Backus 1968), and we obtain the propagator matrix by numerical integration over a full set of 
linearly independent “initial” (i.e. bottom) values. 

The computation of the degree-1 Love numbers requires a special treatment (Farrell 1972; Okubo and Endo 1986; Greff-Lefftz and Legros 1997). 
The non-existence of a static solution under a degree-1 tide-generating field (a spatially uniform field) forbids ℓ = 1 tidal Love numbers. An additional 
boundary condition is required for the ℓ = 1 load Love numbers, and we choose to solve the loading problem in a set of axes originating at the center of 
mass, where the degree-1 loading-induced incremental potential cancels the degree-1 loading potential, so that the total degree-1 potential remains 
zero. That is, k1

L = − 1, which provides the missing independent boundary condition for degree-1 loading (Greff-Lefftz and Legros 1997). We use the 
classical propagator matrix method (e.g. Sabadini et al. 2016) with this additional boundary condition to compute the ℓ = 1 load Love numbers. 

Fig. 8 shows the tidal and load Love numbers for the Moon parameters adopted in this paper (Table 1), and the time-dependent Love numbers 
assuming a step-function forcing at time t = 0. In practice, this is done by computing static Love numbers but with a time-dependent (exponentially 
decaying) rigidity. The time-dependent Love numbers converge to the long-term Love numbers, as expected, with a convergence time of a few kyr. 
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Therefore, the use of long-term Love numbers is justified when considering stresses and tectonic patterns over timescales longer than a few kyr. The 
long-term Love numbers are computed by assuming that all interior layers except the elastic lithosphere behave fluidly, that is, by assuming zero 
rigidity for all layers except the elastic lithosphere (Table 1). 

D. Comparison with previous work 

We validate our model by comparing our results with those of previous studies on despinning (Melosh 1977), TPW (Melosh 1980), and surface 
mass loading (Janes and Melosh 1990). These studies often use a thin shell approximation to simplify the solutions (Vening-Meinesz 1947; Melosh 
1980; Matsuyama and Nimmo 2008). Our method is general enough to consider these mechanisms with the same formalism. Additionally, our method 
is not limited by assumptions about the interior structure, including the thickness of the elastic lithosphere. 

The thick shell solutions presented here explicitly reduce to thin shell approximation solutions (e.g. Matsuyama and Nimmo 2008) by using the ℓn 
− hn Love numbers relation for an elastic membrane (Beuthe 2015, Eqs. (65) and (77)). 

E. Deviatoric stresses due to diurnal forcing 

Previous studies considering diurnal stresses compute the expected tectonic pattern using the stresses at pericenter (Watters et al. 2015a, 2019). 
However, deviatoric stresses are maximum at pericenter only for a small fraction of the surface, as illustrated in Fig. 9. Different points on the surface 
experience maximum deviatoric stresses at different times, complicating the calculation of the predicted tectonic pattern. It is possible to calculate the 
tectonic pattern by defining a failure stress and considering the principal stresses at the time when the deviatoric stress becomes equal to the failure 
stress (or a similar failure criteria) at different surface locations.

Fig. 9. Deviatoric stress states, quantified by the difference between the maximum and minimum principal stresses, at different longitudes and latitudes as a function 
of time. We choose a reference frame aligned with the argument of pericenter (t = 0 corresponds to pericenter passage). For these calculations, we use the Love 
numbers at the tidal forcing period. 

The relative magnitude of diurnal and recession stresses can be estimated using the corresponding radial deformation dr. For recession, 
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dr ∼ hT
2
MT

M
R3
(

1
a3

i
−

1
a3

)

, (33) 

where h2
T is the long-term displacement Love number and ai is the initial semimajor axis. For diurnal tides, 

dr ∼ ehT
2 (t = T)

MT

M
R3

a3 , (34)  

where e is the orbital eccentricity and h2
T(t = T) is the displacement Love number at the tidal forcing period T. This time-dependent Love number must 

be computed assuming a periodic forcing and is therefore different from the one shown in Fig. 8e for a step-function forcing. This order of magnitude 
estimate yields recession stresses that are 4 orders of magnitude larger than diurnal stresses for an initial semimajor axis ai ~ 18 Earth radii that is 
consistent with the presence of a fossil figure today (Matsuyama 2013; Keane and Matsuyama 2014; Qin et al. 2018), exceeding the typical rock failure 
stresses ~1 MPa. Even if we limit orbit recession to the last ~100 Myr and assume the present recession rate ~4 cm yr− 1, recession stresses remain ~30 
times larger than diurnal stresses. The small orbital eccentricity and the larger deformation over longer time scales, quantified by the difference 
between the displacement Love number at the tidal forcing period and the recession period, h2

T/h2
T(t = T) ~ 50, contributes significantly to the dif-

ference in the deviatoric stresses. Deviatoric stresses for the SPA ejecta loading and the corresponding TPW are also larger than the diurnal deviatoric 
stresses by 4 orders of magnitude, also exceeding the typical rock failure stresses ~1 MPa (Fig. 7). 
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