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Abstract12

The anelastic reaction of planet-forming materials is successfully described by the An-13

drade rheological model, which presents an extension of the simple Maxwell rheology.14

In addition to the instantaneous elastic deformation and the long-term viscous creep, the15

Andrade rheology incorporates the transient creep in metals, ices, and silicates, and is16

able to explain the tidal parameters of planets even in cases, where the Maxwell model17

requires the assumption of unrealistically low mantle viscosities. In this work, we dis-18

cuss the applications of the Andrade model in planetary science, the parameters used19

in the literature, and their justification by material science and geodesy. We also exam-20

ine the topic of relating the empirical tidal parameters to the mantle viscosity of moons21

and terrestrial planets and assess the limitations resulting from the uncertainties in the22

rheological parameters. Our study illustrates the necessity for future measurements that23

would help to better calibrate the rheological models to conditions relevant to the deep24

interiors of planets and moons.25

Plain Language Summary26

The interior structure of most planets and moons can only be studied by indirect27

methods, for example by measuring the global deformations caused by the uneven grav-28

itational force acting throughout the body. At the same time, to find out how global de-29

formation relates to the interior structure, we need to understand the properties of planet-30

forming materials at high pressures and temperatures. In this work, we discuss a frequently31

used model (the Andrade model) that successfully describes the relationship between stress32

and deformation observed in many kinds of materials. We review the parameters of this33

model, their values implied by laboratory measurements, and the effect of our limited34

knowledge on the reconstruction of celestial bodies’ interior structures. Finally, we also35

propose future measurements that may help to reduce the uncertainties of the interior36

structure estimation.37

1 Andrade model and its parameters38

Andrade (1910) introduced an empirical model of the transient deformation in metal39

wires under constant stress, in which the extension of the wire scales with time t as t1/3.40

His model contained the free parameter β, a quantity with the dimension of s−1/3 Pa−1
41

that depends on the composition and microscopic properties of the sample as well as on42

the laboratory conditions (temperature and pressure). In later studies (e.g., Jackson, 2000),43

the exponent in the time dependence (1/3) was replaced by a new free parameter α, the44

value of which lies between 0 and 1. Here, we will call this parameterization “the α−45

β approach”.46

Almost a century later, Castillo-Rogez et al. (2011) and Efroimsky (2012a, 2012b)47

established a second parameterization. They realized that the fractional dimension of48

β might hinder the physical meaning of the Andrade model and that the parameter should49

be rather expressed as a combination of other quantities, namely the rigidity µ and vis-50

cosity η, or the Maxwell time τM = η/µ. Castillo-Rogez et al. (2011) found that:51

β ≈ µ−1τ−α
M = µ−(1−α)η−α (1)52

and Efroimsky (2012a, 2012b) further generalised this expression by introducing the An-53

drade time τA and a dimensionless parameter time ζ = τA/τM. The value of β can then54

be related to the other parameters through:55

β = µ−1(ζ τM)−α = µ−1τ−α
A . (2)56

We will call this parameterization “the α− ζ approach”.57
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The following two subsections provide a historical overview of Andrade rheology58

and its applications in material science and geophysics. In Section 2, we discuss the val-59

ues of parameters α, β, and ζ implied by laboratory studies under high pressures and60

we illustrate how the uncertainty in Andrade parameters, together with the uncertainty61

in tidal measurements, affects the inference of terrestrial planets’ mantle viscosities. The62

results are further reviewed in Section 3 and summarized in the Conclusions (Section 4).63

1.1 The α–β parameterisation64

The historically older α–β approach dates back to the pioneering work of E. N. da65

Costa Andrade (Andrade, 1910). Andrade (1910) measured the lengthening of metal wires66

(Pb, Pb+Al, Cu) under constant tensile stresses and at constant temperatures and no-67

ticed that the extension of a wire can be generally divided into three parts: (a) the im-68

mediate elastic reaction, (b) an initial transient creep, later called the β-flow, and (c)69

the steady-state viscous creep. Specifically, the contribution of the transient creep with70

respect to the viscous creep depended on the wire’s composition and on temperature.71

After fitting the lengthening of the metal wires with various functions, Andrade found72

that the relation:73

l = l0

(
1 + βt1/3

)
eκt , (3)74

where l is the length at time t, l0 is the initial length, and κ is a fitted parameter, gives75

the most accurate results for the initial transient part of the deformation. Filtering out76

the contribution of the steady-state viscous flow, the transient deformation caused by77

the material’s anelasticity reads as:78

∆l/l0 = βt1/3 ; (4)79

hence, its time dependence is given by the parameter β and by the exponent 1/3.80

The exponential factor in equation (3) was introduced by Andrade (1910) to ac-81

count for the increase of the wire’s gauge length with extension. Cottrell and Aytekin82

(1947), who performed experiments with zinc wires under constant stress, chose instead83

to evaluate the shear strain γ in their samples and rewrote Andrade’s formula to a form84

similar to what is nowadays commonly used in planetary science and rheological exper-85

iments:86

γ(t) = γ0 + βt1/3 + κt . (5)87

Note that κ is a measure of viscosity rescaled by the applied (constant) stress and, sim-88

ilarly, γ0 is equal to a rescaled inverse rigidity.89

An interesting feature of the Andrade model, pointed out already by the contem-90

poraries of Andrade and still remaining a mystery, is its applicability not only to met-91

als and polycrystalline solids, but also to amorphous materials: the same power-law time92

dependence of the transient creep was found in experiments with celluloid (Filon & Jes-93

sop, 1923), colloidal glass (Siebenbürger et al., 2012), asphalt (Saal & Labout, 1940), mor-94

tar (Bingham & Reiner, 1933), rubber (Braun, 1936), and even with flour dough (Schofield95

& Scott Blair, 1933; Henderson, 1951). While the exponent 1/3 was most widely and suc-96

cessfully used for fitting the creep curves, Kennedy (1953) also discusses the applicabil-97

ity of a general power law βtp for fitting both the steady-state creep and the transient98

creep at once, and lists the values of p obtained by several other authors. When corrected99

for the contribution of the steady-state creep, the values summarised by Kennedy (1953)100

typically fall between p = 0.3 and p = 0.4. A larger deviation was only reported for101

carbon steel (with p = 0.18 or p = 0.47; Johnson, 1941) and macerated fabric-filled102

phenoplast (p = 0.50; Gailus & Telfair, 1945).103
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Along with the experimental studies of the high-temperature creep, the time de-104

pendence of deformation was also investigated for large-scale geophysical phenomena.105

Jeffreys (1958) introduced the “modified Lomnitz law” and attempted to fit the atten-106

uation of seismic waves, tidal waves, and free oscillations by a single creep law, inspired107

by the Andrade’s empirical law with the shear strain linked to time as γ ∝ t1/3. The108

creep law of Jeffreys reads as:109

γ(t) =
σ

µ

[
1 +

q

α
{(1 + at)α − 1}

]
, (6)110

where σ is the shear stress, µ the unrelaxed rigidity, and a, q symbolize additional con-111

stants, related to the Maxwell time. To our knowledge, this is the first occurrence of the112

notation α in an Andrade-type law. Regarding the two additional constants, a is reported113

to be of the order of 103 and q is small, between 10−3 and 10−2 (Jeffreys, 1958). Jeffreys114

applied his creep law to a wide range of geophysical phenomena, ranging from seismol-115

ogy to the rotational and orbital dynamics of planetary satellites. Specifically, for tidal116

friction and free nutation, Jeffreys and Crampin (1960) proposed the following approx-117

imation, valid for at ≫ 1:118

γ(t) =
σ

µ

[
1 +

q

α
aαtα

]
. (7)119

While in the initial works on creep in the Earth and planets Jeffreys derived α = 0.17,120

a correction published in Jeffreys and Crampin (1960) includes a value α = 0.25, which121

is much closer to the original Andrade’s exponent. Later derivation, comparing the at-122

tenuation of seismic shear waves and the attenuation of Earth’s free nutation, yielded123

α between 0.14 and 0.21, with 0.19 being the preferred value (Jeffreys, 1972).124

So far, we have mostly discussed the transient component of the strain which is mea-125

sured in creep experiments when studying the lengthening of a wire under constant ten-126

sile stress. The strain was thus expressed in the time domain. However, for a range of127

geophysically-relevant applications—and also for torsion oscillation experiments—it is128

more convenient to express the quantities in the frequency domain. If we rewrite equa-129

tion (5) to a modern form (e.g., Jackson et al., 2002),130

J(t) = JU + βtα +
t

η
, (8)131

with J(t) being the creep function (strain resulting from a step-function stress), JU =132

1/µ being the unrelaxed compliance related to the unrelaxed rigidity µ, and η symbol-133

izing the viscosity, we can transition to the frequency domain by taking a Laplace trans-134

form of (8). This leads then to the following equation:135

J̄(ω) = JU − i

ηω
+ β(iω)−α Γ(1 + α) , (9)136

where J̄(ω) is now called the dynamic compliance, i is the imaginary unit, ω is the an-137

gular frequency, and Γ the gamma function. If we introduce the Maxwell time τM = η/µ138

and the new parameter β∗ = βµ, we can also write equation (9) as (Jackson & Faul,139

2010):140

J̄(ω) = JU

{
1− i

τMω
+ β∗(iω)−α Γ(1 + α)

}
. (10)141

Regarding the dependence of the above rheological laws on laboratory conditions142

or on the conditions of deep Earth interior, it has been long known (e.g., Kê, 1947; Dorn,143

1955; Kennedy, 1956; Anderson & Minster, 1979) that both transient creep and steady-144

state creep are thermally-activated processes and follow the Arrhenian temperature de-145

pendence. Kê (1947) used an exponential factor to rescale measurements of creep in an146
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aluminum sample subjected to constant stress at different temperatures, and, identically,147

Dorn (1955) showed that the creep curves corresponding to different temperatures over-148

lap each other when using a “compensated time”, or time multiplied by the Arrhenian149

factor exp {−H∗/RT}, where H∗ is the activation enthalpy, R the universal gas constant,150

and T the temperature.151

To fit the temperature, pressure, and grain-size dependence of both the energy dis-152

sipation and modulus dispersion (µ̄(ω) = 1/J̄(ω)) of individual mineral specimens, Jackson153

et al. (2004) introduced the pseudo-period master variable, which can be substituted for154

the actual period 2π/ω in equations (9) and (10). The inverse of the pseudo-period, called155

the pseudo-frequency and inputted in place of the actual frequency ω in equations (9)156

and (10), reads as:157

ωB = ω

(
d

dR

)m

exp

{
E∗

R

(
1

T
− 1

TR

)}
exp

{
V ∗

R

(
P

T
− PR

TR

)}
. (11)158

In the above expression, E∗ and V ∗ are the activation energy and volume, dR, TR, PR159

denote the reference grain size, temperature, and pressure, respectively, d, T , P are the160

actual values of the grain size, temperature, and pressure, and m is the grain-size expo-161

nent.162

For the sake of completeness, we note that the pseudo-frequency given by equation163

(11) implies a steady-state viscosity of the form:164

η = ηR

(
d

dR

)m

exp

{
E∗

R

(
1

T
− 1

TR

)}
exp

{
V ∗

R

(
P

T
− PR

TR

)}
, (12)165

where ηR is the reference viscosity corresponding to the reference laboratory conditions.166

Similarly, the implied scaling of the Andrade parameter β is:167

β = βR

(
d

dR

)−αm

exp

{
−αE∗

R

(
1

T
− 1

TR

)}
exp

{
−αV ∗

R

(
P

T
− PR

TR

)}
, (13)168

with βR denoting the reference value.169

1.2 The α–ζ parameterisation170

As mentioned in the introduction to this section, the motivation for a reparame-171

terisation of the transient response described by Andrade (1910) stems from the dimen-172

sional analysis. The dimension of the empirical parameter β is s−α Pa−1, i.e., it contains173

a fractional power of the unit of time. Moreover, apart from scaling the shear strain pro-174

duced by transient creep relative to the elastic and viscous strain, it lacks a clear phys-175

ical interpretation.176

Castillo-Rogez et al. (2011) discovered that β can be related to the viscosity and177

rigidity of a sample, and used the empirical data given by Tan et al. (2001) and Jackson178

et al. (2002) to seek the slope of the proportionality β ∝ µα−1/ηα. The slope was found179

to be close to unity, although, as Castillo-Rogez et al. (2011) note, the R-squared value180

for the dataset of Tan et al. (2001) is only 0.39, meaning that only 40% of data was ex-181

plained by the proposed relation. A further generalization of the proportionality found182

in empirical data was introduced by Efroimsky (2012a, 2012b), who defined the “Andrade183

time” τA as a characteristic timescale of Andrade’s transient creep and the parameter184

ζ as the ratio between the Andrade and Maxwell times:185

τA = (β∗)−1/α , ζ =
τA
τM

=
µ

η(β∗)1/α
. (14)186
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The dynamic compliance of the Andrade model, rewritten in terms of the old pa-187

rameter α and the new parameter ζ, is given by Efroimsky (2012a, 2012b) as:188

J̄(ω) =
1

µ
− i

ηω
+

µα−1

(iζηω)α
Γ(1 + α) . (15)189

For the sake of completeness, we also write down the relation between the original pa-190

rameter β and the new parameter ζ, which is:191

β =
µα−1

(ζη)α
. (16)192

In the α–β approach of Jackson and Faul (2010), both η and β are endowed with193

an implied temperature, pressure, and grain-size dependence that is included in the pseudo-194

frequency. On the other hand, thanks to its definition in equation (14), ζ does not ex-195

plicitly depend on these parameters, as long as the same pseudo-frequency (equation (11))196

in the dynamic compliance of the α–β approach applies to both the transient and the197

steady-state term. Theoretically, this is not always the case and as noted in various works198

(e.g., Hirth & Kohlstedt, 2003; Jackson & Faul, 2010), at least the grain-size exponent199

seems to be different between the two terms, with steady-state creep preferring m = 3200

(Hirth & Kohlstedt, 2003) and transient creep exhibiting lower values, e.g., m = 1.31201

(Jackson & Faul, 2010). As a consequence, the parameter ζ might be a function of the202

grain size. In principle, the activation volumes and energies of the two components of203

the creep law can also deviate from those implied by the pseudo-frequency fit and ζ may204

then depend on the temperature, pressure, and mineralogical composition of the sam-205

ple.206

2 Datasets and uncertainties207

2.1 Andrade parameters implied by the existing datasets208

Although the literature addressing rheological experiments with planet-forming ma-209

terials is relatively rich, only a limited number of papers provide Andrade-type fits to210

the experimental data. More widespread is the fitting of the frequency-dependent atten-211

uation of seismic waves in a viscoelastic medium, parameterized by the inverse quality212

factor Q−1, with a power law Q−1 ≈ ω−p, where p is an exponent generally different213

from the Andrade parameter α (Gribb & Cooper, 1998). The power law fits the contri-214

butions of both the transient creep and the viscous creep in a given frequency range with215

a single exponent. Therefore, we should expect α < p. Only for low levels of anelas-216

tic dissipation and even weaker levels of viscous dissipation is the power law exponent217

equal to α (Bagheri et al., 2022).218

A comprehensive overview of mineralogical, geodetical, and seismologic literature219

dealing with the power-law frequency dependence of attenuation was given by Efroimsky220

and Lainey (2007), and the authors also focused on the power law’s implications for the221

modeling of tidal effects in viscoelastic planets. Values of p in laboratory studies at the222

transient-creep portion of the dissipation spectrum range between 0.1−0.4 (e.g., Berck-223

hemer et al., 1982; Gueguen et al., 1989; Karato & Spetzler, 1990; Tan et al., 1997; Gribb224

& Cooper, 1998; Tan et al., 2001). Similar, or even lower values are indicated by the ob-225

servation of geophysical processes such as the attenuation of Chandler wobble, free nu-226

tations, tidal waves, and seismic waves (e.g., Smith & Dahlen, 1981; Anderson & Min-227

ster, 1979; Anderson & Given, 1982; Lau & Faul, 2019).228

Apart from the power-law fit, multiple laboratory studies and some of the recent229

inversions of geophysical data of terrestrial planets (e.g., Bagheri et al., 2019; Xiao et230

al., 2022) seek for the parameters of the Andrade law. In the overview below, we specif-231
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ically focus on the results reported by the Australian National University (ANU) lab-232

oratory that are most often adopted in models of tidal deformation of terrestrial plan-233

ets. Their tests were performed under the confining pressure of 200MPa; however, as in-234

dicated by the 5GPa experiments of Li and Weidner (2007), the same frequency depen-235

dence of viscoelastic effects might also be expected at higher pressures. We review the236

Andrade parameters α and ζ as well as the Maxwell and Andrade timescales (τM, τA)237

provided in the cited papers or obtained by fitting the raw data. Parameters ζ and τA238

are calculated from relations given in equation (14).239

The form of the Andrade law used for fitting laboratory measurements corresponds240

to the original α−β approach, and the quantities measured in the torsional oscillation241

or microcreep experiments are the frequency-dependent modulus of complex rigidity (also242

called shear modulus, e.g., Jackson et al., 2004):243

|µ̄(ω)| =
[
Re{J̄(ω)}2 + Im{J̄(ω)}2

]− 1
2 (17)244

and the inverse quality factor (or “internal friction”):245

Q−1(ω) =
Im{J̄(ω)}
Re{J̄(ω)}

(18)246

Tan et al. (2001) studied three samples of fine-grained and essentially melt-free poly-247

crystalline olivine under a confining pressure of 200MPa. The pressed samples were heated248

to 1300 ◦C for several hours and then slowly cooled down to room temperature, with me-249

chanical testing performed in temperature intervals of 100 ◦C and in the period range250

1−100 s. The prior high-temperature annealing, slow cooling, as well as relatively small251

grain sizes (8−150µm), helped to prevent microcracking in the specimens and to only252

concentrate on deformation produced by grain-boundary processes. At temperatures above253

1000 ◦C, the samples manifested ongoing viscoelastic deformation, marked by unrelaxed254

rigidity reduction and dissipation increase with temperature and loading period.255

The authors either fitted the data with the Andrade model in the time domain (for256

microcreep tests) or in the frequency domain (for torsional oscillation tests). Their pa-257

rameter α lies between 0.07−0.36 for the torsional oscillation data and between 0.31−258

0.44 for the microcreep data. According to Tan et al. (2001), the former method is more259

direct and its results should be considered more robust than the fits to the latter method.260

From the Andrade parameter β, which is in the order of 10−13−10−11 s−α Pa−1 (or β∗
261

between 0.01−0.8 s−α), and from the fitted viscosities and rigidities, we can estimate262

the dimensionless parameter ζ as 0.03−25.52 for microcreep and 0.17−33.23 for tor-263

sion oscillations. Additionally, two torsion oscillation measurements of specimen 6261264

at 1000 ◦C show extremely high values of ζ greater than 106, corresponding to the two265

smallest reported α. This peculiar result can be inspected along with Figure 9b of Tan266

et al. (2001), where the curve fitted to the 1000 ◦C data exhibits a slope different from267

the other cases. Although these two data points might be outliers, we still use them in268

our analysis at the end of this section.269

Motivated by understanding the grain-size dependence of viscoelastic deformation,270

Jackson et al. (2002) investigated the attenuation in four samples of melt-free olivine poly-271

crystals from both natural and synthetic precursors with mean grain radii d between 3−272

23µm. The testing was performed under the same conditions as in Tan et al. (2001). In273

the temperature range T ∈ [1000, 1200] ◦C or up to 1300 ◦C and in the period range274

[1, 100] s, the authors found that the internal friction can be represented by a mild power-275

law dependence not only on the frequency but also on the grain size. In the best-fitting276

model, both quantities were endowed with the same exponent. Jackson et al. (2002) also277

adopted the Arrhenian rescaling of frequency used previously by Kê (1947).278
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Identically to the datasets of Tan et al. (2001), the values of the Andrade param-279

eter β reported by Jackson et al. (2002) are in the range 10−13−10−11Pa−1 s−α for rigidi-280

ties of 47−64GPa and viscosities of 1012−1014 Pa s. This corresponds to β∗ = 0.009−281

0.45 s−α. From the second equation of (14), we find that within the α−ζ parameteri-282

zation, the data of Jackson et al. (2002) require ζ lying between 0.14 and 47, with a pref-283

erence for the lower values. The values of α are between 0.18 − 0.62, with the higher284

values (α > 0.3) typically resulting from the microcreep data processing.285

The datasets of Tan et al. (2001) and Jackson et al. (2002) were further analysed286

by Castillo-Rogez et al. (2011), who found that the slope of β as a function of η−αµ−(1−α)
287

should be close to one, which would imply a mean value of ζ ∼ 1. We will reconstruct288

the analysis of Castillo-Rogez et al. (2011) later in this section, using three additional289

datasets.290

Jackson et al. (2004) extended the previous studies by including dissipation in melt-291

bearing specimens as well and fitted the microcreep and torsional oscillation data with292

the Andrade model combined with a broad Gaussian peak. In this case, the polycrys-293

talline samples, fabricated from natural and synthetic precursors, had grain sizes between294

6.5 and 52.3µm and a basaltic melt fraction up to 4%; the experimental conditions be-295

ing the same as in the previous papers. For the Andrade portion of the fit to the micro-296

creep data, we again see β in the range from 10−13 to 10−11Pa−1 s−α, corresponding now297

to β∗ = 0.04−1.38 s−α. Interestingly, α follows a weakly negative trend with temper-298

ature: between 1000 and 1300◦C, it slowly decreases from 0.4 to 0.29. The values of ζ299

fall between 0.03 and 4; i.e., they are typically one order of magnitude smaller than in300

the previous data set. The torsional oscillation data were fitted by Jackson et al. (2004)301

with a global pseudo-period Andrade model, and the resulting “global” α values are be-302

tween 0.22 and 0.36.303

Similarly, the global pseudo-period Andrade fit was applied to characterize the tem-304

perature dependence of viscoelastic dissipation and modulus dispersion in a new, par-305

ticularly fine-grained (d = 3µm) polycrystalline olivine sample of Jackson and Faul (2010).306

In the temperature range of 800− 1200 ◦C and the period range of 1− 1000 s, the au-307

thors found that the optimal Andrade parameters of the global fit are α = 0.33 and β∗
R =308

0.02 s−α (or βR ≈ 10−13 Pa−1 s−α). The corresponding “reference” value of ζ at T =309

900 ◦C and P = 200MPa would then be ζR = 0.7. This result is often adopted in the310

studies of tidal deformation in terrestrial planets (e.g., Padovan et al., 2014; Plesa et al.,311

2018; Steinbrügge et al., 2018; Bagheri et al., 2019), and the fitted temperature-dependence312

of the pseudo-frequency is typically complemented with a theoretical grain-size depen-313

dence (e.g., Hirth & Kohlstedt, 2003). However, one should keep in mind that this global314

fit is only based on the measurement of viscoelastic deformation in a single specimen of315

pure dry olivine, which is essentially melt-free and devoid of intragranular defects. The316

response of actual planetary mantles might be different.317

In later works of the ANU laboratory devoted to the torsional oscillation studies318

of fine-grained olivine, the Andrade model was slowly abandoned in favor of the extended319

Burgers model. The extended Burgers model contains a finite-width absorption band in320

the relaxation spectrum, as opposed to the infinite-width absorption band that is im-321

plicitly present in the Andrade model, and is considered physically more transparent.322

Moreover, the choice of the alternative model was motivated by its greater flexibility in323

fitting data for melt-bearing samples and by the expectation of the existence of a high-324

frequency cut-off in the relaxation spectrum. The extended Burgers model has also been325

applied on several occasions to the inversions of geodetic data and used to infer the ther-326

mal state of terrestrial planets or the Moon (e.g., Nimmo et al., 2012; Nimmo & Faul,327

2013; Khan et al., 2018; Bagheri et al., 2019).328

Nevertheless, the Andrade model remains a popular choice for rheology in plan-329

etary science, especially for its parametric economy. Since the laboratory studies are fo-330

cused on the rheological properties of mostly pure samples under specific laboratory con-331
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ditions, their results can inform the models of planetary interiors, but reconstructing the332

planetary interiors from geodetic observations might require much greater variability in333

the rheological parameters. From a practical point of view, the Andrade model requires334

the variation of a smaller number of parameters, and it is thus better suited for mod-335

elling planets with a limited number of observational constraints.336

To explore the parameters of the Andrade model implied by newer datasets obtained337

with samples different from pure olivine, we analysed the processed data obtained and338

presented by Barnhoorn et al. (2016) and Qu et al. (2021). The data were originally fit-339

ted with the extended Burgers model; however, for the sake of the present study, we fit-340

ted them individually (for each temperature) as well as globally (using the pseudo-period341

master variable, for Qu et al., 2021) with the Andrade rheology within the α − β ap-342

proach.343

Barnhoorn et al. (2016) measured the viscoelastic deformation of polycrystalline344

MgO, which is the Mg-rich end-member of the lower-mantle mineral ferropericlase that345

might play the dominant role in the deformation of the lower mantle (Girard et al., 2016).346

A study of MgO was also presented by Webb and Jackson (2003); however, those ear-347

lier results, including an Andrade fit, were strongly affected by the presence of an un-348

fitted dissipation peak in the spectrum. Barnhoorn et al. (2016) analysed four samples349

of MgO with grain sizes between 0.2−104µm in a broad temperature interval of 20−350

1300 ◦C and at the same pressures and loading periods as in the previous studies. For351

the smallest-grain sample, the forced oscillation experiments were only conducted at tem-352

peratures below 900 ◦C and for the coarsest-grain sample, the data at high temperatures353

and long loading periods were likely affected by underestimated dissipation in a control354

specimen (Barnhoorn et al., 2016). For these reasons, we only fitted the Andrade model355

to the high-temperature data of the well-characterized sample 1077 (with d = 8.8µm)356

and to a few selected high-temperature measurements of the two samples with smaller357

grain sizes. Within the individual fits, we observe α between 0.20 and 0.42. The value358

is increasing monotonically with the temperature for each of the individual samples and359

the highest values (α > 0.3) are found for the sample with the smallest grain size (stud-360

ied at T = 800−900 ◦C). For β, we again find values between 10−13 and 10−12 Pa−1 s−α,361

corresponding to β∗ = 0.03− 0.56 s−α. Similarly to α, β∗ is also increasing with tem-362

perature for each of the samples, and the smallest-grain sample shows β∗ < 0.1. Pa-363

rameter ζ attains values between 0.02 and 3.67 and its temperature dependence is neg-364

ative.365

Qu et al. (2021) studied the anelastic properties of olivine-orthopyroxene (Ol−Px)366

mixtures with different proportions of the two minerals at the standard confining pres-367

sure of 200MPa and in the temperature range from 1300 ◦C down to 400 ◦C. One of the368

samples, with 5%Ol and 95%Px, was heated to a high temperature twice: in the “first369

cycle” to 1200 ◦C and in the “second cycle” to 1300 ◦C. This procedure ensured a smaller370

amount of microcracks in the second cycle. By fitting the available processed data of Qu371

et al. (2021) for each considered temperature with the Andrade model, we found values372

of α and ζ consistent with the results for pure olivine (α = 0.21 − 0.32, ζ = 0.03 −373

24.63). The parameter β∗ is between 0.07 and 0.24Pa−1 s−α. Additionally, we fitted all374

data collected at temperatures greater than 1100 ◦C for each sample with the pseudo-375

period Andrade model of Jackson and Faul (2010), considering the Arrhenian temper-376

ature dependence of viscoelastic deformation. The results of the global fit are listed in377

Table 1.378

For all references listing the parameters of the individual Andrade-type fits to the379

experimental data (Tan et al., 2001; Jackson et al., 2002, 2004), as well as for our fits380

to the dataset of Barnhoorn et al. (2016) and Qu et al. (2021), we also explored possi-381

ble correlations in the datasets. Figure 1 shows the Andrade parameters of olivine and382

Ol-Px mixtures as a function of the unrelaxed sample rigidity and distinguishes between383

fits obtained with the microcreep measurements (marked by triangles) and fits obtained384
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Param. Unit 95Ol, 5Px 70Ol, 30Px 5Ol, 95Px (1) 5Ol, 95Px (2)

α — 0.22 0.22 0.24 0.22
β∗
R s−α 0.006 0.01 0.009 0.008

ζR — 0.46 1.92 0.92 0.36
ηR Pa s 1020.9 1019.4 1019.2 1020.9

µR GPa 61.3 59.7 49.9 63.8
E∗ kJ/mol 676 634 576 673
V ∗ cm3/mol 9.85 2.11 10.0 0

Table 1. Pseudo-period Andrade fit to the Ol-Px dataset of Qu et al. (2021). Subscript “R”

indicates reference values at TR = 900 ◦C and PR = 200MPa. The temperature dependence of

unrelaxed rigidity was modelled as µ(T ) = µR + (T − TR)
∂µ
∂T

with ∂µ
∂T

= −13.6MPa/◦C (Bass,

1995; Jackson & Faul, 2010).

with the torsional oscillation measurements (marked by circles). As can be seen in Fig-385

ure 1a, the microcreep fits tend to overestimate the value of α with respect to the tor-386

sional oscillation fits. This is a result of the microcreep data processing reported by Tan387

et al. (2001). There is also a weak indication for a trend in the Andrade parameters with388

increasing rigidity, with ζ preferring slightly higher values at higher µ. If this trend proves389

to be real, it would mean that the characteristic time scale of anelastic deformation in390

mantles of large terrestrial planets (e.g., Venus, Earth, and massive rocky exoplanets)391

is longer than the characteristic time scale of viscoelastic deformation (the Maxwell time).392

In that case, viscoelastic deformation would play a more important role in their tidal de-393

formation than anelasticity (see also Efroimsky, 2012a). Figure 1 also contains two data394

points with unusually high ζ. As was discussed above, upon the inspection of Figure 9b395

of Tan et al. (2001), we tentatively consider those two data points outliers. The data for396

MgO are not depicted in the figure due to the considerably different range of sampled397

rigidities (µ = 78−146GPa). For MgO, ζ is mildly increasing and α is mildly decreas-398

ing with increasing rigidity for each of the samples individually, which might be an in-399

dication of a similar temperature dependence of these parameters and µ. However, we400

do not see any global trend.401

Figure 2 compares the Andrade times calculated using expression (14) and the Maxwell402

times of polycrystalline olivine, MgO, and Ol-Px datasets. Most plotted data points, with403

the exception of the two suspected outliers, lie between the dashed lines indicating ζ =404

0.1 and ζ = 10, and all values are confined to the interval ζ ∈ [0.01, 100].405

Finally, Figure 3 shows a variation on Figure 4 of Castillo-Rogez et al. (2011), in-406

cluding not only the datasets of Tan et al. (2001) and Jackson et al. (2002) used in the407

original work but also the dataset of Jackson et al. (2004), which contains samples with408

small fractions of melt, and our fits to the individual samples of Barnhoorn et al. (2016)409

and Qu et al. (2021). The dashed line in the figure also shows a linear fit to the presented410

data, characterized by the equation below the data points.411

In summary, the high-temperature and high-pressure forced oscillation studies of412

viscoelastic and anelastic effects in fine-grained polycrystalline olivine, Ol-Px mixtures,413

and MgO typically show ζ between 0.01 and 100, α between 0.15 and 0.4 (with a pref-414

erence for α = 0.2− 0.3), and β∗ between 0.006 and 1.38 s−α. The linear fit to β as a415

function of η−αµ−(1−α), similar to that of Castillo-Rogez et al. (2011), has a slope ζα =416

0.42 for all considered data, and ζα = 0.54 for melt-free olivine only, indicating a pref-417

erence for ζ < 1. In the next section, we will discuss how the uncertainties in the two418

Andrade parameters within the α−ζ approach affect the determination of mantle vis-419

cosity in terrestrial planets.420
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Figure 1. The Andrade parameters α (a) and ζ (b) as a function of unrelaxed sample rigidity

for fine-grained polycrystalline olivine (gray) and olivine-pyroxene mixtures (light blue). Marker

shapes indicate different measurement techniques: torsion oscillations (circles) vs. microcreep

(triangles). The data points are obtained from individual fits to the frequency-dependent dissipa-

tion and modulus dispersion data collected at each temperature.

2.2 Consequences of uncertainties in the Andrade parameters421

To investigate how the uncertainties on the Andrade parameters α and ζ affect the422

efforts to constrain the rheology of terrestrial planets, we explored the mantle viscosi-423

ties implied by the real part of the tidal Love number k2 reported in the literature. With424

the exception of one specific case, we assumed a fully liquid core of a prescribed size, an425

elastic structure of the mantle given either by a rescaled PREM (for Venus, Mars, and426

Mercury; Dziewonski & Anderson, 1981) or VPREMOON (for the Moon; Garcia et al.,427

2011), and we calculated the corresponding effective tidal viscosity of the mantle for dif-428

ferent pairs of (α, ζ). For the sake of simplicity, the viscosity was considered constant429

in the entire mantle. The density of the core was always set to a constant value required430

to match the total planetary mass.431

We emphasize that our intention in this section is only to illustrate the effect of432

the unknown Andrade parameters on the inferred mantle viscosity, and not to propose433

any conclusive mantle viscosity estimates for the planets. In reality, when reconstruct-434

ing the interior structure of a planet, the core size is also inferred from the tidal defor-435

mation and should not be independent of the considered rheological model. Moreover,436

the mineralogy of the Martian, Cytherean (“Venusian”), and Mercurian mantle is likely437

different from that of the Earth, and the interior structure of Mars and the Moon is fur-438

ther constrained by other tidal parameters, such as the quality factor Q and the Love439

numbers h2 and k3.440

For Venus, we considered a core radius of 3147 km, which is the best-fitting solu-441

tion found by O’Neill (2021) for an Earth-like core composition. The degree-2 potential442

tidal Love number of Venus at the semi-diurnal frequency (ω = 1.25 × 10−6 rad s−1)443

is k2 = 0.295± 0.066 (Konopliv & Yoder, 1996). For the lower bound of the 2− σ in-444

terval of the Cytherean k2, we did not find any fitting mantle viscosity for the model with445

a fully liquid core. This is in accordance with the results of Dumoulin et al. (2017), who446

showed that a k2 value lower than 0.27 would indicate that the Cytherean core is fully447

solid. Therefore, in the particular case of Venus with k2 = 0.229 (Figure 5), we mod-448

eled the core as fully solid, decribed by the viscoelastic Maxwell model, and we set its449

viscosity to ηcore = 1017 Pa s and its rigidity to µcore = 150GPa. The core radius pre-450
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Figure 2. The Andrade time τA compared to the Maxwell time τM for polycrystalline olivine,

MgO, and Ol-Px mixtures. Dashed lines indicate different values of the “relative Andrade time”

(the parameter ζ).

scribed for Mars was 1830 km (Stähler et al., 2021), with the Love number at the semi-451

diurnal frequency (ω = 1.42×10−4 rad s−1) being k2 = 0.174±0.008 (Konopliv et al.,452

2020). Mercury’s core radius was set to 1955 km, which is the mean value found by Goossens453

et al. (2022) for the Love number k2 = 0.569±0.025 estimated by Genova et al. (2019)454

at the annual loading frequency (ω = 8.26 × 10−7 rad s−1). Finally, for the Moon, we455

considered a core radius of 380 km (Garcia et al., 2011) and the Love number at the monthly456

frequency (ω = 2.67× 10−6 rad s−1) equal to k2 = 0.02422± 0.00022 (Williams et al.,457

2014).458

Figure 4 shows the results of our analysis, where we fitted the mean value of k2 re-459

ported for each of the planets. Similarly, Figures 5 and 6 show the results of the same460

analysis for the lower and the upper bound of the reported intervals of k2. The inter-461

vals are 2−σ for Venus but potentially larger for Mercury, Mars, and the Moon, where462

the error bars are artificially widened to account for all possible sources of uncertainty.463

The difference between the individual levels of the contour plots in all three figures464

is one order of magnitude, which enables us to readily estimate the effect of varying α465

and ζ on the inferred mantle viscosity, assuming that the core size is known (e.g., from466

the moment of inertia, mineralogical considerations, or seismic measurements). The hor-467

izontal solid bars indicate the range of α most often found in the literature (as discussed468

in the previous section) for two values of ζ. The first one, ζ = 1, is an assumption of-469

ten used in the studies of planetary interiors (e.g., Castillo-Rogez et al., 2011; Běhounková470

et al., 2013; Dumoulin et al., 2017; Goossens et al., 2022; Xiao et al., 2022). The second471

one, ζ = 0.1, is approximately equal to the value of ζ corresponding to the slope of the472

linear fit in our Figure 3.473

Additionally, the thin white isolines in Figure 4 also show the tidal quality factor474

Q predicted for each of the combinations of α, ζ, and the estimated mantle viscosity. The475

tidal quality factor is a frequency-dependent quantity inversely proportional to the rate476

of energy dissipation caused by tidal loading (for a proper definition, see, e.g., Efroim-477
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Figure 3. A variation on Figure 4 of Castillo-Rogez et al. (2011), with added data points

from Jackson et al. (2004), Barnhoorn et al. (2016), and Qu et al. (2021). The gray dashed line

indicates a linear fit to all data with R2 = 0.76.

sky, 2012a, 2012b), which might provide additional insight into the rheology of celestial478

bodies. It has been estimated for the Moon from lunar laser ranging (LLR; e.g., Williams479

& Boggs, 2015), for Mars from the rate of Phobian orbital evolution (e.g., Lainey et al.,480

2007), and under certain assumptions on the surface-atmosphere coupling, it can also481

be calculated for Venus from the equilibrium of the solid-body and atmospheric tides (Correia482

et al., 2003). In Figure 4 and in the following Figures 5-6, we specifically highlight the483

value 38± 4 derived at the monthly period for the Moon (Williams & Boggs, 2015).484

As we can see in Figures 4-6, for ζ between 0.1 and 1, the inferred mantle viscos-485

ity only varies by one order of magnitude. This is true for all four considered bodies. The486

influence of α for typical values between 0.15 and 0.4 is much more pronounced, and varies487

among the planets. For Venus and Mercury, the influence is comparatively small at 1488

to 3 orders of magnitude, for Mars and the Moon, it is 4 to 6 orders of magnitude.489

If the tidal quality factor Q is estimated together with k2 (at least at the main tidal490

frequency), it can help to further constrain not only the mantle viscosity but also the491

parameters of the rheological model assumed for the mantle. As illustrated in Figures492

4-6 and emphasised specifically for the Moon, the measurement of Q is able to put tight493

constraints on the Andrade parameter α. For a lunar Q at the monthly frequency, Q =494

38±4 (Williams & Boggs, 2015), the parameter α can be constrained between 0.15 and495

0.22. This in turn allows the range of estimated mantle viscosities to be narrowed from496

4−6 to 2−3 orders of magnnitude (for a fixed ζ). However, the existing measurement497

of Q does not add almost any information about the parameter ζ. For a fixed core size498

and for an estimated pair of k2 and Q at a single frequency, there is always a trade-off499

between the mantle viscosity η and the parameter ζ (see also Walterová et al., 2023).500

Potential further information on the rheology of planetary mantles can be obtained from501

tidal measurements at multiple frequencies (Williams & Boggs, 2015; Bagheri et al., 2019;502

Cascioli et al., 2023).503
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Figure 4. Effect of the Andrade parameters α and ζ on the inferred mantle viscosity (color-

coded) corresponding to the mean values of the empirical tidal Love numbers k2 for four terres-

trial bodies: Venus, Mars, Mercury, and the Moon. The core radius is assumed constant and the

core is modelled as a fluid of low viscosity (1Pa s). Solid horizontal bars indicate the typical val-

ues of α, for two realistic choices of ζ: 0.1 (following Figure 3) and 1 (following Castillo-Rogez et

al., 2011). The thin white dotted lines are the isolines of tidal quality factor Q corresponding to

the combination of α, ζ, and η at the main tidal frequency. Specifically, the range of Q estimated

for the Moon from LLR (Williams & Boggs, 2015) is plotted with the solid white lines.

3 Discussion504

The parameters α, β, β∗, and ζ of the Andrade rheological model, which are used505

for the interpretation of geodetic measurements, are usually assumed based on the ex-506

isting experiments. For this reason, it is essential that samples of different compositions507

are studied and that the effect of high confining pressures, relatively high temperatures,508

and low-frequency loading with low stress amplitudes are investigated. Despite dedicated509

efforts in measuring the frequency-dependent response of planet-forming materials, and510

despite the advances in rheological experiments under high confining pressures (Li & Wei-511

dner, 2007), the modelling of tidal deformation of terrestrial planets relies on the extrap-512

olation of the laboratory results to the planet’s interior conditions. While it is well es-513

tablished that the viscosity of a homogeneous material scales with pressure and temper-514

ature following the Arrhenius law (and with grain size and water content following the515

power law; e.g., Hirth & Kohlstedt, 2003), and the Andrade parameter β scales in the516

same way, the parameter dependence of α and ζ is not well known. To our knowledge,517

the only work dealing with the parameter dependence of α is the paper by Lee et al. (2011),518

who illustrate its relation to the grain shape and the loading frequency. Specifically, α519

should be related to the stress singularities at grain triple junctions (Lee et al., 2011; Picu520

& Gupta, 1996).521
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Figure 5. Same as Figure 4, but for the lower bound of the Love numbers reported in the lit-

erature. Note that for the considered core radius of 3147 km, the lower bound on the k2 of Venus

cannot be fitted by any model with a fully liquid core (see also Dumoulin et al., 2017). Therefore,

in this specific case, we modelled the Cytherean core as fully solid, with ηcore = 1017 Pa s and

µcore = 150GPa.

As we have seen in Figure 1, the parameters α and ζ depend mildly on the sam-522

ple’s rigidity—and their rigidity-dependence might also be a function of the composi-523

tion. Moreover, the exponent of the anelastic term, α, fitted to the laboratory data, ap-524

parently depends on the experimental method: for microcreep experiments, it is higher525

than for torsional oscillations and it exhibits a tendency to increase with sample rigid-526

ity. The difference likely results from the data processing, where the time-domain mea-527

surements of microcreep are first fitted with the original Andrade law with α = 1/3 and528

only then transformed to the frequency domain. Tan et al. (2001) notes that the fitting529

of microcreep data “involves a hierarchy of assumptions and/or approximations” and that530

the torsional oscillation data should be considered more qualitatively robust. The pa-531

rameter ζ for olivine samples slightly increases with rigidity, independent of the method.532

For MgO, ζ also increases with rigidity but the trend is weaker than for olivine and sample-533

dependent. Typically, ζ of olivine, Ol-Px mixtures, and MgO falls between 0.01 and 100534

(Figure 2); the two data points from Tan et al. (2001) that exhibit a considerably higher535

ζ are suspected to be outliers.536

We note that the data for pure olivine of either natural or synthetic origin, adopted537

from the discussed papers, were collected in the rigidity range from ∼ 20 to ∼ 70GPa.538

While this range might be sufficient for smaller bodies (the Moon, Mercury, and Mars),539

the dependence of α and ζ on rigidity is not explored sufficiently for the rigidities rel-540

evant to deep Cytherean or terrestrial interior. The mantles of Earth-sized or Venus-sized541

planets can reach rigidities as high as 200GPa close to the core-mantle boundary and542

since the tidal dissipation of bodies with a liquid outer core (or with a fully liquid core)543

is greatest in the lower mantle (see, e.g., Tobie et al., 2005; Henning & Hurford, 2014),544
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Figure 6. Same as Figure 4, but for the upper bound of the Love numbers reported in the

literature.

the rheological parameters of samples with high unrelaxed rigidity are of major inter-545

est. If ζ increases with rigidity, as is tentatively indicated in Figure 1b, the viscous term546

in the dynamic compliance of the Andrade model (equation (15)) might have a strong547

impact on the tidal deformation of large terrestrial planets.548

In that regard, to understand the effect of the depth dependence of the parame-549

ter ζ, we considered the Venus model from Section 2.2 with three different assumptions550

on the radial dependence of ζ: one with a constant ζ = 1 in the entire mantle, one with551

ζ decreasing logarithmically from 100 at the core-mantle boundary to 0.01 under the crust,552

and the third one with ζ increasing within the same interval (Figure 7). The second case,553

ζ decreasing with radius, is consistent with the expected dependence of ζ on µ mentioned554

in the previous paragraph. For a fixed mantle viscosity η = 1020 Pa s and a fixed core555

size, the decrease of ζ with radius results in a difference smaller than 0.01 in the predicted556

k2 with respect to a depth-independent ζ = 1. The greatest difference in Q is approx-557

imately 10. The (less realistic) increase of ζ with radius results in more pronounced dif-558

ferences, up to 0.02 in k2 and over 30 in Q. Although the variable ζ changes the predicted559

k2 by less than 5%, it should be considered as one of the contributions to the uncertain-560

ties of the interior structure parameters.561

In the two previous paragraphs, we only referred to the properties of olivine. For562

the sake of tidal modeling, it is typically assumed that the mantle of terrestrial planets563

follows the same rheological law as pure olivine. Then, either the α−β parameterisa-564

tion with a pseudo-frequency master variable is used (with the parameters obtained for565

sample 6585 of Jackson & Faul, 2010) or the α− ζ parameterisation with ζ ≈ 1 fitted566

to olivine data of Tan et al. (2001) and Jackson et al. (2002) is applied (Castillo-Rogez567

et al., 2011). The first approach has been used, e.g., for the study of Mercury (Padovan568

et al., 2014; Steinbrügge et al., 2018; Goossens et al., 2022), Mars (Plesa et al., 2018; Bagheri569
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Figure 7. Predicted tidal Love number k2 (left) and tidal quality factor Q (right) for a model

of Venus with mantle viscosity η = 1020 Pa s, a liquid core of radius 3147 km, and the elastic

profile given by rescaled PREM (Dziewonski & Anderson, 1981). The parameter ζ is consid-

ered either constant (ζ = 1) or decreasing/increasing logarithmically with depth in the interval

[0.01, 100].

et al., 2019), and the Moon (Xiao et al., 2022). The second approach or its equivalent570

with the implicit assumption of ζ = 1 has been used for icy moons (e.g., Castillo-Rogez571

et al., 2011; Běhounková et al., 2013), Venus (Dumoulin et al., 2017; Bolmont et al., 2020;572

Xiao et al., 2021; Saliby et al., 2023), for the Moon (Xiao et al., 2022), and in exoplan-573

etary studies (e.g., Renaud & Henning, 2018; Bolmont et al., 2020). The α−ζ approach574

with ζ = 1 (Castillo-Rogez et al., 2011) is also implemented in the tidal software ALMA3
575

(Melini et al., 2022).576

However, it has been argued by Barnhoorn et al. (2016), based on the experiments577

of Girard et al. (2016), that the viscoelastic deformation and dissipation in the deep man-578

tle of the Earth might be governed by the processes in ferropericlase (containing MgO)579

rather than by the more abundant silicate perovskite. If this is the case, a change in the580

temperature and pressure dependence of the rheological parameters used for tidal mod-581

eling of large terrestrial planets like the Earth and Venus might be required.582

We also analyzed the traditional assumption of ζ ≈ 1. Interestingly, for the two583

melt-free olivine datasets of Tan et al. (2001) and Jackson et al. (2002), we found a lin-584

ear dependence of η−αµ−(1−α) on the original Andrade parameter β in the form:585

η−αµ−(1−α) = 0.54β + 1.57× 10−12. (19)586

The slope of this dependence is, by definition, equal to ζα. For α = 0.2 − 0.3, we ob-587

tain ζ = 0.05−0.13, a value that is about an order of magnitude smaller than implied588

by the fit of Castillo-Rogez et al. (2011). When considering the data points for all sam-589

ples used in this work (independent of composition and melt fraction), we obtain ζ =590

0.01− 0.06. The median value of ζ calculated individually for each of the data points591

(i.e., using the true α for each of the data points) is ζ = 0.33. Nevertheless, the assump-592

tion of ζ = 1 is not incorrect: as illustrated in Figures 1b and 2, it falls approximately593

in the middle of the interval of permissible ζ.594

Figures 4-6 show that varying the considered values of α and ζ has profound ef-595

fects on the inferred mantle viscosity of our toy-model terrestrial planets with a prescribed596

tidal Love number k2 (see also Dumoulin et al., 2017; Renaud & Henning, 2018). Increas-597

ing α or ζ leads to lower predicted mantle viscosity. Ideally, estimating the Andrade pa-598

rameters α and ζ (or α and β, in the original parameterisation) should be incorporated599
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into the interior structure inversion (as is done, e.g., in Bagheri et al., 2019; Xiao et al.,600

2022). Additional information can be obtained by measuring the tidal quality factor Q,601

which helps to narrow the interval of estimated α. Possible future measurements of a planet’s602

response at multiple loading frequencies might also reveal the need for more complex rhe-603

ological models than Andrade’s law (Williams & Boggs, 2015; Lau & Faul, 2019).604

For the calculations presented in Figures 4-6, we considered the planetary mantles605

fully solid, following the rigidity and density structure prescribed by rescaled PREM or606

by VPREMOON, and having a constant viscosity. The presence of any low-viscosity, pos-607

sibly partially molten layers anywhere in the mantle would presumably imply different608

(higher) viscosities in the rest of the mantle (e.g., Bolmont et al., 2020). Additionally,609

for Figure 5, showing the mantle viscosity for the lowest value of the k2 interval presented610

in the literature, we assumed that the core of Venus is fully solid. For the Love number611

in question, and for the prescribed mantle structure and core size, it was impossible to612

find a solution with a fully liquid core. However, the rheological parameters of a fully613

solid core also affect the resulting tidal response, and they deserve a mention. We chose614

the parameters ηcore = 1017 Pa s and µcore = 150GPa. With a lower core viscosity, it615

is already impossible to fit the prescribed k2. With a higher core viscosity, we observe616

a preference for a lower viscosity of the mantle and higher predicted Q. Similarly, increas-617

ing the rigidity of the core from 150GPa to 300GPa results in lower inferred mantle vis-618

cosities.619

Within the k2 error bounds given in the literature, the predicted mantle viscosity620

of the individual planets varies by different amounts. The effect of α and ζ on these vari-621

ations is depicted in Figure 8. For the k2 values measured so far, including the error, the622

uncertainty in viscosity is smallest for Venus and the Moon and is at most one order of623

magnitude. Interestingly, the error in the inferred viscosity is the greatest for Mars (up624

to 4 orders of magnitude), although the k2 of Mars is known much more precisely than625

that of Venus (4% uncertainty in comparison to 20% uncertainty). It is important to note626

that for this estimate, we assume that the core size is known. Still, this example shows627

that the inference of Cytherean mantle viscosity can be relatively accurate even with pre-628

viously unconstrained Andrade parameters. With a higher ζ or α, the response of a body629

governed by the Andrade rheology resembles the response of a planet described by the630

Maxwell rheology, for which the sensitivity of k2 to mantle viscosity is weaker.631

In Section 2.1, we also presented new Andrade fits to the two datasets that were632

not analysed in the context of this rheological model before (Barnhoorn et al., 2016; Qu633

et al., 2021). It is worth noting that while the fitted parameters α, β∗, and µ, listed in634

the online material, are relatively robust with respect to the optimization step size and635

our choice of the cost function, the sample viscosity η is extremely sensitive to the op-636

timization scheme used. This also affects the derived values of ζ that can vary by orders637

of magnitude. The most consistent results are obtained from fitting to the samples stud-638

ied under the highest temperatures (1100− 1300 ◦C). We adjust the optimization pa-639

rameters to values that predict viscosity monotonically decreasing with temperature for640

the entire temperature range considered. Furthermore, we do not use data correspond-641

ing to temperatures lower than 1100 ◦C because at lower temperatures, the dissipation642

spectrum might already contain additional dissipation peaks (Webb & Jackson, 2003;643

Jackson & Faul, 2010; Sundberg & Cooper, 2010). We also disregard the viscosity and644

ζ predictions for cases where viscosity cannot be fitted uniquely. This happens when the645

laboratory data at a given temperature and for a given composition only cover the in-646

terval of frequencies at which the sample reacts almost purely anelastically. Neverthe-647

less, parameters α and β (or β∗) of those samples could still be fitted.648
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Figure 8. The difference between mantle viscosity predicted for the upper bound of the k2

interval and the mantle viscosity predicted for the lower bound of the k2 interval presented in the

literature for three terrestrial planets and the Moon. Effect of Andrade parameters α and ζ.

4 Conclusions649

When interpreting the measurements of tidal deformation of planets and satellites650

in the Solar System, an assumption on the solid body’s rheological behavior is often re-651

quired. The dependence of the rheology on temperature, pressure, and grain size then652

provides a link between the measured quantities and the planet’s interior structure, ther-653

mal state, or even thermal history. In this work, we discussed two parameterisations of654

the popular Andrade rheological model and provided a review of the rheological param-655

eters available in the literature. When necessary, we derived the values of the param-656

eters from the measured quantities.657

In Figures 1-3, we illustrated the dependence of empirical parameters α and ζ on658

the rigidity, the relation between the characteristic time scales of the viscous and anelas-659

tic relaxation, and we also attempted to extend the fit of Castillo-Rogez et al. (2011) to660

newer datasets. For these analyses, the high-pressure deformation and attenuation data661

for olivine (Tan et al., 2001; Jackson et al., 2002, 2004), Ol+Px mixtures (Qu et al., 2021),662

and MgO (Barnhoorn et al., 2016) were used. We found that the parameter ζ is mildly663

rigidity-dependent; the typical values of α are 0.15 − 0.4, and the values of ζ fall into664

the interval 0.01− 100. The median value of ζ is 0.33.665

The uncertainties in the Andrade parameters then affect the inferred interior prop-666

erties of terrestrial planets and rocky moons. Focusing specifically on the tidal effective667

mantle viscosity (Figures 4-8), we saw that, depending on the planet considered, the in-668

crease of α from 0.15 to 0.4 might decrease the predicted viscosity by up to six orders669

of magnitude. The increase of ζ by one order of magnitude leads to the decrease of the670

predicted viscosity by one order of magnitude for all discussed planets. Additional in-671

formation about mantle viscosity and the Andrade parameter α can be obtained by mea-672

suring the tidal quality factor Q. On the other hand, the parameter ζ cannot be easily673
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constrained by single-frequency k2 and Q: there is a trade-off between ζ and the man-674

tle viscosity. A possible remedy to this problem would be a precise estimation of tidal675

response at multiple frequencies (e.g., Bagheri et al., 2019).676

Our results are based on a limited number of datasets that are currently available677

to the tidal modelling community. Nevertheless, they show several regularities that should678

be taken into account in tidal modelling and in the inversion of geodetic measurements.679

The uncertainty in the rheological parameters may have greater influence on the deter-680

mination of mantle viscosities than the uncertainty of k2. We believe that a better un-681

derstanding of the parameter dependencies of α, ζ, and β (or β∗), including the effect682

of temperature, composition, grain size, sample rigidity, and (reference) viscosity will help683

to acquire a clearer picture of the interior structure of terrestrial worlds in the Solar Sys-684

tem. In view of the current or upcoming missions to the planets where most informa-685

tion about the interior is obtained from the geodetic (including tidal) measurements and686

where the opportunity for seismic measurements is limited (Mercury and Venus), the study687

of rheological behaviour of materials under mantle-like conditions promises important688

improvements to the models.689

5 Open Research690
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