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Melt distribution in polycrystalline olivine

P = 1 GPa, 1350ºC, 432 hours
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Figure 5. View from the top of the reconstructed 3D melt distribution. The thin layers on

two-grain boundaries seen in the 2-D images (Figure 1) persist in 3-D, confirming that they are

sheet-like rather than a sectioning artifact. Some small grains are completely surrounded by

melt.

Figure 6. Vertical 2-D sections through the assembled 3-D image of the pore space, parallel

to Y-Z plane. The same features observed in 2-D horizontal surfaces are present here, triple-

junctions, large melt pockets and thin inclusions.

D R A F T June 27, 2011, 5:16pm D R A F T

Garapić, Faul and Brisson, G3, 2013

3-D view of the melt distribution

3.6% melt, 30 μm grain size
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Influence of melt on rheology
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fraction fc, below which the GB diffusion control model
breaks down and h and x rapidly increase to approach hcc
and 1, respectively, due to the effects of finite liquid
diffusivity and finite reaction rate. For a grain size of 2R =

3 mm, an average value for asthenosphere, the critical
melt fraction is semiquantitatively estimated as fc

h = 10!4

for h and fc
x < 6 " 10!8 for x (TH2). Therefore, the results

of the GB diffusion control model obtained in this paper are
applicable even at very small melt fractions. The discon-
tinuous reduction occurs because connected melt tubules
work as sources or sinks of matter in GB diffusion, signifi-
cantly decreasing the diffusion path length (Figures 4 and 5),
as soon as anymelt exists. Although a discontinuous decrease
in h was previously expected only for systems with a
dihedral angle of nearly zero, the contiguity model predicts
that such a singularity does occur for partially molten rocks
with moderate values of dihedral angle.
[52] Recently, Faul and Jackson [2007] compared the

shear viscosity data of nominally melt-free aggregates to
those of genuinely melt-free dry samples in the GB diffu-
sion creep regime, and reported that a small amount of melt
(f # 0.01) enhances the shear creep by a factor of 20. Our
result (Figure 11b) explains the enhancement by a factor of
5 (f # 0.01) but cannot fully explain the factor of 20. An
additional contribution to the discrepancy between truly
melt free and nominally melt free samples could be due to
an increasing grain boundary diffusivity with the addition of
melt; as infinitesimally small amounts of melt are added to
pure olivine aggregates, they are incorporated as grain
boundary impurities, which increase the diffusivity [e.g.,
Hiraga et al., 2004]. Although the enhancement factor of 5
is insensitive to variations in grain models (section 5.1.2),
effect of other factors such as grain size distribution and/or
nonperiodicity cannot be assessed by the present model.
Therefore, further experimental data on the effects of small
amounts of melt are needed to check the robustness of our
result.
6.1.3. Stress-Induced Microstructural Anisotropy
[53] Anisotropy in contact geometry has been reported in

the deformed partially molten rocks and rock analogues,
where the plane of reduced contiguity is normal or sub-
normal to s3 [Daines and Kohlstedt, 1997; Zimmerman et
al., 1999; Takei, 2005]. This orientation of anisotropy corre-
sponds to the geometry in Figure 10a, if the s3 direction is
assumed to be parallel or subparallel to the x direction.
Variations in contact anisotropy are discussed in more detail
by TH3. The contiguity model suggests that such melt
distribution causes a strong viscous anisotropy and a
moderate elastic anisotropy. Elastic anisotropy can be mea-
sured by the polarization anisotropy of ultrasonic shear
waves [Takei, 2005]. Viscous anisotropy is generally
difficult to measure in common constant volume deforma-
tion apparatus because only one effective viscosity can be
sampled. However, in the work by TH3, the anisotropic
viscosity is shown to cause a direct coupling between shear
and isotropic components of stress. This strong coupling was
observed by Takei [2005], supporting the validity of the
model.

6.2. Implications for Melt Extraction: Forward
Approach

[54] Recently, there has been an increasing recognition of
the importance of melt segregation dynamics at very small
melt fractions. Geochemical observations showing radioac-
tive disequilibrium in young basalts indicate that melt is
removed from the residual matrix at very small melt

Figure 11. (a) Contiguity 8 versus melt fraction f for
equilibrium microstructures with dihedral angles of qd =
30! and 20!. Thin lines show theoretical results from the
tetrakaidekahedral (denoted 14) and rhombic dodecahedral
(12) grain models. Thick lines show semiempirical relation-
ship, 8 = 1 ! Af

1
2, with A = 2 and A = 2.3. (b) Normalized

shear viscosity versus melt fraction, calculated by using the
8 ! f relationships in Figure 11a (thin and thick solid
lines). Dotted lines for A = 2 and A = 2.3 show the effects of
finite liquid diffusivity for grain radius R = 7.5 mm by using
the result of TH2. Long dashed line shows the experimen-
tally derived relationship, h / exp(!lf) with l = 25, where
the line segment in the middle shows the same slope.
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Theoretically predicted viscosity reduction due to melt
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Figure 1. Diagram illustrating the relation of the characteristic time-scale for several geodynamic pheno- 
mena to the Maxwell time of the upper mantle. Long time-scale phenomena are goverened by u, , while 
short time-scale events are controlled by uI or a range of ul in the continuous relaxation spectrum (from 
Peltier ef d. 1981). 

phenomenological time-scales illustrated in Fig. 1, it is not at all unreasonable to enquire as 
to the form which a complete constitutive relation would then take. Peltier, Wu & Yuen 
(198 1) have suggested that the simplest linear viscoelastic model consistent with the obser- 
vations consists of a generalized Burgers' Body. This analysis shows that such a model 
behaves essentially as a Maxwell solid is so far as post-glacial rebound is concerned if the 
parameters which control the short time-scale response are constrained by fitting the model 
to the observed Qs of the elastic gravitational free oscillations. The purpose of this paper is 
to develop further the properties of this general linear viscoelastic model and to apply it to a 
detailed study of the normal modes of a homogeneous earth model, focusing particularly 
upon the free oscillations. Section 2 provides a brief discussion of the constitutive relation 
for the generalized Burgers' body. In Section 3 we give a sketch of the mathematical struc- 
ture of the free oscillations problem for models with viscoelastic rheology and a discussion 
of numerical methods. Numerical results for the free oscillations of two different versions of 
the anelastic component of the Burgers' body rheology are presented in Section 4. First- 
order perturbation theory for the viscoelastic models is reviewed in Section 5 and applied to 
infer the frequencies and Qs of the same free oscillations determined by exact eigenanalysis 
in Section 4. Comparison of these results enables us quantitatively to assess the magnitude 
of the error incurred through application of first-order perturbation theory. In Section 6 we 
consider the physical implications of the existence of the quasi-static poles in the anelastic 
normal mode spectrum. This is pursued within the context of a brief discussion of the 
effects of anelasticity upon the efficiency of Chandler wobble excitations. Our main conclu- 
sions are summarized in Section 7. 

2 The mantle as a generalized Burgers' body 

Linear viscoelastic constitutive relations may be represented in either differential or integral 
form with the latter being the more general. Although the conventional models which have 
simple spring and dashpot analogues may be represented in differential form, the integral 
representation is required for the more elaborate models necessary to describe the Earth's 
mantle. Since the simple models will also be employed in our discussion of normal modes 
we will begin with a brief sketch of their properties. 

2.1 DIFFERENTIAL CONSTITUTIVE RELATIONS 

Fig. 2 shows a sequence of standard one-dimensional spring and dashpot analogues of the 
simplest linear viscoelastic rheologies. The solid described by the analogue shown in Fig. 2(c), 
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Microcreep experiments (time domain)

Stress Timeε < 10-4

2000 s



Attenuation/dissipation (frequency domain)

amplitude decreases with each cycle

Q-1 = δE/E * 1/2π 
Data - seismograms
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Experiments at!
• temperatures to 1300ºC!
• periods 1 - 1000s!
• 200 MPa confining pressure

Experiments: Measurement of shear modulus (G) !
and attenuation (1/Q)

Measure shear modulus G 
and dissipation/attenuation!

!
Attenuation (1/Q): energy loss 

per cycleResearch School of Earth Sciences, 
Australian National University



Elastic behavior (Spring): Hooke’s Law
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Viscous behavior (leaky dashpot)
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For a step function application of stress:



Maxwell body: viscoelastic
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Maxwell body
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relevant elastic modulus for deformation of solid Earth is shear modulus G

For constant strain:
with ε = 0: σ = σ0 exp(-(G/η) t), exponential decay of stress with

Maxwell relaxation time τM = η/G 
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Maxwell relaxation time: how quickly does stress decay in the 
Earth?



Microcreep experiments
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Anelastic behavior (transient creep)
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Viscoelastic behavior: Burgers Model

ε(t) = εe + εt(t) + εt.
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Data fitting: Burgers model

instantaneous transientsteady state

Time domain: strain as a function of time (creep function)
J(t) = JM + t/τM + JV (1 - exp(-t/τV)) 
JM = 1/GM; τM,V relaxation times 

GM
GV

ηV

ηM

Maxwell

Voigt

J1(ω) = JM + JV /(1 + ω2τV2), 

J2(ω) = JV ωτV/(1 + ω2τV2)+1/ωτM

Frequency domain: 
J*(w) = J1(ω) + i J2(ω) 

G(ω) = [J12(ω) + J22(ω)]-1/2 Q(ω) = J1(ω)/J2(ω)
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Burgers model replicates experimental observations

Stress Time

ε < 10-4

2000 s



The three terms of the Burgers model reproduce the time-dependent strain64

observed in microcreep experiments (compare Figure 1 with Figure 3 below).65

The Andrade model provides an alternative description of the transient66

portion of the creep function (e.g. Findley et al. [1976]; Poirier [1985]):67

J(t) = JM (1 + t/⌧M ) + �t

n
. (6)

The first two terms are identical to the Burgers model and represent elastic68

and viscous components. The transient creep term is characterized by the69

parameters � and n, where from experimental observations n has values70

between ⇠ 1/5 and 1/2 (see e.g. Goetze and Brace [1972]; Jackson [2000]).71

Creep curves calculated for the Burgers (Figure 2, equation 5) and An-72

drade model (equation 6) for a step function application of stress are shown73

in Figure 3. The creep curve for a Maxwell model (blue) is shown for ref-74

erence. For this model, the spring results in finite instantaneous strain,75

followed by compression of the dashpot without limit. The Burgers model76

(red) with the same spring constant and viscosity as the Maxwell model,77

has the same instantaneous elastic strain, followed by an enhanced transient78

creep rate due to the Voigt element (also shown separately by the red dashed79

curve). The strain of the Voigt element reaches a maximum value at some80

point in time and remains constant from there on out. The strain of the full81

Burgers model as the sum of all three components follows the slope of the82

Maxwell model once the strain of the Voigt element has reached its max-83

imum value. Decreasing the viscosity of the Voigt element by half (black84

curves) results in a more rapid increase of the transient strain component,85

which also saturates more quickly.86

The transient creep component (dashed green curve) of the Andrade87

model (solid green) has a very steep slope for t ⌧ 1, giving the impres-88

sion of an additional elastic contribution. For t ! 0 the strain rate of the89

transient element approaches ✏̇ / t

�1 and hence becomes infinite (Karato90

[2008]). This may make it experimentally di�cult to distinguish the elas-91

tic component from the transient response at short time scales. At long92

timescales the strain from the transient element never fully levels o↵ to a93

constant value, so that the total strain of the Andrade model becomes larger94

than that of the Burgers model with the same viscous element. Increasing95

the exponent n results in a reduced (near) instantaneous strain but larger96

final slope of the transient element and hence the full Andrade model.97

4

d✏(t) = J(t� t

0)d�(t0) (1)

where J(t) = ✏(t)/�(t) is called the creep response function. The total strain
is:

✏(t) =

Z t

�1
J(t� t

0)d�(t0). (2)

The creep response function of a Maxwell model (with a spring GM

in series with a dashpot ⌘M ), frequently used to describe the viscoelastic
behavior of the Earth, is given by:

J(t) = JM (1 + t/⌧M ) (3)

where JM = 1/GM . The time ⌧M at which the viscous strain becomes55

comparable to the elastic strain depends on the ratio of viscosity and elastic56

modulus:57

⌧M = ⌘M/GM (4)

The Maxwell model can not account for shorter duration, transient creep58

behavior due to seismic waves, tidal deformation or post seismic deforma-59

tion. This transient creep behavior can be described by a Voigt element60

with a spring and a dashpot in parallel. By combining a Maxwell and a61

Voigt element the Burgers model can account for both short term, transient62

and permanent viscous deformation.

GM
GV

ηV

ηM

Figure 2: Four component Burgers model. The spring and dashpot in series
represent a Maxwell body (subscript M), with elastic and viscous strain. The
spring and dashpot of the Voigt element (subscript V) produce a transient
creep response, which is usually neglected in models of the solid Earth where
only elastic and convective behaviour is of interest.

63

The creep response function of the Burgers model is given by (e.g. Now-
ick and Berry [1972]; Findley et al. [1976]):

J(t) = JM (1 + t/⌧M ) + JV (1� exp(�t/⌧V )). (5)

3
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Forced torsional oscillation (frequency domain):

Temperature, grain size and frequency dependence


of dry, melt-free polycrystalline olivine

Jackson and Faul, 2010
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Fig. 2. Comparison between forced-oscillation data and the grainsize-sensitive background + peak Burgers model fitted to 204 (G,Q−1) data pairs for essentially melt-free
sol–gel specimens 6381, 6585, 6365 and San Carlos specimens 6261 and 6328 (Table 2). The plotting symbols and error bars have the same significance as in Fig. 1.

Herring) creep controlled by grain-boundary (lattice) diffusion.
‘Background + peak’ models, for which the grainsize exponent ma
also controls the grainsize sensitivity of !PR, have also been tested.
Finally, as an alternative, consistent with the notion of a single pseu-
doperiod master variable, we have also tested the possibility that
ma = mv.

5.2.1. Grainsize-sensitive relaxation in dry, genuinely melt-free
sol–gel olivine

Broadly satisfactory Burgers model fits are obtained when the
data for the most intensively studied sol–gel specimen 6585 are
combined with those for both of the other sol–gel derived spec-
imens 6381 and 6365. Simultaneous modelling of the data for
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Fig. 2. Comparison between forced-oscillation data and the grainsize-sensitive background + peak Burgers model fitted to 204 (G,Q−1) data pairs for essentially melt-free
sol–gel specimens 6381, 6585, 6365 and San Carlos specimens 6261 and 6328 (Table 2). The plotting symbols and error bars have the same significance as in Fig. 1.

Herring) creep controlled by grain-boundary (lattice) diffusion.
‘Background + peak’ models, for which the grainsize exponent ma
also controls the grainsize sensitivity of !PR, have also been tested.
Finally, as an alternative, consistent with the notion of a single pseu-
doperiod master variable, we have also tested the possibility that
ma = mv.

5.2.1. Grainsize-sensitive relaxation in dry, genuinely melt-free
sol–gel olivine

Broadly satisfactory Burgers model fits are obtained when the
data for the most intensively studied sol–gel specimen 6585 are
combined with those for both of the other sol–gel derived spec-
imens 6381 and 6365. Simultaneous modelling of the data for
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Here JU is the unrelaxed (high frequency) compliance of the Maxwell ele-189

ment, equated with the anharmonic shear modulus of olivine at a reference190

temperature [Jackson and Faul , 2010]. The compliance of the Voigt ele-191

ment has been replaced with a relaxation strength �P,B for the peak (P)192

and background (B), respectively. The relaxation strength relates to JV as193

� = (JR � JM )/JM , with JR = JM + JV , and characterizes the increase in194

compliance (drop in modulus) due to an anelastic process (see Figure ??).195

Temperature (T ), pressure (P ) and grain size (d) dependence are incor-196

porated in the relaxation times for the peak (⌧P ), the cut-o↵ times (⌧L,H)197

and the Maxwell time (⌧M ):198

⌧i(T, P, d) = ⌧io d
m
exp

✓
E � PV

RT

◆
(20)

where ⌧io are reference values, m is a grain size exponent, E the activa-199

tion energy, V activation volume and R the gas constant. The grain size200

exponent for the Maxwell time, mv, is fixed at a value of 3, correspond-201

ing to di↵usion creep limited by grain boundary di↵usion, the exponent for202

anelastic processes ma is determined from the data.203

3 Physical Processes of Attenuation204

Energy dissipation in melt-free polycrystalline rocks can potentially occur205

due to point defects, line defects (dislocations) or planar defects (grain206

boundaries). Calculated relaxation strengths for point defect processes are207

10

distribution of relaxation times

plateau



!
•  grain size dependence

•  temperature dependent

•  different frequency regimes:


broad region w. mild frequency dependence, i.e. absorption 
band; plateau/broad peak; transition to viscous behavior

Physical Model?

-needs to account for:



d

δ

parameters:

d grain size, 


δ grain boundary width

ηgb grain boundary viscosity

Dgb  grain boundary diffusivity

results in three distinct 
processes:

Grain size-dependent dissipation mechanism: 
Grain boundary sliding

After atomic relaxation, the perfect edge dislocations of

low-angle GBs (up to 22!) with Burgers vector [001] dis-

sociate into an array of partial edge dislocations with

Burgers vector 1
2 ½001" and a stacking fault between pairs, as

illustrated in Fig. 5 for the (017)/[100] GB. This GB

structure is similar to the one observed in low-angle tilt

GBs in alumina (Ikuhara et al. 2003). At and around the
GB, there are regions with high and regions with low

particle densities. The partial dislocation cores are

separated by regions of almost perfect lattice (perfect

stacking for a distance d1) and regions of distorted lattice

(stacking fault for distance d2), see Fig. 5. The structures of
(017)/[100] GB with misorientation 9.58! for intact SiO4

tetrahedra and partly dimerized SiO4 tetrahedra at the GB

plane are presented in Fig. 5a, b, respectively. These
structures have the same energy (1.46 J/m2, see Fig. 3a),

which suggests that both partly dimerized SiO4 tetrahedra

and free oxygens may exist in low-angle Mg2SiO4 forste-
rite symmetric tilt GBs.

Figure 6 shows the stable atomic structure for a (012)/

[100] symmetric tilt GB with a misorientation of 32.70!
which consists of an array of the structural units

a 1 b 1 c. This structure obtained with rigid translation

of one grain with respect to another with 0.64 nm along y
direction and no translation in x direction showed the

lowest GB energy (1.01 J/m2) among all GBs considered

here. This lowest energy can be related to the distribution

Fig. 5 Atomic structure of (017)/[100] symmetric tilt GB with
misorientation 9.58!, a keeping SiO4 tetrahedra intact at GB and
b breaking Si-O bonds at GB. The thick black dashed lines show
Burgers circuits for partial edge dislocation with Burgers vector
1
2 ½001" and perfect edge dislocation with Burgers vector [001]. Thick
black lines show the array of edge dislocations separated with

distances d1 and d2 with d1 ? d2 = d, where d ¼ LGB

2 is the spacing of

perfect dislocations and LGB is given in Table 1

Fig. 6 Atomic structure of (012)/[100] symmetric tilt GB with
misorientation 32.70! formed with a 1 b 1 c structural units, which
are presented with thick black lines

Fig. 7 a Atomic structure of (011)/[100] tilt GB with misorientation
60.80!, a symmetric and b asymmetric formed with the structural
units a 1 b and c, respectively, which are presented with thick black
lines. The gray dashed lines show the orientation of the grains

Phys Chem Minerals (2012) 39:749–760 755
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1. Elastically accommodated sliding

time scale: τE =  ηgb d/G δ

recoverable strain, anelastic process, dissipation peak

viscous sliding of grain boundaries 
leads to elastic stress 

concentrations at grain corners

After Raj and Ashby, 1971; Raj, 1975



• stress concentrations 
cause diffusion away 
from corners


• transient phase is 
characterised by 
diffusion over 
increasing length scales

2. Diffusionally assisted sliding

distribution of relaxation times, transient, 
recoverable



time scale: τD ~  T d3/G δ Dgb

sign with the change in s lope of the boundary shape 
a c r o s s  the t r ip l e  point, and s ince  a s ingu la r i t y  should 
not ex i s t  at the t r i p l e  point when di f fus ional  a c c o m m o -  
dat ion is a l lowed,  the t r ac t ion  at the t r ip l e  point should 
be ze ro .  

d) Diffusional  C reep  

As shown in Fig.  7 and d i s c u s s e d  e a r l i e r  ~ diffusional  
c r e e p  s t r a i n  r a t e  in an equiaxed po lyc rys t a l  is equ iva -  
len t  to the sum of the s l id ing  ra te  at the t r i a n g u l a r  and 
the hexagonal  boundary,  d iv ided by the g ra in  s ize .  The 
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METALLURGICAL TRANSACTIONS A VOLUME 6A, AUGUST 1975-1505 

Raj 1975,

Gribb and Cooper, 1998

3. Diffusionally accommodated sliding (steady state)

gb normal stresses are highest in center between grain 
corners (steady state diffusion creep)

1. end of 
elastically 
accommodated 
sliding

2. diffusionally 
assisted sliding

3. steady state 
creep



Frequency domain model 

(Morris and Jackson, 2009, Lee et al., 2011)

grain size dependence changes from 

~ linear (transient) to cubic (steady state)
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Additional mechanism for velocity reduction 
and attenuation: meltGARAPIC, FAUL AND BRISSON: 3D MELT DISTRIBUTION X - 23

Figure 5. View from the top of the reconstructed 3D melt distribution. The thin layers on

two-grain boundaries seen in the 2-D images (Figure 1) persist in 3-D, confirming that they are

sheet-like rather than a sectioning artifact. Some small grains are completely surrounded by

melt.

Figure 6. Vertical 2-D sections through the assembled 3-D image of the pore space, parallel

to Y-Z plane. The same features observed in 2-D horizontal surfaces are present here, triple-

junctions, large melt pockets and thin inclusions.

D R A F T June 27, 2011, 5:16pm D R A F T

Grain-scale melt network, Garapić, 
Faul and Brisson, G3 20131 μm



Melt squirt: 
pressure driven melt flow

after Mavko and Nur, 1975

Partially molten rocks: melt ‘squirt’ as 
dissipation mechanism
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Melt present: dissipation peak due to melt ‘squirt’

Jackson et al., 2004, Faul et al., 2004
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P
ark et al., 2005

120 h spectra

At longer periods:

normal modes - whole Earth 

deformation

Park et al., 2005
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Lekic et al., 2009:

absorption band from surface waves, normal modes

distinguishingfeatures:anegativeαatperiodslongerthan1000s,anda
positiveandincreasingαatshorterperiods.

3.2.2.Depthdependenceofα
Inordertoinvestigatepossibledepthdependenceofα,wehave

fashionedhundredsofmodelsinwhichweallowαtovarywithboth
frequencyanddepth.Inthesemodels,α=−1atperiodslongerthan

aprescribedcriticalperiodTc,whereasitisallowedtotakeonvalues
between0.0and0.3atperiodsshorterthanTc.WethenallowTcto
varybetween1000sand400sinthreedifferentregionsofthe
mantle:theuppermantle,transitionzone,andlowermantle.Noneof
theexploredmodelsfitsthedataaswellasthepreferredmodel
showninFig.4;theyareparticularlyinadequateincapturingthe
characterofthehigh-frequencydataseeninpanelDofFig.3.

Fig.4.Preferredmodel(solidline)offrequencydependenceofattenuationwithintheabsorptionbandcomparedwithconstraintsfromlaboratorystudies(hachuredregion)andthe
frequency-independentassumption(dashedline).Inourmodel,αisapproximately0.3atperiodsshorterthan200s,decreasingto0.1intheperiodrange300–800s,andbecoming
negative(−0.4)atperiodslongerthan1000s.Weassumethatthehigh-frequencycorneroccursat1Hzwhereq−1is600,pastwhichfrequencyαis1(SipkinandJordan,1979).Itis
importanttoemphasizethatweconstrainthevalueofαandnotofq−1.

Fig.3.Toprow:Theretrievedαlikelihoodsforactualattenuationmeasurementsbinnedaccordingtothefourdifferentschemes(A,B,C,D)listedinTable1.Warmcolorsindicate
greaterlikelihoodsthandocoolcolors.Bottomrow:Similaroverallbehaviorisobtainedfromsyntheticqvaluesgeneratedusingourpreferredmodeloffrequency-dependentq(see
text).

290V.Lekićetal./EarthandPlanetaryScienceLetters282(2009)285–293

1 100 10000
Period, s

attenuation decreases again at periods > 1000 s



At even longer periods: tidal dissipation

Benjamin et al., 2006:

attenuation becomes frequency dependent 

and increases at > 10000s

Constraints on mantle anelasticity from geodetic observations 13

Table 2. Shows the values of fr and fi for
each observation. The notation denoting the
different Chandler Wobble and 18.6 yr tidal
results, is the same as in Table 1.

fr fi

M 2 NA 1.7 ± 0.4
Mf −16 ± 6 3 ± 4
Mm −12 ± 9 2 ± 6
Chandler Wobble

V & W −24 ± 6 4 {−2 ↔ 8}
F & C −25 ± 6 11 {5 ↔ 17}
K −38 ± 6 NA

18.6 yr tide
A −69 ± 35 49 ± 14
B −61 ± 47 42 ± 14
C −70 ± 39 24 ± 13

100 102 104 106 108 1010

Period (s)

-100

-80

-60

-40

-20

0

20

f r

VW
FC
K

18.6-yr tide
   with ocn removed.
   with ocn+water/snow/ice removed.
UT (Mf and Mm)
M2 tide
CW
VW: Vicente&Wilson 1997
FC: Furuya&Chao 1996
K: Kuehne et al 1996
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Figure 6. Compares our various observational results for fr (a) and fi (b), with predictions from eq. (10) for five anelastic models. Each model assumes
ωm = 3.09 × 10−4 Hz, but is characterized by a different value of α. Inset (c) is an expanded picture of the M 2 fi value.

as far as 18.6 yr. This is consistent with a single absorption band that extends from seismic periods out at least as far as ≈20 yr or so (see
Fig. 2, and the discussion in Section 1). The results are all reasonably consistent with a single value of α of between about 0.20 and 0.30.

The observations considered in this paper are far more sensitive to the lower mantle (i.e. to depths below 660 km) than to the upper
mantle. We find the contribution of the lower mantle to the integral in eq. (9) is about 10 times larger than the contribution from the upper
mantle. Thus, if we allowed the upper and lower mantles to have different values for ( fr + ifi), the observations would be about 10 times more
sensitive to the lower mantle value than to the upper mantle value. Thus, the results shown in Fig. 6 and the conclusions drawn from those
results should be interpreted as mostly representative of the lower mantle.

C⃝ 2006 The Authors, GJI, 165, 3–16

Journal compilation C⃝ 2006 RAS



Frequency domain model 

(Morris and Jackson, 2009, Lee et al., 2011)

grain size dependence changes from 

~ linear (transient) to cubic (steady state)
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Configuration of the Apollo 
seismic network

Application to other planetary bodies: Moon

ELEMENTS FEBRUARY 200936

THE CRUST
Two key parameters used in deciphering both lunar evolu-
tion and the lunar samples are the average thickness of the 
crust and how the crustal thickness varies from place to 
place. As an example, the average crustal thickness is 
believed to be a direct by-product of the Moon’s initial 
differentiation; it therefore depends upon several factors, 
including the depth of the magma ocean and the efficiency 
with which crystallizing plagioclase was able to float (e.g. 
Solomatov 2000). Data obtained from seismometers placed 
on the lunar surface at the Apollo 12, 14, 15, and 16 stations 
offer the most direct means of assessing this quantity (see 
FIGURE 1 for the locations of the Apollo and Luna sampling 
stations and the outline of the Apollo seismic network). 
Analyses during the Apollo era suggested initially that the 
crust beneath the “Apollo zone” was about 60 km thick. 
However, recent independent analyses by two different 
research groups now suggest that the crustal thickness is 
much less in this area, probably somewhere between about 
30 and 38 km (Khan and Mosegaard 2002; Lognonné et 
al. 2003). While one might think that this dramatic revi-
sion would have large consequences on estimates of the 
bulk composition of the Moon, it is now realized that the 
globally averaged thickness of the crust is somewhat greater 
than that measured beneath the Apollo stations (the glob-
ally averaged thickness is probably between 40 and 45 km; 
see Chenet et al. 2006 and Hikida and Wieczorek 2007). 
Nevertheless, as a complicating factor, several measure-
ments show that there are also large lateral and vertical 
variations in the composition of the crust, which were not 
fully appreciated until after the Clementine and Lunar 
Prospector missions (Jolliff et al. 2000). In particular, 
orbital gamma-ray data and in situ heat-flow measurements 
indicate that heat-producing and incompatible elements 
are concentrated within a single geologic province that 

encompasses Mare Imbrium and Oceanus Procellarum (i.e. 
the Procellarum KREEP Terrane; see Wieczorek and Phillip 
2000), and remote sensing data show that the surrounding 
highlands crust becomes increasingly mafic with depth.

One of the problems with the Apollo seismic data is that 
the network spans only a small portion of the Moon’s 
central nearside hemisphere. Fortunately, the thickness of 
the crust can be estimated outside of the Apollo zone by 
using a combination of the Moon’s surface relief, gravita-
tional field, and reasonable assumptions about the density 
of the crust and mantle. FIGURE 2 shows the topography of 
the Moon (upper left) obtained by the Clementine mission 
(Smith et al. 1997; USGS 2002), as well as the best estimate 
of the radial gravitational acceleration at the surface (upper 
right), derived primarily from the Lunar Prospector mission 
(Konopliv et al. 2001). Since the gravitational field is 
obtained by measuring small Doppler shifts in radio signals 
emitted by orbiting spacecraft, the resolution over the 
farside hemisphere of the Moon, where spacecraft are not 
visible from Earth, is considerably poorer than for the near-
side hemisphere. Immediately visible in the topographic 
image are the depressions associated with numerous giant 
impact basins—the giant basin on the farside hemisphere 
is the South Pole–Aitken basin, which is currently the 
largest recognizable impact structure in the solar system. 
Furthermore, some of the impact basins are seen to possess 
large central positive gravitational anomalies, which are 
colloquially referred to as “mascons,” short for mass 
concentrations. While the origin of mascons is not 
completely resolved, it is likely that they result from a 
combination of dense mare basaltic lava flows (which are 
perhaps several kilometers thick in places) and structural 
uplift of relatively dense mantle materials (for a review, see 
Wieczorek et al. 2006).

FIGURE 1 Apollo landing 
sites (stars) and Luna sam-
ple-return stations (circles). 
The Apollo seismic network 
comprises four stations, 
forming a triangle with 
distances between vertices 
of about 1200 km. BASEMAP 
FROM HIESINGER AND HEAD 2006

seismic data 

phase lag of pole of

rotation 

tidal Love number k2

Wieczorek, 2009



Seismic Detection of the Lunar Core
Renee C. Weber,1* Pei-Ying Lin,2 Edward J. Garnero,2 Quentin Williams,3 Philippe Lognonné4

Despite recent insight regarding the history and current state of the Moon from satellite sensing and
analyses of limited Apollo-era seismic data, deficiencies remain in our understanding of the deep lunar
interior. We reanalyzed Apollo lunar seismograms using array-processing methods to search for the
presence of reflected and converted seismic energy from the core. Our results suggest the presence of
a solid inner and fluid outer core, overlain by a partially molten boundary layer. The relative sizes of the
inner and outer core suggest that the core is ~60% liquid by volume. Based on phase diagrams of
iron alloys and the presence of partial melt, the core probably contains less than 6 weight % of lighter
alloying components, which is consistent with a volatile-depleted interior.

Recent studies suggest that the Moon pos-
sesses a relatively small iron-rich core,
sized between ~250 and 430 km, or rough-

ly 15 to 25% of its 1737.1-km mean radius (1).

Various indirect geophysical measurements pro-
vide supporting evidence for the presence of a
core (1–4), but differ on key characteristics such
as its radius, composition, and state (solid versus
molten), although a liquid core is favored when
considering Love numbers (3) or mantle seismic
constraints (5). Constraining the structure of the
lunar core is necessary for understanding the
present-day internal thermal structure, the history
of a lunar dynamo, and the origin and evolution
of the Moon (1).

Seismic models of the lunar interior lack
resolution in the deepest 500 km of the Moon

(6–9), because of the paucity of seismic waves
that penetrate this depth range identified in the
Apollo seismic data. The lack of observation of far-
side events recorded by the nearside array suggests
the presence of a highly attenuating region in the
deep Moon (10). This, combined with inferences
from other geophysical data (1), has led to a model
containing a partially molten deepest mantle layer
overlying molten outer and solid inner core layers
(Fig. 1A).

The Apollo Passive Seismic Experiment (PSE)
consisted of four seismometers deployed on the
lunar nearside between 1969 and 1972, which
continuously recorded three orthogonal direc-
tions of ground motion until late 1977. The small
number of stations, limited selenographical ex-
tent of the network, and weak attenuation of seis-
mic energy coupled with strong wave scattering
prohibited direct observation of waves reflected
off of or refracted through the core.

We applied seismic array-processing meth-
odologies to the PSE data to search for layering
in the deep Moon that might be associated with
a lunar core (11, 12). We analyzed seismograms
from previously identified deep moonquakes
(10), which are the most abundant type of lunar
seismic events. They are known to originate from
discrete kilometer-scale source regions (13) or

Fig. 1. (A) Schematic meridional cross-section of the
Moon showing the distribution of deep moonquakes
(red circles) and the potential radii of physical layers
in the deepest lunar interior. (B) Map of the lunar
nearside showing the locations of the Apollo seismic
stations (red diamonds) and the distribution of the
deep moonquake epicenters used in this study (white
circles). (C) The R-component seismograms of station
15 from three A6 events (top three traces), compared
to a stack of A6 events on the R component of station
15 (fourth from top), and the same stack after
polarization filtering (bottom). The P arrival is not
evident in the single-event seismograms, because
amplitudes of a single digital unit, reflecting the
noise floor of the instrument, dominate the traces
before the S arrivals. Stacking enhances the P and S
arrivals, but intermediate arrivals remain masked by
the P- and S-wave codas. The polarization filter
reveals arrivals between P and S. We multiplied the
segment of the seismogram before S (highlighted in
purple) by a factor of 4 to increase the visibility of the
intermediate arrivals.
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fixed at Ts, the temperature T(r) at Rc ≤ r ≤ Rd may be shown
to be
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where k is the thermal conductivity (assumed constant).
Taking the crustal thickness (R $ Rd) and heat production
rate H1 to be known (see below), there remain only two free
parameters: the mantle heating rate H2 and the heat flux out
of the core Fc. Given these two values, the temperature at the
base of the mantle Tb may be derived. In some situations
below we report Tb rather than H2, since the former provides

a more direct link to mantle viscosity and dissipation. For the
relatively low core heat fluxes expected at the Moon, the
effect of Fc on Tb is small. The deep temperature structure is
also not very sensitive to how much radioactive heating
takes place in the crust.

3.3. Density
[32] As with temperature, to facilitate sensitivity analysis

we adopt a simple approach to describe the density structure.
Assuming that gravity varies linearly with radius (a reason-
able approximation for the Moon), the density may be written
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where r0 and g0 are the surface density and acceleration due
to gravity, respectively, and K0 is the bulk modulus (assumed
constant, and calculated from the unrelaxed shear modulus
assuming a Poisson’s ratio of 0.25). Figure 2 shows that this
simple approach can still yield a good fit to the seismically
inferred density structure. The pressure is calculated analyt-
ically taking r to be constant; the errors thus introduced do
not affect the results significantly.

3.4. Tidal Model
[33] Once the Burgers approach has been used to calculate

G∗(r), this quantity is then imported directly into our existing
multilayer viscoelastic tidal code [Roberts and Nimmo,
2008]. The lunar mantle is discretized into 24 layers of
equal thickness, and a viscosity cutoff of 1029 Pa s is imposed
for numerical reasons. We note that our code assumes
incompressibility (i.e., all dissipation is shear-related) and
spherical symmetry; to take lateral variations into account
would require a different approach [e.g., Behounkova et al.,
2010; Zhong et al., 2012]. We also note that our initial
attempts to use a multilayeredMaxwell rheology were unable
to reproduce the apparently weak observed frequency-
dependence of long-period lunar Q (section 2.1) - one reason
for adopting the extended Burgers model.

3.5. Parameters Adopted
[34] The bulk composition of the lunar mantle is inferred

to be similar to that of the Earth, although possibly with a
lower Mg# in the upper mantle [e.g.,Wieczorek et al., 2006].
In the absence of melt, viscoelastic properties of the Earth’s
upper mantle are adequately represented by the properties of
polycrystalline olivine [Hirth and Kohlstedt, 2003; Faul and
Jackson, 2005]. We therefore adopt the same approach for
the Moon, with the relevant model parameters given in
Table 1. We neglect the effects of melt because we are
interested in whether a melt-free mantle can reproduce the
observations. We discuss the effect of likely complications,
such as the presence of melt, in section 5.1.
[35] The grain size of the lunar mantle is poorly known.

Smaller grain sizes typically result in more rapid creep and
enhanced dissipation. In our baseline model we assume a
grain size of 1 cm, and explore the effects of varying this
parameter in section 4.2. We discuss the likely physical
effects controlling lunar mantle grain size in section 5.2.
[36] In contrast to many studies, we pay relatively little

attention to the crust. This is because it is volumetrically

Figure 2. (a) Model lunar crust and mantle temperature
structures using equation (8). Here fixed values are
Rd = 1695 km (crustal thickness 45 km); Rc = 400 km;
H1 = 160 nWm$3 and Fc = 0. The effect of varying the man-
tle heating rate H2 is shown; baseline model is in bold. The
shaded regions show the probability distribution of the lunar
temperature, from joint inversion of multiple data sets,
replotted from Khan et al. [2006]. Squares joined by lines
are from electromagnetic sounding [Hood et al., 1982]; dia-
mond is from retention of mascon topography [Lambeck and
Pullan, 1980]. Dashed line is a convective model result from
Ziethe et al. [2009]. Green line is the peridotite solidus of
Hirschmann [2000]. (b) Model mantle density (equation (9))
and viscosity structure. Density is compared with seismically-
inferred values of Garcia et al. [2011] and Khan et al.
[2006]. (c) Model S-wave velocity structure, evaluated at 1s,
compared with Garcia et al. [2011] and Khan et al. [2006]
values. (d) Model seismic Q at 1 s calculated using the
approach outlined in section 3.1, assuming a grain-size of
1 cm and the baseline temperature profile shown in Figure 2a.
For comparison the seismically-inferred Q summarized in
Garcia et al. [2011] is shown.
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where k is the thermal conductivity (assumed constant).
Taking the crustal thickness (R $ Rd) and heat production
rate H1 to be known (see below), there remain only two free
parameters: the mantle heating rate H2 and the heat flux out
of the core Fc. Given these two values, the temperature at the
base of the mantle Tb may be derived. In some situations
below we report Tb rather than H2, since the former provides

a more direct link to mantle viscosity and dissipation. For the
relatively low core heat fluxes expected at the Moon, the
effect of Fc on Tb is small. The deep temperature structure is
also not very sensitive to how much radioactive heating
takes place in the crust.

3.3. Density
[32] As with temperature, to facilitate sensitivity analysis

we adopt a simple approach to describe the density structure.
Assuming that gravity varies linearly with radius (a reason-
able approximation for the Moon), the density may be written
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where r0 and g0 are the surface density and acceleration due
to gravity, respectively, and K0 is the bulk modulus (assumed
constant, and calculated from the unrelaxed shear modulus
assuming a Poisson’s ratio of 0.25). Figure 2 shows that this
simple approach can still yield a good fit to the seismically
inferred density structure. The pressure is calculated analyt-
ically taking r to be constant; the errors thus introduced do
not affect the results significantly.

3.4. Tidal Model
[33] Once the Burgers approach has been used to calculate

G∗(r), this quantity is then imported directly into our existing
multilayer viscoelastic tidal code [Roberts and Nimmo,
2008]. The lunar mantle is discretized into 24 layers of
equal thickness, and a viscosity cutoff of 1029 Pa s is imposed
for numerical reasons. We note that our code assumes
incompressibility (i.e., all dissipation is shear-related) and
spherical symmetry; to take lateral variations into account
would require a different approach [e.g., Behounkova et al.,
2010; Zhong et al., 2012]. We also note that our initial
attempts to use a multilayeredMaxwell rheology were unable
to reproduce the apparently weak observed frequency-
dependence of long-period lunar Q (section 2.1) - one reason
for adopting the extended Burgers model.

3.5. Parameters Adopted
[34] The bulk composition of the lunar mantle is inferred

to be similar to that of the Earth, although possibly with a
lower Mg# in the upper mantle [e.g.,Wieczorek et al., 2006].
In the absence of melt, viscoelastic properties of the Earth’s
upper mantle are adequately represented by the properties of
polycrystalline olivine [Hirth and Kohlstedt, 2003; Faul and
Jackson, 2005]. We therefore adopt the same approach for
the Moon, with the relevant model parameters given in
Table 1. We neglect the effects of melt because we are
interested in whether a melt-free mantle can reproduce the
observations. We discuss the effect of likely complications,
such as the presence of melt, in section 5.1.
[35] The grain size of the lunar mantle is poorly known.

Smaller grain sizes typically result in more rapid creep and
enhanced dissipation. In our baseline model we assume a
grain size of 1 cm, and explore the effects of varying this
parameter in section 4.2. We discuss the likely physical
effects controlling lunar mantle grain size in section 5.2.
[36] In contrast to many studies, we pay relatively little

attention to the crust. This is because it is volumetrically

Figure 2. (a) Model lunar crust and mantle temperature
structures using equation (8). Here fixed values are
Rd = 1695 km (crustal thickness 45 km); Rc = 400 km;
H1 = 160 nWm$3 and Fc = 0. The effect of varying the man-
tle heating rate H2 is shown; baseline model is in bold. The
shaded regions show the probability distribution of the lunar
temperature, from joint inversion of multiple data sets,
replotted from Khan et al. [2006]. Squares joined by lines
are from electromagnetic sounding [Hood et al., 1982]; dia-
mond is from retention of mascon topography [Lambeck and
Pullan, 1980]. Dashed line is a convective model result from
Ziethe et al. [2009]. Green line is the peridotite solidus of
Hirschmann [2000]. (b) Model mantle density (equation (9))
and viscosity structure. Density is compared with seismically-
inferred values of Garcia et al. [2011] and Khan et al.
[2006]. (c) Model S-wave velocity structure, evaluated at 1s,
compared with Garcia et al. [2011] and Khan et al. [2006]
values. (d) Model seismic Q at 1 s calculated using the
approach outlined in section 3.1, assuming a grain-size of
1 cm and the baseline temperature profile shown in Figure 2a.
For comparison the seismically-inferred Q summarized in
Garcia et al. [2011] is shown.
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where k is the thermal conductivity (assumed constant).
Taking the crustal thickness (R $ Rd) and heat production
rate H1 to be known (see below), there remain only two free
parameters: the mantle heating rate H2 and the heat flux out
of the core Fc. Given these two values, the temperature at the
base of the mantle Tb may be derived. In some situations
below we report Tb rather than H2, since the former provides

a more direct link to mantle viscosity and dissipation. For the
relatively low core heat fluxes expected at the Moon, the
effect of Fc on Tb is small. The deep temperature structure is
also not very sensitive to how much radioactive heating
takes place in the crust.

3.3. Density
[32] As with temperature, to facilitate sensitivity analysis

we adopt a simple approach to describe the density structure.
Assuming that gravity varies linearly with radius (a reason-
able approximation for the Moon), the density may be written
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where r0 and g0 are the surface density and acceleration due
to gravity, respectively, and K0 is the bulk modulus (assumed
constant, and calculated from the unrelaxed shear modulus
assuming a Poisson’s ratio of 0.25). Figure 2 shows that this
simple approach can still yield a good fit to the seismically
inferred density structure. The pressure is calculated analyt-
ically taking r to be constant; the errors thus introduced do
not affect the results significantly.

3.4. Tidal Model
[33] Once the Burgers approach has been used to calculate

G∗(r), this quantity is then imported directly into our existing
multilayer viscoelastic tidal code [Roberts and Nimmo,
2008]. The lunar mantle is discretized into 24 layers of
equal thickness, and a viscosity cutoff of 1029 Pa s is imposed
for numerical reasons. We note that our code assumes
incompressibility (i.e., all dissipation is shear-related) and
spherical symmetry; to take lateral variations into account
would require a different approach [e.g., Behounkova et al.,
2010; Zhong et al., 2012]. We also note that our initial
attempts to use a multilayeredMaxwell rheology were unable
to reproduce the apparently weak observed frequency-
dependence of long-period lunar Q (section 2.1) - one reason
for adopting the extended Burgers model.

3.5. Parameters Adopted
[34] The bulk composition of the lunar mantle is inferred

to be similar to that of the Earth, although possibly with a
lower Mg# in the upper mantle [e.g.,Wieczorek et al., 2006].
In the absence of melt, viscoelastic properties of the Earth’s
upper mantle are adequately represented by the properties of
polycrystalline olivine [Hirth and Kohlstedt, 2003; Faul and
Jackson, 2005]. We therefore adopt the same approach for
the Moon, with the relevant model parameters given in
Table 1. We neglect the effects of melt because we are
interested in whether a melt-free mantle can reproduce the
observations. We discuss the effect of likely complications,
such as the presence of melt, in section 5.1.
[35] The grain size of the lunar mantle is poorly known.

Smaller grain sizes typically result in more rapid creep and
enhanced dissipation. In our baseline model we assume a
grain size of 1 cm, and explore the effects of varying this
parameter in section 4.2. We discuss the likely physical
effects controlling lunar mantle grain size in section 5.2.
[36] In contrast to many studies, we pay relatively little

attention to the crust. This is because it is volumetrically

Figure 2. (a) Model lunar crust and mantle temperature
structures using equation (8). Here fixed values are
Rd = 1695 km (crustal thickness 45 km); Rc = 400 km;
H1 = 160 nWm$3 and Fc = 0. The effect of varying the man-
tle heating rate H2 is shown; baseline model is in bold. The
shaded regions show the probability distribution of the lunar
temperature, from joint inversion of multiple data sets,
replotted from Khan et al. [2006]. Squares joined by lines
are from electromagnetic sounding [Hood et al., 1982]; dia-
mond is from retention of mascon topography [Lambeck and
Pullan, 1980]. Dashed line is a convective model result from
Ziethe et al. [2009]. Green line is the peridotite solidus of
Hirschmann [2000]. (b) Model mantle density (equation (9))
and viscosity structure. Density is compared with seismically-
inferred values of Garcia et al. [2011] and Khan et al.
[2006]. (c) Model S-wave velocity structure, evaluated at 1s,
compared with Garcia et al. [2011] and Khan et al. [2006]
values. (d) Model seismic Q at 1 s calculated using the
approach outlined in section 3.1, assuming a grain-size of
1 cm and the baseline temperature profile shown in Figure 2a.
For comparison the seismically-inferred Q summarized in
Garcia et al. [2011] is shown.
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where k is the thermal conductivity (assumed constant).
Taking the crustal thickness (R $ Rd) and heat production
rate H1 to be known (see below), there remain only two free
parameters: the mantle heating rate H2 and the heat flux out
of the core Fc. Given these two values, the temperature at the
base of the mantle Tb may be derived. In some situations
below we report Tb rather than H2, since the former provides

a more direct link to mantle viscosity and dissipation. For the
relatively low core heat fluxes expected at the Moon, the
effect of Fc on Tb is small. The deep temperature structure is
also not very sensitive to how much radioactive heating
takes place in the crust.

3.3. Density
[32] As with temperature, to facilitate sensitivity analysis

we adopt a simple approach to describe the density structure.
Assuming that gravity varies linearly with radius (a reason-
able approximation for the Moon), the density may be written
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where r0 and g0 are the surface density and acceleration due
to gravity, respectively, and K0 is the bulk modulus (assumed
constant, and calculated from the unrelaxed shear modulus
assuming a Poisson’s ratio of 0.25). Figure 2 shows that this
simple approach can still yield a good fit to the seismically
inferred density structure. The pressure is calculated analyt-
ically taking r to be constant; the errors thus introduced do
not affect the results significantly.

3.4. Tidal Model
[33] Once the Burgers approach has been used to calculate

G∗(r), this quantity is then imported directly into our existing
multilayer viscoelastic tidal code [Roberts and Nimmo,
2008]. The lunar mantle is discretized into 24 layers of
equal thickness, and a viscosity cutoff of 1029 Pa s is imposed
for numerical reasons. We note that our code assumes
incompressibility (i.e., all dissipation is shear-related) and
spherical symmetry; to take lateral variations into account
would require a different approach [e.g., Behounkova et al.,
2010; Zhong et al., 2012]. We also note that our initial
attempts to use a multilayeredMaxwell rheology were unable
to reproduce the apparently weak observed frequency-
dependence of long-period lunar Q (section 2.1) - one reason
for adopting the extended Burgers model.

3.5. Parameters Adopted
[34] The bulk composition of the lunar mantle is inferred

to be similar to that of the Earth, although possibly with a
lower Mg# in the upper mantle [e.g.,Wieczorek et al., 2006].
In the absence of melt, viscoelastic properties of the Earth’s
upper mantle are adequately represented by the properties of
polycrystalline olivine [Hirth and Kohlstedt, 2003; Faul and
Jackson, 2005]. We therefore adopt the same approach for
the Moon, with the relevant model parameters given in
Table 1. We neglect the effects of melt because we are
interested in whether a melt-free mantle can reproduce the
observations. We discuss the effect of likely complications,
such as the presence of melt, in section 5.1.
[35] The grain size of the lunar mantle is poorly known.

Smaller grain sizes typically result in more rapid creep and
enhanced dissipation. In our baseline model we assume a
grain size of 1 cm, and explore the effects of varying this
parameter in section 4.2. We discuss the likely physical
effects controlling lunar mantle grain size in section 5.2.
[36] In contrast to many studies, we pay relatively little

attention to the crust. This is because it is volumetrically

Figure 2. (a) Model lunar crust and mantle temperature
structures using equation (8). Here fixed values are
Rd = 1695 km (crustal thickness 45 km); Rc = 400 km;
H1 = 160 nWm$3 and Fc = 0. The effect of varying the man-
tle heating rate H2 is shown; baseline model is in bold. The
shaded regions show the probability distribution of the lunar
temperature, from joint inversion of multiple data sets,
replotted from Khan et al. [2006]. Squares joined by lines
are from electromagnetic sounding [Hood et al., 1982]; dia-
mond is from retention of mascon topography [Lambeck and
Pullan, 1980]. Dashed line is a convective model result from
Ziethe et al. [2009]. Green line is the peridotite solidus of
Hirschmann [2000]. (b) Model mantle density (equation (9))
and viscosity structure. Density is compared with seismically-
inferred values of Garcia et al. [2011] and Khan et al.
[2006]. (c) Model S-wave velocity structure, evaluated at 1s,
compared with Garcia et al. [2011] and Khan et al. [2006]
values. (d) Model seismic Q at 1 s calculated using the
approach outlined in section 3.1, assuming a grain-size of
1 cm and the baseline temperature profile shown in Figure 2a.
For comparison the seismically-inferred Q summarized in
Garcia et al. [2011] is shown.

NIMMO ET AL.: DISSIPATION IN A MELT-FREE MOON E09005E09005

5 of 11

Attenuation: no melt required



[48] The final three rows of Table 2 show the effect of
varying some key parameters. Decreasing the grain size
(d = 1 mm) while keeping everything else the same results in
a more dissipative and deformable Moon, because of the
reduction in silicate viscosity. Reducing the core size
(Rc = 300 km) while keeping Tb the same has the opposite
effect, because (weak) core material has been replaced with
(more rigid) silicates. We defer discussion of the role of an
inner core to section 5.1. Finally, keeping Tb the same but
putting less radiogenic material in the crust has a very small
effect on our results, as expected. We investigate the sensi-
tivity of our results to parameter choices more extensively in
section 4.2 below.
[49] In summary, Figure 2 shows that the simple temper-

ature structure adopted provides a reasonable match to the
observational constraints at both seismic and tidal periods.
Importantly, in contrast to the results of Weber et al. [2011],
nomelting is required - a similar conclusion to that ofFaul and
Jackson [2005] for the Earth. In fact, at seismic frequencies
our model is slightly too dissipative even without melt - the
addition of melt would only exacerbate this problem.
[50] Figure 3 shows how our model Q and Love numbers

h2 and k2 vary with period. The observed lunar Q and k2 data
are discussed in section 2.1. As noted above, our model Q
matches the observations at monthly frequencies, but the
frequency-dependence has the wrong sign. We predict that
k2 will be slightly frequency-dependent, a potentially mea-
surable effect.
[51] At seismic frequencies, we plot the model volume-

averaged Q in the depth ranges 400–800 km and 800–
1200 km. This dissipation is a factor of ≈2 too large (but
probably still within the likely measurement uncertainty).
The frequency-dependent behavior in the upper mantle is
weaker than that inferred by Nakamura and Koyama [1982],
likely because scattering is not included in our model.

4.2. Parameter Space Exploration
[52] Figures 2 and 3 demonstrate that a reasonable match

to the observations can be obtained for melt-free olivine. The
next requirement is then to determine what range of
parameter space is occupied by successful models. That is
the aim of this section.
[53] To quantify the success of a particular model in fitting

the observations, we define the misfit c2 as follows:

c2 ¼ S4
i¼1

oi " mi

si

! "2

ð10Þ

where oi, mi and si are the observed value, model value and
quoted uncertainty, respectively, in the observation. In
practice, this value is divided by the minimum value to give
a normalized misfit. Here the four observations (Qtidal, h2,
k2, Q800–1200) we use are given in Table 2. For k2 we take the
mean of the two quoted values and use the larger uncertainty
estimate. The uncertainties in Qtidal and Q800–1200 are not
given but are taken to be 5 (14%) and 150 (50%), respec-
tively. We did not use the shallower seismic constraint
Q400–800 because of the likelihood that it is affected by
scattering (which we do not model).
[54] Figures 4a and 4b plot how the normalized misfit

varies with Tb and Fc for two different grain sizes. The star
denotes the parameter choice shown in Figure 2. There is
evidently a tradeoff between these two parameters, yielding
pairs of parameters having equally good misfits. The reason
is that dissipation depends both on Tb and the thickness of the
dissipative layer, which is controlled by Fc. The same bulk
dissipation can be achieved with either a high Tb and a rela-
tively thin layer (high Fc), or with lower Tb and a thicker
layer. Because viscosity decreases with decreasing grain size,
lower values of Tb provide acceptable misfits in the 1 mm
case compared with the 1 cm case.

Table 2. Comparison of Baseline Model Results With Observational Constraintsa

k2 h2 Qtidal Q400–800 Q800–1200 a

Williams et al. [2012] (LLR) 0.0241 % 0.0020 0.048 % 0.008 &35 - - "0.17 % 0.13
Goossens et al. [2011] (grav.) 0.0255 % 0.0016 - - - - -
Garcia et al. [2011] (seism.) - - - 500 300 -
Baseline model 0.0251 0.0422 32 419 121 +0.16
Model d = 1 mm 0.0274 0.0460 20 243 138 "0.02
Model Rc = 300 km 0.0237 0.0397 37 590 124 +0.17
Model H1 = 80 nWm"3 0.0251 0.0421 32 439 121 +0.14

aBaseline model (Figure 2 and Table 1) hasH2 = 9.5 nWm"3, Tb = 1683 K and d = 1 cm. Q400–800 and Q800–1200 are volume-averaged Q values over depth
ranges of 400–800 and 800–1200 km (evaluated at 0.1 s period in the model). Qtidal is the bulk value, evaluated at 2.5' 106 s in the model. The quantity a is
the frequency-dependence of tidalQ (equation (1)); the LLR a value is fromWilliams et al. [2001]. For the d = 1 mmmodel we keep the temperature structure
the same. For the Rc = 300 km andH1 = 80 nWm"3 models, we keep Tb the same, by settingH2 = 8.94 nWm"3 andH2 = 9.7 nWm"3, respectively. All models
have Fc = 0.

Figure 3. Lunar model and observed Q, h2 and k2 as a
function of frequency. At seismic frequencies, dissipation
is observed to increase with depth; for the upper mantle Q
shows a frequency-dependence with a slope a of ≈0.7.
Envelope of long-period values is from Williams et al.
[2012] (see section 2.1) where Q & 35 at monthly periods
and the uncertainties were approximated from earlier con-
straints on Q by Williams et al. [2001]. References: G + 11
[Garcia et al., 2011]; NK82 [Nakamura and Koyama,
1982]; W + 12 [Williams et al., 2012].
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[55] In addition to Tb, Figure 4 also plots the equivalent
value of H2, assuming no core heat flux. For low core heat
fluxes, the relatively narrow best-fitting region implies H2 is
in the range 9–10 nWm!3. We discuss the implications of
this result further below.

4.3. Relaxation at the CMB
[56] Figure 4 demonstrates that there are a many Tb ! Fc

pairs which yield equally good fits. How might this degen-
eracy be reduced?
[57] One possibility is to make use of the tentative geo-

detic observation that the core-mantle boundary (CMB) of
the Moon does not conform to the expected equipotential
shape [Williams et al., 2012]. If the lunar core is indeed
partly liquid [Weber et al., 2011], this result in turn suggests
that the lunar mantle has not yet fully relaxed.
[58] Mantle relaxation is in reality a viscoelastic problem

[e.g., Zhong and Zuber, 2000]. However, at the high tem-
peratures expected at the base of the mantle, the problem is
primarily one of viscous flow in a channel which is thin
compared to the (degree-2) wavelength of flow. Further-
more, the "0.1 MPa stresses associated with the likely CMB
deflection [Williams et al., 2012] are small enough that the
dominant viscous deformation mechanism - as with the tidal
response - is diffusion creep. For this simplified problem, an
approximate expression for the relaxation timescale t of
degree-2 topography is given by [Nimmo and Stevenson,
2001]

t " hbR2
c

Drgcd3
" hbRc

rcDrGd3
ð11Þ

[59] Here hb is the viscosity at the base of the mantle, Dr
is the core-mantle density contrast, gc is the gravity at the
CMB, G is the gravitational constant and d is the effective
channel thickness.
[60] The channel thickness d is given by the distance over

which the viscosity increases by a factor e, and depends on
the temperature structure near the CMB and the activation
energy. The corresponding temperature drop DT is given by

DT = RgTb
2/E where Rg is the gas constant and E is the

activation energy.
[61] Near the CMB, the temperature is changing both

because of the heat flux Fc at the CMB and also because of
internal heating in the mantle. By linearizing equation (8)
around Tb, we can derive the following expression for the
channel thickness d:

d ¼
kRgT 2

b

E
2
3
H2Rc þ Fc

! "!1

ð12Þ

[62] This expression displays the right behavior: in the
absence of internal heating it reduces to the more usual form
[e.g., Nimmo and Stevenson, 2001], while the presence of
internal heating decreases the temperature gradient near the
CMB and thus increases d.
[63] Figure 5 shows the relaxation times obtained by

combining equations (11) and (12) , for the same parameter
choices as in Figure 4. High basal temperatures or high heat
fluxes result in rapid relaxation. In a similar manner to
Figure 4, there is a tradeoff: relaxation happens equally
rapidly in a thin channel (high Fc) with a high Tb (low vis-
cosity), or a thicker channel with a lower Tb. However, in the
1 mm case, the minimum misfit region from Figure 4 implies
a relaxation time of order 100 Myr, too short to permit an
unrelaxed CMB. On the other hand, the 1 cm case has a
narrow region in which both the relaxation constraints and
the geodetic constraints are satisfied.

5. Discussion

[64] Melt-free olivine is dissipative at high temperatures
(Figure 1): dissipative enough to explain terrestrial obser-
vations without requiring melting [Faul and Jackson, 2005].
In a similar fashion, we showed above that plausible thermal
structures of the Moon can yield the observed lunar dissi-
pation without requiring a lower mantle melt layer. We find
that relatively large grain sizes (≈1 cm) and high CMB
temperatures (≈1700 K) are required to simultaneously sat-
isfy the requirements of dissipation (Figure 4) and absence
of CMB relaxation (Figure 5).

Figure 4. (a) Contours of normalized misfit (equation (10)) as a function of Fc and Tb for a grain size of
1 mm. Note the narrow best-fit region, and the tradeoff between Fc and Tb. We also tabulate H2 for the
case when the core heat flux is zero. (b) As for Figure 4a, but with a grain size of 1 cm. The best-fit region
is shifted to higher temperatures. The star denotes our baseline model (Figure 2).

NIMMO ET AL.: DISSIPATION IN A MELT-FREE MOON E09005E09005

8 of 11

Co
re

 h
ea

t fl
ux

T at base of mantle (~1400 km depth)

geodetic and dissipation 
data and model

inferred 
temperature



Mars

Geophysical lander in 2016 
(InSight mission),


including a seismometer



NIMMO AND FAUL: TIDAL Q OF MARS

Figure 1. (a) Temperature as a function of depth. Bold red line is our preferred model with L = 125 km
and Tm = 1600 K (equation (5)). Thin black lines are present-day temperature profiles from different
convection runs of Ogawa and Yanagisawa [2011]; note that their computational domain is only 1000 km
deep. Thick green line is the peridotite solidus of Hirschmann [2000]. Dotted line is the petrological
geotherm from Bertka and Fei [1997]. (b) Density as a function of pressure. Bold red line is our preferred
model (equation (4)). Circles are replotted from Khan and Connolly [2008, Figure 2] and show calculated
mantle densities based on experiments [Bertka and Fei, 1998]. (c) Model unrelaxed rigidity modulus GU
(equation (9)) and S wave velocity (Vs =

p
G/!) at 1 Hz as a function of depth. Thin black lines are two

velocity models from Mocquet and Menvielle [2000]. (d) Model Q as a function of depth, evaluated at
25"Hz (Phobos’ synodic period) and at 1 Hz.
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NIMMO AND FAUL: TIDAL Q OF MARS

Figure 2. (a) Log10 of Martian Q evaluated at Phobos’ synodic period, as a function of lid thickness L
and mantle potential temperature Tm with grain size d = 1 cm. Red lines denote upper, lower, and mean
inferred Martian Q values (Table 2). Solid black lines are contours of!Tsol (see text). Melting is less likely
as !Tsol increases. Star denotes preferred model (Figure 1). (b) As in Figure 2a but showing contours of
Martian k2 evaluated at the same period. Red line is the lower bound on the observed k2. Hatched region
shows the parameter space satisfying Q. Dashed lines contour conductive heat flux through the lid, taking
the thermal conductivity to be 3 W m–1 K–1.

dissipation (decreases Q), as expected, while a thicker lid
reduces dissipation. Similarly, in Figure 2b a thicker lid
reduces k2 (because an elastic lid reduces the amplitude of
tidal deformation), while increasing Tm increases k2 (because
a warmer planet is more deformable).

[51] The red lines in Figure 2a show the estimated range
of Q for Mars, and the white star denotes our nominal model
(Figure 1). There is evidently a trade-off between L and Tm:
a thicker lid requires a hotter mantle to match the observed
value (see Table 2). However, the sensitivity to lid thickness
is not very great: for a constant Q, increasing L by 100 km
requires an increase in Tm by only 40 K.

[52] The red line in Figure 2b shows the lower bound
on k2. Compared to Q, k2 varies rather little with temper-
ature and thus does not provide a strong constraint on Tm.
The cross-hatched region in Figure 2b shows the parameter
space in which Q is satisfied. For L >100 km, the mantle

potential temperature Tm has to exceed 1550 K. To further
constrain L and Tm requires other arguments, presented in
the following section.

[53] Figure 3 is identical to Figure 2 but shows what
happens for a smaller grain size (d = 1 mm). Smaller
grains result in lower Q and lower rigidities; as a result,
matching the observations requires correspondingly lower
mantle temperatures. As before, the cross-hatched region in
Figure 3b shows the parameter space in which Q is satisfied,
while k2 does not provide a tight constraint. Depending on
the value of L adopted, temperatures could be anywhere in
the range 1420–1650 K. We will argue below that values of L
in the range 100–200 km are more likely, in which case tem-
peratures cannot exceed 1525 K. This result is reminiscent
of the suggestion made by Lognonne and Mosser [1993] that
the bulk Q of Mars can be explained if its mantle is colder
than that of the Earth.

Figure 3. As in Figure 2 but assuming the grain size d = 1 mm. Note that the acceptable parameter
space has shifted to lower temperatures.
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