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Aim: reconcile the observations with a single viscoelastic model
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Figure 3
Dissipation spectrum showing, from short to long periods, elastically accommodated, diffusionally assisted,
and diffusionally accommodated grain boundary sliding (after Lee et al. 2011). Diffusionally assisted grain
boundary sliding represents transient creep, diffusionally accommodated grain boundary sliding steady-state
creep. The dashed line shows the high-frequency asymptote of elastically accommodated grain boundary
sliding with linear grain-size dependence. The grain-size dependence is near linear for diffusionally assisted
creep and cubic for steady-state diffusional creep (see text).

sliding occurs at frequencies outside the seismic frequency band. However, relaxation at higher
frequencies will result in a reduced modulus at seismic frequencies.

The relaxation timescale for process b is sensitive to the geometry of the melt:

τ f ∝ η f /K ξ n, (25)

where K is the bulk modulus of the solid, ηf is the viscosity of the melt, and ξ is the parameter that
describes the aspect ratio of disk-shaped inclusions (with n = 3) (O’Connell & Budiansky 1977) or
the ratio of length to diameter for tubules (with n = 2) (Mavko 1980). For tubules and the viscosity
of basaltic melt (ηf = 1–10 Pas), τ f is calculated to be at frequencies above the seismic band. This
means that a partially molten region would have the same Q as a subsolidus region at the same
temperature, but that velocities would be lower. For disk-shaped inclusions, the aspect ratios have
to be of order 10−3–10−4 for relaxation (dissipation) to occur at seismic frequencies (Schmeling
1985, Faul et al. 2004), implying that both Q and velocity will be affected by melt. Processes a and
b affect only the shear modulus, whereas process c affects the bulk modulus and hence is one of a
few mechanisms that can cause bulk attenuation and reduction of the bulk modulus.

3.3. Dislocations
Dislocations are line defects that can give rise to both anelastic and viscoelastic dissipation. Detailed
reviews of dislocation processes are provided, for example, by Karato & Spetzler (1990) and Jackson
(2014); therefore, they are only discussed briefly here. Dislocations can be modeled as having a
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Faul and Jackson, 2015

Experimentally based model of viscoelastic behavior of olivine
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Figure 4
Experimental data for olivine as a function of period (symbols), color coded by temperature. (a,b) Shear modulus and dissipation of an
essentially melt-free San Carlos Fo90 olivine sample (6728, I. Jackson, unpublished data). The lines show the extended Burgers model
fit to data from six melt-free samples. Open symbols indicate data not included in the fit. The temperature dependence of the modulus
in Panel a is clearly nonlinear corresponding to the temperature and period dependence of dissipation. The dissipation data in Panel b
shows a monotonic increase with period characteristic of a high-temperature background or absorption band. The broad peak/plateau,
indicated by the data at short periods and low temperatures, is ascribed to elastically accommodated grain boundary sliding. Although
the data at the lowest levels of dissipation are more scattered, the occurrence of a relatively narrow peak with significant height can be
excluded. (c) Dissipation data from a melt-added sol–gel olivine sample (6410, symbols, reprocessed with allowance for interfacial
compliance) and Burgers model fit (lines). The contrast in behavior to melt-free samples is striking, and it can be used to identify the
presence of melt, provided a broad enough period-temperature space is measured. The peak due to melt is superimposed on a high-
temperature background and is broader in period space than the experimental range at a fixed temperature. In comparison to the
plateau ascribed to elastically accommodated grain boundary sliding in melt-free samples, the peak occurs at higher temperature and
significantly higher levels of dissipation. (d ) Dissipation data from a sol-gel Fo90 olivine sample 6585. At a given temperature and
period the more fine-grained sample is more lossy [and has a lower modulus, see Jackson & Faul (2010)] in comparison to the more
coarse-grained sample shown in Panel b, establishing the grain-size dependence.
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Extended Burgers model: high frequency 
absorption peak followed by broad 

absorption band with seamless transition 
to viscous behavior

forced torsional oscillation data 
showing temperature, frequency and 

grain size dependence
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Figure 1: (a) The frequency dependence of normalized attenuation, Q̄�1, displaying the

contrasting absorption bands of Benjamin et al. (2006) and Lekić et al. (2009) (dashed

orange and solid blue lines, respectively). The former study used geodetic observations of

the semi-diurnal and long period tides, and the Chandler Wobble (CW), whose periods

are indicated by the vertical black dotted lines. The latter study used surface wave and

normal mode data whose frequency bands are marked by blue boxes. (b) Main panel:

schematic frequency dependence of attenuation of the extended Burgers model (Yuen and

Peltier, 1982; Faul and Jackson, 2015). Inset: the mechanical components of the extended

Burgers model. (c) The observed earth response function, Q�1
� , against which the models

of this study will be compared. The mode data (black circles) correspond, in increasing

order of eigenperiod, to spheroidal modes 1S10, 1S9, 0S4, 0S3, and 0S2, while the two tides

(black triangles) correspond to the semi-diurnal tide M2 and the long period, 18.6 year

tide. The mode data are publicly available (https://igppweb.ucsd.edu/ gabi/rem.html),

while the tide data were taken from Benjamin et al. (2006).
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- not the same as intrinsic Q-1 measured for a material

 - calculated with intrinsic Q-1 (P, T, period), including planetary 

self-gravity and inertia (Lau et al., GJI, 2017)

Data spanning more than six orders of magnitude in period

‘Earth response function’,
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Figure 2: Sensitivity kernels for normal modes and tides to shear Q�1 structure (blue-
solid lines). The observed eigenfrequencies for each mode are listed at the bottom of
the first five panels. The far right panel for body tides lists the tidal frequencies for the
semi-diurnal and 18.6 year tide. The kernels illustrate the broad similarities in sensitivity
across these observations, and in particular for 0S2 and the tides, which are nearly identical
but span five decades in frequency space. The kernels have been calculated using theory
described in Dahlen and Tromp (1998). The black-dotted horizontal lines mark the 670 km
discontinuity, the core-mantle and inner-outer core boundaries (CMB, ICB), respectively.
The horizontal orange-solid lines mark pressures of 50 GPa (⇠ 1000 km depth) and 90 GPa
(⇠ 2000 km). For the left two panels, sensitivity kernels for bulk Q�1 are shown in
blue-dashed lines. All kernels were calculated using the PREM model (Dziewonski and
Anderson, 1981).

4. Results and Discussion231

4.1. Intrinsic Q
�1

at Fixed Pressure232

Before comparing our modeled Q
�1
� values against data, it is instructive233

to explore the sensitivity of intrinsic Q�1(!) to key variables at fixed pressure234

(Figs 3a-d). The solid lines of Fig. 3a show that varying TP has little e↵ect235
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Sensitivity kernels: Data was selected to have sensitivity kernels as 
similar as possible to avoid depth corrections 



Variation of Q-1 at fixed pressure

when the lower value of E⇤
LM is used (Table 1). Changes in the prefactor236

for the relaxation strength, �B, also only has modest influence (Fig. 3c).237

The most significant changes to Q
�1 are due to changes in grain size, both238

within the absorption band, but also for the transition to Newtonian viscous239

behavior. The latter is indicated by the transition to a steeper slope exhibited240

by the smallest grain size displayed (0.1 mm) at 50 GPa at a period of241

approximately one year. This transition occurs outside the period range242

considered here at coarser grain sizes.243

P = 50 GPa

P = 90 GPa

(a) (b)

(c) (d)

(e)

Figure 3: Intrinsic attenuation, Q�1, as a function of period for E⇤
LM = 286 kJ/mol.

Two sets of triplets are present in each panel, one at a pressure of 50 GPa (pink, red,
and orange lines), the other at a pressure of 90 GPa (light blue, dark blue, and green
lines). These correspond to depths of ⇠ 1000 km and ⇠ 2000 km, respectively (marked by
orange lines in Fig. 2). The solid lines denote calculations with a high frequency plateau
where �P = 0.057, while the dashed line are the identical calculations without the plateau
(�P = 0). In each panel, a single parameter is varied: in (a) potential temperature TP ; in
(b) lower mantle grain size, dLM ; in (c) relaxation strength of the absorption band, �B ;
and in (d) lower mantle activation volume, V ⇤

LM. Unless stated in the legends of the panel,
the default parameters are TP = 1600 K, E⇤

LM=286 kJ/mol, dLM = 10�3 m, �B = 2.0,
and V ⇤

LM = 3⇥10�6 mol/m3. All other parameters are listed in Table A.3 in Appendix A.
These values apply to all profiles in panel (e) which shows the Q�1 structure with depth
at five periods, labeled.
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Parameter range considered at two fixed pressures:

 temperature (a), grain size (b), relaxation strength (c) and activation 

volume (d)

Activation volume shifts high frequency peak the most.
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Figure 5: Comparison of the calculated earth response function, Q�1
� , with observations.

Top panels display observed values of Q�1
� as shown in Fig. 1c (black circles), along with

calculated Q�1
� (see legends for color, other parameters are listed below). Crosses and

triangles denote mode and tide data, respectively. Insets display enlarged vertical axes.
Middle and lower panels display Q�1 at fixed pressures (or depths) of 50 GPa (⇠ 1000 km)
and 90 GPa/⇠ 2000 km, respectively. The color of the solid-thick lines corresponds to
the set of parameters used to calculate Q�1

� in the top panels. All panels share the same
horizontal axes. All parameters are taken from the distributions marked by the black
lines in Figs 4a-e, where E⇤

LM = 286 kJ/mol. (a) shows the e↵ect of varying dLM; (b)
�B ; and (c) V ⇤

LM. The parameter values corresponding to the thick solid lines are given
in the legend, with other parameters held constant: (a): {TP = 1600 K, �P = 0.057,
�B = 1.8, V ⇤

LM = 2.75⇥10�6 mol/m3}; (b): {TP = 1600 K, �P = 0.057, dLM = 0.0616 m,
V ⇤
LM = 2.00⇥10�6 mol/m3}; (c): {TP = 1600 K,�P = 0.057, dLM = 0.0089 m,�B = 2.0}.

Faded lines of the same color have the same legend values as the thick lines, but comprise
all models within the black-line distributions of Figs 4a-e (their respective Q�1

� values are
not shown in the top panels).

set to 375 kJ/mol, see Appendix C.) The results presented in the figure299

are a subset of the best-performing 5 % of models discussed above with300

TP = 1600 K and �P = 0.057 (shown by the black-solid line in Fig. 4).301

Since Q�1
� represents an integration of the properties of the whole mantle,302
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Results: data (black symbols) and calculated Earth response 
function for a range of parameters as a function of period.


Black squares show enlarged data groupings.

Lower panels again show Q-1 at fixed pressure for a range of parameters




(a)

(b)

Figure 6: (a) Q�1
� predictions of an augmented mode data set against observation (ad-

ditional modes are labeled as green circles). The predicted Q�1
� were calculated using

the peak parameters in Figs 4a-e. (b) Q�1
� predictions using the same parameters as

the control case in Fig. 3 (i.e., middle parameter values in each panel of Fig. 3). The
orange crosses (denoted “adiabat”) are values of Q�1

� in Fig. 3 where a 1600 K adiabat
is adopted, whereas the green circles labeled “TBL” adopt a temperature profile with a
thermal boundary layer at the base of the mantle (the temperature profile was calculated
by a mantle convection code in Dannberg et al. (2017); see text.)

temperature at the base of the mantle will have a significant e↵ect on at-438

tenuation in this depth range. In order to examine the potential influence439

of a significantly more attenuating layer at the base of the mantle, we com-440

pared the calculations for an adiabatic profile with those including a thermal441

boundary layer. Fig. 6b shows the predictions of Q�1
� for a temperature pro-442

file with a thermal boundary layer (labeled “TBL”) produced by a mantle443

convection code (after Figure S5 in Dannberg et al., 2017) compared with444

the control case in Fig. 3 which adopted an adiabatic temperature profile.445

Calculations in Fig. 6b show that variations in Q
�1
� due to the presence of446

a thermal boundary layer are small compared to the uncertainty in the ob-447
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Model tests 


- orange modes were used in 
original forward modeling

- green modes were calculated 
with best fitting model parameters

- black bars show range of 
observations 

Thermal boundary layer (TBL) at 
core-mantle boundary has 

essentially no effect on calculated 
response  



Summary

• Extended Burgers model with high frequency peak (B) and 

absorption band (B) is adapted to lower mantle lithology

• Calculation of an Earth response function with extended 

Burgers model, self gravity and inertia

• Selection of data (modes and tides) with similar depth 

sensitivity

• Forward modeling of modes and tides for a range of parameters 

in the Burgers model


Single viscoelastic model can reconcile period dependence 
observed for normal modes and tides.
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