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Improved forced-oscillation methods allow
more precise examination of the onset of
anelasticity in dry fine-grained dunite

A mild dissipation peak superimposed on
monotonic background is newly and
consistently observed at the onset of
anelasticity

The newly observed dissipation peak is
plausibly attributed to elastically
accommodated grain-boundary sliding
(EAGBS)

Water-mediated EAGBS in pure dunite is
unable to explain seismological observations of
the lithosphere-asthenosphere boundary

ABSTRACT

Micromechanical models suggest that the onset of anelastic relaxation in polycrystalline olivine, critical to
interpretation of the seismic wave attenuation and dispersion in the upper mantle, should be a mild dissipation
peak caused by elastically accommodated grain-boundary sliding. Such behavior has been tentatively invoked to
explain both a short-period shear modulus deficit and a dissipation plateau poorly resolved at 900-700 °C in
previous forced-oscillation experiments on fine-grained dunite tested within mild-steel jackets. However, these
observations may have been complicated by the austenite to ferrite plus cementite phase transition in the jacket
material, compliance associated with interfacial NiygFegq foils, and modeling of the mechanical properties of
polycrystalline alumina as control specimen. To investigate the influence of these complications within the
experimental setup and provide forced-oscillation data of better quality especially at moderate temperatures, we
have conducted further forced-oscillation tests for which we removed the interfacial foils, employed single-
crystal sapphire as reference sample, and used alternative jacket materials (stainless steel or copper) which
experience no phase transition during the staged cooling. The newly acquired forced-oscillation data, although
broadly consistent with the previous results, differ significantly especially in temperature sensitivity, and allow
refinement of an appropriate Burgers creep-function model. A mild dissipation peak superimposed on monotonic
dissipation background during the onset of anelastic relaxation in dry, melt-free and fine-grained dunite has now
been consistently observed at temperatures of ~950-1050 °C and seismic periods of 1-1000 s. Such a dissipation
peak with relaxation strength 0.02 + 0.01 is attributed to elastically accommodated grain-boundary sliding. The
high activation energy (> 600 kJ/mol) of viscoelastic behavior involving both dissipation and related dispersion
suggests that grain-boundary diffusion may be limited by interfacial reaction within grain boundaries. The
reduced relaxation strength makes it difficult to attribute the oceanic lithosphere-asthenosphere boundary to
water-mediated elastically accommodated grain-boundary sliding.

1. Introduction

2023). Previous experimental studies demonstrated grain-size sensi-
tivity of the anelastic relaxation (Tan et al., 2001; Jackson et al., 2002;

High-temperature laboratory measurements of anelastic relaxation
in dry and melt-free, fine-grained polycrystalline olivine have consis-
tently shown essentially monotonic variation of strain-energy dissipa-
tion (Q’l) associated with dispersion of shear modulus (G). The
dissipation, dependent on period and described as ‘high-temperature
background’ or ‘absorption band’, follows Q! « T® where T, is oscil-
lation period « = 0.2-0.4 (Anderson and Given, 1982; Karato and
Spetzler, 1990; Jackson et al., 1992; Gribb and Cooper, 1998a). The
laboratory measurement of such anelastic relaxation is crucial to inter-
pret seismic velocity and attenuation structures (e.g. Wiens et al., 2006;
Dalton and Faul, 2010; Ma et al., 2020; Havlin et al., 2021; Liu et al.,

Cooper, 2002, pp.14-17; Jackson and Faul, 2010), broad consistency
between the activation energy of relaxation times and that of diffusional
creep (e.g. Faul and Jackson, 2007), and the potential to parameterize
the relaxation with a master variable that combines frequency, tem-
perature, and grain size (McCarthy et al., 2011; Yamauchi and Takei,
2016). Accordingly, grain-boundary sliding (GBS) assisted or accom-
modated by diffusion has been invoked to explain the widely observed
monotonic high-temperature background in attenuation spectrum and
associated modulus dispersion.

The classic theory of GBS, developed by Raj and Ashby (1971) for a
boundary of infinitesimal slope, was thoroughly reviewed by Jackson
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et al. (2014) from which the following brief summary is extracted. At
moderate temperature and/or relatively short duration of an applied
stress, the strain incompatibility, resulting from a finite amount of slip in
grain boundaries of relatively low viscosity, is accommodated by the
elastic distortion of the participating grains. The strain associated with
this process, called elastically accommodated grain-boundary sliding
(EAGBS), is recoverable upon removal of the applied stress. Under a
sinusoidally time-varying applied shear stress, the manifestation of such
anelasticity is a dissipation peak (and associated modulus dispersion)
with relaxation strength of order 107!, expected at a characteristic
relaxation time following

7o = yd/Gué @

where 6 and 1,,, are the width and viscosity of the narrow grain boundary
region, d is grain size, Gy is unrelaxed shear modulus.

The further analysis of GBS in the limit of infinitesimal grain-
boundary slope by Morris and Jackson (2009) confirmed the general
features of EAGBS proposed by Raj and Ashby (1971). However, sub-
sequent studies suggest much lower relaxation strength of order 102
rather than 107! for sliding on boundaries of finite slope, with the
dissipation peak reduced in height and broadened by any distribution of
grain size and boundary viscosity (Lee and Morris, 2010; Lee et al.,
2011). Thus, it is predicted that, with increasing temperature or oscil-
lation period, the first significant indication of the breakdown of strictly
elastic behavior in fine-grained materials should be a broad dissipation
peak with amplitude of order 1072 and associated modulus dispersion,
reflecting anelastic relaxation behavior associated with EAGBS. At
somewhat higher temperatures (T) and/or longer periods (T,), a broad
regime of diffusionally assisted grain-boundary sliding is predicted
within which the dissipation varies with period as Q! o T% with a ~ 1/
3, sliding being limited by stress concentrations at grain corners, that are
progressively eroded with increasing period and diffusion distance. Ul-
timately, for periods longer than the Maxwell relaxation time 7y =
14/ Gu (n is steady-state viscosity), diffusionally accommodated grain-
boundary sliding occurs with Q7! « T,

The sustained experimental campaign in our laboratory (e.g. Jackson
and Faul, 2010; Jackson et al., 2014) and elsewhere (Gribb and Cooper,
1998a; Sundberg and Cooper, 2010; McCarthy et al., 2011; Takei et al.,
2014) has so far revealed no more than circumstantial evidence of the
dissipation peak expected of EAGBS in dry and melt-free olivine poly-
crystals or organic analogue material. For high-purity MgO, it has been
suggested that the mild grain size sensitivity for the relaxation time 7y,
defining the well-resolved lower end of the anelastic absorption band, is
consistent with the onset of EAGBS (Barnhoorn et al., 2016).

The difficulty of characterizing EAGBS by forced oscillation is
perhaps not entirely surprising, as it is challenging to observe, super-
imposed upon the period-dependent background, the broad dissipation
peak of low amplitude ~1072, predicted by the contemporary theoret-
ical model (Lee and Morris, 2010; Lee et al., 2011). However, recon-
ciliation of theory and experimental observations is critical for
underpinning the robust extrapolation of experimental data for fine-
grained geomaterials to the conditions of upper-mantle seismic wave
propagation. That such conditions depart only modestly from ideal
elastic behavior (Q’1 < 0.03, e.g. Romanowicz and Mitchell (2015))
places a special premium on the understanding of the transition from
elastic to anelastic behavior, i.e. the onset of anelastic relaxation. Karato
(2012) suggested that EAGBS influenced by water (hydrogen), might
cause a large and sharp drop in seismic wave velocities at the
lithosphere-asthenosphere boundary where water content likely
changes (e.g., Karato et al., 1986; Hirth and Kohlstedt, 1996). Therefore,
the goal of this work is to use improved experimental procedures and
associated approaches of data processing to better test the hypothesis
that the onset of anelastic relaxation in fine-grained, dry, melt-free
dunite involves a dissipation peak associated with EAGBS.

For the purpose of minimizing uncertainty and therefore capturing
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the low dissipation and minor dispersion at the onset of anelastic
relaxation in dunite, the experimental setup of our forced-oscillation
testing has been updated. Almost all the previous work in our labora-
tory on dunite samples has been conducted within mild-steel jackets,
lined for redox reasons by NiyoFe3y (NiFe) foil. However, the correction
required for the viscoelastic behavior of the enclosing mild-steel jacket is
complicated by transformation of austenite, the high-temperature face-
centred cubic (fcc) Fe—C phase, to ferrite (body-centered-cubic, bec) +
cementite (FegC) during cooling from 900 to 700 °C (Jackson et al.,
2000). Accordingly, we employed alternative jacket materials, including
copper (restricted to temperatures <900 °C in Jackson et al. (2014) and
extended to temperatures <1050 °C in this study, Appendix A) and
austenitic stainless steel (< 1200 °C in this study), which remain fcc
across the experimental temperature range. Other significant improve-
ments of experimental methodology are described in Appendix B. In the
following sections, we present observations of shear modulus dispersion
and strain-energy dissipation during the onset of anelastic relaxation, a
comparison of the new and previous observations, and a discussion of
the correlation between the results and related theoretical studies.

2. Experimental materials and methods
2.1. Sample preparation

The synthetic dunite samples in this study were prepared from
powders produced by solution-gelation method (Jackson et al., 2002).
Magnesium nitrate (Mg(NOs3)2-6H20), ferric iron nitrate (Fe
(NO3)3-9H,0)) and tetraethyl orthosilicate (Si(OCzHs)a) were weighed
in quantities sufficient for a 50-g batch containing 95 wt% forsterite
(Fogg) and 5 wt% enstatite (Engg) and dissolved in ethanol in an ultra-
sonic bath. The enstatite content buffers the silica activity in the sam-
ples. Once dissolution was complete, 2 mL nitric acid was added to
initiate gelation with low heat then applied for 6 h. The resulting powder
was pelletized and placed in a 1-atm furnace with 5/95 partial pressures
of flowing CO/CO; at 875 °C (log(fO2, bar) = —14.1) for 16 h. Then the
pellets were ground, re-pelletized, and placed in a 1-atm furnace with
50/50 partial pressures of CO/CO3 at 1400 °C for 16 h (log(fOo, bar) =
—8.6). After the firing, the pellets were ground in an agate ball mill until
the polycrystalline aggregates of submicron grains were of dimension
<50 pm, checked with optical microscope. Then the powder was
pelletized again and fired again at 1400 °C with the 50/50 flowing CO/
CO5 gas mix for 16 h as above. This iterative process ensures complete
dehydration and appropriate redox conditions for the porous gel-derived
material.

For each specimen destined for mechanical testing, a stack of five 3-g
cylindrical pellets of ~15-mm diameter and ~ 10-mm length, pre-fired
as described above, was completely enclosed within NiygFes foil of 70
pm thickness. The wrapped stack of pellets was sandwiched between
high-grade (Lucalox™) alumina pistons, jacketed by a mild-steel tube,
and then hot-pressed for 24 h at 1200 °C and 300 MPa within an
internally heated gas-charged pressure vessel (Paterson, 1970). After the
hot pressing, the well-sintered and dense 5-pellet stack was extracted
from the jacket and precision-ground into cylindrical shape. Then the
hot-pressed specimens were fired at 600 °C in Ar for an hour to eliminate
any water and lubricant introduced during grinding.

The specimens mechanically tested in runs A1464, A1802 and A1928
were newly prepared in this way. For details concerning the thermal
histories of the various specimens, see Table 1. The specimen tested
within a stainless-steel jacket in run A1802 was subsequently cut from
the assembly and ground to remove the jacket, NiFe liner and the
chemically modified outer rind of ~100-pm thickness. The ground
sample was refired in controlled atmosphere with CO/CO2 at 50/50
partial pressure at 1400 °C, and then assembled in the same way with
alumina pistons and cylindrical NiFe liner but within a mild-steel jacket
for follow-up forced-oscillation testing from 1300 °C in run A1906.
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Table 1
Thermal history of experimental materials.

MT run number HP temperature, °C [duration, hr] Pre-firing temperature, °C [duration, h] (atmosphere) MT temperature, °C

A1464 1200 [24] 600 [1] (Ar) 1050-25

A1802 1200 [24] 600 [1] (Ar) 1200-400' — 1200'
A1906 NA* 1400 [16] (50/50 CO/CO2) 1300-900'

A1928 1200 [24] 600 [1] (Ar) 1300-400" - 1300'"

MT: mechanical testing.
HP: isostatic hot pressing at 300 MPa.
" The sample of run A1906 was recycled from run A1802.

f Staged cooling (Section 2.3) to a minimum temperature at which a major gas leak intervened (900 °C) or oscillation of the experimental assembly was obstructed

through contact with the pressure vessel (400 °C).

ff Highest testing temperature was revisited to check reproducibility of measurement.

2.2. Mechanical testing

The specimen was sandwiched directly between Lucalox™ alumina
torsion rods within a thin-walled tube of either copper (Cu, run A1464),
stainless steel (SS, run A1802) or mild steel (MS, runs A1906 and A1928)
for mechanical testing in the apparatus described in detail by Jackson
and Paterson (1993). For the tests within the MS and SS jackets (runs
A1802, A1906 and A1928) from 1200 or 1300 °C, the cylindrical surface
of the specimen was lined with NiFe foil for control of redox conditions
(Faul et al., 2018), whereas the specimen was tested bare within the Cu
jacket (run A1464) from 1050 °C.

The specimen assembly consisting of an olivine specimen, with or
without a NiFe foil wrapper, alumina torsion rods and the metal jacket
was loaded into the attenuation apparatus and pressurized initially to

d
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. OlinA1906
N=2700, d=6.5 ym
30.15f Olin A1928 |
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o
§0.10 ]
L
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1
Grain size (um)

~170 MPa within Ar medium at room temperature. The pressurization
achieves firm direct frictional coupling between the specimen and the
torsion rods, and a hollow steel member containing the elastic element
within the apparatus. Following the raising of the specimen assembly to
allow for thermal expansion and re-pressurization, the temperature was
increased from 20 °C to the required maximum temperature (1300 °C for
MS-jacketed assembly, 1200 °C for SS-jacketed assembly, and 1050 °C
for Cu-jacketed assembly) at a rate of 6 °C/min, after which the pressure
was adjusted to 200 MPa. The lower annealing temperature for the SS-
jacketed assembly was intended to minimize diffusional communica-
tion between the stainless-steel jacket and the olivine specimen through
NiFe liner, whereas that for the Cu-jacketed assembly was constrained
by the melting point of copper (1084 °C). Before formal data acquisition,
the forced-oscillation response was monitored during in-situ annealing

Oxide wt. %

H FeO wt. %
2L MnO wt. % | -

Cr,03 wt. %
RS . "V N E—

0 50 100 150 200

Distance to the NiFe liner, pm

Fig. 1. (a)-(c) Inverse pole figure and grain boundaries based on EBSD data of samples after runs (a) A1802, (b) A1906, and (c) A1928. (d) The grain size distribution
of olivine grains following testing in runs A1802, A1906 and A1928. N refers to the number of grains, and d is mean grain size. (e) Backscattered electron image of the
sample and the NiFe liner (bright bottom-left corner) after run A1802. There is significant precipitation of Fe as blebs near the sample-liner interface, which formed a
dark rind with ~100 pm width. The dark patches in light grey olivine of the interior are enstatite. (f) Quantitative EDS analysis of FeO, MnO and Cr,O3 from the
sample-liner interface into the sample of run A1802. Analyses with FeO well above the surrounding points are deleted, since they partially reflect a contribution from

metal blebs.
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for over 20 h at peak temperature and 200 MPa. Such annealing stabi-
lizes the specimen microstructure and frictional contacts between the
specimen and the alumina torsion rods, considered responsible for
modest temporal evolution of the mechanical behavior towards lower
compliance and dissipation.

Torsional forced-oscillation testing at 200 MPa was conducted at
temperatures ranging from the maximum temperature to room tem-
perature by staged cooling with either 50 °C or 25 °C (for Cu-jacketed
assembly) intervals. The cooling rate between the intervals for data
collection was also 6 °C/min. A thermocouple (type R) was located
within a hollow alumina piston, with its junction 3 mm above the top of
the specimen. The furnace within the pressure vessel was calibrated,
both before and after mechanical testing to ensure a flat temperature
profile at the targeted temperature within +10 °C along the length of the
specimen. A sinusoidally time-varying torque was applied by a balanced
pair of electromagnetic drivers at the lower end of experimental as-
sembly comprising a series combination of the steel (elastic) element
and the specimen assembly (c.f. Fig. 1a in Cline and Jackson, 2016). The
distortions of the specimen assembly and elastic element were measured
by two pairs of three-plate capacitance transducers. Each capacitance
transducer consists of an outer pair of fixed plates and a central moving
plate connected to the vertical axial member (including specimen as-
sembly and attached elastic element) by a horizontal lever. With the
completion of staged cooling to room temperature, the maximum tem-
perature was usually briefly revisited to assess the reproducibility and
check for strain-amplitude dependence of the results. At the revisited
maximum temperature, we first ran a test with the same strain ampli-
tude as during the staged cooling followed by a few more tests with
smaller strain amplitudes. With the revisited testing finished, the tem-
perature is reduced to room temperature at the rate of 6 °C/min.

Multiple stages of data processing are required to extract the low-
frequency mechanical properties of olivine samples from the records
of torsional displacements of specimen assembly and the elastic stan-
dard (Appendix B). Firstly, to eliminate the mechanical behavior of the
steel and alumina torsion rods, the torsional compliance of the olivine
specimen assembly was compared with that of a reference assembly
containing a single-crystal sapphire control specimen. In the reference
assembly, the sapphire specimen was similarly sandwiched between
alumina torsion rods and alternatively jacketed by copper, SS or MS.
Secondly, for each of the alternative jacket materials, corrections for the
viscoelastic behavior of the metal jacket (inclusive of NiFe liner) were
applied with forced-oscillation data acquired from prior tests on simi-
larly jacketed cylindrical specimens of the metal materials (David and
Jackson, 2018; Qu and Jackson, 2022). Details of data processing were
described in Jackson and Paterson (1993).

The forced-oscillation data (G, logQ_l) of olivine specimens were
fitted by a phenomenological rheology model based on extended
Burgers-type creep function with different distributions of relaxation
time for dissipation background and dissipation peak. A comprehensive
description of the model has been recently provided (Qu et al., 2021).

Microcreep testing was practiced during the staged cooling from 1200
to 900 °C with 100 °C intervals, following the forced-oscillation testing
at the same temperature. Constant rather than oscillating stress was
applied for a prescribed duration in the testing. The proportions of the
elastic, anelastic, and viscous components of transient creep are
revealed at different temperatures, which provides complementary in-
formation in time domain. Before formal microcreep testing, any linear
drift was estimated and corrected by a 2000-s session without any
applied torque. Then torques of amplitude +L, 0, —L, O are successively
applied to the specimen assembly, each for 2000 s duration. The multi-
segment record Sy (t) = Sy (t) — Srer(t), being the difference between
the time-dependent torsional compliance of the olivine specimen as-
sembly (S, (t)) and that of reference assembly (S.r(t)), was modeled
with an empirical Andrade-creep-function model J(t) = Jy + pt" + t/n.
The measured differential microcreep record was fitted to a model Sg;(t)
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that is the sum of a suitably delayed contribution from each of the
torque-switching events, i.e. S (t) = ZsiJ(t — t)(i = 1,2, 3,4) with s; =
1 wheni = 1or4, and s; = — 1wheni = 20r3, and t—t is the
duration since the ith torque-switching event. The fitted creep model
was converted to period domain and processed exactly as for forced-
oscillation data (details in Jackson, 2019). The period-dependent
torsional compliance of specimen thus finally inferred for the spec-
imen Sy, (To) fitted to an Andrade model, allows the construction of a
virtual multi-segment microcreep record S, (t) for the specimen itself.
The associated maximum strain in the specimen (at its diameter)
(emep(t)) is calculated as emep(t) = Smep (t)€5o,Max/Sto,Max Where &g, pax and
Sto.Max are the maximum strain and torsional compliance during forced-
oscillation testing.

2.3. Microstructural characterization

The microstructure of the specimen after each forced-oscillation
experiment was assessed from the top of a disk sawn 1-2 mm from the
upper sample-alumina contact. The disk was mounted in epoxy, polished
with SiC (30 min), diamond paste (2 h), then alumina slurry (2-5 h), and
finished with colloidal silica (50 min). The carbon-coated polished
sections were imaged and analyzed by scanning electron microscopes
(TESCAN VEGAS3 and Hitachi 4300). The accelerating voltage of back-
scattering electron (BSE) imaging is 15-25 kV. Energy dispersive X-ray
spectroscopy (EDS) spot analyses were performed within the interior
and near the edge of the olivine specimen. Electron backscattered
diffraction (EBSD) mapping was processed by MTEX package. The step
sizes for samples of runs A1802 and A1928 are 0.10 pm and 0.29 pm,
respectively. High-angle grain boundaries were estimated when
misorientation of neighboring pixels is >10°. The mean grain size is
defined as 4/x times of the mean diameter of the area-equivalent circles
for olivine grains.

3. Results

The results from sample characterization and mechanical tests of
runs A1802 and A1928 with SS and MS jackets are presented in this
section. Although the microstructure and forced-oscillation data of run
A1906 with specimen recycled from A1802 have previously been
described in Qu et al. (2021), these results are also displayed here to
allow close comparison. For the specimen of run A1464, tested bare
within a Cu jacket at temperatures reaching 1050 °C closely approach-
ing the melting point of Cu (1084 °C), intense viscoelastic relaxation in
Cu has the potential to mask the more subtle relaxation in olivine at such
relatively low temperatures. Accordingly, details of this run, including
forced-oscillation data, microstructural information and comparison
with the results from SS-jacketed olivine, are presented in Appendix A
and not further discussed in the main text.

3.1. Microstructural and chemical analysis

Microstructural and chemical information concerning the specimen
tested within the SS jacket in run A1802 and that tested within the MS
jackets of runs A1906 and A1928 are presented in Fig. 1. The EBSD maps
in Fig. la-c for these three specimens show olivine grains of relatively
uniform size arranged in ‘foam textures’ with mildly curved grain
boundaries. The widely distributed accessory enstatite grains are not
well resolved by EBSD, but given its small fraction, the grain size of
pyroxene is not considered for estimation of mean grain size. The grain
size distribution of olivine grains is summarized in Fig. 1d. The olivine
grains in the interior of three samples are consistently composed of 40.9
+ 0.3 wt% SiO9, 11.0 £ 0.2 wt% FeO and 48.4 £ 0.2 wt% MgO (Mg# =
88.7). Previous studies have shown little variation of olivine composi-
tion in the neighborhood of the enclosing Ni;oFes foil lined MS jacket —
confirming chemical equilibrium with Fogg olivine (Faul et al., 2018).
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However, for run A1802 involving a NiyoFesg liner within an SS jacket,
an outer dark rind of ~100-ym thickness is observed, wherein the
olivine shows depletion in FeO (Fig. 1e). Close inspection of the liner-
olivine interface found a thin pyroxene rind, < 10 pm wide, against
the liner. Adjacent to the pyroxene rind, the original NiyoFesg liner now
contains 46.3 wt% Fe, 40.4 wt% Ni, 9.6 wt% Cr, 0.3 wt% Mn. On the
other side of the pyroxene rind, FeO in olivine is replaced by Cr,O3 and
MnO. The enrichment of CroO3 and MnO in the olivine decreases to zero
about 70 pm away from the interface shown in Fig. 1f. At this distance
from the liner, olivine contains significantly more MgO and less FeO
(over 55 wt% MgO vs 49.5% in the interior; FeO ~ 2 wt% vs 10 wt%),
hence the low backscatter coefficient compared to the other area. Bright
metal blebs widely distribute to ~200 pm into the sample. While the size
of metal blebs is too small for precise analysis, they are found to be
predominantly consisted of Fe with a small amount of Cr and Mn.
Notably, there is no detectable Ni in the olivine or the metal blebs. The
influence on redox conditions and potentially on mechanical measure-
ments, imposed by the radially inward diffusion of Mn and Cr, is dis-
cussed in Section 4.2.

3.2. Mechanical testing results

The forced-oscillation data of the SS-jacketed and MS-jacketed
dunite, acquired in runs A1802, A1906 and A1928, are displayed in
Fig. 2. The three datasets share some common features. In general, as the
temperature decreases, we observe increasingly weak period-
dependence (dispersion) of shear modulus and less strain-energy dissi-
pation. Between 1300 and 1150 °C, the slope of logQ ™! vs logT, is
slightly increased with longer periods, and between 1100 and 950 °C,
this slope somewhat decreases at longer periods. For SS-jacketed olivine
in run A1802, there is almost no detectable dissipation at temperatures
below 900 °C, while for run 1928, the dissipation at and below 900 °C
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has been observed as scattered data independent of oscillation period T,
All forced-oscillation data are tabulated in the supplementary material.

Almost identical strain-energy dissipation and modulus dispersion
are obtained from the follow-up testing with the same strain amplitude
after completion of staged cooling (1802120m versus 18021200, and
1928130d versus 1928130i in Fig. 3). Revisit testing with various strain
amplitudes at orders of 10~°-107% also shows indistinguishable results.
Such observations reflect solid reproducibility of the viscoelastic relax-
ation measurement and essential linearity of the stress-strain relation
during the testing.

The results of microcreep testing are temperature dependent as
demonstrated in Fig. 4. In the first 2000 s segment, the time-dependent
inelastic component of strain is increased with higher temperature. At
1200 °C, the proportion of irrecoverable viscous component increased,
especially in run A1802. At 1100 and 1000 °C, inelastic strain of the
three testing is essentially recoverable within the second segment with
torque removed and hence anelastic. The response to torque at
800-900 °C is nearly independent of time, and thus almost elastic for the
three testing. The magnitude of anelastic strain among the three samples
is similar.

4. Discussion
4.1. Statistical uncertainty and systematic error

As introduced in Section 2.2, the values of G and logQ ! are derived
from the raw experimental data through a multi-stage process involving
comparison of the torsion compliances of the olivine specimen assembly
and the single-crystal sapphire reference assembly, appropriate
modeling of the elasticity of the sapphire control specimen, and of the
viscoelastic behavior of the enclosing jacket inclusive of NiFe liner
(details in Jackson and Paterson, 1993). The scatter among final data
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Fig. 2. Forced-oscillation data (G, logQ ') newly obtained in this study for fine-grained synthetic dunite, alternatively contained within NiFe-lined SS and MS
jackets. Temperatures are color coded. Mean grain size is referred as d in the subplots. The uncertainty of measurement is indicated approximately by the size of
plotting symbols. (a) G and (d) logQ’1 for SS-jacketed dunite sample tested from 1200 to 800 °C in run A1802. (b) G and (e) logQ’1 for MS-jacketed dunite tested
from 1300 to 900 °C in run A1906. (c) G and (f) logQ ! of MS-jacketed olivine tested from 1300 °C to 900 °C in run A1928. The scatter amongst logQ ! values <

—2.2 indicates the resolution limit of our mechanical testing.



T. Qu et al.

Q
(o3
o

e 1802120m (8.8v)

L 70t ® 1802120n (4.4v) (revisit)
O * 18021200 (8.8v) (revisit)
» 60 E
=
=}

n ) i
850 LTI
E 40 Runat802 s, ]
g 1200°C ® .
<3
n

o
T
I

N
o

-1 0 1 2 3 4
log(oscillation period, s)

80 : : : :
© © 1928130d (8.8v)
a 70t > 19281309 (2.2v) (revisit)
o ® 1928130 (4.4v) (revisit)
) 60 * 1928130 (8.8v) (revisit) -
=]
3 50} L 3 : ,
£ 8,
« 40+ RunA1928 8 ]
@© A °
bl 1300°C °
n 307 °

20 : ' : :

-1 0 1 2 3 4
log(oscillation period, s)

Physics of the Earth and Planetary Interiors 350 (2024) 107160

b o . — ,
O.0os5l RunA1802 |
= 0.5 1200°C °
- °
s -1t Y 1
© °?
3 e **
2 -1.5}F 1
° e 1802120m (8.8v)
® -2 e 1802120n (4.4v) (revisit) 1
- * 18021200 (8.8v) (revisit)

-2.5 : . - .

-1 0 1 2 3 4
log(oscillation period, s)

d o N
— Run A1928 °
d-05+ 1300°C o’ 1
< s ¥
= I v
'_.(_,2 -1 .‘ & 7
g ®
w-1.5F 1
@ e 1928130d (8.8v)
2 > 1928130g (2.2v) (revisit)
S 2] e 1928130h (4.4v) (revisit)

*  1928130i (8.8v) (revisit)
25 . . . .

-1 0 1 2 3 4
log(oscillation period, s)
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records for specimen and reference assemblies and modeling of elastic/viscoelastic behavior of the sapphire control specimen and jacket material, respectively.

Temperatures are color coded.

provides an indication of precision routinely quoted as 6(G)/G = 0.03
and 6(logQ 1) = 0.05. The appropriateness of these standard deviations
is later confirmed by misfit values of ¥2 typically <2N for the optimal
Burgers models fitted to N (G, Q') data pairs for individual specimens.
These standard deviations are to be regarded as average values across
the entire range of testing conditions, although it is recognized that
6(logQ™!) increases significantly as logQ~ ! decreases towards and
beyond —2.

Observation of possible systematic error includes any mismatch of
shear moduli at the maximum temperature before and after the staged
cooling (Fig. 3a and c), and any inconsistency between the period-
independent shear modulus measured by forced oscillation at medium

to low temperatures and the unrelaxed shear modulus from high-
frequency wave propagation methods (Isaak, 1992) illustrated in
Fig. 5a and b. There are several possible sources of systematic error,
besides the phase transition in mild-steel jacket (discussed in Section
4.2). Firstly, the pores and thermal cracking in the synthetic olivine
aggregate could contribute to a modulus deficit, particularly at lower
temperature (e.g., 400 °C in Fig. 5a). Secondly, any interfacial compli-
ance between the specimen, control specimen, and the alumina and steel
parts of the assemblies could contribute to a systematic offset (either
positive or negative) between the low-frequency modulus and the high-
frequency anharmonic trend as illustrated in Fig. 5a and b. Thirdly, any
misalignment of the nominally parallel capacitance transducer plates
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may result in systematic error in the measurement of displacements
associated with the torsional distortion of the specimen and/or elastic
standard and thereby have either positive or negative effect on the ab-
solute value of shear modulus. These sources of systematic error will
mainly affect the shear modulus, although any interfacial compliance
between specimen/control specimen and adjacent alumina torsion rods
might also contribute to the dissipation observed at high temperature.

A low-temperature modulus deficit consistently observed in the
datasets of Jackson and Faul (2010), along with a poorly resolved
dissipation plateau with Q~1- 0.01 at 1-1000 s period and temperatures
of 750-950 °C, was attributed to short-period anelastic relaxation,
tentatively identified with elastically accommodated grain-boundary
sliding. However, shear moduli subsequently measured in forced oscil-
lation on olivine specimens at moderate-low temperatures have shown
either negative or positive systematic deviations from the anharmonic
trend (Fig. 2b in Farla et al., 2012; Cline, 2018, Ph.D. thesis). It has thus
become apparent that the offset of shear modulus might not reflect the
anelastic behavior of the sample, but instead be attributed to systematic
errors in the experimental measurements.

Accordingly, and in order to focus attention on anelastic relaxation,
we here take a different approach to the systematic offset between the
high-frequency Gy(T) trend and the period-independent (and hence
elastic) modulus from forced-oscillation tests at low-moderate temper-
ature. The multiplicative factor c that best accounts for the discrepancy
in modulus is applied to scale all of the observed shear moduli Gops in
each of runs A1802 and A1928 in Fig. 2 to obtain scaled values of the
modulus Gg: = ¢ X Ggps that match the Gy(T) trend (¢ = 1.074 for run
A1802 and ¢ = 0.973 for run A1928 in Fig. 5¢ and d). The modulus
measured in run A1906 is not corrected (i.e., ¢ = 1.00) due to the
agreement between Ggps and Gy(T) at 900 °C. After such scaling of
moduli from run A1928, consistency between the moduli in runs A1906
and A1928 has been achieved (Fig. 5d).

4.2. Influence of updated experimental setup

Experimental procedures employed in our laboratory have evolved
over many years and have recently been further refined, as explained in
detail in Appendix B and summarized briefly here. The polycrystalline
alumina control specimen has been replaced by a sapphire single-crystal
control specimen. Also, the longstanding use of a NiFe foil at each end of
the specimen and a double-foil at one end of the control specimen has
been abandoned in favor of their direct contact with the torsion rods of
Lucalox™ alumina. In Appendix B, we demonstrate almost absence of a
substantial interfacial contribution to the compliance of the reference
assembly involving such direct contact between the sapphire control
specimen and alumina torsion rods. For the specimen assembly of the
current methodology, chemical reaction between olivine specimen and
alumina torsion rods in direct contact results in the formation of a re-
fractory crystalline assemblage, amounting to a reaction bond, expected
to be similarly of low compliance. Thus, uncertainties associated with
interfacial compliance involving the NiFe foils and with the viscoelastic
behavior of the polycrystalline alumina control specimen in the previous
procedures of data processing have now been effectively eliminated.

Additionally, we have employed alternatives to the standard mild-
steel (MS) jackets in which the occurrence of the austenite-to-ferrite
phase transition during staged cooling might tend to obscure the onset
of anelastic behavior in polycrystalline olivine. Cu jackets were
employed by Jackson et al. (2014) and for run A1464 of this study
(Appendix A), and an austenitic stainless steel (SS) jacket was used in
run A1802 of this study. A NiFe liner wrapping the cylindrical surface of
olivine sample within the SS-jacketed specimen assembly (as routinely
used within MS jackets, e.g. Fig. 2a in Jackson et al. (2009)) is intended
to chemically isolate the jacket material from the olivine sample and
thereby maintain appropriate redox conditions for the stability of Fogg
olivine (Faul et al., 2018). However, the Mn and Cr from the SS jacket in
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run 1802 have evidently diffused through the NiFe liner, displacing
much of the Fe from olivine in the outermost part of the specimen. Cr-
Cr,03 buffer was measured to be 5 log(fO2, bar) unit below iron-wiistite
(Holzheid and O’Neill, 1995), and the free energy of Mn-MnO buffer is
even lower than Cr-Cry03 buffer (Alcock and Zador, 1967). Although the
activities of Cr and Mn in the alloy liner are obviously much less than
unity, the coexistence of the pyroxene rind next to the sample-liner
interface along with Fe-rich metal blebs is indicative of the decompo-
sition of fayalite according to the reaction Fe;SiO4 = FeSiO3 + Fe + (1/
2)04 suggesting redox condition below the olivine-pyroxene-iron (OPI)
equilibrium (see Nitsan (1974) for complete presentation of the fO,-T
diagram of the system). From the pyroxene rind up to 200 pm into the
sample, the FeO content in olivine progressively increases from 2 to 10
wt%, along with the presence of pervasive metal blebs, reflecting
gradual increase in fO5 near OPI equilibrium. The main body of the
sample, without any metal blebs, therefore maintained redox states
above OPI equilibrium during run A1802. Analyses on similar sol-gel
dunite samples have shown that the fO, change had propagated sub-
stantially further into the sample than the compositional changes at the
liner-sample interface (Faul et al., 2018). Accordingly, the fO in the SS-
jacketed sample is lower than the fO, in MS-jacketed samples
throughout.

To provide more data with modern experimental setup, this tested
SS-jacketed sol-gel olivine specimen (run A1802, annealed at 1200 °C,
final grain size 3.7 pm) was cut from the assembly and ground to remove
stainless-steel jacket, NiFe liner and the most chemically modified outer
rind of ~100-pm thickness. The ground sample was refired in controlled
atmosphere with CO/CO at 50/50 partial pressure at 1400 °C, and then
assembled in the same way with alumina pistons and cylindrical NiFe
liner but within an MS jacket for follow-up forced-oscillation testing
from 1300 °C in run A1906. For further comparison, another, newly hot-
pressed, olivine sample was tested in a mild-steel jacket from 1300 °C
(run A1928). Because the mild-steel jacketed olivine samples were
fired/annealed at higher temperatures than 1200 °C before staged
cooling, these specimens are significantly more coarse-grained than that
from run A1802 (Table 2).

The forced-oscillation data for the specimens, tested in runs A1802,
A1906 and A1928, have already been presented in Fig. 2 of this study
and Fig. 4a and b in Qu et al. (2021) as variations of G and logQ’1 Vs
logT, at each of a series of fixed temperatures. However, a clearer
overview might be available from an alternative presentation, as fol-
lows. Where the mechanisms responsible for the dissipation background
and any superimposed peak are thermally activated with a common
activation energy, the strain-energy dissipation log(Q ™) and modulus
relaxation (G - Gy(T)) may be expressed as a function of a pseudoperiod
(X) master variable (Ke, 1947; Jackson et al., 2002), defined by

sl ()(-4)

where E is activation energy, regular R is gas constant, T is temperature,
and subscript R refers to reference temperature at 1173 K. The variable
X is appropriately termed a pseudoperiod as X = T, for T = Tg. Under
these circumstances, the modulus relaxation and dissipation may be
expected to collapse onto separate master curves for each sample. This
approach has the potential to enhance the coherence amongst the data
and suppress the influence of scatter especially at low levels of dissi-
pation. In order to evaluate multiple influences on the mechanical
behavior potentially from assembly setup, forced-oscillation data of
reference assembly, and jacket material, chemical composition (or redox
conditions) and annealing temperature (or grain size), several instruc-
tive comparisons are presented in Fig. 6 as follows:

(i) Forced-oscillation data, acquired with the new methodology, for
SS-jacketed fine-grained olivine (d = 3.7 pm of run A1802) are
compared with a Burgers ‘background + peak’ model fitted to
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Table 2
The optimal Burgers models®.
Specimen SS-jacketed MS-jacketed MS-jacketed
dunite dunite dunite
Run number A1802 A1906 A1928
Temperature, °C 900" - 1200 900° - 1300 1050° -
’ 1300
logQmin —2.3" —2.3¢ —2.3¢
N, number of (G, Q1) data pairs 59 75 59
d, average grain size (pm) 3.7 6.5 6.3
Pressure (GPa) 0.2 0.2 0.2
Tg, reference temperature (K) 1173 1173 1173
Gyug, unrelaxed shear modulus at [66.5] [66.5] [66.5]
reference temperature (GPa)
dGy/dT, (GPaK ™) [-0.0136] [-0.0136] [-0.0136]
Ag, 're¥axa.tion strength of 0.76(4) 0.93(3) 0.87(3)
dissipation background
o, frequency dependence of
background relaxation time 0.217(7) 0.222 (5) 0.250(7)
distribution
log(tig, S), lower bound of
background relaxation time [—4.0] [—4.0] [-5.0]
distribution
log(tur) = log(tmgr, S), upper
bound of background relaxation 8.87(17) 9.93(15) 9.68(18)
time distribution
Ap, relaxation strength of 0.012(3) 0.006(3) 0.029(4)
dissipation peak
log(tpg, s), logarithm of the center
o-f pe‘ak r-elaxatlon time 372 4.83) 5.1(1)
distribution at reference
temperature
o, width of dissipation peak [1.1] [0.6] [0.9]
Eg, activation energy of
dissipation background (kJ/ 660(18) 671(13) 664(16)
mol)
Ep, activation energy of
dissipation peak (kJ/ mol) (6601 16711 [664]
¥ 18.5 36.3 35.6
B0 56.5 80.3 59.5
X3, total misfit 74.9 116.6 95.2
(372 N)2 0.80 0.88 0.90

@ Values followed by a value in parentheses are refined during the non-linear
least-squares fitting, whereas values in square brackets are instead manually
adjusted to achieve the smallest fit. The numbers in parentheses are the un-
certainties applied to the last digit of the refined values. The parameter un-
certainties are formal one-c values, reflecting the scatter of data about the best
fitting model, i.e. the precision rather than absolute accuracy of data.

b Exclusion of long-period data at 950 and 900 °C reduces the average misfit
from 0.80 to 0.66 without significantly perturbing the preferred model; inclu-
sion of an additional (G, Q1) pair with logQ ! > —2.3 at 850 °C and 1000 s has
minimal impact upon the model but increases (/2 N)*/* somewhat to 0.86.

¢ Exclusion of 7 long-period data at 950 and 900 °C reduces (x%/2 N)'/2 from
0.88 of the preferred model to 0.83.

4 Inclusion of 7 additional (G, Q1) data pairs with log Q!> —2.3at 1000
and 950 °C markedly increases the average misfit to 1.12 without significantly
perturbing the preferred model.

forced-oscillation data obtained with the superseded methodol-
ogy for the mild-steel jacketed sample of run A1127 (sol-gel
olivine, d ~ 3.6 pm, recently reprocessed from Jackson and Faul,
2010) in Fig. 6a and b. Although there is a broad qualitative
consistency between the two datasets, the data from run A1802
reveal milder dispersion and lower dissipation than for specimen
A1127, but with stronger temperature dependence.

(ii) Forced-oscillation data for the relatively coarse-grained recycled
specimen of run A1906 and the specimen newly prepared for
A1928 (with d ~ 6.5 and 6.3 pm, respectively) are closely
consistent in Fig. 6¢ and d.

(iii) The pseudoperiod approach has been applied to the datasets
(A1802, A1906, A1928) obtained with the modern experimental
methodology with estimated E = 660 kJ/mol, and to the data
obtained with the old experimental setup (A1127 of Jackson and
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Fig. 6. Comparison between forced-oscillation data and models, including run A1127: fine-grained olivine samples tested with old experimental setup (MS-jacketed,
annealed at 1200 °C) (Jackson and Faul, 2010); A1802: fine-grained olivine sample tested with modern setup (SS-jacketed, annealed at 1200 °C); A1906: recycled
A1802 tested with modern setup (MS-jacketed, annealed at 1300 °C); A1928: olivine sample tested with modern setup (MS-jacketed, annealed at 1300 °C). (a)(b)
Forced-oscillation data of A1802 (markers) vs Burgers model of A1127 (solid lines). (c)(d) Forced-oscillation data of A1928 (circles) and A1906 (triangles). (e)(f)
Modulus relaxation (G - Gy(T)) and dissipation (Q ") plotted against pseudoperiod with estimated activation energy. Dissipation data from run A1802 at X < —2 are
mostly below —2.5 in log scale and therefore not shown in subplot f. Light blue and orange symbols present data at 850-800 °C potentially complicated by fcc-bee

transition in MS jackets.

Faul (2010) recently reprocessed) with much lower apparent E =
348 kJ/mol in Fig. 6e and f. The data for runs A1906 and A1928
define common [G - Gy(T)](X) and logQ_l(X) master curves,
emphasizing their consistency. The somewhat stronger modulus
dispersion and dissipation for the specimen of run A1802 are
probably attributable mainly to its smaller grain size. The range
of the pseudoperiod variable X defines the range of oscillation
periods at the reference temperature Tg (900 °C) that would be
equivalent mechanically to the actual testing periods at the
generally higher, but also lower, temperatures. For example, for
the specimen of run A1928, the testing at oscillation periods of
1-1000 s and temperatures of 800-1300 °C, spans the range — 2
< log X < 10.5 - equivalent to oscillation periods at 900 °C of
0.01 s to 1000 y evidently encompassing much of the entire
relaxation spectrum (Fig. 6e and f). With the much lower acti-
vation energy for run A1127, similar ranges of dispersion and
dissipation are associated with a much narrower range of logX.

Observation (i) suggests that significant mechanical influence results
from the updates in experimental setup including the removal of inter-
facial NiFe liners and replacement of polycrystalline alumina reference
sample by sapphire (Appendix B). The similar results in (ii) obtained on
the fresh and recycled specimens of runs A1928 and A1906 suggest that
the recycled and refired specimen A1906 bore no legacy of its prior
testing under more reducing conditions within SS jacket of run A1802.
Allowing for the influence of grain size variation, the consistency of the
data from runs A1802, A1906 and A1928 (observation (iii)) demon-
strates that our procedures for data processing have successfully char-
acterized the viscoelastic behavior of the alternative SS and MS jacket
materials, and mostly erased the influence of the jacket from the final
forced-oscillation data. Also, there can be no major influence of the
somewhat more reducing conditions within the NiFe-lined SS jacket of
run A1802.

The dissipation ‘plateau’, tentatively identified by Jackson and Faul
(2010) at the lowest measurable levels of dissipation (logQ ! ~ —2) and
moderate temperatures (850-700 °C) is evident in the dissipation data
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for MS-jacketed olivine - for run A1127 in Fig. 6b (light orange symbols)
and for run A1928 in Fig. 6f (light blue symbols), with some impact on
the shear modulus for run 1928 in Fig. 5d. This feature in both modulus
and dissipation is conspicuously absent from the data for the SS-jacketed
sample of run A1802 (Fig. 2a and b and Fig. 6f), which shows instead
monotonic variation of modulus dispersion with temperature and only a
subtle variation of slope of the logQ™! vs logT, trends at 950-1050 °C
that is more clearly evident in the pseudoperiod plot. This contrast and
the scattering of dissipation data <900 °C for runs A1127 and A1928 in
light color in Fig. 6f suggest that the microstructures and mechanical
properties of MS jackets — known to be sensitive to thermal history
including cooling rates and dwell times and therefore not very repro-
ducible — complicate the removal of the influence of the jacket from the
mechanical behavior inferred for the olivine specimen. However, such
complications in the mechanical behavior of the MS jacket do not in fact
mask the onset at 950-1050 °C of substantially anelastic behavior
observed with the improved experimental methods.

4.3. Onset of anelastic relaxation in dry and melt-free fine-grained dunite

The modulus and dissipation data, obtained with the new method-
ology for forced-oscillation testing, indicate the onset of observable
anelastic relaxation (logQ ! > —2.2) in fine-grained olivine aggregates
at temperatures of 950-1050 °C. This temperature range is consistent
with the onset of appreciably anelastic response in microcreep testing in
Fig. 4 and the onset of modulus dispersion in Fig. 5. Subtle variation of
the slopes of the logQ ! vs logT, trends at these moderate temperatures
demonstrated in Fig. 2 suggests the presence of a dissipation peak of
modest amplitude superimposed upon the monotonic background, that
is most clearly revealed by the strong variation of the slope of the logQ™*
— logX trend at logX ~ 3-5 in Fig. 6f. At the same range of logX in
Fig. 6e, modulus relaxation becomes detectable. Such evidence of a
dissipation peak is present in the data from each of the runs A1802,
A1906 and A1928, but at best marginal for run A1127 with the super-
seded methodology.

In order to further assess such evidence for a dissipation peak
superimposed upon the background relaxation, the forced-oscillation
data were fitted to alternative models based on creep functions of the
extended Burgers type (details in Qu et al., 2021; nomenclature and
values of parameters in Table 2). For this purpose, (G, Q_l) data pairs
with logQ ™! < —2.3 have been excluded along with some additional
scattered/outlying data at relatively low temperatures, as noted in
Table 2 and plotted as open circles in Fig. 7. Initially, the remaining N
(G, Q1) data pairs were fitted to a background-only model. Subse-
quently, separate distributions of relaxation time were included to ac-
count for the dissipation background and superimposed peak, along
with the corresponding modulus dispersion. Inclusion of the additional
peak-related relaxation was found to reduce the total variance y% = y&
+ X%/Q markedly for runs A1802 and A1928 by 17 and 30% respectively,
thereby providing additional support its existence. For A1906, the cor-
responding 5% reduction in variance is more marginal. The evidence
from Fig. 6e and f, that a single activation energy is sufficient to achieve
a reasonable master curve for the relaxation spectrum including dissi-
pation peak and background (and related modulus relaxation) is sup-
ported by the fact that the ‘background + peak’ models of Table 2 do not
(statistically) require an activation energy for the peak relaxation
distinct from that of the background. The value of (x%/2 N)/? < 1 for
each of the fitted datasets indicates that on average the G and logQ !
data are fitted within one standard deviation (¢(G)/G = 0.03 and
c(logQ’l) = 0.05, respectively). The unrelaxed shear modulus Gy and its
temperature dependence are fixed at anharmonic values (Isaak, 1992),
and the other parameters concerning the distributions of background
and peak relaxation times are in general consistency among the fits for
the three datasets.

The models presented in Table 2 differ significantly from those of
previous studies. The parameter o« ~ dlogQ '/dlogT, is consistently

~
~
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somewhat lower at 0.233 + 0.023 compared to 0.274 + 0.005 found in
previous research (Jackson and Faul, 2010). Similarly, the activation
energy E, describing the temperature dependence of the relaxation
times, displays systematically higher values (662 + 20 kJ/mol)
compared to the ~400 kJ/mol reported by Jackson and Faul (2010).
Previously reported dissipation peak characteristics with Ap = 0.057 +
0.002, 6 = 4 and log(tpg, s) = —3.4 £ 0.1 (from the optimal fit of pre-
vious forced-oscillation dataset from five essentially melt-free samples
from Jackson and Faul (2010)) contrast with those newly constrained
Ap = 0.018 + 0.015, 6 = 0.85 + 0.25 and log(tpg, s) = 4.35 + 0.85 by
averaging over the three specimens of Table 2. Because the parameters
for the dissipation peak are constrained by only modest additional
dissipation relative to the background, they range more widely among
the three models than suggested by their formal 1o uncertainties.
Nevertheless, it is clear that these newly constrained features of dissi-
pation peak differ substantially from the results of our previous studies.

The activation energy for each experiment, now constrained by the
fitting, has been separately applied to the pseudoperiod plots of fitted
data and Burgers model in Fig. 8, further demonstrating the existence of
dissipation peak with the same activation energy as dissipation back-
ground. The previously identified peak, e.g. as illustrated by run A1127
in Fig. 8, reflects instead the scattered dissipation data and mismatch
between measured shear modulus and unrelaxed shear modulus at
temperatures below 900 °C, now regarded as a complication caused by
phase transition in mild-steel jacket as discussed in Section 4.2.

4.4. Elastically accommodated grain-boundary sliding

Elastically accommodated grain-boundary sliding (EAGBS) has been
described as the relative displacement parallel with the boundary of
adjacent grains facilitated by low effective viscosity of grain boundary.
This sliding on non-planar grain boundaries lead to a back stress from
distorted grains via Hooke’s law inhibiting further slip. Spatially, the
back stress is distributed along the grain boundaries and concentrated at
curvature along grain boundaries, e.g., at grain corners. Temporarily,
the back stress concentration grows as sliding continues and ultimately
balances the applied shear stress. The development of back stress dem-
onstrates that EAGBS is a process of transient creep with anelastic strain
to accommodate to the incompatibility among grains (Raj and Ashby,
1971). In frequency domain, a dissipation peak is anticipated by EAGBS
model at relatively low homologous temperature (Zener, 1952; Morris
and Jackson, 2009; Lee and Morris, 2010) and experimentally observed
in metallic materials (e.g. Ke, 1947). Yet most of the mechanical loss
peaks observed in previous studies of polycrystalline olivine are asso-
ciated with presence of melt (Jackson et al., 2004; Xu et al., 2004) or pre-
melting effects reported for organic rock analogue material at high ho-
mologous temperature (Yamauchi and Takei, 2016). Observations of a
high-temperature peak (1250-1300 °C) in an olivine-pyroxene mixture
were attributed to EAGBS by Sundberg and Cooper (2010), but may
instead reflect the presence of melt in their samples derived from natural
precursor (Qu et al., 2021). The dissipation plateau in Jackson and Faul
(2010) was modeled as part of a short-period dissipation peak centered
beyond the observational window (Figs. 6b and 8) to account for short-
period deficit (now sidelined by scaling strategy in Section 4.1), tenta-
tively attributed to EAGBS. However, as discussed in Section 4.2, if such
a dissipation plateau were mechanical loss in olivine, it should be
evident in the data for SS-jacketed olivine from the present study with
the new methodology (run A1802) - from which it is absent.

The results of this study with both SS and MS jackets thus provide the
first clear experimental observation of a mild dissipation peak super-
imposed upon background for genuinely melt-free and dry dunite sam-
ples. Such a dissipation peak is consistent with the theory of EAGBS in
several respects. Firstly, the microcreep records suggest that the peak
lies within the temperature range of mildly anelastic behavior (Fig. 4).
Secondly, the onset of modulus relaxation occurs at 4 < X < 5in Fig. 6e,
consistent with the pseudoperiod of dissipation peak in Fig. 6f. Thirdly,
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Fig. 8. Forced-oscillation data and fitted Burgers model plotted against logX. Only data used for fitting were plotted.

the modest relaxation strength (~0.01-0.03) is consistent with the
outcome of micromechanical modeling, specifically the finding that
finite boundary slope and variations of grain size or grain-boundary
viscosity result in a predicted relaxation strength of order 1072 for
EAGBS (Lee and Morris, 2010; Lee et al., 2011; Jackson et al., 2014).

The micromechanical model which guides our thinking about grain-
boundary sliding invokes an effective viscosity for elastically accom-
modated sliding on the boundary, with either a unique representative
value or a distribution. This seems to be appropriate for the very wide
range of atomic-scale grain-boundary structures, with or without im-
purity segregations, that must be present in a polycrystal of randomly
oriented grains. Others have sought to describe the structure and
behavior of grain boundaries in terms of the presence of specific grain-
boundary defects termed disconnections (either dislocations or dis-
clinations) (Cordier et al., 2014; Hirth et al., 2019; Hirth et al., 2020) or
complexions (distinct grain-boundary ‘phases’) (e.g. Cantwell et al.,
2014). However, microstructural evidence of such features is limited. In
particular, high-resolution TEM (HRTEM) images of general, high-angle
grain boundaries show abutting lattice planes of adjacent crystals
(Vaughan et al., 1982; Hiraga et al., 2002; Marquardt and Faul, 2018);
or neighboring crystals separated by a disordered region with about 1
nm or less in width (Drury and Fitz Gerald, 1996; Tan et al., 2001; Faul
et al., 2004). The TEM images show no ubiquitous interfacial or linear
defects that are common to all grain boundaries. As grain boundary
orientations in a polycrystal without preferred orientation are random
(e.g. Faul & Fitz Gerald (1999, and references therein)), it is reasonable
to model the grain-boundary viscosity with a representative value or
distribution.

With the dissipation peak attributed to elastically accommodated
grain-boundary sliding, Eq. (1) can be used to estimate the grain-
boundary viscosity 7, as

Ny = Gu(T)67p(T) /d = Gu(T)Sterexp|(Ep/R)(1/T — 1/Tx)]/d (3)
with grain-boundary width 6 ~ 1 nm (Faul et al., 2004) and values for
T, d, Gy, tpr and Ep from Table 2. The Nab thus calculated from 7p(T) is
compared with the 7y, calculated by theoretical models and other
experimental measurements.

Assuming that grain boundaries are perfect sinks for vacancies,
Ashby (1972) proposed the lower limit of grain-boundary viscosity as

kT

8bDy, )

Mgt

where k is Boltzmann constant, b is atom size, and D, is the grain-
boundary diffusivity with temperature dependence given by
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)

For boundary diffusion of the slowest-diffusing Si in dry and melt-
free forsterite, the pre-exponential factor A,, and activation energy E,,
were found to 107163*12 m3/5 and 220 + 30 kJ/mol (Fei et al., 2016).
Here the pressure dependence of D, is ignored because the relevant
activation volume has not been well constrained, and the experimental
pressure of forced-oscillation testing is only 200 MPa. Alternatively, Dy,
can be estimated from the steady-state viscosity 7y for (Coble) diffu-
sional creep through the expression

kTd?

T 13207502 ©)

(Raj and Ashby, 1971) where v, d, Q are Poisson’s ratio, grain size
and molecular volume of the diffusing species. The steady-state viscosity
fc in compressive diffusional creep in sol-gel olivine was calculated as
stress (07) divided by strain rate (¢;) from Fig. 14 in Faul and Jackson
(2007), subsequently converted to 744 for pure shear following Eq. (1.5)

in Frost and Ashby (1982) (i.e. 5gy = 3 = a3 _

Eshear 3é;
Jackson, 2000). Then we applied Eq. (6) to the diffusional creep
rheology for sol-gel olivine with d = 5 pm, and Q = 2.9 x 10728 m3
(Fujino et al., 1981) to infer values of D,, and thus Ny, (Via Eq. 4)).

Grain-boundary viscosities thus estimated from zp, grain-boundary
diffusivity, or diffusional creep are compared with a direct measure-
ment of grain-boundary viscosity of iron-free bicrystal from Thom et al.
(2020) in Fig. 9. Although grain-boundary diffusivities and therefore the
grain-boundary sliding rates are influenced by iron content, the creep
rates of iron-bearing olivine in Yabe et al. (2020) agree well with those
of iron-free forsterite from Nakakoji et al. (2018) in diffusional creep
regime (Fig. 14 in Yabe et al., 2020). We find similar broad compatibility
in Fig. 9 between grain-boundary viscosities of iron-bearing and iron-
free olivine. Overall, we consider that the newly observed mild dissi-
pation peak is attributable to the micromechanical model of EAGBS. In
support of this suggestion, the derived grain-boundary viscosity based
on 7p = 7. is broadly consistent with the other estimates of grain-
boundary viscosity at high temperatures of 1200-1300 °C but diverges
marked at lower temperatures because of the much higher activation
energy.

nc/3) (see also

4.5. High activation energy in micro stress/strain testing

The presence of high stress concentration at grain boundaries, caused
by elastically accommodated grain boundary sliding, results in a spatial
distribution of vacancy concentration. This leads to flux of vacancies/
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color in this figure legend, the reader is referred to the web version of this article.)

atoms through grains or along grain boundaries, which accommodates
the strain incompatibility among grains. Such a process, known as or
diffusionally assisted/accommodated grain-boundary sliding (DAGBS),
involves two sequential steps: first, the creation of local gradient in
vacancy concentration due to stress heterogeneity at crystal/grain
interface requiring interfacial reaction, and second, the diffusive trans-
port of the vacancies (Ashby, 1972). Typically, the disordered grain-
boundary region is assumed to be a perfect sink/source for atoms and
vacancies. Under these circumstances, the latter step of diffusive trans-
port is rate controlling. If DAGBS is truly the dominant mechanism for
high temperature background, activation energy E measured by large-
strain diffusional creep testing should be consistent with the activation
energy for viscoelastic relaxation occurring during forced-oscillation/
creep testing at microstrain amplitude. Such broad consistency has
previously been demonstrated in forced-oscillation studies in our labo-
ratory (with the superseded experimental methodology) but the high
activation energies of this study (consistently >600 kJ/ mol) require
careful reconsideration.

Here we examine the possibility that the diffusion required for grain-
boundary sliding under conditions of microstrain testing may be rate-
limited by interfacial reaction involving a high activation energy. The
assumption that the grain boundary is a perfect sink and source for
vacancies during diffusional creep was relaxed by Ashby (1969),
Greenwood (1970), Burton (1972) and Arzt et al. (1983) (reviewed by
Karato, 2008, p.135) who suggested that at conditions of small stress
and/or fine grain size, interfacial reaction can be rate-limiting. Inter-
facial-reaction-controlled creep has been frequently invoked to explain
the discrepancy between the theory of diffusional creep and the results

13

of creep testing on metals and ceramics (e.g. Gifkins, 1976; Cannon
et al., 1980; Hsu et al., 1983; Sherby and Wadsworth, 1989; Cai et al.,
1999; Nieh and Sherby, 2005, p.45).

A modest variation of activation energy with stress magnitude may
also be found in the mechanical testing of organic rock analogue ma-
terial (polycrystalline borneol) in the regime of diffusional creep.
Microcreep testing with differential stress amplitude of 0.28 MPa reveals
the value of activation energy as 101 kJ/mol (Takei et al., 2014). The
Maxwell relaxation time obtained from such microcreep testing is used
for normalization of dissipation and shear modulus data into master
curves. However, the strain rates for diffusional creep testing on the
same material with stress ranging from 0.3 to 1 MPa suggest an acti-
vation energy that is significantly lower at 70 kJ/mol (Fig. 7 from Sasaki
et al., 2019).

The systematic exploration of creep testing on ultramafic geo-
materials with low stress (< 10 MPa) has been limited thus far. Sundberg
and Cooper (2008) found weakening of olivine-orthopyroxene mixture
during creep with stress ~10 MPa at 1200 °C, which they attributed to
interfacial-reaction-controlled creep facilitated by reaction at olivine-
pyroxene phase boundaries. On the contrary, strengthening of
forsterite-enstatite mixture and Fe-bearing olivine has been observed at
similar high temperature with stress <10 MPa, demonstrating a convex
shape of the logé vs logo relation over a wide range of differential stresses
from 4 to 144 MPa (Nakakoji et al., 2018; Yabe et al., 2020). Specimens
of polycrystalline Fogg olivine of ~1-4 pm grain size containing 0-30%
Engp pyroxene were deformed by Yabe et al. (2020) at temperatures of
1150-1300 °C. For stresses <20-30 MPa, the strain rate became more
stress- and temperature-sensitive. The optimal fit to the rheology within
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this low-stress regime was obtained with a higher value of the activation
energy ~610 kJ/mol, cubic stress dependence and linear grain-size
exponent. Further, they observe that with increasing stress, the activa-
tion energy, grain-size and stress dependence gradually approach the
behavior commonly associated with diffusional creep.

Our torsional forced-oscillation tests involve a shear stress that in-
creases with radial position within the specimen from zero on the
torsional axis to a maximum value near ~0.5 MPa at its cylindrical
surface - a range substantially lower than the stress identified by Yabe
et al. (2020) for the transition between interfacial-reaction-controlled
and diffusional creep. Accordingly, it seems reasonable to speculate
that the influence of interfacial reaction on sources and sinks of va-
cancies might explain the high activation energy for grain-boundary
diffusion indicated in the linear viscoelastic rheology observed in this
study.

Similarly high activation energy (~700 kJ/mol) has been observed
by in their forced-oscillation testing at ambient pressure of one poly-
crystalline olivine sample derived from natural precursor (Balsam Gap
dunite from Jackson County, North Carolina)(Gribb and Cooper,
1998a). The high activation energy was tentatively attributed to segre-
gation to grain boundaries of incompatible trace elements Ca or Al for
diffusionally accommodated grain-boundary sliding, although, as noted
in Section 4.4, the mechanical behavior may be influenced by the
presence of a small melt fraction. Although the frame of their apparatus
resides within the furnace, the apparatus response was apparently not
independently calibrated by testing a reference sample at high temper-
ature (Gribb and Cooper, 1998b), potentially complicating the mea-
surement of activation energy. Despite the uncertainties sourced from
their sample preparation and experimental methodology, much lower
activation energy (~380 kJ/mol) for diffusional creep has been
observed during creep testing of samples from the same origin prepared
by similar approach, hence with almost the same chemical composition
and fine grain sizes (Cooper and Kohlstedt, 1984). Other results from
creep testing on samples from natural origin, therefore containing trace
amount of chemical complexity, similarly also show relatively low
activation energy in diffusional creep (e.g. Hirth and Kohlstedt, 1995;
Karato et al., 1986). Trace element-free olivine deformed in diffusional
creep prepared with the same sol-gel methods as used for this study
yielded an activation energy of 485 kJ/mol (Faul and Jackson, 2007).
Aheim dunite also revealed a contrast in activation energy from
microstrain forced oscillation (~ 635-730 kJ/mol in Kampfmann and
Berckhemer (1985)) and large-strain creep, although deformation
occurred in the dislocation creep regime (~ 444 kJ/mol in Chopra and
Paterson (1981)). Accordingly, these previously observed high activa-
tion energies from forced-oscillation testing on natural-precursor
derived olivine cannot be solely explained by the chemical complexity
within grain boundaries at temperature below 1300 °C.

Furthermore, for Ti-doped sol-gel-derived olivine polycrystals tested
with our current forced-oscillation methodology under oxidizing/hy-
drous conditions within Pt liners, the activation energies (416-350 kJ/
mol) are consistently lower than the activation energy (464 kJ/mol) for
pure sol-gel olivine under the same conditions within Pt liners (Cline,
2018, PhD thesis). Within NiFe liner and hence under dry and more
reducing conditions as in this study, the activation energy for Ti-doped
olivine further increased to 504 kJ/mol, but still lower than the acti-
vation energy for undoped olivine (~ 660 kJ/mol) in this study. The
systematic increment of activation energy associated with absence of Ti
and dry/reducing conditions in these chemically well-controlled sam-
ples suggests that chemical complexity may actually lower the activa-
tion energy for viscoelastic relaxation in polycrystalline olivine.

Overall, these observations from forced-oscillation testing suggest
that the activation energy can be highly sensitive to experimental
methodology employed in sample preparation and mechanical testing.
Therefore, although interfacial reaction during microstrain forced
oscillation might potentially explain the observed contrast in activation
energies of this study and of diffusional creep, we need additional
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forced-oscillation and microcreep tests on both pure and chemically
more complex dunite samples for a definitive interpretation.

4.6. Geophysical implications

The updated experimental results described here confirm that dry,
melt-free and fine-grained dunite begins to deviate from purely elastic
behavior at about 900 °C at the experimental frequency range. The
analysis of anelastic relaxation in the tested samples has demonstrated
that A, the relaxation strength associated with elastically accommo-
dated grain-boundary sliding (EAGBS), now better constrained at a
value of 0.02 + 0.01 (Table 2), is substantially less than that (0.06) of
Jackson and Faul (2010). Accordingly, the modulus deficit is only ~2%
accompanied by a subtle perturbation to the period-dependence of
dissipation at logQ ! ~ —2. This reduced relaxation strength for EAGBS
is important for the interpretation of seismological models of the oceanic
lithosphere-asthenosphere boundary (LAB).

Karato (2012) suggested that the relaxation time 7p associated with
EAGBS might vary strongly with water content. Under these circum-
stances, it was suggested that 7p might exceed seismic periods within the
relatively dry lithosphere resulting in conditions unrelaxed with respect
to EAGBS. Contrasting relaxed conditions, with 7p less than seismic
periods, might prevail within the hydrous asthenosphere. With sufficient
(water-independent) relaxation strength for elastically accommodated
grain-boundary sliding, a sharp decrease in shear wave velocity (by
5-10% within 10-15 km) at the depth of 60-70 km within the oceanic
upper mantle, has thus been attributed to water-mediated elastically
accommodated grain-boundary sliding (Karato, 2012). However, with
the lower relaxation strength for EAGBS determined in this study, the
transition invoked by Karato (2012) from dry, unrelaxed conditions
within the lithosphere to hydrous, relaxed conditions in the astheno-
sphere cannot explain the seismically observed large velocity reduction
associated with the LAB.

Direct experimental studies of the influence of water on low-strain
viscoelastic relaxation in fine-grained peridotite have yielded conflict-
ing results as follows. Aizawa et al. (2008) reported the results of low-
strain (<107>) torsional forced-oscillation tests on specimens of Anita
Bay dunite mylonite, either pre-fired or subject to in situ dehydration of
a hydrous fluid phase within a sealed Pt capsule. Substantially enhanced
dissipation and modulus dispersion were observed in the specimen
subjected to in situ dehydration that yielded ~2 vol% of an aqueous
fluid phase. However, the interpretation of the data from samples cored
from as received rocks is complicated by the presence of melt (Aizawa
et al., Fig. 7; in excess of 5% locally), substantial heterogeneity of phase
distributions (pyroxenite to dunite) and grain size. (~ 50 pm ground
mass and > mm size porphyroclasts). Subsequent experiments in our
laboratory on synthetic Ti-doped Fogy and Fojpo polycrystals, and
reconstituted San Carlos Fogq olivine, tested within mild-steel jackets
variously lined with Pt, Ni, or NiygFegq foil were reported by Cline et al.
(2018). Alternative use of the NiygFeso and Pt liners provided access to
contrasting reducing/dry, and oxidizing/hydrous conditions, respec-
tively. Intermediate redox conditions were provided by the use of Ni foil.
The dissipation and dispersion were similarly markedly enhanced,
relative to those obtained under reducing/dry conditions, for all iron-
bearing specimens tested under the oxidizing and hydrous conditions,
irrespective of the concentration of the dominant {Tng(ZH)//Si}X defect.
The Ti-doped Fojgo specimen, containing substantial concentrations of
both {Ti}z(2H) s} and (4H)g; defects and tested under oxidizing/hy-
drous conditions, showed no such enhancement of the viscoelastic
relaxation. Accordingly, it was concluded that the enhanced relaxation
in the Fe-bearing specimens is attributable to the difference in oxygen
fugacity rather than the presence of water.

An alternative view of the role of water comes from recent axial
stress-oscillation experiments conducted at 3 GPa confining pressure
within solid-medium high-pressure apparatus (Liu et al., 2023). Fine-
grained Fojgp polycrystals were tested during cooling from 1100 to
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950 °C at much higher strain amplitudes ~10~3 than those of the ANU
laboratory but surprisingly still apparently within the linear regime. The
specimens contained 9 to 143 wt ppm H,0, accommodated mainly in
the (4H)g; defect - as expected in the absence of Ti and at the relatively
high pressure of this study (Muir et al., 2022). Liu et al. (2023) reported
the presence of a short-period (1-10 s) dissipation peak superimposed
upon the dissipation background, along with related modulus disper-
sion. The relaxation strength Ap associated with the dissipation peak was
found to increase systematically and almost linearly with the concen-
tration of water, but its centre period tp was insensitive to the variation
of grain size, leading the authors to conclude that the peak cannot be
associated with grain-boundary sliding. That tp is also insensitive to
water concentration is inconsistent with the suggestion by Karato
(2012). More puzzling is the insensitivity of the peak period to tem-
perature which seems to exclude any possibility of a thermally activated
relaxation process. The presence of a water-related dissipation peak in
this study appears to directly contradict the observation by Cline et al.
(2018) of no significant enhancement of viscoelastic relaxation in Fojgo:
Ti tested under oxidizing/hydrous conditions involving the presence of
both {Tijfe(2H) i} and (4H)g; defects. Further experimental work on
the influence of water, well beyond the scope of the present study, will
be required to resolve this discrepancy.

Further quantitative analysis of the implications of the mild dissi-
pation peak superimposed on the background for the interpretation of
upper-mantle seismological models requires a well-constrained grain-
size sensitivity of viscoelastic relaxation of dunite, currently being
measured with the modern experimental methodology.

5. Conclusion

The experimental methodology employed in microstrain forced-
oscillation testing in our laboratory has been upgraded progressively
over the past decade by removal of interfacial NiFe foils within the
specimen assembly and replacement of a polycrystalline alumina control
specimen by single-crystal sapphire (Jackson et al., 2014; Cline et al.,
2018). With this improved experimental methodology, we have con-
ducted forced-oscillation testing on a suite of dry and melt-free fine-
grained synthetic dunite samples within mild-steel, and alternative
copper and stainless-steel jacket materials. The improvement in exper-
imental methodology leads to improvement of the quality of the data
and changed fit parameters, and the data newly obtained for stainless-
steel-jacketed olivine reveal negligible strain-energy dissipation and
modulus dispersion below 900 °C. The contrasting significant levels of
dissipation and modulus relaxation at 850-750 °C obtained in this and
previous studies employing mild-steel jackets are therefore most likely
an artifact associated with the austenite-ferrite phase transition in the
mild-steel jackets.

Regardless of the difference in annealing temperature and jacket
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material, a mild dissipation peak in melt-free, dry and fine-grained
dunite was newly and consistently observed at higher temperatures
(~950-1050 °C) within the observational window, attributable to
elastically accommodated grain-boundary sliding during the onset of
anelastic relaxation. The relaxation strength associated with the newly
observed dissipation peak is experimentally observed to be only a few
percent of the relaxation strength of dissipation background. The seis-
mological impact of elastically accommodated grain-boundary sliding
will therefore be confined to minor (~2%) relaxation of the shear
modulus and an associated modest perturbation to the frequency
dependence of seismic wave attenuation. Accordingly, elastically
accommodated grain-boundary sliding and its sensitivity to the con-
centration of water may have insufficient leverage on wave speeds and
attenuation to account for seismological observations of the lithosphere-
asthenosphere boundary in the Earth’s upper mantle.

CRediT authorship contribution statement

Tongzhang Qu: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Validation, Visualization, Writing — orig-
inal draft. Ian Jackson: Conceptualization, Data curation, Formal
analysis, Funding acquisition, Investigation, Methodology, Project
administration, Resources, Supervision, Validation, Visualization,
Writing — review & editing. Ulrich H. Faul: Conceptualization, Data
curation, Formal analysis, Funding acquisition, Investigation, Method-
ology, Supervision, Writing — review & editing. Emmanuel C. David:
Data curation, Investigation, Methodology.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

The forced-oscillation data have been uploaded in supplementary
data in Appendix C.

Acknowledgement

We are grateful for technical assistance from Hayden Miller of the
Research School of Earth Sciences and Dr. Frank Brink of the NCRIS-
supported Centre for Advanced Microscopy at the Australian National
University. We acknowledge financial support from the Australian
Research Council grant DP200100824. This paper was substantially
improved in response to constructive criticism by Professor Shun-ichiro
Karato and an anonymous reviewer.

The use in forced-oscillation studies of copper as an alternative to the routinely used mild-steel jacket material was first reported by Jackson et al.
(2014). In that study, a synthetic Fogg polycrystal (H6585), first tested within an NiygFe3o-lined mild-steel jacket in run A1127, was reground, refired
and tested, with a mean grain size of 10.7 pm, within a bare Cu jacket in run A1382. Tentative evidence was presented of a dissipation peak with
relaxation strength ~0.02 located near 10 s period at the maximum temperature of 900 °C (Jackson et al., 2014). Subsequently, a more comprehensive
study of copper-jacketed olivine has been undertaken with a newly hot-pressed specimen H6788 tested to a maximum temperature of 1050 °C (run
A1464), closely approaching the 1084 °C melting point of copper. Complementary studies of polycrystalline copper and of copper-jacketed sapphire
have also been conducted (David and Jackson, 2018). Microstructural information for the specimen of run A1464 is presented in. Fig. A1 showing the
coarse-grained copper jacket enclosing a fine-grained olivine polycrystal of mean grain size 4.6 pm.
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Fig. Al. (a) Reflected light micrograph of the Cu-jacketted Fogg olivine specimen recovered from run 1464. (b) Band-contrast map from electron backscattered
diffraction imaging of the olivine microstructure (scale bar: 25 pm, mean grain size: 4.6 pm).

The shear modulus and associated strain-energy dissipation measured at the highest temperatures (1050-900 °C) of run A1464 and those at the
highest temperature (900 °C) of the run A1382 (Jackson et al., 2014) are compared in Fig. A2 with the optimal Burgers model (Table 2) for the SS-
jacketed olivine of run 1802.
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Fig. A2. Comparison of data for Cu-jacketted fine-grained olivine specimens at the highest temperatures (1050-900 °C) of run A1464 (solid symbols) and run A1382
(open symbols, Jackson et al., 2014, reprocessed) with the optimal Burgers ‘background + peak’ model for SS-jacketted olivine from run A1802 of the pre-
sent study.

It proved impossible to achieve a completely satisfactory fit of a Burgers ‘background + peak’ model to the full dataset for run A1464 spanning the
temperature range 1050-550 °C. Accordingly, we here restrict our attention to the (G, Q1) data obtained at the highest temperatures (1050 °C > T >
900 °C). The systematic reduction in background dissipation on staged cooling from 1050 °C to 950 °C, associated with a high activation energy of
~670 kJ/ mol comparable with those of Table 2, reveals progressively more clearly a pronounced dissipation peak located near 10 s period across this
temperature interval. At 900 °C, the dissipation is dominated by the peak of amplitude 1ogQ ™! ~ —1.9, broadly consistent with the results of the earlier
exploratory study of the somewhat more coarse-grained (10.7 pm) specimen to a maximum temperature of 900 °C (Jackson et al., 2014). On cooling
below 900 °C in run A1464 (not plotted in Fig. A2), the dissipation peak increases somewhat in amplitude from logQ ™! ~ —1.9tologQ ! ~ —1.6, and
begins to move steadily towards longer periods, as expected for a thermally activated process.

Close comparison of the data newly obtained for olivine jacketed within mild steel and stainless steel with that for Cu-jacketed olivine is thus
complicated by some uncertainties in the ‘Cu’ dataset, mainly attributed to the fact that it was limited to temperatures <1050 °C approaching the
melting point of copper. This limitation meant that the usual procedure of annealing the assembly at the highest temperature prior to data acquisition
may have been less satisfactory for minimizing any interfacial compliance. Moreover, the close approach to the melting point involved very intense
viscoelastic relaxation resulting in very strong, and strongly temperature-dependent, modulus dispersion and dissipation in the Cu jacket, with values
of G and logQ ! reaching 4 GPa and 0.1, respectively, at 1000 s period and 1050 °C. Nevertheless, the peak in olivine dissipation measured at the
highest temperatures (1050 and 1000 °C) of run A1464 is broadly consistent with that in the Burgers model for run A1802 on SS-jacketed Fogq of
similar grain size.

16



T. Quet al. Physics of the Earth and Planetary Interiors 350 (2024) 107160
Appendix B. Improved experimental methodology

The torsional oscillation techniques of our laboratory, like forced-oscillation techniques more generally, require coupling between the specimen
and the loading system. In our high-pressure apparatus, the interface between the lapped surface of the alumina torsion rod and the adjacent specimen
is subject to a normal stress equal to the confining pressure (200 MPa) that provides for frictional coupling. It is important to document and minimize
any contribution to the torsional compliance of the assembly associated with such coupling.

Experimental procedures employed in our laboratory have evolved over many years and have recently been further refined. NizoFeso (‘NiFe’) foils
of 70 pm thickness have traditionally been used at each end of the specimen in order to provide chemical isolation between specimen and high-grade
Lucalox™ alumina torsion rods, minimize interfacial stresses arising from the mismatch in thermal expansion between specimen and torsion rods, and
help maintain appropriate redox conditions for Fogg olivine (e.g., Jackson et al., 2002). The contribution of such foils to the torsional compliance of the
assembly was assumed to be negligible until the torsional compliances of alternative foil-free and foil-bearing reference assemblies were compared
(Jackson et al., 2009). Reference assemblies containing a Lucalox™ alumina control specimen and two foils — either one at each end of the control
specimen (‘2f") or paired at one end (double-foil: ‘df’) — were found to be significantly more compliant in torsion than the corresponding foil-free (‘ff*)
reference assembly. Moreover, the phase lag of the torsional distortion of the reference assembly, relative to that for the elastic element, was shown to
be proportional to the number of foil-alumina interfaces. It therefore became our standard practice to compare the compliance for a specimen as-
sembly containing two foil-alumina interfaces with that for the double-foil reference assembly, similarly containing two foil-alumina interfaces. We
also implemented a model for the viscoelastic behavior of the alumina control specimen involving extrapolation of published data for more fine-
grained polycrystalline alumina. However, this improved procedure was not without residual difficulties. Data for relatively coarse-grained and
therefore not very dissipative specimens, tested at temperatures of 1200-1300 °C and oscillation periods >10-30 s, showed an unphysical negative
dependence of Q! upon period (Jackson et al., 2009).

Accordingly, we have recently made further changes. The polycrystalline alumina control specimen has been replaced by a sapphire single-crystal
control specimen oriented with [0001] parallel with the torsional axis (Jackson et al., 2014), that is reasonably modeled as elastic at temperatures as
high as 1300 °C. The other significant refinement of our experimental procedure is to abandon the longstanding use of an NiFe foil at each end of the
specimen and a double-foil at one end of the control specimen (Jackson et al., 2009), in favor of their direct contact with the torsion rods of Lucalox™
alumina (Jackson et al., 2014). It has been demonstrated that appropriate redox conditions are adequately maintained by foil wrapping of the cy-
lindrical surface of the specimen (Cline et al., 2018). Localized chemical reaction occurring at the direct contact thus established between the alumina
torsion rods and synthetic dunite specimens, and its likely impact upon the torsional compliance are described below.

B.1. Impact of the improved experimental methodology: minimizing the interfacial compliance

The effect of the most recent changes in experimental methodology is illustrated in Fig. B1 by comparing the key steps in data processing between
the now superseded and current methodologies. In order to eliminate the contribution from the torsion rods common to the compliances of the
specimen and reference assemblies, we routinely subtract from the complex torsional compliance Sgp. of the specimen assembly that (Syef) of the
chosen reference assembly. All such compliances are made dimensionless by division by the known compliance of the hollow-steel elastic element
maintained at room temperature and exposed to the same torque. The result Sre] = Sgpc - Srer, With adjustment to Scor for any minor geometric dif-
ferences between the specimen and reference assemblies, is the difference in normalized compliance between the jacketted specimen and the jacketted
control specimen. Accordingly, S is then added to Sjc, the calculated compliance for the jacketted control specimen, to obtain Sj; = Sjc -+ Scor, the
compliance of the jacketed specimen. Finally, the torsional stiffness S L of the jacket (inclusive of any metal liner) is subtracted from the dimensional
stiffness Sj}l of the jacketed specimen to obtain the torsional stiffness Sy ! of the specimen itself from which the shear modulus G and dissipation Q!
are calculated.

The role of the metal foils within the superseded methodology is highlighted by focusing attention on the triangles representing the vector sub-
traction Sye) = Sspc - Sref at the longest oscillation period (1000 s) and the highest routinely accessed temperature of 1200 °C (Fig. B1). The vector Syefin
Fig. B1(a) for the df foil-bearing reference assembly of the superseded methodology is inclined at a large angle below the real axis. This results not from
the viscoelasticity of the foil material, but from the two alumina-foil interfaces within the assembly (Jackson et al., 2009). In marked contrast, the
absence of foils from the reference assembly in the current methodology (Fig. B1b) results in close alignment of the S, vector with the real axis.

Thus, even at the longest oscillation period of 1000 s, and the highest routinely accessed temperature of 1200 °C, the measured compliance of the
stainless steel-jacketted sapphire reference assembly remains almost real (i.e. elastic), clearly demonstrating the absence of a substantial interfacial
contribution to the compliance. Further analysis of the performance of the stainless steel-jacketed sapphire reference assembly has involved calcu-
lation of its torsional compliance from the known geometry and material properties of its sapphire, Lucalox alumina, stainless-steel, and EN25 steel
components. Comparison of this model compliance with that measured in run A1789 reveals a small difference, displayed on a greatly expanded scale
in Fig. Blc, that is attributed either to the bare interface between alumina and sapphire, or to underestimation of the extent of viscoelastic relaxation in
the alumna torsion rods.

For the specimen assembly employed in the current methodology, the chemical reaction described below across the direct contact between olivine
specimen and alumina torsion rods results in the formation of a refractory crystalline assemblage, amounting to a reaction bond, expected to be
similarly of low compliance. Thus, uncertainties associated with interfacial compliance involving the NiFe foils and with the viscoelastic behavior of
the polycrystalline alumina control specimen have now been effectively eliminated. This represents a marked improvement over the previous
methodology where it was necessary to assume that the relatively large compliance associated with alumina-foil interfaces was reproducible between
assemblies.
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Fig. B1. The impact of the recent refinement of experimental methodology upon data processing to obtain the torsional compliance S;; of the jacketted synthetic rock
specimen, as explained in the text. (a) Data obtained at 1200 °C and oscillation periods of 4-1000 s in run A1127 with the superseded methodology involving use of
an NiFe foil at each end of the synthetic dunite specimen H6585 of 3.6 pm average grain size (H refers to the precursor hotpressed specimen, A to the tested specimen.
The grain size is that after testing.). These data are compared with those for a double-foil reference assembly with a Lucalox alumina control specimen. (b) Data
obtained under the same conditions in run A1802 with the recently refined methodology. A specimen assembly containing a synthetic dunite specimen H6893 of 3.7
pm grain size within an NiFe-lined stainless-steel jacket is compared with a reference assembly involving a stainless steel-jacketted sapphire control specimen in
direct contact with alumina torsion rods. (c) A comparison at 1200 °C of the compliance calciulated for the sapphire reference assembly with that actually measured
in run A1789. Note that the scale for the y-axis has been expanded 15-fold relative to that of panel (b). (d) The data of run 1127 (Fig. Bla), corrected for interfacial
compliance with Sijy¢ = Sof - Sq, and then compared with the compliance of the foil-free (ff) reference assembly.

Comparison between Fig. B1(a) and (b) suggests an alternative approach to the processing of data for foil-bearing specimen assemblies as follows.
The compliance differential Sip¢ = Sof - Sqf between the 2f and df reference assemblies, interpreted as the compliance of a pair of alumina-foil interfaces,
can be used to adjust the compliance of the foil-bearing specimen assembly for the influence of its two alumina-foil interfaces. The compliance S,g; =
Sspc - Sint Of the specimen assembly adjusted in this way, can then be compared with that (S¢) of the foil-free reference assembly, as shown in Fig. B1(d).
The value of S thus corrected for foil-related interfacial compliance is accordingly

Sitic = Sictr + Stet = Sjetr + Sagj — St = Sierr + Sspe — Sint = Str = Sspe + Sjetr — Sar + Sar — Sir

to be compared with that of the superseded approach (Fig. Bla) given by
Sic = Sjear + Sret = Sjear + Sspe — Sa-

The difference between these two quantities can be written as

Sjric — Sjr = (Sdf - Sff) - (Sjcdf - Sjcff) - (Szf - Sdf)'

The final term in parentheses on the right provides an estimate of the compliance of a pair of alumina-foil interfaces. The compliance differential
between the jacketed foil wrapped df control specimen of 11.50 mm diameter and the jacketted bare ff control specimen of 12.00 mm diameter should
contribute equally to each of the first two terms. Accordingly, the difference between the first two terms provides a second estimate of the compliance
of a pair of alumina-foil interfaces. Thus, if the compliances of all alumina-foil interfaces were identical, the difference Sj;c - Sjr would be zero. The
values of the interface-corrected compliance Sj;;c (Fig. B1d) have been compared with those of Sj; (Fig. Bla) resulting from the usual direct comparison
with the df reference assembly. Although broadly similar, the values of Sy are significantly more scattered than those of S;;, presumably reflecting the

18



T. Qu et al. Physics of the Earth and Planetary Interiors 350 (2024) 107160

propagation of errors associated with the data for the additional ff and 2f reference assemblies.
B.2. Chemical reaction at the interface between dunite specimen and alumina torsion rod

After cooling from high temperature following the conduct of forced-oscillation testing, the alumina pistons have been observed to be firmly
bonded to the synthetic dunite specimens. A section across such a bond was cut parallel to the axis of cylindrical sample from the assembly recovered
after cooling from 1300 °C in run A1928, and polished as explained in Section 2.3. The backscattered electron image (Fig. B2a) shows three distinct
grayscale regions, separated by boundaries oriented parallel with the interface. The EDS analysis of the left-most layer in Fig. B1b shows ~70% Al,03
with some MgO and FeO and no SiOs. This is consistent with a spinel composition. The central region is enriched with SiO» (52%) 33% MgO, 8% Al;0O3
and 6% FeO, consistent with a pyroxene composition. To the right is the unmodified Fogy composition as expected. The layers of ~10 pm width of
spinel composition on the piston side of the interface, and of pyroxene composition on the olivine side, are inferred to result from the chemical
reaction:

alumina + olivine = pyroxene + spinel

The mechanical influence of this thin, and refractory, reaction zone between alumina and olivine is expected to be negligible. The absence of any
discontinuous decrease in shear modulus during staged cooling to 400 °C under 200 MPa pressure suggests that the cracking evident in Fig. B2a must
have occurred during subsequent cooling and/or decompression.
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Fig. B2. (a) Backscattered electron image of the interface (indicated by the arrow) between the dunite specimen on the right and the Lucalox™ alumina alumina
piston to the left. (b) Compositional profile across the specimen-piston interface.

Appendix C. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.pepi.2024.107160.
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