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d’Orléans (ISTO), UMR 7327, Université d’Orléans, Orléans, France

Abstract we have conducted uniaxial compression experiments on fine-grained diopside with either
4 or 10 vol% forsterite and 10 vol% anorthite. We changed the average grain size in the diopside with
forsterite aggregate from 0.43 to 4.07 um to reveal the grain size sensitivity of the creep rate. Mechanical
data were obtained at a stepped load for a temperature range of 1050°C-1170°C. The observed strain
rates are best explained by stress and grain size exponent values of 1 and 2, respectively, and activation
energy of ~720 kJ/mol, which indicates lattice diffusion creep. Anorthite bearing aggregate is ~3 times
weaker than forsterite-bearing aggregate, probably due to the presence of aluminum. We have compared
previously reported diffusion creep rates of diopside in nondimensional stress and strain-rate space,
constructed based on our diffusion creep law. It demonstrates that all the earlier mechanical data are well
summarized by our diffusion creep flow law.

1. Introduction

Diopside, a variety of clinopyroxene is one of the major rock-forming minerals in the lower crust and upper
mantle, where deformation occurs by aseismic creep. Several experimental studies focused on establish-
ing flow law of polycrystalline diopside (Bystricky & Mackwell, 2001; Dimanov & Dresen, 2005; Dimanov
et al., 2007, 2003; Hier-Majumder et al., 2005) based on the equation of

€ = A(Z—p]exp[—%} @®

where, € is the strain rate, A is dimensionless constant, Q is the activation energy for creep, R is the gas
constant, T is absolute temperature, o is the differential stress, d is the grain size, n is stress exponent, and
p is the grain size exponent. Theoretical models of the creep have shown different values of n and p for
different creep mechanisms. For example, n = 1 and p = 2 or 3 indicate lattice diffusion (Nabarro-Herring)
creep (Herring, 1950; Nabbaro, 1948) or grain boundary diffusion (Coble) creep (Coble, 1963), respec-
tively. On the other hand, n > 3 and p = 0 generally correspond to the dislocation creep process. Earlier
experimentally determined flow law parameters of diffusion creep of polycrystalline diopside by different
groups (Bystricky & Mackwell, 2001; Dimanov & Dresen, 2005; Dimanov et al., 2007, 2003; Hier-Majum-
der et al., 2005) show many discrepancies. The Q value varies from 364 to 760 kJ/mol in addition to large
differences in the A value. Variation in composition (e.g., impurity content) in the initial source material
can affect the diffusional properties of their diopside samples by altering the point defect concentration
and the state of chemical bonding. Furthermore, initial grain-size distribution and the method for grain
size measurements are different in the earlier studies, which can generate contrasting results of strength
due to grain size sensitivity of diffusion creep (e.g., Hansen et al., 2011). In addition, there are variations in
the process of sample preparation (e.g., dry or wet milling, hot-pressing conditions, chemical environment
etc.) among different studies.

In order to constrain a robust diffusion creep flow law for diopside, we have carried out high-tempera-
ture uniaxial creep experiments (Figure Al) with reagent derived highly dense, fine-grained Fe-free poly-
crystalline diopside aggregates (+forsterite/anorthite) with homogeneous microstructure. We were able to
develop such high-quality samples for rock deformation by mixing high-purity nanosized chemical com-
pounds in appropriate proportion and utilizing vacuum Spark Plasma Sintering (SPS) technique. A com-
parison between our newly established flow law with previous results from Fe bearing diopside (Bystricky
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Figure 1. Microstructural observations of diopside +4 vol% forsterite aggregates (Di (Fo)) under scanning electron microscope. (a) Secondary electron image
clearly distinguishes the secondary forsterite (Fo) grains. Typical homogeneous microstructure is observed in the initial, undeformed aggregate (SP-362).

(b) Arrow indicate the compression direction in deformed sample (KG-388). (c) Undeformed reference sample experience the same thermal history as the
deformed sample. Homogeneous grain size distribution is observed in the histograms. Average grain sizes are shown.

& Mackwell, 2001; Dimanov & Dresen, 2005; Dimanov et al., 2007, 2003; Hier-Majumder et al., 2005) will
provide the opportunity to further explore the effects of composition and deformation mechanism on the
mechanical properties of diopside aggregates.

2. Experiments
2.1. Materials

In this study, we synthesized two types of highly dense, fine-grained (<1 um) diopside aggregates (Figures 1
and 2, Figure A2) after the procedures described in Koizumi et al. (2010, 2020): (i) diopside (Di: CaMgSi,Os)
mixed with 4 and 10 vol% of forsterite (Fo: Mg,Si0,) and (ii) diopside mixed with 10 vol% of anorthite (An:
CaAl,Si,Og). The secondary mineral phases were added to vary the chemical environment and to stabilize
the microstructure through grain boundary pinning during the creep tests. Also, the secondary phases help
to fix oxide activities in the systems, for example, MgO activity by forsterite in Di (Fo) system. We changed
the Fo fraction to vary the initial grain size for robust grain size exponent measurement. In the first case,
the Di (Fo) aggregate was prepared by mixing nanosized powder of Mg(OH), (average particle size of
50 nm, purity of 99.98%), colloidal SiO, (average particle size of 30 nm, purity of 99.9%), and CaCO; in ap-
propriate molar proportion. In the second case, Di (An) aggregate was developed by mixing SiO,, Mg(OH),,
Ca(OH), (average particle size of 0.1 um, purity of 99.9%), and Al(OH); (average particle size of 0.75 um,
purity of 99.6%). Ball milling for >24 h, using iron-cored plastic balls and high purity ethanol as a solvent
was carried out for homogeneous mixing. The slurry was then simultaneously stirred with a magnetic
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Figure 2. Microstructural observations of diopside +10 vol% anorthite aggregates (Di (An)) under scanning electron microscope. (a) Secondary electron image
distinguishes the secondary anorthite (An) grains in the initial, undeformed aggregate (SP-497). (b) Arrow indicate the compression direction in deformed
sample (KG-395). (c) Undeformed reference sample experiences static grain growth in the same thermal history as the deformed sample. The average grain size
in the deformed and reference sample increased. Homogeneous grain size distribution is observed in the histograms.

stirrer and dried at ~60°C. After drying, the homogeneously mixed powder was calcined at 1040°C for 3 h
in an alumina tube furnace under the flow of oxygen to efficiently remove the decomposed by-products
like H,0 and CO, from the powder. The calcinated material was crushed with an agate mortar and then
shaped into the form of a cylinder using a tungsten carbide die. The cylinder-shaped compacts were then
wrapped in a vacuumed rubber sleeve and put into water-medium pressure vessel for cold isostatic pressing
at 200 MPa for 10 min. The hardened powder pellets were then fitted into a graphite die with a 10 mm inner
diameter in a SPS machine (SPS-110N, Sinterland, Inc., Nagaoka Japan) installed at Earthquake Research
Institute, the University of Tokyo. Sintering was performed under vacuum conditions (~0.4 Pa) at a heating
rate of 10°C/min and then held at a temperature of 1210°C for 20 min under a compressive load of 50 MPa.
After the SPS treatment, the applied pressure was reduced to <13 MPa and the specimen was subsequently
annealed at 1000°C for 10 min to relieve the residual strain. Through this procedure, we obtained a disc-
shaped (10 mm diameter and 3 mm thickness) specimen, out of which two cuboid samples (~6 mm height,
~3 mm width and thickness) for creep test were prepared. The remaining fragments were used as reference
samples for characterization. SPS is a very efficient method to synthesize fine-grained, dense (>99 %) ag-
gregates with little grain growth during sintering (Guignard et al., 2011; Koizumi et al., 2020). In some of
our experiments (for example experiment KG-386 in the Table 1), we annealed the sample at a temperature
>50°C above the deformation temperature for 3 h before starting the creep test to diversify the initial grain
sizes and inhibit grain growth during the tests through static grain growth process. The sample synthesis
process includes solid-state reaction at a temperature lower than the eutectic temperature of Di-An system
or the melting temperature of either Di or Fo, which excluded the formation of melt (or glass) at any stage
of the synthesis.

GHOSH ET AL.

30of 18



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2020JB019855

;;Z::irlnental Results of Stepped Load Tests for Di (Fo) Aggregates
Experiment Stress Strain rate dsin et k
no. T(°C) (MPa) ™ Strain  do (um)  (um) (um)  d.(um)* a (um?/s)
KG-381 1100 38.5 3.92E-06 0.04 0.43 0.81 0.69 0.49 1.36 6.68E-
9.5  8.09E-07 0.04 0.59 06
28.4 1.85E-06 0.05 0.65
37.6 2.09E-06 0.06 0.69
55.5 2.92E-06 0.08 0.72
73.1 3.67E-06 0.09 0.75
90.2 4.04E-06 0.10 0.78
106.9 4.54E-06 0.11 0.81
KG-388 1130 75 2.75E-06 0.06 1.17 241 1.82 1.55 2.93 1.00E-
93 4.56E-07 0.06 1.80 04
19.9 5.92E-07 0.07 1.95
29.7 9.43E-07 0.08 2.06
39.3 1.28E-06 0.08 2.13
58.3 2.01E-06 0.09 2.22
KG-389° 1130 95.7 1.93E-05 0.04 0.56 - -
KG-382 1150 38.5 1.63E-05 0.03 0.43 1.93 1.58 0.79 1.35 1.45E-
9.5  3.60E-06 0.04 0.95 05
28.4 8.15E-06 0.05 1.07
37.6 8.65E-06 0.06 1.15
55.5 1.18E-05 0.08 1.22
73 1.31E-05 0.09 1.27
90.2 1.49E-05 0.10 1.32
106.8 1.61E-05 0.11 1.38
70.5 9.92E-06 0.12 1.43
52.5 7.03E-06 0.13 1.49
34.7 4.63E-06 0.14 1.59
8.6 1.08E-06 0.14 1.81
KG-386 1170 98.8 6.59E-06 0.01 2.11 4.07 2.84 2.51 3.62 3.23E-
294 2.01E-06 0.01 2.60 04
39 2.57E-06 0.03 2.84
57.7 3.55E-06 0.04 3.02
75.9 4.55E-06 0.05 3.21
93.8 5.79E-06 0.06 3.39
111.1 7.43E-06 0.08 3.59
73.4 4.28E-06 0.08 3.70
54.6 2.52E-06 0.09 3.90
36.2 1.41E-06 0.10 4.05
KG-390° 1170 93.9 6.30E-05 0.05 0.56 1.16 0.56 - -
25.4 1.33E-05 0.16 1.16

*Estimated grain size based on dynamic grain growth law. "Di aggregate with 10 vol% Fo.
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2.2. Deformation Tests

Our creep experiments were performed in a uniaxial compression apparatus (Autograph AG-X) (Appen-
dix A) with an integrated furnace under non controlled atmosphere conditions (free air) (Figure Al). The
axial force was measured by a highly sensitive load cell directly attached to the loading rod, while displace-
ment was measured at the crosshead of the apparatus. All our mechanical , that is, force-displacement data
were obtained at a stepped load (i.e., applying multiple stresses) for a constant temperature. We collected
force-displacement-time data every second. Our load measurement is accurate within +0.4% of the applied
force and displacement rates are within +0.1% of the set speed (Nakakoji et al., 2018). The compressive
force data were converted to differential stresses by assuming a change in area with uniform compression
and constant sample volume. The stresses measured during our tests ranged from 10 to 120 MPa. Similarly,
the strain was determined from the crosshead displacement considering the subsequent sample lengths at

any given moment during the experiments as ¢ = —In (—} where ¢ is true strain, h, is the initial sample

height, and h is the instantaneous sample height at each step during the creep test. Average strain rates (¢)
and stresses (o) were obtained, where we could assume steady-state creep.

Before starting an experiment, one rectangular sample was placed between a pair of SiC (¢ = 25 X 16 mm
thick) and alumina discs (¢ = 25 X 4 mm) over the SiC piston rod (¢ = 40 mm). No reaction between the
discs and the sample was detected. The temperature during an experiment was measured by a R-type ther-
mocouple (Pt and Pt-Rh), located next to the sample (Figure Al). In addition, we kept a small piece of the
same starting sample just adjacent to the rectangular sample, which would experience an identical thermal
condition in the central hot zone of the furnace as our deformed sample. Hereafter, we will refer to this
undeformed, annealed sample as the reference sample and the mean grain size calculated from this as the
reference grain size (dief).

In order to estimate the grain sizes at any time during an experiment (i.e., d, ), we used the combined static
and dynamic grain growth law (Holm et al., 1977; Nakakoji et al., 2018; Tasaka & Hiraga, 2013):

d, = (kt +dy' )”m - exp(ac) )

where, ¢t is the duration of grain growth, ¢ is the strain, d, is initial grain size, and m is the grain growth
exponent, which is assumed to be 3. The m = 3 value corresponds to the theoretical value for lattice dif-
fusion controlled static grain growth (Lifshitz & Slyozov, 1961; Wagner, 1961). As shown in Nakakoji and
Hiraga (2018), a common diffusional mechanism for creep and grain growth in polymineralic system is
expected. We will show later in the text that lattice diffusion is the dominant mechanism for diffusion
creep in diopside and thus, supports lattice diffusion-controlled grain growth for our diopside aggregate.
The dynamic grain growth constant, & = llnﬂdiﬂ is calculated as a function of the ratio between the final
€ ref

deformed (dg,) and reference (df) grain sizes. The grain growth coefficient (k) under static conditions is
calculated as, k = (dy; — dg') / t. For our stepped-load tests at a constant temperature, we adjusted the o and
k terms to incorporate the observed values of do, dyer, and dg,, in the Equation 2 (Tables 1 and 2).

2.3. Sample Characterizations

Fabricated mineral powders were analyzed by X-ray fluorescence (ZSX Primus (II), Rigaku Japan), reveal-
ing that all trace element concentrations were less than 10 ppm. Phase identification of the sintered aggre-
gates were conducted using X-ray diffraction (SmartLab; RIGAKU Japan). We observed diopside peaks,
while the peaks from forsterite and anorthite were absent probably due to their small fractions in the ag-
gregates. The deformed samples were cut through the center, parallel to the compression direction. All the
sections were finally polished with colloidal silica. Subsequently, they were thermally etched to expose the
grain boundaries, at a temperature range of 1000°C-1100°C for 30 min in the air, which was ~100°C less
than the deformation or sintering temperatures. It ensures negligible grain growth during thermal etch-
ing. In order to observe the microstructures and determine the average grain sizes, all the samples were
examined under a scanning electron microscope (SEM) equipped with a field emission gun (JEOL 7001F)
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Table 2
Experimental Results of Stepped Load Tests for Di (An) Aggregates
Experiment Stress Strain rate dsin dref k
no. T(°C) (MPa) ™ Strain  dy (um)  (um) (um)  d,(um)* a (um?/s)
KG-395 1050 38.9 2.10E-06 0.03 0.44 0.48 0.47 0.45 0.21 4.25E-
297 1.49E-06 0.03 0.46 07
48.9 1.57E-06 0.05 0.46
58.2 1.76E-06 0.06 0.47
76.4 2.03E-06 0.07 0.47
94.3 2.34E-06 0.09 0.48
111.8 2.69E-06 0.10 0.48
KG-396 1100 38.4 2.34E-05 0.04 0.44 0.51 0.48 0.46 0.38 4.25E-
189 1.14E-05 0.04 0.46 06
28.3 1.74E-05 0.05 0.47
37.3 2.00E-05 0.07 0.47
55.1 2.72E-05 0.08 0.48
72.2 3.07E-05 0.10 0.49
88.7 3.46E-05 0.11 0.49
70.4 2.83E-05 0.12 0.49
52.3 2.22E-05 0.13 0.50
34.5 1.78E-05 0.14 0.51
KG-394 1150 38.4 9.99E-05 0.03 0.48 0.62 0.55 0.54 0.65 8.2E-06
9.2 2.33E-05 0.04 0.55
27.8 7.48E-05 0.05 0.56
36.7 8.96E-05 0.06 0.56
54.7 1.11E-04 0.08 0.57
71.6 1.27E-04 0.10 0.58
67.4 1.13E-04 0.14 0.60
50 9.38E-05 0.15 0.61
32.6 7.23E-05 0.16 0.61
15.8 3.82E-05 0.17 0.62

“Estimated grain size based on dynamic grain growth law.

at Nano-Manufacturing Institute, The University of Tokyo. Additionally, transmission electron microscopy
(TEM) was carried out to observe the microstructure and the occurrence of any melt at the grain bounda-
ries and triple junctions (Appendix B). We conducted the deformation experiments as well as the aggregate
syntheses under dry conditions, so that the aggregates had little chance of incorporating water. We con-
firmed the “dry” state of the aggregates using Fourier transform infrared spectroscopy (FT-IR) (Appendix C;
Figure A3). We used the freely available “Image J” (NIH) software to carry out the grain size analysis from
the SEI images. The two-dimensional (2D) cross-sectional area (a) of each grain was approximated to the
diameter (¢ =2+/a / ) of an equivalent circle (Ghosh et al., 2016). More than 100 measurements (N) were
used for calculating the arithmetic mean (d) of the grain size population for each sample (Figures 1 and 2).

3. Results
3.1. Microstructural Observations

Our initial, deformed and the reference Di (Fo) and Di (An) samples (Figures 1 and 2) were characterized
by: (i) <1vol% porosity, (ii) mostly equiaxed grains with foam texture, although some of the diopside grains

GHOSH ET AL.
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- diopside phase with visibly coarser grain size. The resultant microstruc-
ture shows a log-normal grain size distribution (Figures 1 and 2). The
— 0.08 final average grain sizes in the deformed samples (dg,) were larger than
the reference samples (d,.¢), as both these values were increased from the
initial grain size (d,) (Tables 1 and 2). Mechanochemical polishing with
colloidal silica for 15 min is sufficient to observe large intergranular melt
— 0.04 pockets (glass) by their distinct lower dihedral angle (<60°). In addition,
TEM analysis confirms that our samples are melt free at 5 nm resolution
(Figure A4). Individual grains are also essentially dislocation free.
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Figure 3. Experimental creep data. (a) A typical rheological data obtained
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The time window between (03, ¢;) and (041, ¢;,;) is small enough to elim-
inate the grain growth effects on the extracted stress exponent, while we

during stepped experiment at 1150°C (KG-382). (b) Stress/strain rate lose accuracy on the n value. It is to be noted that we used the stabilized
versus time curves during a particular load step (KG-382). (c) The apparent  values of 0;41 and ¢, after changing the load (Figure 3b). We see a rapid
stress exponent, n,p, is calculated from two sets of stress and strain rate increase of ¢, which is resulted due to a rapid increase in the applied &

values as n,,, =

logé,; —logg
log o, — logo;
E(: Nl ) Different shades of green colors indicate Di (Fo) data (KG-
381, 382, 386), while yellow colors indicate Di (An) data (KG-396, 394).

versus the geometric average stress, (i.e., load). The € is then decreases significantly and becomes stabilized

after ~3,700 s. This stabilized ¢, and the ¢ measured just before chang-
ing the load are used for analyses (i.e., 7.9 x 10™° and 2.3 x 107° s/, re-
spectively). We expect the n,p, values to detect the changes in the stress
exponent with stress. The n,p, is plotted against the geometric mean
stress, 6(=/0;0;,,) (Figure 3c). Overall, most of the n,,, indicates a value
of 1 £+ 0.5, without any systematic changes with increasing stress, which implies grain size sensitive New-
tonian creep at all stress conditions.

Since the n,y, results indicate diffusion creep with stress independent viscosity, the grain size dependency
of the stain rate is examined by plotting the inverse of viscosity (7 = o / ¢) against the grain size (Figure 4a).
We used the grain sizes that were measured under a SEM (Table 1), in addition to the estimated sizes dur-
ing the experiments. The transparent symbols in Figure 4a are the estimated grain sizes at each stress step,
based on Equation 2. This procedure produces a reliable grain size exponent (p) by minimizing the error
associated with microstructural evolution with time, that is, the estimated grain sizes (d;) plot within the
limit of observed d, and dy,. We wanted to incorporate a large variation in grain sizes to determine a robust
grain size exponent. Therefore, we combined the experimental results of 4 and 10 vol% (KG-389 and KG-
390) forsterite (Table 1). We assumed that there was no effect of minor change in forsterite fraction on the

GHOSH ET AL.

7 of 18



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2020JB019855

(a)
10

1

10713

n' (Pas)

10™

(b)

10°3

(c)

10*

Strain rate (s”)
3

10°

Strain rate (s”)
=)

[

[

Di (Fo)
I 1100°C
A1130°C
O 1150°C
Q1170°C

A 1 10

Grain size (um)

IIIlIIll L1 1111l |

IIIIIII|

T IIIIIII_|

Di (Fo)

p=2
[ 1100°C, d = 0.65 ym
A 1130°C, d =2 ym
O1150°C, d = 1.3 ym
@1170°C, d = 3.5 ym

>

1 IlIIlII

>

1

nomn
WN =

IIIIIII| IIIIIII|

10 100

1 Illllll

IIIIIII| 1

L L LI

1 IIIIIII|

Y 1050°C, d = 0.47 pm
[ 1100°C, d = 0.50 pm
© 1150°C, d =0.58 ym

11 lIlIIIl

T lIIIIll| T IIIIIII|

10 100
Stress (MPa)

creep properties of diopside. This assumption is reasonable as the sec-
ondary phases remained dispersed and isolated in the aggregate during
the deformation (Figures 1 and 2). Such a microstructure ensures that
the bulk strength of the aggregate was controlled by the primary phase
(Nakakoji & Hiraga, 2018). A negative correlation is found from the slope
of the global fit (Figure 4a). The data with large grain size variation from
~0.4 to 4 um for Di (Fo) aggregate at 1170°C are well fitted with p of ~2,
which is also applicable for fitting the data at different temperatures.

As the p value of ~2 is consistent with the theoretical model for lattice
diffusion creep (Herring, 1950; Nabarro, 1948), the stress dependency is
revaluated by normalizing the strain rates to a particular grain size, using
a fixed grain size exponent of p = 2 (Figures 4b and 4c). The uncorrect-
ed data are also added in such plotting. Although the corrections do not
alter the strain rate much, we observe a better fit with stress exponent,
n =1 £ 0.1 (Figures 4b and 4c), which is consistent with the conclusion
from the n,,, values (Figure 3c).

Since we concluded n = 1 and p = 2 above, we plot all the " values
(n =0 / €) in Arrhenius space, where ¢ is calibrated to a grain size of
1 um using p = 2. The 7" values vary by a factor of 2 at the same temper-
atures (Figure 5). It supports our analysis of the temperature dependency
of the strain rate in this manner. Moreover, the similar slope of the global
fit indicates that the 7™ values of Di (Fo) and Di (An) are well fitted with
the single Arrhenius equation with similar values of activation energy
(i.e., Q = 720 £ 70 kJ/mol) (Figure 5). However, the creep rates for Di
(An) aggregate are ~3 times faster than Di (Fo) aggregate. We will show
later in the Section 4.3.3 that this Q is also well suited for fitting earlier
experimental results.

4. Discussion
4.1. Deformation Mechanism and Constitutive Equation

We found that the values of n = 1 and p = 2 (Equation 1) explain our
mechanical data well (Figure 4), as expected from lattice diffusion creep
models (Herring, 1950; Nabbaro, 1948). Although the p value was not
extracted from the data of Di (An) aggregate, but essentially the same Q
values under Newtonian creep for both Di (Fo) and Di (An) aggregates
support the operation of the same deformation mechanism (Figure 5).
Since Di (Fo) and Di (An) aggregates were fine-grained, we initially pre-
dicted to identify grain boundary diffusion creep, based on our earlier
olivine diffusion creep results (Nakakoji et al., 2018; Yabe & Hiraga, 2020;
Yabe et al., 2020). However, none of our data support p = 3 (Figure 4a).
We once obtained a p value of ~2 along with n of ~1.5 (at ¢ in a range
of ~10 - ~150 MPa and T of 1260°C-1360°C) in fine-grained (~1 um)

Figure 4. Determination of flow law parameters like Grain size exponent
(p) and stress exponent (n) in a log-log space. (a) Plots of grain size versus
inverse of viscosity (") for a temperature range of 1100°C-1170°C. (b and
c) Plots of stress versus strain rate with fixed d, using p = 2. Transparent
symbols are the original mechanical data, correspond to the same solid
color symbols. Best fit lines for solid symbols are shown in the figure.

enstatite-bearing (from 0 to 50 vol%) Fe-free olivine aggregates (Tasa-
ka et al., 2013), which was subsequently explained as the consequence
of a transition from interface-controlled creep to grain boundary diffu-
sion creep (Nakakoji & Hiraga, 2018; Nakakoji et al., 2018). Later, we
showed the presence of interface-controlled creep (p = 1) at lower stress
(<20 MPa) condition than the condition for diffusion creep specifically
from olivine +20 vol% enstatite (Nakakoji et al., 2018). Grain-boundary
dislocations are commonly assumed in the models of power-law interface-controlled creep with n = 2 or 3
and p =1 (Arzt et al., 1983; Ashby, 1969; Burton, 1972; Yabe et al., 2020). In the present study, the operation
of the power-law interface-controlled creep in diopside is not supported from the n,y, results (Figures 3c, 4b,
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10"

10™

Q=720+70
kJ/mol

T T and 4c). Consequently, we conclude lattice diffusion creep for the diop-
side in this study. Providing the Q value reported in Table 3 to Equation 1,
we obtained the preexponential term, A of 8.01 X 10" um? / MPa / sec
for Di (Fo) samples. Thus, the flow law for Di (Fo) is as follows,

: g = 8.01x10" ~(0'/d2)~exp(

720 kJ / mol 4
/lmz/MPa/sec - ( )

RT

Since both of our diopside samples in the Arrhenius plot (Figure 5) have
the same activation energy, the difference in strength (~3 times) between
Di (Fo) and Di (An) is explained by the difference in the A value. There-
fore, we propose that the A value for Di (An), which is larger by a factor
of ~3 relative to the value for Di (Fo) (Figure 5), might be explained by
P increasing point defect due to Al dissolution into diopside. Al in diopside
E can increase the number of Si vacancy with the charge neutrality condi-

tion [ Al; | = 4] V&' |

7.0

1
72 74 7.6

10000/T (/K) 4.2. Compositional Self-Diffusion Model of Creep

Figure 5. Arrhenius plots of inverse of viscosity (") with fixed d We compare our results with creep rates predicted from the self-diffu-
(=1 um) and p (=2) against 10000/T for Di (Fo) and Di (An) aggregates. sivity of constituent ions of diopside. The reported diffusivities (usually
Different color symbols indicate corresponding stress values. the slowest one) correspond to Dy, that constitutes lattice diffusion creep

Dy _creep

law (Fei et al., 2016; Frost & Ashby, 1982; Herring, 1950; Nabbaro, 1948;
Weertman, 1999) of the following form:

' ﬂ D, latt Vm

Gatt (Nabarro - Hem'ng) =4 TRT

(5)
Here, A'(= 150/ ) is a constant in the classic model of diffusion creep (Burton, 1977; Coble, 1963; Her-
ring, 1950; Nabbaro, 1948). It is known that the A’ value from the classical diffusion creep models (Co-
ble, 1963; Herring, 1950; Nabbaro, 1948) underestimates the actual creep rate (¢, ) by a factor of ~10 due to
diffusion accommodated grain boundary sliding rather than by conventional diffusion creep (Wang, 2000).
In order to acquire a reasonable value of €, the A’ value is multiplied by 10, which has been confirmed for
olivine (Nakakoji & Hiraga, 2018). Since the original solution was developed for 3D grain sizes, we normal-
ized (150 / ) x 10 by 1.77% so that the Equation 5 holds for 2D grain sizes.

In the case of silicate minerals, silicon (Si) is generally considered to be the slowest constituent ion for both
the grain boundary and lattice diffusion (Dohmen et al., 2002). Therefore, we can compare our diffusion
creep results with the strain rates predicted from Si self-diffusion (Ds; 1) in diopside (Béjina & Jaoul, 1996).
We used the molar volume, V,, of Si as 3.31 x 10~> m*/mol for diopside (Holland & Powell, 2011). We have
introduced a coefficient £ in Equation 5, which accounts for a compound effect on self-diffusivity during
creep i.e. Dia_creep and relate it to the self-diffusivity of each constituent elements of diopside (i.e., Dca_jat
DMgflatta DSLlatb and DO?latt) as

1ODCa_Iatt ) DMg_latt ) DSi_Ian ) DO_lan

Dyig tatt * Dsi_tatt * Do _tat + Dca_tate * Dsi_tate * Do_tat T 2Dwmg 1att * Dea_tatt * Po_tat + 6Dmg_tate * Dea_tate * Dsi_art

(6)

Equation 6 has to hold to maintain stoichiometry and charge neutrality of diopside during diffusion creep.
When Dg; 1,4 < Do jaits Dea_tar @0d Dyig 1 in Equation 6, then Diay_creep can be approximated by Dg; 1 as

D]atticreep ~ (10 / 2)DSiilatt (7)

Hence, from stoichiometric consideration, the value of £ is 5 for Si self-diffusion in diopside (CaMg-
Si,0¢). The results are plotted in Figure 6, which shows ¢, is significantly underestimating the actual
strain rate (¢). It is possible that dominant diffusion paths, that is, either grain boundary or lattice, are
different for different constituent ions. In that case, Si diffusion at grain boundaries and lattice diffusion
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Table 3

Rheological Flow Law of Diopside

of the second slowest ion can occur, which might be responsible for the observed
creep rates. Therefore, we examined the contribution of calcium (Ca) and oxygen

A

Sample um? | MPa | sec

n

(O) self-diffusivity on € following the values reported in Dimanov and Ingrin (1995)
and Ingrin et al. (2001). Although faster than Si self-diffusivity, both Ca and O are
P kJ / mol also underestimating the actual ¢ (Figure 6). It is also necessary to note that the

Q

Di (Fo) 8.01x 10"

activation energies measured from natural single crystal of diopside for Si, Ca, and
O self-diffusion from experiments carried out at the similar temperature range

1 2

as our creep experiments (Béjina & Jaoul, 1996; Dimanov & Ingrin, 1995; Ingrin

et al., 2001) are much lower (211-280 kJ/mol) compare to the Q value for creep.
Thus, it remains difficult to interpret the lattice diffusion in diopside in terms of the known self-diffusiv-
ity values of either Si, Ca, or O.

4.3. Comparison With Previous Studies

We compare our newly established diffusion creep law for diopside (Equation 4) with the results from pre-
vious studies (Bystricky & Mackwell, 2001; Dimanov & Dresen, 2005; Dimanov et al., 2003; Hier-Majumder
et al., 2005) in a nondimensional space (Nakakoji et al., 2018). This method differs from using flow law
parameters to calibrate mechanical data obtained from various grain sizes, temperatures, stress, and so on
under certain conditions. Previously, we have demonstrated its utility in comparing mechanical data of
olivine from various research groups (Yabe & Hiraga, 2020; Yabe et al., 2020).

4.3.1. Stress and Strain Rate Relationships

The original mechanical (o and ¢) data from the earlier studies are transformed to nondimensional stress
(00) and strain rate (¢) ratios, using (o*™f | ¢*°f):

o .
*ref
o

é
= ®)

10°

Strain rate (s”)
S
L1l L1l

T T
o =30 MPa
d=1pm
O Si(B&J)

Here, the reference strain rate (¢*") is calculated from our Di (Fo) flow

law parameters (Table 3) by substituting the d and T values at which

O Ca (D&l) ] each original o and ¢ was acquired to Equation 1. We use a fixed val-
O O (IPJ)

ue of 10 MPa for ¢*™ in this case. The Di (Fo) mechanical data plots
along the reference line in the Figure 7a, which demonstrates the ability
of Equation 4 to express the original mechanical data. All the data show
a Newtonian-like relationship, which supports the comparison of earlier
diffusion creep data in this manner. Clearly, the wet diopside data (Hi-
er-Majumder et al., 2005) are 2-3 orders of magnitude weaker than dry
diopside data (Figure 7a). Except for Hier-Majumder et al. (2005) (we
refer HM hereafter), most of the dry data fall very close to either our Di
(Fo) or Di (An) results.

4.3.2. Grain Size Dependency

Here, we compare the effect of grain size from the previous studies on
the viscosity (~creep rates) in the nondimensional 7, !'versus d, space.
= First, the original mechanical (o and ¢) data are used to calculate the

Figure 6. Arrhenius plot of lattice diffusion creep rates for Di (An)
and Di (Fo) aggregates. The yellow and green lines are calculated from 0

Equation 4 using the flow law parameters determined in this study. 7761 __n and d, =
Square symbols are calculated based on Equation 5 and the measured ( n*re(

7' 2 7' 4 76 inverse of viscosity (") (Pa s™). Then, the ™" data are transformed into

. . . . . -1 . . . .
10000/T (1/K) a nondimensional inverse viscosity (77, ) and grain size (d,) ratios, using

[(n*‘ef )71 j;

d
- d*ref (9)

-1

lattice self-diffusivities of Si (Béjina & Jaoul, 1997) (B&J), Ca (Dimanov &
Ingrin, 1995) (D&I), and O (Ingrin et al., 2001) (IPJ), respectively.
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Here, the reference inverse viscosity ((n*ref)’l) is calculated from our Di (Fo) flow law parameters (Table 3)

by substituting the original & and T values to Equation 1. We use a fixed grain size of 1 um for d"™, The
results are plotted in Figure 7b. We observe that our Di (Fo) mechanical data in the range of an order of
magnitude are following the reference line. It is clearly seen from this plotting that some of the earlier
studies (Bystricky & Mackwell, 2001; Hier-Majumder et al., 2005) did not have sufficient grain size resolu-
tion to support their p value. Taking into account of the scattering in the plots, only the data of Dimanov
et al. (2003) (we refer DIM hereafter), which include both Fe-bearing natural diopside single crystal powder
(DiC 4, 6) and Fe-free synthetic diopside glass samples (DiG a, b) allow extracting grain size dependency.
Although DIM concluded the p value as 3, it seems that the value of 2 can explain their synthetic diopside
mechanical data and complement our Di (Fo) data at the larger grain-size range (Figure 7b). In fact, DIM
proposed the p value based on analysis of pure diopside end-member product like ours using synthetic
diopside glass samples. Unfortunately, it is difficult to recognize each of those data from their table. There-
fore, our analysis of DIM data is limited to their accessible data, which leads to a different conclusion on
the p value (Figure 7b). Similar to DIM, HM also preferred p = 3, assuming grain boundary diffusion creep.
Considering their limited grain size range and scatter (Figure 7b), we have to judge their data for determin-
ing the p value as inadequate. Not only the result of DIM and HM but also the results from Bystricky and
Mackwell (2001) (we refer BM hereafter) can be satisfactorily described by the p value of 2 determined in
this study.

4.3.3. Temperature Dependency

In Figure 7c, we compare the normalized inverse of viscosity (775") and the inverse of temperature (7; ) in
the Arrhenius space to understand the effect of temperature on the viscosity (~creep rates). In this case,
the original ™' (Pa s™) data are transformed into a nondimensional inverse viscosity (") ratio and inverse

o\l e
temperature ( 10T000 J using ((77 ’ef) Tt j by:
0

I 10000 10000 10000
= —rand = T T (10)
(n*ref) TO T T

o=l
Again, the reference inverse viscosity ((77 'ef) J is calculated from our Di (Fo) flow law parameters (Ta-
ble 3) by substituting the original o and d values in the Equation 1. The temperature (T) is substituted by

is not a dimensionless number. We

T which is 1420 K. It should be noticed that in this plot T
can observe that the Di (Fo) mechanical data are following the rgference line in Figure 7c, while Di (An)
and HM data runs almost parallel to it. Therefore, it is likely that the Q of 760 kJ/mol reported by HM is
quite reasonable and remain within the error of our Di (Fo) Q value (Table 3). However, it is surprising to
find a similar temperature dependency from BM and DIM data, although they reported a lower Q value of
~560 kJ/mol, using samples of different chemical composition. It is likely that the treatment of the original
mechanical data assuming grain boundary diffusion and large error associated with measured grain sizes
(DIM) or lack of data points (BM) leads to a lesser estimate. Furthermore, as expected, the lower slope for
the diopside diffusion creep data (HM-wet) in the water-saturated condition indicate a much lower activa-
tion energy is needed for diffusion creep under such a condition.

4.3.4. Summary

In line with the above discussion, we can summarize all the previously obtained experimental results
from different groups based on similar strain rate dependencies on stress, grain size, and temperature

Figure 7. Comparisons of our newly established diffusion creep law for Di (Fo) (Equation 4) with the results of previous studies in nondimensional and semi-
nondimensional spaces. (a) Plot of nondimensionalized strain rate (¢) as a function of nondimensionalized stress (o) calculated from the original mechanical
data (o and €). (b) Plot of nondimensionalized inverse viscosity (77, 1 as a function of nondimensionalized grain size (dy). (c) Nondimensionalized inverse

viscosity (77,') as a function of inverse temperature (7; ') [

10000 _ 10000 10000
TO T T*ref
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T (°C) as our mechanical data. It is indicative of the operation of the same
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1100 10P0 underlying creep mechanism, that is, lattice diffusion creep in this case.
Even the absolute strengths are essentially comparable except for the
HM data. Hansen et al. (2011) have observed that the olivine grain size
measurements by optical microscope (on thick sections etched with
acid) from older studies (e.g., Hirth & Kohlstedt, 2003) are yielding
grain sizes that are larger by a factor of 2, than the measurements by
high-resolution SEM and electron back scattered diffraction. Conse-
quently, the strain rates were overestimated by a factor of at least 2° in
the earlier studies of olivine grain boundary diffusion creep (N. Zhao
et al., 2019). Noteworthily, the same research group provided the ex-
perimental results of the HM, using the optical microscopy to measure

w
S
<
3
©

|

N grain sizes. Therefore, we consider that the same correction should be
made for the HM data. Given that the true grain sizes in HM are finer
than their reported values by a factor of 2, the creep rates of HM are all
systematically decreased by a factor of 2* (Figure 7a). Such corrections

result in essentially the same strengths reported by BM. It should be no-

10"
6.2

Figure 8. Arrhenius plot of strain rate as a function of 10000/T of dry

BERERRREEEEEEEEEESEE sy ticed that both BM and HM used the same source powder from Fe-bear-

6.6 7.0 7.4 7.8 ing Sleaford Bay clinopyroxenite (Cagg7Mgo78F€0.265i1.9906) to prepare

10000/T (1/K)

their experimental aggregates and utilized the same gas apparatus for
the deformation experiments. Hence, we conclude that the results of

diopside (this study), Fe-olivine (Yabe & Hiraga, 2020; Yabe et al., 2020) HM and BM are basically same.

(Y), Fe-free olivine (Nakakoji et al., 2018) (N), enstatite (Bruijn &
Skemer, 2014) (B&S), and anorthite (Rybacki & Dresen, 2000) (R&D) in
the diffusion creep regime are shown. All the plots are fixed to d = 10 um

and g = 30 MPa.

The Fe-free synthetic glass sample (DiG a, b) used by DIM basically fol-
lows our Di (Fo) data along the reference line (Figure 7). The scattering
observed in their data can result from the large errors associated with
their average grain sizes due to bimodal grain size distribution. On the
other hand, their Fe-bearing diopside single crystal powder (DiC 4, 6)
with composition of CagesNao.025Ko.001Mg0.970F€0.036CT0.130A10.007M1g 001
Nio,001S10.98605 plots close to our reference lines (Figure 7). Fe is often attributed to the source of point defects
in silicate minerals (Chakraborty, 1997; Y. H. Zhao et al., 2009) by changing its valence state, and hence,
affects creep rate. However, the similar creep strengths of synthetic Fe-free aggregates in comparison to
the naturally derived Fe-bearing aggregates show that Fe has no significant effect in controlling the rate of
diopside diffusion creep. DIC samples at a temperature 1383K are little stronger than our samples. Again,
it highlights our conclusion regarding the effect of Fe. Earlier, we have reached the same conclusion for
fine-grained olivine, where Fe-free and Fe-bearing olivine show the same creep rates by grain boundary
diffusion (Tasaka et al., 2013; Yabe et al., 2020). The source material of HM, BM, and DIM had some trace
amount of Al Overall, the absolute strength of Ca-bearing clinopyroxene during diffusion creep is well
summarized by Equation 4, after incorporating small weakening effect due to Al.

The Q value determined in this study is higher than its typical value for silicate minerals (300-600 kJ/
mol) (Bruijn & Skemer, 2014; Nakakoji et al., 2018; Rybacki & Dresen, 2000). It is interesting to note that
such a high Q value is comparable to the high activation energy reported for dislocation creep (760 + 40
to 719 + 34 kJ/mol) in diopside (Bystricky & Mackwell, 2001; Dimanov et al., 2003). The dislocation creep
is rate controlled by diffusion in the lattice (i.e., climb-control), such that essentially the same Q value for
lattice diffusion and dislocation creep is well supported from the micro-processes of both the creep mech-
anisms. However, as discussed earlier, we cannot define the creep rates based on self-diffusivities of any
particular constituent elements (Figure 6), which remain to be solved in future studies.

4.4. Comparisons With Other Minerals

The strength of the different geomaterials undergoing diffusion creep in dry condition, like Fe-bearing
olivine (Yabe et al., 2020), Fe-free olivine (Nakakoji et al., 2018), anorthite (Rybacki & Dresen, 2000), or-
thopyroxene (Bruijn & Skemer, 2014), and clinopyroxene (i.e., diopside) (this study) are compared in the
Arrhenius plot (Figure 8). The olivine experiments were carried out using reagent derived samples from
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our lab, while anorthite polycrystalline aggregates were prepared from crushed anorthite glass (Rybacki
& Dresen, 2000). All the strain rates used in the comparison were normalized to a two-dimensional grain
size of 10 um. Figure 8 reveals that our diopside samples are substantially weaker than Fe-olivine/Fe-free
olivine and orthopyroxene considering an upper mantle shear zone (>1050°C, d = 10 um). On the other
hand, the general occurrence of pyroxene porphyroclasts with fully recrystallized olivine in many mantle
shear zone rocks indicate that olivine is much weaker than pyroxene in grain-size insensitive dislocation
creep regime (Hidas et al., 2013; Skemer et al., 2010; Toy et al., 2010; Warren & Hirth, 2006; and references
therein) and consequently, controls the overall rheology. However, a switch in the deformation mechanism
to grain-size sensitive creep leading to rheological weakening is often envisaged in natural shear zones
(Hidas et al., 2013; Toy et al., 2010; Warren & Hirth, 2006), where diopside diffusion creep rheology may
exert significant control. Although, diopside is harder than both anorthite and olivine in the lower crustal
condition (>900°C), but under hydrous environment diopside aggregates show considerable weakening
(Figure 7a).

5. Conclusions

In the past decade, there are several attempts to understand the diffusion creep behavior of Ca-bearing
clinopyroxene, that is, diopside due to its importance in understanding the bulk strength of the dry lower
crust and upper mantle, using experimental rock deformation (Bystricky & Mackwell, 2001; Dimanov &
Dresen, 2005; Dimanov et al., 2007, 2003; Hier-Majumder et al., 2005). In contrast to the earlier diffusion
creep studies on diopside, our experiments yield a fundamentally different result in terms of underlying
deformation mechanism as lattice diffusion (n = 1 and p = 2). Moreover, our diopside flow law can satisfac-
torily explain all the original mechanical data from earlier studies and highlights a minor weakening effect
due to aluminum (Al), while it seems Fe does not provide any significant effect in controlling the thermally
activated diffusion creep process in the diopside. Furthermore, under certain low stress-strain rate upper
mantle conditions, the diopside is considerably weaker than olivine and orthopyroxene, where the grain
size sensitive diffusion creep can dominate.

Appendix A: Deformation Apparatus

Our creep experiments were performed using the same uniaxial deformation testing apparatus (Shimadzu
AG-X) with a furnace attached as Nakakoji et al. (2018), installed at the Earthquake Research Institute,
University of Tokyo. We collected force-displacement-time data every second. The compressional force
was measured by a load cell directly attached to the loading rod, and displacement was measured at the
crosshead of the apparatus. The load cell measures the force directly applied to the sample without any
intervening dissipating forces, such as friction.

Alumina spacer

. SiC piston
SIC Thermocouple
Sample
~
\ M
c
Reference_| 5
Sample 2

[ ] [

Figure Al. Schematic diagram (modified after Nakakoji et al. [2018]) of uniaxial deformation apparatus for creep
experiments with a box furnace attachment is shown.
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Figure A2. Microstructural observations of diopside +10 vol% forsterite aggregates (Di (Fo)), using SEM. Typical
homogeneous microstructure is observed in the initial, undeformed aggregate (SP-408). SEM, scanning electron
microscope.
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Figure A3. FT-IR spectrum (without background correction) from the deformed Di +10 vol% Fo aggregate (KG-390).
The specimen thickness is 280 um. FT-IR, Fourier transform infrared spectroscopy.
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Figure A4. Microstructural observations under transmission electron microscopy (TEM). (a and b) TEM observations
of deformed Di +10 vol% Fo aggregate (KG-390) is shown. At the scale of observation, the grain boundaries and the
triple junctions are devoid of any melt and the individual grains are also essentially dislocation free. (c and d) TEM
observations of deformed Di +10 vol% An aggregate (Di (An)) (KG-394) is shown. Similar to the Di (Fo) samples, our Di
(An) samples are melt-free at the scale of observation. Few dislocations and pores can be seen.

Appendix B: Transmission Electron Microscopy

We used transmission electron microscopy (TEM) to observe microstructures and the occurrence of any
melt from selected aggregates of deformed Di (Fo) (KG-390) and Di (An) (KG-394) samples. An ion slicer
was utilized to prepare thin foils for TEM. Both sides of the thin samples were coated with carbon to prevent
charging during TEM observations. We did not apply any etching techniques to the samples. The obser-
vations were carried out on a 200 kV electron microscope (JEM-2010F) installed at Nano-Manufacturing
Institute, University of Tokyo.

Appendix C: FT-IR Analyses

We used a system composed of a JASCO FT/IR-660 Plus spectrometer and a JASCO IRT-30 microscope,
installed at the Earthquake Research Institute at the University of Tokyo. The entire beam path was
evacuated to less than a few tens of Pascal using a rotary vacuum pump, which minimized the noise
absorption from atmospheric CO, and H,O (Yasuda, 2014). The spectra were collected between wave
numbers 400-7,800 cm ™' (resolution of 4 cm™") at the room temperature. We analyzed 280 um thick sam-
ples using an aperture of 100 X 100 um; thus, the number of grains generating the observed absorption
is on the order of 10° in each sample. Absence of OH absorption peaks at 3,625, 3,540, 3,460, and 3,355
(1/cm) known for diopside (Bell et al., 1995; Peslier et al., 2002) indicate that there is no water present in
our sample.
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