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I. Introduction
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Figure 3.27 from Wieczorek et al. (2006)

I. Seismic data

II. Lunar libration

III. Tidal deformation

Evidence for a semi-molten layer?
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passive seismic experiments
(Apollo 11, 12, 14, 15, 16, 17)

meteorite impacts
shallow moonquakes (<200 km) 
deep moonquakes (700-1200 km)

more than 13,000 events

Lunar seismicity

- deep moonquakes correlated with tidal cycle(s)

- and concentrated in “nests”

- >100 known nests on the nearside, only 2 confirmed on the farside

- no direct shear wave detection from the antipodes

Image credits: NASA/GSFC/Arizona State University
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retroreflectors
for lunar laser ranging (LLR)

>50 years of data!

extremely complex modelling

lunar orientation and motions

Lunar physical librations

- Earth acting on permanent triaxiality of the Moon

- small contribution from “elastic” tidal deformation

- even smaller contribution from anelastic effects

- anomalous frequency dependence of dissipation

Image credits: NASA/GSFC/Arizona State University
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Lunar gravity field

- precise gravity field to degree >1500

- tidal potential Love numbers k2 and k3

- radial tidal deformation (h2) from laser altimetry

- high moment of inertia factor (MoIF = 0.393) – very small core

Image credits: NASA/GSFC/Arizona State University
NASA/JPL-Caltech/MIT, ISAS/JAXA, CSNA
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Figure 3.27 from Wieczorek et al. (2006)

Seismic data

I. Farside deep moonquakes absent from the record
II. Farside shear waves strongly attenuated

e.g., Nakamura (1973, 2005)

Thermal history

Temperature profile largely unknown

Ancient mantle overturn, radiogenic elements buried 
in deep mantle (e.g., Zhang et al., 2013)

Tidal deformation

I. Large amount of tidal dissipation
II. Anomalous frequency dependence of tidal dissipation
III. Large deformability

Evidence for a semi-molten layer?
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Selenodetic evidence?

Tidal deformation and dissipation are frequency-dependent

The reaction at the monthly frequency can be explained both with and without the semi-molten layer

However, the anomalous frequency dependence of tidal dissipation 
(if not caused by observational uncertainty) has only been fitted by 
models with a weak basal layer (Harada et al., 2014)

Can we also explain the frequency dependence without the need 
for a semi-molten layer?

Harada et al. (2014, 2016)
Khan et al. (2014)

Matsumoto et al. (2015)
Tan & Harada (2021)
Kronrod et al. (2022)

Nimmo et al. (2012)
Karato (2013)

Raevskiy et al. (2014)
Matsuyama et al. (2016)

dissipation
in the basal layer

dissipation
in the mantle
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II. Tidal dissipation
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Librations and tidal Q

Tidal corrections to libration angles (Williams & Boggs, 2015) Example: 206-day cosine component

contribution from different frequencies

𝑘2 tidal potential Love number, ~ changes in gravitational potential due to tidal deformation

𝑄 tidal quality factor, ~ energy dissipation: 𝑄−1(𝜒) =
Δ𝐸(𝜒)

2𝜋𝐸peak(𝜒)

∆𝜏𝐶206 = 0.87
𝑘2
𝑄

206 d

− 2.27
𝑘2
𝑄

31.8 d

− 2.23
𝑘2
𝑄

27.6 d

+ 0.04
𝑘2
𝑄

24.3 d

− 0.26
𝑘2
𝑄

14.8 d

+
𝑘2
𝑄

13.8 d

cos 𝜒206 d 𝑡
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Tidal dissipation in the Moon

𝑘2 tidal potential Love number, ~ changes in gravitational potential due to tidal deformation

𝑄 tidal quality factor, ~ energy dissipation: 𝑄−1(𝜒) =
Δ𝐸(𝜒)

2𝜋𝐸peak(𝜒)
large dissipation => small Q

solid Earth: Q≈280

𝑄monthly = 38 ± 4 𝑄annual = 41 ± 9

Tidal 𝑄 of the Moon

other frequencies not well constrained

Frequency dependence of 𝑄

𝑄 ∝ 𝜒𝛼

seismic waves, free nutation, Chandler 

wobble of the Earth + various materials 

under laboratory conditions:

typical exponents: 𝛼 = 0.1 − 0.4

(e.g., Castillo-Rogez et al., 2011)

𝑄triennial ≥ 74 𝑄sexennial ≥ 58

atypical exponent 𝛼 = −0.03 ± 0.09

12



The frequency dependence of 𝑄−1

Tidal 𝑄 ≠ “seismic” 𝑄 – effect of self-gravity at low frequency or short relaxation times

self-gravity rheology

~𝜒

~𝜒−1

Dissipation in a self-gravitating body

Maxwell or Andrade rheology: the mean viscosity of the Moon would be 𝜂 ≈ 4 × 1016 Pa s (Efroimsky, 2012a)

~𝜒−𝛼
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Tidal 𝑄 ≠ “seismic” 𝑄 – effect of self-gravity at low frequency or short relaxation times

self-gravity rheology

~𝜒

~𝜒−1

~𝜒−𝛼

Dissipation in a self-gravitating body

Hypothesis: additional Debye peak in the dissipation spectrum of mantle minerals
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Dissipation in polycrystalline solids

high frequency: elastic deformation (no dissipation)

𝜒 ≈ Τ2𝜋 𝜏𝑒 : elastically-accommodated GBS

viscous dissipation at grain boundaries

Debye peak

𝜏𝑒 given by grain-boundary size + viscosity

Τ2𝜋 𝜏𝑑 < 𝜒 < Τ2𝜋 𝜏𝑒 :

diffusion along single grains

transient creep

dissipation 𝑄−1 ∝ 𝜒−𝛼

𝜒 < Τ2𝜋 𝜏𝑑 : diffusion along multiple grains

steady-state creep

(seismic) dissipation 𝑄−1 ∝ 𝜒−1
Figure 1 of Jackson et al. (2014)
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Rheological models

Tides produce shear stress 𝜎 in the lunar body Gradual deformation: strain 𝜖

Tidal deformation is generally not instantaneous because of friction in the material

Ideal world: perfect elasticity Viscoelasticity (Maxwell)

𝑡 = 0 𝑡 = 0

0

1

𝑡 = 0 𝑡 = 0

0

1

Stress StressStrain Strain
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Rheological models

Tidal deformation is generally not instantaneous because of friction in the material

Ideal world: perfect elasticity Viscoelasticity (Maxwell)

Stress StressStrain Strain

𝑡 = 0𝑡 = 0

0

1

-1

𝑡 = 0 𝑡 = 0

0

1

-1 lagging

Tides produce shear stress 𝜎 in the lunar body Gradual deformation: strain 𝜖

𝑡max σ 𝑡max σ 𝑡max σ 𝑡max σ + 𝛿𝑡
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Strain

Stress

0

1

-1

lagging

𝑡 = 0

0

1

-1

increasing 𝑡

Rheological models

“Inverse Hooke’s law” for linearly viscoelastic materials in the frequency domain:

2 ҧ𝜖 𝜒 = ҧ𝐽 𝜒 ത𝜎 𝜒

Relation between stress and strain in elastic material is given by the Hooke’s law… 

𝜎(𝑡) = 2𝜇 𝜖(𝑡) inversion: 2 𝜖 𝑡 = 𝐽 𝜎 𝑡

dynamic compliance ҧ𝐽(𝜒)

Tides produce shear stress 𝜎 in the lunar body Gradual deformation: strain 𝜖
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Rheological models in frequency domain

Sundberg-Cooper model (Sundberg & Cooper, 2010; Renaud & Henning, 2018)

Andrade model (Andrade, 1910; Efroimsky, 2012)

Maxwell model (Maxwell, 1867)

2 ҧ𝜖 𝜒 = ҧ𝐽 𝜒 ത𝜎 𝜒

ҧ𝐽 𝜒 =
1

𝜇
−

𝑖

𝜂𝜒

ҧ𝐽 𝜒 =
1

𝜇
−

𝑖

𝜂𝜒
+

𝜇𝛼−1

𝑖𝜁𝜂𝜒 𝛼
Γ 1 + 𝛼

ҧ𝐽 𝜒 =
1

𝜇
−

𝑖

𝜂𝜒
+

𝜇𝛼−1

𝑖𝜁𝜂𝜒 𝛼
Γ 1 + 𝛼 +

Δ

𝜇 − 𝑖𝜏𝜇𝜒
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III. Three models
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The three toy-models

Model I Model III

Model II

liquid core (330 km)

low-viscosity layer (LVZ) - Maxwell rheology 

mantle - Andrade rheology

Free parameters:
LVZ thickness, viscosity, & rigidity

mantle viscosity & rigidity

liquid core (330 km) 

mantle - Andrade rheology

Free parameters:
mantle viscosity & rigidity

exponent 𝛼

liquid core (330 km) 

mantle – Sundberg-Cooper rheology

Free parameters:
mantle viscosity & rigidity

relaxation strength & char. time 
of the Debye peak
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Tidal observables

Love numbers 𝑘2, 𝑘3, ℎ2 at the monthly period (27.212 days)

Quality factor 𝑄 at the monthly period, quality function Τ𝑘2 𝑄 at the annual period

Bayesian inversion – Monte Carlo Markov Chain (MCMC) using Python module “emcee” Foreman-Mackey et al. (2013)

Stopping after exceeding 100x the longest autocorrelation time
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Model I: Andrade mantle

Andrade mantle + liquid core (330 km), 𝜁 = 1

Might be sufficient, given the uncertainty on Q

𝑄monthly = 38 ± 4 𝑄annual = 41 ± 9

log 𝜂 = 22.99−1.35
+0.89

log 𝜇 = 10.92 ± 0.06

𝛼 = 0.06−0.02
+0.04

still very low
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Model II: Sundberg-Cooper mantle

𝜏

𝜏𝑀
~10−7 − 10−6

𝜏𝑀 =
𝜂

𝜇

Specific case with 𝛼 = 0.2 and 𝜁 = 1
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Model III: Andrade mantle + weak basal layer

LVZ rigidity can be 
anywhere between melt-
like and solid like values…

viscosity consistent with 
the predictions of other 

authors

LVZ thickness largely 
unconstrained

thinnest LVZ (70 km) 
only with mantle-like 
rigidity
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IV. Implications
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Composition of the basal layer

Model III: solutions with lower-mantle temperature anywhere between 1400 K and 2000 K

Pure ilmenite or wet olivine: 1400-1750 K Dry olivine: 1800-2000 K

Solutions both below and above solidus acceptable

CMBCMBCMBCMB
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Melt fraction

solid-like

solid-like

liquid-like

liquid-like

Nominal case of Model III (with 𝛼 = 0.2, 𝜁 = 1), melting model of Kervazo et al. (2021)

If the viscosity and rigidity changes only result from melting, basal layer is liquid-like

However, part of the change might be due to composition
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Elastically-accommodated GBS

In laboratory conditions, secondary peak is typically observed at lower temperatures

~Δ

~𝜏

(1000-1300 K)

𝜏 is temperature-dependent – and usually 𝜏 ≪ 𝜏𝑀 = Τ𝜂 𝜇

(Jackson et al., 2014)

Δ attains a wide range of values: 0.23-1.91 – depending on grain shape

(Kê, 1947; Ghahremani, 1980; Sundberg & Cooper, 2010)

Little illustration: assume P-T-d dependence of the following form… 𝜏 = 𝜏R
𝑑

𝑑R

𝑚

exp
𝐸∗

𝑅

1

𝑇
−

1

𝑇R
exp

𝑉∗

𝑅

𝑃

𝑇
−
𝑃R
𝑇R

Jackson & Faul (2010), Jackson et al. (2014)

Δ = 0.03 − 1

Τ𝜏 𝜏𝑀 = 10−7 − 10−6

29



Elastically-accommodated GBS

If the measurement of Jackson et al. (2014) on olivine is taken as a reference case, the relaxation time 

in the Moon would be:

Blue lines: conductive T profiles of Nimmo et al. (2012) for volumetric heating 8, 9.5, and 11 nWm−3

Interior temperature 

determines minimum 

depth of this dissipation 

mechanism
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All samples Model II (Sundberg-Cooper)

Model III (basal layer)

The two models are very similar

How can we distinguish them?
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Tidal heating not enormous, 
but can help to maintain T 
above solidus

Tidal heat flux is negligible
- and the surface patterns are 

almost indistinguishible

Estimates of average volumetric heat production from all sources:      6.3 × 10−9 Wm−3 Siegler & Smrekar (2014)
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Higher-degree quality functions

l=2

l=4

basal layer “invisible” at 

higher degrees

secondary peak of the S-C 

model only visible if the 

minimum depth is not too 

great

Quality function (k/Q) Inverse quality factor (1/Q)
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V. Conclusions
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Conclusions

Is there a semi-molten layer at the base of the lunar mantle? - We do not know.

Partially molten basal layer NOT required by the available tidal measurements

Fitting by the Andrade model results in a relatively high mantle viscosity and unusually small slope of frequency-dependent tidal 
dissipation

Frequency-dependence of the tidal quality factor 𝑄 is the same for a model with weak basal layer and a model with an
additional dissipation mechanism in the mantle

The thickness and rigidity of the hypothetical basal layer is not well constrained; the viscosity is required to be in the range of 
1015 − 3 × 1016 Pa s, as reported by other authors (e.g., Harada et al., 2014, 2016)

log 𝜂 = 22.99−1.35
+0.89

log 𝜇 = 10.92 ± 0.06

𝛼 = 0.06−0.02
+0.04
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Conclusions

Higher-degree Love numbers and quality factors would not “see” the base of the mantle – a detection of anomalous slope in 𝑄3
or 𝑄4 (or higher) might indicate a dissipation not originating in a basal layer

Lunar tidal heat flux is too low and negligible, compared to radiogenic heating – the detection of tidal heating pattern seems 
unrealistic

The best possible source of information would be a seismic measurement on the farside (Panning et al., 2021)

Is lunar tidal response non-linear? (Karato, 2013)

Is lunar interior largely heterogeneous? (Qin et al., 2014, 2016)

Is the absence of farside deep moonquakes an aspect of lunar dichotomy? (Nakamura, 2005)

Would an ancient semi-molten basal layer have remained stable to present days?

Open questions
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VI. Backup slides
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Viscosity decreasing with depth
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Andrade fit with fitted 𝜁

𝜁=1 𝜁 fitted
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Sundberg-Cooper mantle + Basal layer
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