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Abstract Dislocation-based dissipation mechanisms potentially control the viscoelastic response of Earth's
upper mantle across a variety of geodynamic contexts, including glacial isostatic adjustment, postseismic creep,
and seismic-wave attenuation. However, there is no consensus on which dislocation-based, microphysical
process controls the viscoelastic behavior of the upper mantle. Although both intergranular (plastic anisotropy)
and intragranular (backstress) mechanisms have been proposed, there is currently insufficient laboratory data to
discriminate between those mechanisms. Here, we present the results of forced-oscillation experiments in a
deformation-DIA apparatus at confining pressures of 3—7 GPa and temperatures of 298-1370 K. Our
experiments tested the viscoelastic response of polycrystalline olivine—the main constituent of the upper
mantle—at stress amplitudes from 70 to 2,800 MPa. Mechanical data are complemented by microstructural
analyses of grain size, crystallographic preferred orientation, and dislocation density. We observe amplitude-
and frequency-dependent attenuation and modulus relaxation and find that numerical solutions of the backstress
model match our results well. Therefore, we argue that interactions among dislocations, rather than
intergranular processes (e.g., plastic anisotropy or grain boundary sliding), control the viscoelastic behavior of
polycrystalline olivine in our experiments. In addition, we present a linearized version of the constitutive
equations of the backstress model and extrapolate it to conditions typical of seismic-wave propagation in the
upper mantle. Our extrapolation demonstrates that the backstress model can explain the magnitude of seismic-
wave attenuation in the upper mantle, although some modification is required to explain the weak frequency
dependence of attenuation observed in nature and in previous experimental work.

Plain Language Summary Earth's upper mantle can flow in response to forces from growing or
retreating glaciers, the release of stress in the crust during earthquakes, and the waves that propagate away
from earthquakes. The uplift of the land surface after major loss of ice from glaciers, the rate at which stress
builds up on earthquake-generating faults, and the speed at which waves propagate away from earthquakes
all depend on the rate at which the underlying mantle rocks can flow. However, those rates can change over
time, and this time-dependent deformation is not well characterized for mantle rocks. To accurately predict
these large-scale phenomena, we need to understand the small-scale mechanisms that control the time-
dependent deformation of mantle rocks. Recent studies have proposed two models that involve microscopic
crystalline defects known as dislocations. We identified the best of these models by performing laboratory
experiments on synthetic mantle rocks at high pressure and temperature. We find that the behavior of these
mantle rocks is most consistent with a model that involves the interactions among dislocations within the
crystals that make up the rock. We further demonstrate that this model can explain important aspects of how
waves generated by earthquakes travel through the mantle.

1. Introduction

The viscoelasticity of Earth's upper mantle is a key component of many geophysical processes, including mantle
convection (Doin et al., 1997; Zhong et al., 2000), glacial isostatic adjustment (GIA) (Caron et al., 2017; Lau
etal., 2016; Nield et al., 2018), postseismic creep (Boulze et al., 2022; Freed et al., 2012; Weiss et al., 2019), and
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seismic-wave attenuation (Cammarano & Romanowicz, 2008; Priestley & McKenzie, 2013). Confident pre-
diction and analysis of these processes requires a rheological model based on a sound understanding of the
microphysical mechanisms involved in the deformation of the upper mantle. However, rheological models for the
mantle are often limited in that they either only consider steady-state behavior or are empirical in nature.

It is common practice to simplify the rheological behavior of the upper mantle to a Maxwell model, which as-
sumes an instantaneous elastic response and a long-term, steady-state viscosity (e.g., Klein et al., 2016; Yuen
et al., 1986). Such a simplification may be reasonable for processes that occur over long timescales like mantle
convection (Lau & Holtzman, 2019). However, a Maxwell model cannot explain the time-dependent evolution of
the apparent viscosity of the upper mantle, often referred to as “transient” rheological behavior, that has been
inferred by recent studies of postseismic creep (Freed et al., 2012; Muto et al., 2019; Weiss et al., 2019). It has also
been argued that discrepancies in upper-mantle viscosity estimates among GIA studies may result from the
simplification of the rheological behavior of the mantle to a Maxwell model (Caron et al., 2017; Lau &
Holtzman, 2019).

Alternatively, a Burgers model (i.e., an anelastic, Kelvin-Voigt element in series with a Maxwell model) can
produce an apparent change in viscosity over time and therefore may better describe observations of postseismic
creep and GIA. However, a variety of conflicting types of Burgers models have been proposed, including linear
(Pollitz, 2003, 2005) and nonlinear (Freed et al., 2012; Masuti & Barbot, 2021) versions. Furthermore, many
Burgers models are empirical in nature, lacking any explicit link to the microphysics of deformation. Without a
microphysical basis, these empirical models are not generalizable to the wide range of timescales and strain
amplitudes associated with the variety of Earth processes. Simply put, a Burgers model calibrated for postseismic
creep in one location may not be applicable to seismic-wave attenuation in that same location, nor can it be
applied to postseismic creep in other localities with different thermomechanical conditions. This limitation
highlights the need for a general physical understanding of the mechanisms that control viscoelasticity of the
upper mantle across a wide range of timescales and strain amplitudes.

Unfortunately, the experimental community has not yet reached consensus on which microphysical mechanism
controls the viscoelasticity of polycrystalline olivine, the predominant phase in Earth's upper mantle. Geophysical
observations indicate that attenuation, denoted by Q™! in the upper mantle is on the order of 1073-10~2 and
depends weakly on frequency, with Q! « @™¢, in which  is frequency and « 5% (Anderson & Minster, 1979;
Gribb & Cooper, 1998; Lekié et al., 2009; Ma et al., 2020). To date, however, most experimental work has
focused solely on attenuation at seismic-wave frequencies and amplitudes. Under such conditions, early forced
torsional oscillation experiments on fine-grained polycrystalline olivine produced a similar, weak frequency
dependence, an inverse dependence of attenuation on grain size, and linear viscoelastic behavior (Faul & Jack-
son, 2015; Gribb & Cooper, 1998; Jackson & Faul, 2010), consistent with elastically, diffusionally-assisted, and
diffusionally-accommodated grain-boundary sliding attenuation mechanisms (Morris & Jackson, 2009). The
observed behavior can be described with an extended Burgers model (i.e., a Burgers model with multiple Kelvin-
Voigt elements in series; Jackson & Faul, 2010). However, recent forced torsional oscillation experiments
covering a wider range of grain sizes by Qu (2022) revealed a significantly greater grain-size sensitivity of
attenuation than previously reported. Therefore, extrapolation of the extended Burgers model to upper-mantle
conditions is problematic as it underpredicts the magnitude of attenuation observed in seismic-wave studies by
at least an order of magnitude. As such, grain-boundary sliding mechanisms alone may not be able to account for
the observed seismic-wave attenuation in the upper mantle (Qu, 2022). We note that experiments on analog
materials indicate that dissipation by grain-boundary sliding may be enhanced by the presence of impurities on
grain boundaries (Takei, 2022) or the pre-melting effect at high homologous temperature (Yamauchi &
Takei, 2016, 2024), but these effects have yet to be quantified for olivine. Hence, despite the significant amount of
progress made on the problem of seismic-wave attenuation in polycrystalline olivine, it appears that additional
microphysical mechanisms may need to be considered to explain the viscoelastic behavior of the upper mantle.

As an alternative to mechanisms involving sliding along grain boundaries, dislocation-based mechanisms may be
able to simultaneously explain the observed magnitudes of seismic attenuation, as well as the inferred changes in
the apparent viscosity of the upper mantle during postseismic creep and GIA. The large stress changes associated
with these processes in particular (up to several MPa) likely activate the motion and multiplication of dislocations,
and the role that dislocations play in the attenuation of seismic waves in the upper mantle is the subject of ongoing
research (Farla et al., 2012; Gueguen et al., 1989; Sasaki et al., 2019; Tero & Nakajima, 2024, 2025). Two recent
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dislocation-based microphysical models have been proposed to explain the viscoelastic response of the upper
mantle, one based on stress heterogeneity and interactions among grains (Karato, 2021), hereafter referred to as
the “plastic-anisotropy model,” and one based on long-range interactions among dislocations, termed backstress,
within grains (Breithaupt et al., 2023; Hansen et al., 2021), hereafter referred to as the “backstress model.” While
other microphysical models involving dislocations have been proposed that link changes in grain size to the
transient rheological behavior of the upper mantle (Holtzman et al., 2018; Mulyukova & Bercovici, 2022), these
models cannot produce the anelastic behavior that is required to explain seismic-wave attenuation and is
potentially important for postseismic creep and GIA. Therefore, we focus our analyses on the plastic-anisotropy
and backstress models.

Thus far, the plastic-anisotropy and backstress models have been tested and calibrated in the time domain (Ashby
& Duval, 1985; Breithaupt et al., 2023; Hansen et al., 2019, 2021; Karato, 2021), in which a constant stress (strain
rate) is applied, and an evolving strain rate (stress) is measured. However, the subtle differences in the short-term
viscoelastic response among viscoelastic models are challenging to resolve in experiments in the time domain.
These difficulties are compounded in high-pressure experiments, where a tradeoff exists between the time res-
olution and the precision of stress measurements. These differences can be more easily probed in the frequency
domain, in which an oscillatory stress may be applied at a particular frequency for many cycles (Cooper, 2002;
Faul & Jackson, 2015). Therefore, dynamic (i.e., “oscillatory”) testing of the response of polycrystalline olivine at
stress amplitudes high enough to activate dislocation-based mechanisms is necessary for distinguishing which of
the available models is most applicable to the upper mantle.

Here we present high-stress, forced-oscillation experiments at high pressure and various temperatures that
characterize, for the first time, the nonlinear viscoelastic behavior of polycrystalline olivine. We conducted
experiments using a deformation-DIA (D-DIA) apparatus coupled with synchrotron X-ray radiography and
diffraction. The D-DIA is capable of performing forced-oscillation tests up to gigapascal stress amplitudes (Li &
Weidner, 2007, 2010), thereby permitting investigation of the physics of the proposed dislocation-based
mechanisms that dissipate energy during cyclic deformation. Combined with detailed microstructural analysis,
the experiments were designed to test the dynamic viscoelastic response of polycrystalline olivine as a function of
temperature, frequency, stress amplitude, grain size, and dislocation density. We find that our results are
consistent with numerical solutions of the backstress model and argue that intragranular interactions among
dislocations may explain the viscoelastic behavior of the upper mantle. We derive and extrapolate a linearized
version of the backstress model to conditions of seismic waves propagating through the upper mantle and discuss
the potential role of dislocations in seismic-wave attenuation.

2. Theoretical Background
2.1. Viscoelastic Behavior in the Frequency Domain

During dynamic testing, the dissipation of strain energy produces attenuation, Q~', and changes in effective
modulus, E., as a function of frequency, @, and sometimes stress amplitude, 64. Attenuation is defined as the
tangent of the loss angle, §, which is the phase lag between the stress and strain during dynamic testing,

0" = tan(5), )
or as the ratio of energy dissipated to energy stored per quarter cycle,

oo L AF
2r Estored |

2

in which AFE is the energy dissipated and Ej,.4 is the energy stored. Note that the attenuation values reported in
this work are associated with uniaxial shortening deformation, sometimes denoted by Qz', where the subscript £
refers to the Young's modulus. This quantity is not necessarily equal to the attenuation associated with shear
deformation, Q;l, which is the quantity typically of interest in seismic shear-wave attenuation. However, in our
nominally melt-free samples the contribution of bulk attenuation (i.e., the attenuation associated with volumetric
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Figure 1. Spring and dashpot representations of the plastic-anisotropy model (left) and the backstress model (right). In the
plastic-anisotropy model, subscripts S and H refer to the soft and hard slip systems, respectively, and Ey and 7,, denote the
unrelaxed directional Young's modulus and the steady-state viscosity of the slip system, respectively. For the backstress model,
My is the viscosity associated with low-temperature plasticity, M is the hardening modulus, 74, #,, and 77, represent dynamic

Ey

recovery, recovery by pipe diffusion, and recovery by grain-boundary diffusion, respectively, and Ey; is the unrelaxed Young's
modulus. Note that all of the dashpots have non-Newtonian viscosities.

deformation) to le is minimal, so le provides a decent approximation of shear attenuation (McCarthy
et al., 2011).

The simplest viscoelastic model, that of the linear Maxwell solid, produces attenuation that is inversely pro-
portional to frequency, Q™' «w™". Such behavior is hereafter referred to as Maxwell-type background dissipa-
tion. More complicated viscoelastic models include one or more anelastic elements that produce a Debye peak, i.
e., a local maximum in attenuation magnitude as a function of frequency, the location of which is defined by its
characteristic Maxwell frequency. The height of the Debye peak is proportional to the relaxation strength of the
anelastic element. Multiple closely spaced Debye peaks can lead to a weak dependence of attenuation on fre-
quency. For reference, Figure 1 in Karato and Spetzler (1990) provides a schematic illustration of Q~!(w) and
Eit(w) of a linear Maxwell solid and a standard linear solid as examples of viscous and anelastic behaviors,
respectively. For further background on the relation between time- and frequency-dependent viscoelastic
behavior, the reader is referred to the texts of Lakes (2009) and Nowick and Berry (1972).

2.2. Linear Versus Nonlinear Viscoelastic Behavior

Linear viscoelastic models are composed of linear viscous and linear elastic components. For these models,
analytical solutions for 0! as a function of frequency are available (e.g., Qausar, 1989). Linear viscoelastic
models lead to attenuation that is independent of amplitude. However, deformation accommodated by
dislocation-based mechanisms usually results in nonlinear viscoelasticity and therefore may lead to amplitude-
dependent attenuation. The behavior of nonlinear viscoelastic rheological models is typically investigated
numerically as analytical solutions for Q! are often unavailable.

2.3. Plastic-Anisotropy Model

The plastic-anisotropy model considers the time-dependent relaxation of displacement incompatibilities along
grain boundaries following a change in stress orientation or deformation geometry in a plastically anisotropic
medium (Ashby & Duval, 1985; Karato, 2021). During progressive deformation, and assuming a homogeneous
strain distribution upon deformation, these incompatibilities are first accommodated by anisotropic elastic
deformation, then by dislocation creep of grains that are favorably oriented for slip on soft slip systems, and
ultimately by dislocation creep of grains that are oriented such that they require activation of hard slip systems, the
latter of which control steady-state deformation. This sequence thus produces an increase in apparent viscosity
with an increase in strain. As illustrated in Figure 1, this model can be visually represented by two nonlinear
Maxwell models in parallel, with one Maxwell model representing the soft slip system and the other Maxwell
model representing the hard slip system. Note that viscosities used for each slip system are assumed to be the
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viscosities measured at steady state in experiments on single crystals (Karato, 2021) even though single crystals
exhibit an evolution of the apparent viscosity prior to reaching steady state (Cooper et al., 2016; Hansen
et al., 2021; Hanson & Spetzler, 1994). The overall strain rate, £, can thus be expressed as

£=2 4 Agol =0 4 Ayl 3)
Ey

in which E, is the directional Young's modulus for a crystal oriented for slip on the Xth slip system, Ay is a pre-
exponential factor incorporating the effects of temperature, pressure, and oxygen fugacity on dislocation creep, o
is the applied stress acting on the slip system, and 7 is a stress exponent. Subscripts S and H denote the soft and
hard slip systems, respectively. Note that the area fractions of soft and hard slip systems are assumed to be equal.
Equation 3 can be rewritten into a set of coupled ordinary differential equations as

1 n n
A Y (20+ EsAs6’ + EnAu(20 — o5) ) @)

and
b = Es (é - Aso’§>, )

in which o is the applied stress (the average of o5 and oy) and 6 is the applied stress rate.

2.4. Backstress Model

Alternatively, Breithaupt et al. (2023) developed a model of dislocation-based deformation that explains the
change of apparent viscosity with increasing strain via intragranular strain-energy dissipation based on the Kocks-
Mecking-Estrin model for low-temperature plasticity of metals. This model is augmented with terms for dynamic
recovery, static recovery of dislocations via pipe diffusion and grain-boundary diffusion, and a flow law that
describes the competition between dislocations acting as carriers of deformation and dislocations interacting to
produce a backstress that counteracts dislocation motion (Hansen et al., 2019, 2021). In the backstress model, the
plastic strain rate, &, is expressed as a function of dislocation density and backstress such that

&, = A(T)p sinh (:r;(?)), 6)

in which A(T) is a pre-exponential factor with an Arrhenius-type temperature dependence incorporating the
activation energy of dislocation glide, p is dislocation density, o is the applied stress, oy, is the backstress, and
o(T) is a temperature-dependent reference stress. The strain rate is approximately linearly or exponentially
dependent on the effective stress, o.;q = 0 — 0y, if 0 1s smaller than or much larger than this reference stress,
respectively. This reference stress relates to the height of the Peierls barrier, X, temperature, 7, and the activation
energy for glide, AF, as

oD ="k ™

Meanwhile, the backstress term in Equation 6 is composed of two terms,
oy = 0, + 0y, 8)

in which the Taylor stress, o,, arises from long-range elastic dislocation interactions and relates to dislocation
density through the Taylor equation,

o, = ayb\/;, )
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in which a is the Taylor constant, y is the shear modulus, and b is the Burgers vector. In Equation 8, 6, represents
the grain-size sensitive threshold stress for operating a Frank-Read source that relates to grain size, d, as

04 = fub/d, (10)

in which £ is a geometrical constant on the order of unity.

As the dislocation density in Equation 6 can be related to the Taylor stress through the Taylor equation, the plastic
strain rate can be expressed in terms of backstress, giving

. , . [60—0,—0y
&, = A/(T)ap sinh (ﬁ), (1

in which A’(T) is a pre-exponential factor with an Arhenius-type temperature dependence with absorbed con-
stants from the Taylor equation following Equation 26 of the supplementary information of Breithaupt
et al. (2023).

Assuming that the contribution of lattice diffusion to static recovery is negligible, the Taylor-stress rate, 5, can be

expressed following Equation 25 of the supplementary information of Breithaupt et al. (2023) as

p
P O, max

. o,+o,. o, .
(jp = M(’—s — ? |<E'p| - Rp(T)O'i - Rgb(T)Gf;gd)’ (12)

in which M is the hardening modulus, &, . is the maximum Taylor stress, and RI’, and Réb are pre-exponential
factors each with an Arrhenius-type temperature dependence incorporating the activation energy of pipe and
grain-boundary diffusion, respectively. Note that the first term on the RHS of Equation 12 represents the gen-
eration of backstress resulting from strain-driven dislocation multiplication and long-range dislocation in-
teractions, the second term represents dynamic recovery, and the third and fourth terms represent the removal of
backstress by recovery through grain-boundary diffusion and pipe diffusion, respectively.

Figure 1 provides a visual representation of Equations 11 and 12, with a parallel combination of a dashpot for low
temperature plasticity as described by Equation 11, and a spring with three dashpots in series with one dashpot for
each of the three recovery mechanisms. The spring represents the elastic backstress arising from long-range
dislocation interactions that counteract the applied stress. Lattice elasticity in series with the backstress model
is represented by an additional spring for the unrelaxed modulus, Ey.

3. Methods

For brevity, only key methodological steps are discussed in the sections below. Please refer to Text S1 in Sup-
porting Information S1 for more detail.

3.1. Deformation-DIA Experiments
3.1.1. Sample Synthesis

Powders of natural San Carlos olivine, containing ~1% of orthopyroxene to buffer silica activity, were dried
overnight at 1000°C in a gas-mixing furnace under controlled oxygen fugacity at the Ni-NiO buffer. Dried
powders were cold-pressed into Ni capsules and subjected to evacuated hot-pressing at 1250°C and a confining
pressure of 300 MPa in a gas-medium apparatus (Paterson, 1990). Evacuated hot-pressing produced dense, fine-
grained, nominally dry and melt-free polycrystalline olivine cylinders. Starting material was generated with two
different grain size fractions. One starting material, PT1616, was synthesized following this approach, while the
other starting material, PT1242, was further annealed for 68 hr at 1200°C in a gas-mixing furnace under
controlled oxygen fugacity to produce coarser grains. However, as discussed below, microstructural analysis
indicates that there is little difference in grain size between PT1616 and PT1242 after an initial loading and
relaxation procedure (Section 4.2). Right-cylindrical cores with a diameter of 1.05-1.20 mm were extracted
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parallel to the long axis of the hot-pressed cylinders using a diamond coring drill, ground to a height of 0.50 +
0.02 mm, and squared on diamond lapping film with a grit size of 30 pm.

3.1.2. Sample Assembly

Cubic sample assemblies were constructed following the procedure outlined in (Goddard et al., 2023, their
Figure 1). Each experimental column contained a vertical stack of olivine samples from starting materials PT1616
(top) and PT1242 (bottom) with the aim of providing a direct comparison of the effect of grain size on the
viscoelastic response of olivine. Care was taken to match the diameters of the samples to ensure that both samples
experienced the same stress (see Section 3.1.3). Samples were surrounded by Ni foils to both buffer the oxygen
fugacity at the Ni-NiO buffer and to serve as strain markers for radiography during the experiments.

We used the furnace calibration of Cross et al. (2025), which relates sample temperature to the electrical power
applied to the graphite resistive-heating furnace, and that was calibrated for the same nominal cell dimensions and
materials as used here. We favor this calibration over using a thermocouple as the inclusion of a thermocouple in
the experimental assembly can decrease its mechanical stability and introduces a heat sink that enhances thermal
gradients in the assembly (Raterron et al., 2013). In addition, the inclusion of a thermocouple in the assembly does
not necessarily increase temperature accuracy as displacement of the thermocouple during deformation, com-
bined with the large thermal gradients in a D-DIA assembly, can compromise the temperature measurements
(Dixon & Durham, 2018). Cross et al. (2025) found the kinetics of the quartz-to-coesite phase transformation in
the D-DIA to be consistent with the calibrated temperatures, furthering our confidence in this approach. We
conservatively estimate that our reported temperatures are accurate to within 50 K (see Section 5.1 for details).

3.1.3. Deformation Experiments

Synchrotron-based deformation experiments were conducted in a Deformation-DIA (D-DIA) apparatus housed at
beamline 6-BM-B of the Advanced Photon Source (Argonne National Laboratory, Chicago, IL). Details of the
technique are outlined elsewhere (e.g., Li & Weidner, 2010; Wang et al., 2003), and we only summarize the key
details here. The D-DIA apparatus consists of six hydraulic anvils—four horizontal anvils and two vertical anvils
—that can be simultaneously advanced to isostatically load the cubic sample assembly. In addition, the vertical
anvils, hereafter referred to as the differential rams, can be independently advanced or retracted using hydraulic
syringe pumps, enabling axial differential loading of the assembly.

White synchrotron X-rays were used to obtain stresses and strains via energy-dispersive X-ray diffraction and
radiography, respectively. Energy-dispersive X-ray spectra were collected using nine solid-state detectors
configured in a semi-circle around and oriented at a fixed angle to the incident X-ray beam. The energies of peaks
from the 112, 131, and 130 lattice planes of olivine were converted to lattice spacing using Bragg's law. We use
these diffraction peaks because they are consistently resolved even over the short diffraction collecting time
during our highest-frequency forced oscillations. Differential stresses and mean stresses were then calculated
from these lattice spacings and the azimuths of the detectors around the horizontal incident beam, following the
approach of Weidner et al. (2010). Following Hansen et al. (2019), digital-image cross correlation of the Ni-foils
in the radiographs was used to calculate axial strain of the samples. Strain resolution of this method in our ex-
periments was on the order of 107*. Stresses and strains were computed in near-real time during the deformation
experiments.

We measured stresses in the finer grained material, PT1616, assuming that both samples experienced the same
stress state, allowing for faster collection of diffraction patterns and increased time resolution (Hansen
et al., 2019). The MgO pressure medium surrounding the sample stack has a sufficiently low viscosity (~ 10!
Pas) at high pressure and temperature (Mei et al., 2008) such that any strength differences between olivine
samples do not significantly compromise the assumption that the stress state is homogeneous (Silber et al., 2022).
This assertion is further supported by a clear deviation from iso-strain conditions in the experiments (i.e., strain
rates vary significantly between the samples during deformation).

At the start of each experiment, the assembly was pressurized by loading the D-DIA with the main ram up to a
load of 30-50 tons over the course of an hour, which resulted in a confining pressure of 3—7 GPa. After pres-
surization, electrical power through the assembly was increased to reach the target temperature. Then, the dif-
ferential rams were advanced to compress the samples to shortening strains of 0.1-0.2 at a syringe pump rate of
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0.01 mm s~ ', corresponding to a strain rate of ~10~* s™'. The syringe pumps were then stopped, and stress was
allowed to relax for 10-20 min. The stress relaxed to approximately zero for experiments with a target tem-
perature >1000°C. Stress relaxation was incomplete in our experiments at 900°C and negligible in our experi-
ments at room temperature. After relaxation, the assembly was subjected to axial forced oscillations using the
“Sinepump” software available at beamline 6-BM-B, which imposed sinusoidal actuation of the syringe pumps at
frequencies of 107 to 1072 Hz (Li & Weidner, 2007).

Details of all experiments are summarized in Table 1. In the experiments presented here, we stepped through
either stress amplitude or frequency to test the dependence of attenuation and effective modulus on those vari-
ables. Steps in stress amplitude were performed by varying the stroke length of the syringe pumps. In frequency-
stepping experiments, the amplitude of the syringe pump was adjusted for each step with the aim of keeping the
stress amplitude constant. Each step typically consisted of a set of approximately 10 or more oscillations. Note
that, due to the hydraulic actuation of the D-DIA, stress or strain amplitude could only be controlled indirectly. In
addition, we could not control the average stress experienced by the samples during a forced oscillation, hereafter
referred to as the bias stress, o4.. This bias stress relaxed over the course of several oscillations in high-
temperature experiments. Hence, care was taken to achieve stable oscillatory behavior at each step before
continuing to the next step. At the end of each experiment, the sample was quenched by cutting power to the
furnace, followed by depressurization over the course of at least an hour.

For one experiment, SAN 626, the sample assembly was subjected to pressurization, heating, initial compression,
and stress relaxation, after which the sample was quenched and depressurized without any additional deformation.
This experiment served as a reference for the microstructural state of our samples at the start of forced oscillations
in the other experiments.

3.2. Mechanical and Microstructural Analyses
3.2.1. Mechanical Analysis

To analyze the mechanical data, we subdivided each timeseries into intervals of stable oscillatory behavior for
each amplitude or frequency step. We then fit these subsets with sinusoids superposed on polynomial trends,
detrended the fits, and extracted a value of attenuation and effective modulus for each subset. We calculated Q™!
from the phase lag between the best-fit sinusoids for the detrended stress and strain data following Equation 1.
Due to the limited time resolution of our measurements, we did not resolve any harmonic distortion of the strain
signal. Therefore, this fitting approach with simple sinusoids suffices to quantify attenuation from these data. The
effective Young's modulus was calculated from the detrended best-fit sinusoids for stress and strain as

Gmax
Ee = . (13)

gmax

Figure 2 provides an illustrative example of this procedure.

Errors on Q~! and E, are associated with the quality of the fit to the stress and strain data. To account for the
complex coupling among the uncertainties of the polynomial trend and those of phase and amplitude, we esti-
mated our errors using a Monte-Carlo error analysis for each set of oscillations. For each parameter of the best-fit
sinusoid, we generated a random normal distribution with the two-sigma level of confidence defined by the
parameter's 95% confidence interval. We then created 500 simulated timeseries of stress and strain using pa-
rameters randomly picked from these distributions and calculated Q' and E.g for each simulated timeseries.
These simulations yielded distributions of Q! and E.. The reported errors on Q~' and E,g are the standard
deviation of these distributions, which reflects the quality of the fit to the data. Please refer to Text S1.3 in
Supporting Information S1 for more details of the fitting and error-analysis procedures.

3.2.2. Electron Backscatter Diffraction

We investigated the microstructures of the starting materials and deformed samples using electron backscatter
diffraction (EBSD). We polished transverse sections of the hot-pressed samples that constituted the starting
materials and longitudinal axial sections of the deformed samples using progressively finer diamond lapping films
down to 0.5 pm grit size followed by a 3—10 min Syton finish. EBSD analysis was performed under low-vacuum
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Table 1
Summary of Key Experimental Parameters
T, target Confining , Sinepump Op, Stress 04, bias
temperature ~ Time at elevated  Main press pressure” frequency®  amplitude” amplitude™® stress™”
Exp. Procedure (°C) temperature (hr)  load (ton) (GPa) (Hz) (mm) (MPa) (MPa)
SAN 626 Microstructure control 1,100 0.9 50 4.6 £ 0.3 - - — -
SAN 591¢  Frequency stepping 1,060 9.0 50 5.0 £ 0.4 1/300 3 160 + 20 30 + 10
1/600 3 160 £ 10 30 + 30
1/1,000 3 90 £ 10 20 + 30
1/300 3 170 £ 30 50 £ 30
SAN 637  Frequency stepping 1,110 16.8 30 32+ 03 1/300 3 200 + 20 30 = 20
1/3,600 6 110 £ 10 10 £ 20
1/300 3 140 £+ 20 10 £ 50
1/1,000 4.5 150 + 30 0+ 30
1/300 3 200 + 50 0+ 50
SAN 597  Amplitude stepping 1,060 1.8 50 54+ 0.5 1/1,000 5 180 £ 30 10 £ 20
1/1,000 3 70 £ 10 20 + 30
1/1,000 7 260 = 70 50 £ 70
1/1,000 5 170 £ 20 20 + 80
SAN 625  Amplitude stepping 1,150 8.2 50 45 £+ 04 1/300 2 170 = 10 60 + 20
1/300 3 230 + 10 20 £ 10
1/300 5 270 £ 10 10 + 20
1/300 3 130 £ 10 10 £+ 30
1/300 2 80 + 10 —20 £ 10
1/300 8 370 = 10 10 £ 50
1/300 2 80 = 10 —10 £ 10
SAN 628  Amplitude stepping 900 6.8 40 49 + 038 1/300 2 480 + 10 840 + 160
1/300 4 790 + 70 260 + 90
1/300 6 880 + 30 40 + 110
1/300 2 280 + 20 —20 + 30
1/300 8 1,230 £ 90 30 £ 20
1/300 2 360 = 10 —250 + 40
SAN 630  Amplitude stepping 25 0 30 6.7 = 0.8 1/300 4 1,660 £+ 70 2740 £ 80
1/300 2 790 £ 30 —300 + 320
1/300 4 1,760 + 70 130 + 290
1/300 6 2,810 = 150 940 + 180
1/300 2 910 £ 10 2,580 + 40

Stress values presented here are the average of the stress estimates of the three lattice planes. Error estimates are the standard deviation of these stress estimates and
reflect the variability of stress estimates among the three lattice planes. "Entries are listed in chronological order. °Synchrotron beam was lost for an interval of 1 hr
during the first frequency step. Mechanical data from before and after this interval are reported separately in Figure 3. “A sudden decrease in stress and strain amplitude
occurred halfway through the third amplitude step, which did not correspond to a change in Sinepump settings. Mechanical data from before and after this change are
reported separately in Figure 4 and Figure S1 in Supporting Information S1.

conditions in a Thermo Fisher Scientific Apreo 2S Lo-Vac scanning electron microscope (SEM) equipped with an
Oxford Instruments Symmetry EBSD detector and AZtec data acquisition software at the University of Min-
nesota. Further acquisition details are summarized in Table S1 of Supporting Information S1. We processed the
EBSD data using AZtecCrystal. In this processing, we first removed wild spikes and filled non-indexed pixels
with an orientation corresponding to the average of their 8 nearest neighbors. We then corrected for systematic
misindexing related to the hexagonal pseudosymmetry of olivine with 60 = 5° rotations around [100]. Finally, we
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performed 10 iterations of filling non-indexed pixels with orientations corresponding to the average of their 7, and
then 6, nearest neighbors.

We characterized grain size from the EBSD data by means of the linear-intercept method using MTEX (Goddard
et al., 2020). We used a minimum misorientation angle for grain boundaries of 15° and applied a stereographic
correction factor of 1.5 to the arithmetic mean to obtain the mean grain size (Underwood, 1970, p. 81). To
characterize grain-size variation within each starting material, we collected EBSD data in the center and near the
edge of transverse sections of each cylindrical hot-press. Further details are outlined in Text S1.4.1 of Supporting
Information S1.

Crystallographic preferred orientations (CPOs) were extracted from EBSD data using MTEX (Bachmann
et al., 2010). For this analysis, we reconstructed the grains based on a minimum misorientation angle of 15° and
removed spurious grains containing <10 indexed pixels. We then produced pole figures of crystallographic
orientations using one point per grain. We quantify CPO strength using the M-index (M), which is equal to 1 when
all grain orientations are identical, and tends to O for an aggregate with randomly distributed grain orientations.
Note that we calculated the M-index using code written by Billings and Skemer (2024), following the original
approach of Skemer et al. (2005), rather than by using the in-built MTEX functionality. Skemer et al. (2005)
calculated M using the misorientation-angle distribution, whereas MTEX calculates M using the orientation
distribution function. We verified that the number of grains was sufficient to provide reliable M-indices for each
EBSD map following the approach of Skemer et al. (2005).

3.2.3. Dislocation Decoration and Dislocation Density Analysis

Following EBSD analysis, we decorated dislocations in the samples (Karato, 1987; Kohlstedt et al., 1976),
carefully removed the oxidation rind using diamond lapping film, and coated the samples with 10 nm of carbon
for SEM analysis. We acquired backscattered-electron images of decorated dislocations under high-vacuum
conditions using a JEOL-SEM 8530F microprobe located at the University of Minnesota. We imaged the
decorated dislocations at 6,000 x —43,000 X magnification, typically capturing 1-5 grains per image. We imaged
two or three adjacent areas in each sample to capture spatial variability. Images were taken in the center of each
sample and away from areas with decompression cracks.

Images were divided into subregions with areas of 12—75 pm? depending on their magnification. We counted the
dislocations in these subregions by hand and estimated dislocation density by dividing the number of dislocations
over the area of the subregion. The reported errors reflect the standard deviation among the different subregions.
Please refer to Text S1.4.2 in Supporting Information S1 for more details. Decorated dislocations that appeared to
be organized into tilt walls were excluded from the dislocation-density measurement. In total, approximately
41,000 dislocations were counted over an area of 5,400 um? divided over 13 samples.

3.3. Numerical Modeling of Constitutive Equations in the Frequency Domain

To compare the plastic-anisotropy and backstress models to data from our experiments, we evaluate Equations 4
and 5 and Equations 11 and 12, respectively. We numerically solved these stiff model equations using the
Matlab® function odel5s for an imposed sinusoidal stress at a prescribed bias stress, 4., frequency, , and stress
amplitude, o4. For the backstress model, we calculated the elastic strain separately and added it to the plastic
strain. Generated timeseries of strain were detrended using low-order polynomials and attenuation and effective
modulus measurements were made from the part of the timeseries at which the background strain rate had reached
steady-state. We used the maximum stress and strain of the detrended timeseries to calculate the effective
modulus following Equation 13. The dissipated energy per cycle, AE, was calculated by trapezoidal numerical
integration of the stress-strain hysteresis loops, and the stored energy, E..q, Was calculated as Egyeq = %ai/ Ey

Figure 2. Illustrative example of the fitting of our mechanical data and extraction of 0! and E, for amplitude-step 6 of experiment SAN 625, sample PT1242. Panel
(a) presents the timeseries of differential stress that was calculated from the lattice spacings of the PT1616 sample (only data from (130) are illustrated here for
simplicity), and panel (b) presents the associated strain timeseries. Solid lines illustrate the best-fit sinusoids to the data, and dashed lines indicate the polynomial trend

of this best-fit sinusoid. Panel (c) presents the detrended best-fit sinusoids to illustrate the time delay, At, that results from the phase lag between the differential stress
and strain. The tangent of the phase lag is proportional to attenuation, Q~', following Equation 1. Panel (d) illustrates the associated hysteresis loop. The red solid line
represents the hysteresis loop obtained from the detrended best-fit sinusoids. Annotations on panel (d) schematically illustrate how the effective modulus is obtained from
the best-fit sinusoids.
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following Gremaud (2001, Equation 3.3.23), which assumes that the elastic contribution to the maximum stored
energy far outweighs its anelastic part. Attenuation was then calculated following Equation 2. Figure S4 of
Supporting Information S1 provides an illustrative example of our numerical approach for one particular com-
bination of parameters applied to the plastic-anisotropy model.

To make quantitative predictions for the plastic-anisotropy model, we take steady-state creep values for A, and n
from experiments on oriented single crystals of San Carlos olivine by Bai et al. (1991) at the orthopyroxene and
Ni-NiO buffers for the [100](010) and [001](010) slip systems of olivine to represent the soft and hard slip
systems, respectively. Oxygen fugacity, f5,, at the Ni-NiO buffer was calculated as a function of temperature and
pressure using the equation outlined in Table 5 of Huebner and Sato (1970). Directional Young's moduli for San
Carlos olivine for [110]c and [011]c orientations were calculated using MTEX (Bachmann et al., 2010) based on
elastic constants at room temperature and ambient pressure from Abramson et al. (1997). In the limit of infinite
frequency, we assume that the directional Young's moduli, Eg and Ey, must average to equal the unrelaxed
modulus of a polycrystalline aggregate. Therefore, we set Es/Ey = Ejy101/ Ejo111c> and Ey = (Es + Ey)/2.
The unrelaxed Young's modulus was calculated using the pressure and temperature derivatives from Abramson
et al. (1997) and Isaak (1992), respectively. We note that the elastic anisotropy only has a minor effect on the
behavior of the model as detailed in Text S2.1.1 and Figure S8 of Supporting Information S1. Table S2 in
Supporting Information S1 lists the applied model parameters.

4. Results
4.1. Attenuation and Modulus Relaxation

Our frequency-stepping experiments reveal that attenuation and effective modulus change as a function of fre-
quency. Experiment SAN 637 indicates that attenuation decreases with an increase in frequency, with 0~ x @™!
below a frequency of ~ 1073 Hz (Figure 3a). Experiments SAN 637 and SAN 591 both indicate that this frequency
dependence of Q! weakens above ~ 10~ Hz (Figures 3a and 3c). Effective modulus increases strongly as
frequency increases (Figures 3b and 3d). The stress amplitude did not vary more than half a decade among
frequency steps (Figure 3e), so any effect of stress amplitude on attenuation or modulus relaxation in our
frequency-stepping experiments is likely small. Reproducibility of Q7! and E. for repeat steps within an
experiment is within error of the measurement, with exception of frequency-step 5 of SAN 637 (Figure 3a), which
produced stronger attenuation by approximately half a decade for lattice planes (130) and (131) than the two
previous steps at that frequency at otherwise similar conditions.

Our amplitude-stepping experiments demonstrate correlations of Q~! and modulus relaxation with increasing
stress amplitude and temperature. Experiments SAN 625 (7, = 1150°C) and SAN 628 (T, = 900°C) demonstrate a
clear positive correlation between Q™! and stress amplitude when stepping up in stress amplitude (Figures 4a and
4e). The same correlation applies to modulus relaxation as a function of stress amplitude (Figures 4b and 4f). A
similar amplitude dependence is less obvious for steps down in amplitude (Figure S1 in Supporting Informa-
tion S1). The results of our lower-frequency experiment SAN 597 (T, = 1060°C) appear more ambiguous due to
the deviation and uncertainty of attenuation measurements from the (112) lattice plane (triangles) compared to
those from the (131) or (130) lattice planes (Figure 4c). Nevertheless, positive correlations between 0! and stress
amplitude are apparent for the (131) and (130) lattice planes. At room temperature, we observe no significant
modulus relaxation or correlation between Q! and stress amplitude (Figures 4g and 4h). Nevertheless, attenu-
ation is still significant with values between 0.2 and 0.5.

4.2. Microstructures
Table 2 summarizes the key quantitative results of all microstructural analyses.

Our starting materials, PT1616 and PT1242, have significantly different mean grain sizes (Figure 5, first column).
Nevertheless, the microstructure of the control experiment (SAN 626), which is representative of the micro-
structure at the start of forced oscillations, demonstrates that the initial difference in mean grain size does not
persist over the course of the initial compression and relaxation. Instead, the grains in PT1242 recrystallized such
that both samples had a similar mean grain size after the initial compression and relaxation (Figure 5, second
column). We assume that the other high-temperature experiments underwent a similar grain-size evolution during
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interval of lost beam, respectively. Panel (e) presents the amplitudes corresponding to the data in panels (a—d). Error bars
represent one standard deviation of the Q™' and E,g distributions obtained by our Monte-Carlo error analysis.

the initial compression and relaxation. In general, mean grain sizes increased moderately (less than half a decade)
during forced oscillations when compared to the mean grain size of the microstructure-control experiment (see
Table 2). The most extreme case of grain growth occurred during our longest high-temperature experiment, SAN
637, in which mean grain size approximately tripled (Figure 5, third column). One exception to this general trend
is SAN 628, which was deformed at a relatively low temperature of 900°C and underwent a net reduction in mean
grain-size (Figure 5, fourth column). Grain-size changes over the course of room-temperature experiment SAN
630 were negligible compared to the original starting microstructure (Table 2).

Our samples developed weak to modest CPO over the course of our experiments. Initially, our starting materials
have weak CPO (Figure 6, first row). Microstructure-control experiment SAN 626 demonstrates that the initial
compression and subsequent relaxation did not produce a strong CPO, as evidenced by M-indices of 0.02-0.03
and only minor [010] alignment with the compression direction (Figure 6, second row). After forced oscillations,
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each experiment. Dotted lines in panels (c, d) tie together data points for the three lattice planes of each amplitude step for clarity. Error bars represent one standard
deviation of the distributions of Q="' and E.g obtained through our Monte-Carlo error analysis. Please refer to Figure 3 for explanation of symbols.
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Table 2

Summary of Key Microstructural Results

Standard deviation of

Sample Mean grain size®, d (pm) intercept-length distribution (pm) M-index Dislocation density, p (X 10'> m~2) Final strain (%)

Starting materials
PT1616 center 4.0 2.7 0.02 - 0
PT1616 edge 32 22 0.03 - 0
PT1242 center 20.5 10.5 0.02 - 0
PT1242 edge 15.3 9.0 0.02 0

Deformed samples
SAN 591, PT1616 10.7 53 0.06 3.9 £ 0.8 30
SAN 591, PT1242 18.5 11.4 0.03 35+ 1.0 25
SAN 597, PT1616 8.1 4.3 0.06 6.6 = 1.9 35
SAN 625, PT1616 12.1 6.6 0.11 85+ 1.3 15
SAN 625, PT1242 6.7 3.7 0.12 8.8 £ 0.8 41
SAN 626, PT1616 44 29 0.02 124 £ 2.9 6
SAN 626, PT1242 53 5.7 0.03 102 = 2.8 18
SAN 628, PT1616 2.8 2.1 0.02 129 + 1.4 6
SAN 628, PT1242 2.3 39 0.02 16.7 £ 2.0 24
SAN 630, PT1616 3.6 2.7 0.03 19.5 = 5.8 12
SAN 630, PT1242 17.9 10.0 0.02 132 £ 2.4 15
SAN 637, PT1616 15.0 8.6 0.18 47 £ 1.6 45
SAN 637, PT1242 16.6 9.7 0.07 33 £0.38 26

“Post-mortem mean grain sizes listed for deformed samples.

similar or stronger CPOs are observed, with M-indices ranging from 0.02 to 0.18 (see Table 2). Samples with a
strong CPO feature [100] and [001] axes girdled within the compression-normal plane and [010] axes aligned
with the compression axis. In general, the higher-temperature experiments (Figure 6, third and fourth row) exhibit
stronger CPO than our lower-temperature experiment, SAN 628. No significant CPO developed in our room-
temperature experiment, SAN 630 (Figure 6, last row).

Overall, dislocation density does not vary strongly across the full range of our experiments (Table 2). All samples
exhibit dislocation densities on the order of 10'2-10'3 m~2. The sample of the microstructure-control experiment,
SAN 626, features relatively elevated dislocation densities on the order of ~10'* m=2 (Figures 7a and 7b),
whereas post-experiment dislocation densities vary from 3.3 x 10'? to 20 x 10'> m~2. In general, samples from
experiments with higher target temperatures (e.g., Figures 7c and 7d) exhibit lower dislocation densities than
samples from experiments with lower target temperatures (e.g., Figures 7e and 7f). Long experiments at high
temperature produced regular arrays of dislocations, tilt walls, and subgrain boundaries (Figure 7c¢).

5. Discussion

Previous micro-strain forced-oscillation studies on polycrystalline olivine typically observed behavior that was
both linear and grain-size sensitive (Gribb & Cooper, 1998; Jackson & Faul, 2010) and hence disregarded
dislocation-based mechanisms in favor of grain-boundary sliding mechanisms to explain their observations.
Other studies reported that predeformed olivine exhibits higher attenuation than annealed olivine (Farla
et al., 2012; Gueguen et al., 1989) and suggested a contribution of dislocation-based mechanisms to the visco-
elastic behavior. However, they did not resolve the amplitude-dependent behavior that is diagnostic of
dislocation-based dissipation mechanisms. Here, at the high stress amplitudes attainable in the D-DIA, we
observe a strong increase of attenuation and modulus relaxation when increasing stress amplitude in experiments
SAN 625 and SAN 628. The physical mechanisms proposed by most recent studies (i.e., elastically-
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Starting Material SAN 626, Control SAN 637, Post mortem SAN 628, Post mortem
(1 hrat T, = 1100°C) (17 hrat T, = 1110°C) (7 hr at T, = 900°C)

PT1616

B

PT1242

[001] [010]

Figure 5. Band-contrast maps overlaid by crystal orientation maps and grain boundaries from representative EBSD maps. The first column illustrates the microstructures
of the starting materials, the second column presents the microstructure as quenched after the initial heating, compression, and relaxation stage prior to forced
oscillations, and the third and fourth columns present end-member microstructures with the coarsest and finest grain sizes after forced oscillations, respectively. Top and
bottom rows are microstructures for PT1616 and PT1242, respectively. Darker regions indicate low band contrast. Crystallographic orientations are colored according to
the z sample direction (i.e., perpendicular to the sample surface) relative to the inverse pole figure. The vertical direction is parallel to the compression direction for all
maps other than those of the starting materials.

accommodated, diffusionally-assisted, and diffusionally-accommodated grain-boundary sliding) cannot produce
such nonlinear behavior, suggesting a significant contribution of nonlinear, dislocation-based mechanisms to the
viscoelastic response of the dry, nominally melt-free, polycrystalline olivine in our experiments. These results
thus provide an opportunity to test existing models for dislocation-based dissipation in olivine, thereby improving
our understanding of geologic processes that involve transient rheological behavior.

Here we first discuss the caveats and uncertainties of our experiments and then present a series of numerical tests
to compare our data to existing models. We then present a linearized version of the most applicable model and
focus on its application to existing observations of seismic attenuation in the upper mantle.

5.1. Evaluation of Experimental Conditions and the Effects of Microstructural Evolution on Viscoelastic
Behavior

Temperature is the most poorly constrained variable in D-DIA experimental studies (for detailed discussions see
Dixon & Durham, 2018; Raterron et al., 2013). Here we rely on the power-temperature calibration presented by
Cross et al. (2025) featuring identical sample assembly materials to those employed in this study. Cross et al.
demonstrated that furnace efficiency is a function of the maximum load applied to the main ram. They interpret
this observation as compaction of the furnace in response to increasing confining pressure. In our experiments,
confining pressure peaks at the end of the pressurization stage and is constant within £0.5 GPa after the initial
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PT1616 PT1242
[100] [010] [001] [100] [010] [001]
Starting materials
e=0% e=0%
M=0.02 M=10.02 4
741 grains 735 grains
3 .
a
=
Microstructure control 0=
SAN 626 (1 hr at T, = 1100°C)
£=6% e=18% 1
M=0.02 M=0.03 /
2291 grains . 2640 grains |,
\ — 0

SAN 625 (8 hr at T, = 1150°C)

e=15% e=41%
M=0.11 M=0.12 /
659 grains 1359 grains |-
SAN 637 (17 hrat T, = 1110°C

£=45% P . £=26%
M=0.18 M=0.07

318 grains 363 grains
SAN 628 (7 hr at T, = 900°C)

£=6% e=24%
M=0.02 T M=0.02 .
1181 grains | 5723 grains | |
SAN 630 (room temperature)

e=12% = e=15%
M=0.03 M=0.02

234 grains 408 grains

Figure 6. Selection of representative, lower-hemisphere, equal area, contour plots of crystallographic preferred orientation constructed from EBSD data using one point
per grain. The final true strain, the M-index, and the number of grains are listed for each set of pole figures. The contour plots were produced using a halfwidth of 5°. The
vertical direction is parallel to the compression direction for all pole figures. M.U.D. stands for multiples of uniform distribution.

heating stage. Therefore, there should be no significant change to furnace efficiency during each experiment.
Nevertheless, due to run-to-run variability (i.e., furnace wall thickness, concentricity, etc.), the temperature
uncertainty in high-temperature D-DIA experiments likely exceeds the +20°C uncertainty associated with the
temperature calibration alone. In the analysis that follows, we consider a temperature uncertainty of +50°C
among experiments, which is similar to the uncertainty reported for the temperature estimates based, alterna-
tively, on the quartz-to-coesite transformation kinetics (Cross et al., 2025) and uncertainties reported in other D-
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Microstructure control After forced oscillations
(SAN 626, 1 hrat T, = 1100°C)  (SAN 637, 17 hrat 7 = 1110°C) (SAN 630, room temperature)

5 . L | S
N wt N 5

PT1242

Figure 7. Representative backscatter-electron images of decorated dislocations in our samples. Bright spots and lines in these
images are Fe-oxide precipitates along dislocation lines that intersect the sample surface. From left to right: microstructure-
control experiment SAN 626, frequency-stepping experiment SAN 637, and room-temperature experiment SAN 630. Top
and bottom rows present images of PT1616 and PT1242, respectively.

DIA studies (Dixon & Durham, 2018). Thankfully, temperature variability within an experiment does not suffer
from the run-to-run variability of components in the assembly and is likely small (Dixon & Durham, 2018).
Therefore, the observed frequency and amplitude dependencies presented in Figures 3 and 4 should be unaffected
by temperature variability, as multiple frequencies and amplitudes were tested within a single experiment.

Changes in grain size throughout an experiment may also complicate the interpretation of our results. It is possible
that grain-size sensitive mechanisms associated with grain-boundary sliding contributed to dissipation in our
experiments (c.f. Faul & Jackson, 2015; Qu, 2022). Thus, a significant increase in grain size over the course of an
experiment may impart a corresponding decrease in dissipation, and vice versa. Our microstructure-control
experiment suggests that mean grain sizes of the top and bottom samples in our experiments stabilized to
approximately 5 pm during the initial compression and relaxation. If so, then grain-size changes over the course of
forced oscillations were less than one decade (Table 2) and likely had a negligible effect on viscoelastic behavior
(c.f. Qu, 2022, Figure 5.10). Our high-temperature frequency-stepping experiment (SAN 637) supports this
interpretation as mean grain sizes increased by a factor of three during forced oscillations, yet attenuation and
modulus relaxation also increased from step 1 to step 5, which were both performed at a frequency of 10724 Hz
and similar amplitudes. This increase is opposite to what would be expected if grain-size sensitive dissipation
mechanisms dominated the viscoelastic behavior of our samples. Therefore, we argue that grain-size evolution
during forced oscillations had a negligible effect on the viscoelastic behavior.

The development of CPO in our samples could influence their nonlinear viscoelastic behavior through an increase
in associated viscous anisotropy, thereby potentially skewing the observed correlations between Q™' and E.g and
frequency or stress amplitude. In polycrystalline olivine under compression, CPO development produces hard-
ening along the axial (compression) direction (Meyers & Kohlstedt, 2021). As such, the stress amplitudes
required for amplitude-dependent attenuation may shift to progressively higher values relative to forced
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oscillations on a randomly-textured aggregate. Hence, the development of a

strong CPO should result in lower Q™! values over time in axial forced-

dynamic
unidirectional

oscillation experiments. Figure 6 demonstrates that our samples from high-
temperature experiments did develop a significant CPO, with M-indices up
to 0.18. However, Q™! consistently increases upon returning to previously
([ ] imposed frequencies and similar amplitudes. We therefore infer that any ef-
fect of viscous anisotropy is at least obscured by the sensitivities of our
samples to frequency and stress amplitude or other microstructural changes.
Our observations agree with Hansen et al. (2012), who demonstrated that

minimal viscous anisotropy is imparted by CPO with M-indices below 0.20.
% Therefore, we conclude that the development of viscous anisotropy did not
- significantly affect the viscoelastic behavior of our samples.

Interestingly, our results indicate that CPO development associated with
A unidirectional deformation is not affected by a superposed periodic defor-

é mation in our experiments. From a mechanical perspective, dynamic loading
will cycle the CPO of a sample between that characteristic of shortening (i.e.,

f resulting from axisymmetric triaxial compression) and that characteristic of

extension (i.e., resulting from axisymmetric triaxial extension). As the
shortening and extensional CPO types are similar in M-index and general

0 1
0 0.1

shape (c.f. Hansen et al., 2011; Hansen et al., 2016), one might expect a
0.3 0.4 0.5 stronger CPO to develop under dynamic loading than under unidirectional

Final true strain loading to the same final strain. Figure 8 presents a comparison of our results

to M-indices obtained from unidirectional deformation experiments per-

Figure 8. Crystallographic preferred orientation strength in polycrystalline formed by Hansen et al. (2011) on San Carlos olivine in axial compression in

San Carlos olivine as quantified by the M-index as a function of final strain
for unidirectional (gray) and dynamic (black) axial deformation superposed
on a unidirectional background deformation. PT1616 and PT1242 are
indicated by circles and triangles, respectively. M-indices from Hansen

a Paterson gas-medium apparatus at elevated temperatures and pressures. M-
indices from our dynamically-deformed samples (Figure 8, black data) are
similar to theirs at similar values of final strain. Therefore, for final shortening

et al. (2011) are plotted for comparison (squares). Error bars represent the strains up to ~20% and strain amplitudes up to ~2%-3%, there seems to be no
standard deviation of the M-index as determined from 100 random samples significant effect of dynamic deformation on CPO evolution in our

of 300 grains.

experiments.

Dislocation densities in our deformed samples indicate that the internal stresses in our samples remained rela-
tively constant during forced oscillations. Figure 9 demonstrates that dislocation density correlates strongly with
the flow stress of the initial compression. Importantly, the dislocation density of our microstructure-control
experiment, which only underwent the initial compression and relaxation, is consistent with those of our
dynamically loaded samples, indicating that the dislocation density, and hence the internal stress, remained
relatively stable over the course of forced oscillations. Note that the slope of this correlation between dislocation
density and stress in Figure 9 should not be compared to piezometric relationships for steady-state dislocation
density as our dislocation densities were affected by the relaxation and forced oscillations following the initial
compression.

Although noisier, another correlation exists between dislocation density and the maximum stress experienced
during forced oscillations (Figure S2 in Supporting Information S1), which may explain the relatively elevated
Q7! upon stepping down in amplitude after forced oscillations at higher amplitudes (Figures S1 and S3 in
Supporting Information S1). Even though the flow stress of the initial compression appears to have exerted a first-
order control on the dislocation density, the high peak stresses during large-amplitude oscillations may have lead
to subtle increases in dislocation density, which would result in minor increases in attenuation and modulus
relaxation in subsequent forced oscillations at lower amplitudes. Such behavior is characteristic of dislocation
damping (Gremaud, 2001, p. 179). Therefore, we suggest that Q™' and E,; from steps that decreased in amplitude
may be influenced by stress history and are therefore less reliable than Q™' and E,g from steps that increased in
amplitude. Nevertheless, further systematic investigation is required to confirm this effect of stress history on
attenuation in olivine.

We conclude that any evolution of experimental conditions or microstructure over the course of our experiments
did not significantly affect the viscoelastic behavior of our samples. Therefore, we argue that the results from our

HEIN ET AL.

19 of 27

ASUDIT suOWWo)) AANELAI) d[qedtfdde ayy Aq pausoaos are SA[ONIE () oSN JO s 10§ AIeIqIT AUIUQ KI[IAL UO (SUONIPUOI-PUB-SULIA)/ W0 KoM’ AIeIqiourjuo//:sdny) suonipuoy) pue swia ], 3yl 298 *[§707/60/62] U0 Areiqry aurjuQ Ko[ip “Kreiquy 1oy [9IN £Q +L91€0LIST0T/6201°01/10p/wodkapim° Kreaqijauriuo-sqndnge//:sdny woiy papeojumod 01 ‘STOT ‘9S€6691T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2025JB031674

frequency-stepping experiments and the results from increasing-amplitude
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steps in our amplitude-stepping experiments are a suitable data set to
compare to numerical solutions of the plastic-anisotropy and backstress
models.

5.2. Comparison to Viscoelastic Models

R

Here we compare the results of our attenuation experiments to predictions of
proposed models for the viscoelastic behavior of olivine. Figure 10 demon-
strates that our samples exhibit much stronger attenuation (Q~' ~ 0.6-10)
than predicted by the recent, refined calibration of the extended Burgers
model at similar conditions (O~ ~ 0.003-0.1) (Qu, 2022). This discrepancy
corroborates our suggestion that additional dissipation mechanisms besides

- grain-boundary sliding and diffusion creep contributed to the viscoelastic
behavior of our samples.

Lnl —_ To compare the results of our forced-oscillation experiments to numerical

1012
108

1 09 1 01 0 solutions of the plastic-anisotropy and backstress models, we set temperatures,
pressures, and stress amplitudes in the modeling to match the experiments. As

Stress of initial com pression (Pa) previously discussed, we infer that the dislocation density remained constant,

Figure 9. Dislocation density before (microstructure-control experiment, red
circles) and after forced oscillations (black diamonds) and as a function of
the average flow stress of the initial compression. Horizontal error bars

to first order, during forced oscillations. Therefore, we set up the numerical
simulation with a constant bias stress that is reflective of the post-experiment
dislocation densities in our samples following the piezometric relationship of

represent the range of flow-stress estimates obtained from the (112), (131), Bai and Kohlstedt (1992). To model the frequency-stepping experiments, we

and (130) lattice planes.

apply a representative stress amplitude of 160 MPa. Furthermore, as experi-
ment SAN 597 featured only one negligible step-increase in amplitude we
choose to omit it from the comparison to the models.

Figure 10a reveals that both the backstress model (solid lines) and the plastic-anisotropy model (dotted lines) can
produce strong attenuation and exhibit a Debye peak superposed on a Maxwell-type background dissipation,
similar to the behavior of a Burgers model. Figure 10b illustrates that the plastic-anisotropy model produces a
peak in Q7' (6,) superposed on a power-law slope with a stress exponent equal to n — 1. In contrast, the
backstress model produces an exponential increase in Q™! at high stress amplitudes, while a peak superposed on
the nonlinear part of 0~! (6,) appears at lower temperatures, smaller bias stresses, shorter periods, or larger grain
sizes.

Notably, both models tend toward linear behavior at low stress amplitudes (Figure 10b). The plastic-anisotropy
model produces linear behavior when the stress amplitude is significantly smaller than the bias stress, whereas the
backstress model produces linear behavior below a certain threshold amplitude. We hereafter refer to this
threshold amplitude as the “threshold amplitude for nonlinearity,” which is dependent on temperature, grain size,
and period, and is weakly dependent on bias stress. A detailed sensitivity analysis of both models is provided in
Text S2 and Figures S5-S12 in Supporting Information S1.

The backstress model matches our data more closely than the plastic-anisotropy model. First, the observed
frequency dependence of Q~! and correlation of E,; with frequency (Figures 3a—3e) in our experiments are
consistent with the presence of a Debye peak centered around ~ 102 Hz, superposed on Maxwell-type back-
ground dissipation. The backstress model features a Debye peak at similar frequencies, whereas the plastic-
anisotropy model features a Debye peak at lower frequencies (Figure 10a). Second, the backstress model
reasonably reproduces the amplitude-sensitivity of E.¢ and Q™! (Figures 10b and 10d). In general, the modulus
relaxation (Figures 10c and 10d) is much better predicted by the backstress model. The plastic-anisotropy model
can only be made to match the magnitude of Q™! and E. in our experiments by multiplying the pre-exponents of
the constitutive equations for creep of the soft and hard slip systems by factors of ~2 to ~6 X 103 (see Text S2.1.1
in Supporting Information S1 for more details), which far exceed the uncertainty associated with these single-
crystal flow laws for steady-state creep. We emphasize that our choice of bias stress or hard and soft slip sys-
tems for the plastic-anisotropy model does not significantly affect the conclusion of this comparison. We refer the
reader to Text S2 and Figures S7, S8 in Supporting Information S1 for more details.
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Figure 10. Comparison of viscoelastic behavior from experimental data (markers) to numerical solutions of the backstress
model, plastic-anisotropy model, and extended Burgers model (solid, dotted, and dashed lines, respectively) as a function of
frequency (panels a and c) and as a function of stress amplitude (panels b and d). Shaded areas represent the combined
uncertainties in temperature and bias stress based on post-mortem dislocation density, and the range in post-mortem grain
size. For our amplitude-stepping experiments, we only include steps of increasing stress amplitude to avoid any complicating
effects of strain history, see text for discussion. Data from micro-strain torsional forced-oscillation experiments on
predeformed polycrystalline olivine at 1100°C from Farla et al. (2012) are plotted in panel (a) with “+” and *“X” symbols
identifying prior deformation in compression and torsion, respectively. In panels (b, d), model lines truncate at the amplitude of
numerical instability.

We also compared the intragranular plastic-anisotropy and backstress models to the results of micro-strain forced-
oscillations on predeformed polycrystalline olivine by Farla et al. (2012). These experiments were performed at
temperatures similar to our experiments, and their samples have similar post-mortem dislocation densities. They
observed linear behavior over their range of shear-stress amplitudes (0.19-0.53 MPa) and a weak frequency
dependence. Both the backstress model and the plastic-anisotropy model correctly predict such linear behavior at
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these low amplitudes, but again, the magnitude of Q™! predicted by the backstress model compares better to their
observations (Figure 10a, “+” and “X” symbols) than the magnitude of Q~' predicted by the plastic-anisotropy
model. We note that the backstress model predicts a slightly stronger frequency dependence of attenuation than
Farla et al. (2012) at high frequencies. In addition, the poor match of the backstress model with E; from our
frequency-stepping experiment at 1060°C (SAN 591) and the viscoelastic behavior observed in our amplitude-
stepping experiment at 900°C (SAN 628) illustrates the necessity of better temperature constraints in future
experiments looking to test the nonlinear viscoelasticity of polycrystalline olivine.

Although the backstress model is able to predict the high-temperature behavior of polycrystalline olivine rela-
tively well, it cannot explain the significant attenuation and consistent hysteresis with plastic-strain amplitudes on
the order of ~0.1%-0.5% that we observe at room temperature (Figure 4g). Therefore, other mechanisms may
explain these observations, such as the microplastic mechanisms of geometrical-kink migration and isolated kink-
pair nucleation and migration (Karato, 1998). The contribution of geometrical-kink migration to anelastic strain is
small, following Equation 20 from Karato (1998), but significant anelastic strain may result from isolated kink-
pair nucleation and migration. Karato (1998) describes the anelastic strain obtainable through isolated kink-pair
nucleation and migration as €,,1; = Ayj&e 4, in Which e 4 = o4/E is the elastic strain at peak stress, o5, and Ay
is the relaxation strength of kink-pair nucleation and migration, which is a function of dislocation density, p,
pinning point spacing, L, and the angle that the geometrical kinks make to their Peierls potential valley, 0, as
Ay = pL?sin? 6. For a dislocation density of ~ 10'*> m~2, an optimal orientation of @ = 45°,6, ~ 1-3 GPa, and
assuming that L ~ p‘%, the total anelastic microplastic strain would be on the order of 0.3%—0.7%. Therefore, the
anelastic strains observed in our room-temperature experiment are at least consistent with the anelastic strains
predicted from these kink-based models.

5.3. Linearized Backstress Model

Most modeling applications of the viscoelastic behavior of the mantle require linear constitutive equations to
remain computationally feasible. Fortunately, the backstress model, and more specifically its hyperbolic sine term
(Equation 11), behaves linearly at low stress amplitudes. Additionally, at frequencies high enough to limit the
amount of recovery in any given force oscillation, the recovery terms in Equation 12 may be neglected. This
simplified model then behaves equivalent to a standard linear solid and produces linear anelastic behavior. The
strain rate and Taylor-stress rate can then be expressed as

0 — Oy

Oref (T) ( : 4)

s _ 2
& =A"(T)o,

and

. c,+o0,.
a,,=Mp—€

> 15
P (1s)

respectively. Using these expressions, we derive a linear viscosity for dislocation glide,

_ Gref(T)
m _‘W’ (16)

and a restoring modulus,
ER = Mip . (17)
This linear viscosity and restoring modulus can be used to define the complex modulus and its associated Q' as

* A1 —1 !
E(a)):((ER+mwl) +EU) , (18)
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d =1mm, 7y

=3 MPa,
C

O'A =100 kPa and

10"

Attenuation, Q'
=)
0

|
m mEyw

—1 _
UE Ey Q (w)_E2R+EREU+n%w2’ (19)

respectively. In Equation 18, E* is the frequency-dependent complex
modulus, and i is the imaginary unit. A spring and dashpot representation of

the linearized backstress model is included in an inset in Figure 11.

This linearized version of the backstress model can reproduce the anelastic
part of the full, nonlinear model given a suitably chosen Taylor stress, o,.
Preliminary numerical investigation of Equations 14 and 15 indicates that o,
is relatively insensitive to temperature (see Figure S13 in Supporting Infor-
mation S1). Furthermore, assuming that ¢, equals the steady-state Taylor
stress leads to an underestimation of the Maxwell frequency of the Debye

peak.
1 0—5 5.4. Extrapolation to Upper-Mantle Conditions
_4 -2 0
10 10 10 As an illustrative example, we extrapolate the linearized backstress model to
Frequency (Hz) conditions relevant to seismic-wave attenuation in the upper mantle. Micro-

Figure 11. Attenuation as a function of frequency predicted by the linearized
backstress (solid lines) and extended Burgers (dashed lines) models at
conditions typical of seismic wave propagation in the upper-mantle. Black

structural evidence of exhumed mantle rocks confirms that backstresses
among dislocations play an important role at upper mantle conditions (Wallis
etal., 2019, 2022). We assume a bias stress of 3 MPa based on a typical strain

solid lines represent PREM and NoMelt attenuation models (based on rate associated with mantle convection of ~ 107" s™" and a typical long-term
geophysical measurements) at 120 km depth from Ma et al. (2020). The inset mantle viscosity ~3 X 10%' Pas (the Haskell value Mitrovica, 1996). We note
in the top right corner illustrates the spring and dashpot representation of the that this bias stress likely represents an upper bound estimate for the bias

linearized backs

tress model.

stress in the asthenosphere and discuss the sensitivity of the predictions to

lower bias stresses below. We further assume a grain size of 1 mm (Chatzaras

et al., 2016), temperatures of 1400-1600°C (Ma et al., 2020), a pressure of
5 GPa, and a stress amplitude of 100 kPa, corresponding to typical seismic-wave strain amplitudes of ~107°
(Miyazawa et al., 2021). We find that taking a value for 6, of 80% of the bias stress reasonably reproduces the full
nonlinear model (Figure S13 in Supporting Information S1). Figure 11 compares the extrapolation of the line-
arized backstress model to the PREM and NoMelt attenuation models (Durek & Ekstrom, 1996; Ma et al., 2020)
and the recent calibration of the extended Burgers model (Qu, 2022).

Figure 11 demonstrates that the backstress model is able to capture the magnitude of Rayleigh-wave attenuation
at reasonable temperatures for the oceanic asthenosphere. Note that the backstress model is insensitive to stress
amplitude under these conditions, and hence the choice of stress amplitude does not significantly influence the
match of the backstress model to the attenuation models. In contrast, bias stress magnitude does have a significant
effect. For example, a smaller bias stress of 1 MPa at otherwise the same conditions would lead to an under-
estimation of the attenuation in the asthenosphere by roughly one order of magnitude for a temperature of
1400°C. This result indicates that the ambient stress level, or more specifically the existing dislocation density, in
the upper mantle may be an important variable to consider when interpreting thermomechanical conditions from
seismic data.

As noted by Qu (2022), the recent calibration of the extended Burgers model underestimates the magnitude of
attenuation in the upper mantle. Qu's updated calibration, based on forced-oscillation tests to larger grain sizes
than previously explored, features a stronger grain-size sensitivity than the calibration of Jackson and Faul (2010).
This increased grain-size sensitivity results in decreased Q™! relative to the calibration of Jackson and Faul (2010)
at the large grain sizes of olivine in the mantle.

Unfortunately, neither the backstress model nor the extended Burgers model currently reproduce the weak fre-
quency dependence (i.e., dissipation band) of seismic-wave attenuation across the relevant frequency range,
suggesting that either the models require modification or alternative mechanisms need to be invoked. One option
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is the incorporation of a distribution of anelastic elements in the backstress model. A microphysical basis for this
modification may be the distribution of length scales over which long-range dislocation interactions act within
grains. These length scales may be tied to distributed (sub)grain size or internal stress heterogeneity. Alterna-
tively, mechanisms that involve (pre-)melting (Faul et al., 2004; Yamauchi & Takei, 2024) or water (Liu
et al., 2023) could help explain the weak frequency dependence of seismic-wave attenuation in the upper mantle.
The effects of (pre-)melting and water on the amplitude-dependent viscoelastic behavior of polycrystalline
olivine remain to be tested.

Observations of amplitude-dependent seismic-wave attenuation in the upper mantle underneath northeastern
Japan by Tero and Nakajima (2024); Tero and Nakajima (2025) suggest a potential role of dislocations in the
attenuation of seismic waves in the mantle wedge corner, raising the question whether the backstress mechanism
may play a role in explaining their results. The average estimated stress drop associated with the earthquakes
considered in these studies is on the order of 10 MPa, which is near the threshold amplitude for nonlinearity of the
backstress model. Therefore, we speculate that the backstress model may have contributed to the nonlinear
viscoelasticity inferred by these studies in the immediate vicinity of the Earthquake where stress amplitudes are
largest. Further research is required to assess whether additional factors such as intracrystalline water or partial
melting may lower the threshold amplitude for nonlinearity. Other potential causes of nonlinear viscoelastic
behavior in the mantle wedge corner may include the intrinsic attenuation in partially serpentinized or otherwise
microfractured rocks.

6. Conclusions

We present forced-oscillation experiments performed in a deformation-DIA that test the frequency- and
amplitude-dependent viscoelastic response of dry, melt-free, polycrystalline olivine at conditions favorable for
investigating dislocation-based dissipation mechanisms. We observe that attenuation and modulus relaxation
depend on stress amplitude, indicating that the observed viscoelastic behavior must be linked to dislocation-based
mechanisms.

Analysis of pre- and post-experimental microstructures indicates that grain size and CPO evolution did not
produce or significantly skew the observed correlations between attenuation or modulus relaxation and stress
amplitude. In addition, dislocation density remained relatively constant over the course of the experiments.

We compare our results to numerical solutions of two dislocation-based microphysical models that were recently
proposed by Karato (2021) and Breithaupt et al. (2023). We find that our experimental results compare well to the
backstress model of Breithaupt et al. (2023), suggesting that intragranular interactions among dislocations may
explain the nonlinear viscoelastic behavior observed in our experiments.

When extrapolated to conditions typical of seismic-wave propagation in the asthenosphere, the backstress model
can explain the magnitude of attenuation predicted by various attenuation models, whereas the recently refined
calibration of the extended Burgers model cannot. However, the incorporation of a distribution of anelastic el-
ements into the backstress model or invoking mechanisms that involve premelting or water is necessary to ac-
count for the weak frequency dependence of attenuation in the upper mantle.

Currently, the backstress model is able to explain important aspects of viscoelastic behavior of polycrystalline
olivine in seismic-wave attenuation (this study), and postseismic creep (Breithaupt et al., 2023). Therefore,
intragranular dislocation interactions may control the transient rheological behavior of the upper mantle in a
variety of Earth processes. Targets for future investigation include the applicability of the backstress model to
GIA, normal mode attenuation, and solid-body tides of Earth and other planetary bodies.

Data Availability Statement

All data used in this study are available from the University of Minnesota Digital Conservancy (Hein et al., 2025).
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