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The creep in the Earth’s interior is dominated either by diffusion creep which causes Newtonian mantle 
flow, or by dislocation creep which results in non-Newtonian mantle flow. Although previous deformation 
studies on olivine claimed a transition from dislocation creep to diffusion creep with depth in the upper 
mantle, they might misunderstand the creep rates due to experimental difficulties. Since creep in olivine 
is controlled by silicon diffusion, we measured the silicon grain-boundary diffusion coefficient in well-
sintered iron-free olivine aggregates as a function of temperature, pressure, and water content, showing 
activation energy, activation volume, and water content exponent of 220 ± 30 kJ/mol, 4.0 ± 0.7 cm3/mol, 
and 0.26 ± 0.07, respectively. Our results based on Si diffusion in forsterite predict that diffusion creep 
dominates at low pressures and low temperatures, whereas dislocation creep dominates under high 
pressure and high temperature conditions. Water has negligible effects on both diffusion and dislocation 
creep. There is a transition from diffusion creep in the shallow upper mantle to dislocation creep in 
deeper regions. This explains the seismic anisotropy increases at the Gutenberg discontinuity beneath 
oceans and at the mid-lithosphere discontinuity beneath continents.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Diffusion and dislocation creep are considered to be the two 
main mechanisms of plastic deformation in the Earth’s interior. 
An important question in geodynamics at present is which creep 
mechanism dominates in the upper mantle. If it is dislocation 
creep, the strain rate will be proportional to stress to the power 
of 3.0–3.5, leading to non-Newtonian viscosity. The dominant slip 
system in dislocation creep will produce lattice-preferred orien-
tation in olivine, which causes seismic anisotropy. In contrast, 
if diffusion creep dominates, both lattice-preferred orientation as 
demonstrated by a recent study (Miyazaki et al., 2013), and shape-
preferred orientation, will be produced in olivine and strain rate 
proportional to stress will result in Newtonian viscosity.
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The large water and pressure dependences of olivine creep rates 
suggested by experimental deformation studies indicate that the 
dominant creep mechanisms in the upper mantle transition from 
dislocation creep in the shallow lithosphere – to diffusion creep in 
the asthenosphere with a transition depth of 200–250 km (Hirth 
and Kohlstedt, 2003; Karato and Wu, 1993). However, based on 
silicon and oxygen diffusion experiments, Fei et al. (2012, 2013, 
2014) suggest that the aforementioned deformation studies have 
overestimated the water and pressure effects on creep rates ow-
ing to experimental limitations. Demouchy et al. (2012) also sug-
gest that the creep rates in deformation experiments on aggregate 
samples might be largely affected by grain boundary water. Fur-
thermore, dislocation creep in olivine at high pressures dominated 
by [001] slip produces little lattice-preferred orientation compared 
with that at low pressures dominated by [100] slip, indicating that 
it is not essential to invoke diffusion creep in explaining the reduc-
tion in seismic anisotropy noted in the region deeper than 250 km 
during seismic observations (Mainprice et al., 2005). All of this ex-
perimental evidence casts doubt on the theory that there is a tran-
sition from dislocation creep in the shallow lithosphere to diffusion 
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Table 1
Concentration of trace elements measured by X-ray fluorescence (XRF).

Major 
(wt.%)

Minor 
(wt.ppm)

SiO2 43.56 V 4.995
MgO 56.46 Cr 5.133
Al2O3 0.010 Co 0.999
FeO 0.026 Ni 6.130
MnO 0.001 Cu 13.251
TiO2 0.008 Zn 16.861
Na2O 0.088 Ga 0.945
K2O 0.001 Rb 1.439
P2O5 0.005 Sr 3.497
Total 100.16 Zr 5.843

Pb 2.291

creep in the asthenosphere. It is therefore necessary to systemati-
cally re-examine the creep mechanisms in the upper mantle.

Both diffusion creep (includes Coble creep and Nabarro-Hearing 
creep) and dislocation creep are believed to be driven by dif-
fusion of the slowest element, i.e., Si in silicate minerals, on 
grain boundaries (for Coble creep) and within grain interior (for 
Nabarro–Herring and dislocation creep) (Frost and Ashby, 1982;
Weertman, 1999). Thus, the silicon grain-boundary and lattice dif-
fusion coefficients (Dgb

Si and D lat
Si , respectively) are essential for 

simulation of dislocation and diffusion creep. We have already 
measured D lat

Si in forsterite for a wide range of pressure (P ), tem-
perature (T ), and water content (CH2O) conditions by our advanced 
technique (Fei et al., 2012, 2013). By applying this procedure to 
grain-boundary diffusion, Dgb

Si can be obtained for a much wider 
range of P–T–CH2O conditions than is possible through deforma-
tion experiments. Thus, in this study, we systematically measured 
Dgb

Si in forsterite aggregates as a function of pressure, temperature, 
and water content, and assert that Coble creep rate in the upper 
mantle is estimated.

2. Experimental and analytical procedure

2.1. Starting material

Forsterite (Mg2SiO4) aggregates were synthesized from a mix-
ture of SiO2 and Mg(OH)2 (with particle sizes of 30 nm and 50 nm, 
respectively). The SiO2 and Mg(OH)2 mixture was analyzed via 
thermogravimetry and differential thermal analyses to 1273 K to 
estimate the water content on the powder surfaces, which was ex-
tremely high (∼20 wt.%) owing to the large surface area per unit 
volume. The two powders were well mixed, calcined at 1273 K to 
synthesize forsterite fine powder, then formed into pellets (∼5 mm 
in diameter and ∼4 mm thick) at 200 MPa in a cold isostatic press. 
The pellets were sintered at 1630 K for about 3 hrs to sinter the 
aggregates in a vacuum furnace (∼1 × 10−3 Pa) at The University 
of Tokyo (Koizumi et al., 2010).

Fine grained aggregates with average grain size of ∼0.6 μm 
and homogeneous grain-size distributions confirmed by scanning 
electron microscopy (SEM) images (Fig. 1A) were obtained. The 
chemical composition of calcined powders was measured by x-ray
fluorescence (XRF, ZSX Primusll RIGAKU) at the University of Tokyo 
as shown in Table 1. The Cbulk

H2O was <1 wt.ppm determined by 
Fourier transform infrared (FT-IR). Forsterite aggregates (∼0.7 ×
0.7 × 0.6 mm3) cored from the synthesized pellets were used for 
the diffusion experiments in this study. Several pieces of aggre-
gates were further heated at 1700 K for 20 hrs to produce average 
grain size of ∼2 μm.

2.2. Pre-annealing experiments

To obtain samples with various Cbulk
H2O , aggregates were pre-

annealed at 8 GPa, 1200–1600 K with talc and brucite (with a 
weight ratio of 4:1) as the water source. Each sample was loaded 
into a one-side-sealed Pt capsule with the talc/brucite mixture 
at the bottom (Fei et al., 2013). The space between the sample 
and capsule wall was filled with graphite and enstatite (MgSiO3) 
powders (∼20:1 volume ratio) to prevent mechanical damage to 
the sample and to buffer the silicon activity, respectively. The 
Pt capsules were sealed by arc welding in liquid nitrogen. The 
bulk water in the capsule was controlled by the ratio of talc +
brucite:graphite + enstatite (Fei et al., 2013), as well as the oxy-
gen fugacity ( fO2 ) at the graphite stable field, which is about one 
log unit below the fayalite–magnetite–quartz (FMQ) buffer (Stagno 
et al., 2013).

High-pressure experiments were performed using the Kawai-
type multi-anvil apparatuses at the University of Bayreuth and 
Okayama University. For each experimental run, the Pt capsule 
was placed in an MgO cylinder in a stepped graphite heater 
with a ZrO2 thermal insulator. The temperature was measured by 
W97%Re3%–W75%Re25% thermocouple (Fig. 2). The pressure me-
dia were MgO (with 5 wt.% Cr2O3) octahedrons with edge lengths 
of 14 mm. High pressure was generated by eight tungsten carbide 
cubes with edge lengths of 32 mm and truncation edge lengths 
of 8 mm. Each assembly was compressed to 8 GPa at room tem-
perature, heated to the target temperature (1200–1600 K, same 
temperature condition corresponding to the further diffusion an-
nealing experiment for each sample) at a rate of 50 K/min, kept at 
the target temperature for 4–10 hrs which was sufficient to equi-
librate the water in the sample (Demouchy, 2010), quenched by 
switching off the heating power, then decompressed to ambient 
pressure.

For dry condition experiments, samples were pre-annealed at 
1–13 GPa and 1200–1600 K for defect equilibrium following the 
same method described above, but without the water source. Ad-
ditionally, the capsules with samples and graphite/enstatite pow-
ders were dried in a vacuum furnace (P < 30 mbar) at 473 K for 
>24 hrs and sealed on a hotplate to minimize moisture (Fei et al., 
2012).

For ambient pressure experiments, samples with the graphite/
enstatite buffers were loaded in Pt capsules without sealing and 
annealed in a gas mixing furnace (H2/CO2) at 1200–1600 K for 
∼12 hrs. The fO2 was controlled at near log fO2 = (FMQ) − 1.

2.3. Deposition and diffusion annealing

After pre-annealing, the samples were finely polished using 
0.25 μm diamond powder and an alkaline colloidal silica solu-
tion. The roughness of the sample surfaces after polishing was less 
than 10 nm, including the grain boundaries, as confirmed by a 
3D-confocal microscope at the University of Bayreuth. The samples 
were heated up to 420 K for 10–15 min in the vacuum chamber of 
the pulsed laser deposition system at Ruhr-University of Bochum to 
remove any surface water absorbed during polish, and deposited 
with a 600–1000 nm thick 29Si-enriched Mg2SiO4-forsterite film. 
An additional thin ZrO2 film (∼100-nm thick) was deposited to 
protect the 29Si enriched forsterite film; we have confirmed in pre-
vious studies that this does not affect the silicon diffusion rate (Fei 
et al., 2012, 2013).

Each thin-film coated sample was annealed once again for dif-
fusion using exactly the same experimental set up, P–T condi-
tion, and chemical environment, and the same talc + brucite and 
graphite + enstatite ratio used in the corresponding pre-annealing 
experiment. No free water could present near the sample during 
annealing because the water source and forsterite aggregates were 
separated by graphite, which makes unsaturated condition. The 
Cbulk

H2O in the samples did not change during diffusion (FT-IR analy-

sis section). That is because the Cbulk in the sample is equilibrated 
H2O
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Fig. 1. SEM and TEM images of forsterite aggregates. (A) SEM image of starting material. (B) SEM image of wet sample (V760) after water-doping. (C) SEM image of dry 
sample after diffusion (starting material treated at 1700 K for 20 hrs). (D) Bright field scanning TEM image of wet sample after diffusion (specimen prepared by FIB from 
sample V760). No grain growth was observed during water doping or diffusion. The top layer of grains has an elongated shape compared with the grains in the sample 
interior, which is due to the epitaxial crystallization and growth of the thin-film on the polished polycrystalline substrate. (E) TEM image of dry sample annealed at 1 atm, 
1300 K for 3 hrs (by argon ion milling). (F) TEM image of wet sample after diffusion (by argon ion milling from sample H3667B). No pores or amorphous materials were 
observed at triple junctions in either dry or wet samples. (G) High resolution TEM image of a grain-boundary from E. (H) High resolution TEM image of a grain-boundary 
from F.
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Fig. 2. Multi-anvil assembly for water-doping and diffusion annealing experiments. 
The thin film coating (green) is located at the graphite step, whereas the ther-
mocouple is at the other step to minimize temperature measurement errors. The 
sample and talc + brucite water source are separated by graphite + enstatite pow-
der to avoid large amount of free water damaged the sample at the beginning of 
annealing and so as to make un-saturated sample environment. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.)

with the bulk water content in the capsule, which is controlled by 
the ratio of talc + brucite and graphite + enstatite.

In addition, no obvious grain growth was observed during the 
process (Fig. 1). This is reasonable because the starting material 
was synthesized at 1630 K with a duration of 3 hrs, whereas the 
highest temperature condition for diffusion is only 1600 K, and the 
longest duration at this temperature is 7 hrs. As shown in Hiraga 
et al. (2010), the grain size only increases by ∼12 % with a time 
increase from 3 to 10 hrs. Therefore, even at 1630 K, the grain 
size only increases by ∼72 nm within 7 hrs, which is negligible 
in comparison with the length of diffusion profiles (hundreds to 
thousands nanometer as discussed in Section 2.6). Most of diffu-
sion experiments were conducted at much lower than 1630 K and 
therefore the grain growth effect should be even less.

2.4. TEM observation

Several samples (both dry and wet) were prepared using both 
argon ion milling, and focused ion beam (FIB) sample-preparation 
techniques to obtain electron-transparent samples. Transmission 
electron microscopy (TEM) observation was subsequently per-
formed at 200 kV acceleration voltage using an extreme brightness 
field emission gun (X-FEG) installed at the University of Bayreuth 
on the FEI TitanTM G2 80–200. The Titan is not Cs-corrected, so 
all grain-boundary images were acquired at Gaussian defocus con-
ditions to prevent the lattice fringes extending into a potentially 
amorphous film on the grain boundaries.

We did not observe any dislocations or inclusions. Most grain 
boundaries were closed, and grain boundaries were only rarely 
separated by a crack. Neither pores nor amorphous materials were 
observed at triple junctions in both dry and wet samples (Figs. 1E, 
1F). The few opened grain boundaries observed are interpreted as 
having been caused by quenching from high temperatures or by 
decompression from high pressures.

High resolution TEM images (Figs. 1G, 1H) show lattice fringes 
in contact with the grain boundaries. The structural grain-boundary 
width is within 1 nm for both dry and wet samples. No impuri-
ties or second phases near grain boundaries were observed. The 
grain boundaries of our hydrous sample were free of melt and in-
clusions (Fig. 1H). Therefore, the silicon diffusion rate measured in 
this study represents the true grain-boundary diffusion coefficient 
for forsterite rather than diffusion in melt or inclusions.

2.5. FT-IR analysis

The water content of each sample before and after diffusion 
annealing was determined by un-polarized FT-IR spectroscopy at 
the University of Bayreuth with 200 scans for each spectrum at a 
resolution of 1 cm−1. Several infrared spectra with IR beam near 
the edge and in the center, and from the top and from the side 
of the sample, were obtained to confirm the homogeneity of water 
distribution. Examples of FT-IR spectra are shown in Fig. 3, indicat-
ing that samples with different bulk water contents were obtained 
(Fig. 3A); the bulk water does not change during diffusion anneal-
ing (Fig. 3A); and water distribution in the sample is homogeneous 
(Fig. 3B).

Water in aggregates can exist both as hydroxyl (structured –OH) 
and as molecule water (H2O). Our samples should have been free 
from fluid phases because of the unsaturated experimental condi-
tions (Fei et al., 2013). This was indeed the case confirmed by the 
TEM observations. In addition, water (indicates structured OH in 
this study) exists both in the interior of grains and on grain bound-
aries. Thus, the FT-IR spectra taken from the samples contained 
absorptions owing bulk water on the grain boundaries (Cbulk (gb)

H2O ) 
and in the lattice (Cbulk (lat)

H2O ). To determine the effect of water on 
Dgb

Si , the Cbulk (gb)
H2O needed to be determined.

Lattice and grain-boundary water in olivine manifest in FT-IR 
spectra as sharp peaks and broad bands, respectively (Keppler and 
Rauch, 2000). We synthesized a profile of randomly oriented single 
crystals by averaging polarized single crystal spectra measured in 
the three vibrational orientations. The contribution of Cbulk (gb)

H2O to 
the spectrum is obtained by subtracting the synthetic profile from 
the polycrystalline spectrum (Fig. 3C). Cbulk (gb)

H2O and Cbulk (lat)
H2O were 

calculated from the grain-boundary and lattice parts of –OH ab-
sorptions, respectively, using the calibration presented by Withers 
et al. (2012):

CH2O =
∫

M × A(ν)

k × ρ × τ
dν, (1)

where CH2O is the Cbulk (gb)
H2O or Cbulk (lat)

H2O in wt.ppm, A(ν) is the 
absorption coefficient at wavenumber ν , k is molar absorption co-
efficient [k = 45 200 L/(mol cm2)], M is the molecular weight of 
water (M = 18.02 g/mol), τ is the sample thickness, and ρ is the 
density of forsterite (ρ = 3.27 g/cm3). The integration was per-
formed between 3000 and 4000 cm−1. The total Cbulk

H2O is expressed 
as,

Cbulk
H2O = Cbulk (lat)

H2O + Cbulk (gb)
H2O

= (1 − f )C lat
H2O + f Cgb

H2O ≈ C lat
H2O + 3δ

d
Cgb

H2O, (2)

where f = 3δ/d is the volume fraction of the grain boundaries 
(Balluffi et al., 2005) and d is the grain size.

The water content on grain boundaries normalized by the area, 
δCgb

H2O, was obtained from Cbulk (gb)
H2O (Balluffi et al., 2005),

δCgb
H2O = d

3
Cbulk (gb)

H2O . (3)

The absolute value of δ was not used in the above calculation.
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Fig. 3. Examples of FT-IR spectra after baseline correction and thickness normaliza-
tion to 1 cm. (A) Samples with different Cbulk

H2O were obtained. The Cbulk
H2O did not 

largely change during diffusion. (B) Water distribution is homogeneous in the sam-
ple. Red arrow indicates the IR beam direction for the measurement. (C) Lattice 
and grain-boundary –OH absorptions. Bottom: a synthetic spectrum of a randomly 
oriented crystal, which was obtained by averaging polarized spectra of a single 
forsterite crystal from our previous study measured in the three vibrational ori-
entations (V720, 8 GPa, 1600 K, 27 hrs) (Fei et al., 2013). Top and middle: spectrum 
of a polycrystalline sample (H3667B). The grain-boundary –OH absorptions appear 
as a broad band (red dashed line) and are obtained by subtracting lattice –OH ab-
sorptions (estimated from the synthetic single crystal spectrum) from the total –OH 
absorptions. The absorptions at 3613, 3581, 3569, 3552, and 3473 cm−1 are –OH in 
the lattice related to either Si or Mg vacancies (Berry et al., 2005). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the 
web version of this article.)

Different parameters or calibration equations have been re-
ported to calculate water content from infrared spectra, e.g. (Bell 
et al., 2003; Withers et al., 2012). However, using different calibra-
tions only slightly changes the absolute values of δCgb

H2O, and does 
not change the ratio of δCgb

H2O values between high- and low-Cgb
H2O

samples, meaning that the Cgb
H2O exponent does not change. Be-

cause Bell’s calibration (Bell et al., 2003) was used in our previous 
D lat

Si measurement (Fei et al., 2013), in this study we recalculated 
the effect of water on D lat

Si using Withers’ calibration (Withers et 
al., 2012), and the main conclusion did not change.

Strictly speaking, the calibrations for lattice and grain-boundary 
–OH should be different. However, no calibration for the grain-
boundary –OH has been reported so far and therefore we use the 
calibration for the –OH concentration in the lattice to estimate the 
water (mostly of which is hydroxyl) within grain-boundaries by as-
suming the same incorporation mechanism and the same infrared 
absorption coefficient (k value in Eq. (1)) for –OH in the lattice and 
within grain-boundaries.

In addition, a partition coefficient of Cgb
H2O/C lat

H2O ≈ 520 has been 
found (Table 2) if using a value of δ = 1 nm for grain-boundary 
width (Hiraga et al., 2002). Therefore, for a given Cbulk

H2O and d, val-

ues of Cgb
H2O ≈ 520 × Cbulk

H2O/(1 + 3 × 520/d) and C lat
H2O ≈ Cbulk

H2O/(1 +
3 × 520/d) were used to calculate D lat

Si and Dgb
Si . Though Cgb

H2O is 
higher than the reported water solubility in olivine crystals, e.g. 
(Bali et al., 2008), this is reasonable because the vacancy concen-
trations of Si and Mg, which are the hydrogen acceptors, on grain 
boundaries are much higher than in grain interiors and the water 
solubility should therefore also be much higher.

2.6. SIMS analysis

Isotopic profiles after diffusion were determined using the 
CAMECA IMS-6f and IMS-1270 secondary ion mass spectrometer 
(SIMS) at Hokkaido University. An O− primary beam (40 nA, 13 kV) 
was focused on the sample surface with a diameter of 30–40 μm. 
The raster size for sputtering the crater is ∼100 × 100 μm2. Sec-
ondary ions of 28Si and 29Si from the central region with a diame-
ter of ∼40 μm, which contains thousands of grains, were detected. 
The crater depths were determined using the 3D confocal micro-
scope at the University of Bayreuth (Fei et al., 2012, 2013). The 
uncertainty of the measured crater depth is within 50 nm (Fig. 4A), 
which is less than 8% of the diffusion profile length and therefore 
has negligible effect on determining the diffusion coefficients.

Examples of SIMS diffusion profiles are shown in Figs. 4B and 
4C. The kinetics regime of diffusion in polycrystalline are charac-
terized as type-C, type-B, and type-A regimes, depends upon the 
annealing duration (t), the grain size, the grain-boundary width, 
and the magnitude of Dgb

Si and D lat
Si (Harrison, 1961). In type-C, the 

run duration is short, the lattice diffusion is negligible, and thus 
the diffusion profile is only contributed by grain-boundary diffu-
sion ((D lat

Si t)1/2 < δ). Type-B regime has intermediate duration. The 
diffusion profile is contributed by both lattice and grain-boundary 
diffusion, but there is overlap of tracer concentration contours 
(δ < (D lat

Si t)1/2 < d/2). In type-A, the duration is long and there 
is overlap of trace concentration contours in the diffusion profile 
((D lat

Si t)1/2 > d/2). In this study, the profiles obtained were in the 
type-B regime in which both lattice and grain-boundary diffusion 
contribute to the profiles. The two dimension effective diffusion 
coefficient within a thin layer (the thickness of grain boundary), 
δDgb

Si , were obtained by fitting the grain-boundary regions of pro-
files (Fig. 4B, 4C) to the equation (Le Claire, 1963),

δDgb
Si = 0.66

(
−∂ ln(cx − c0)

6/5

)−5/3(4D lat
Si

)1/2

, (4)

∂x t
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Table 2
Experimental conditions and results of δDgb

Si . The run No. distinguished by #1, #2, and #3 indicates different profiles obtained from the same sample.

Sample. 
No.

Diffusion experiments Defect equilibrium experiments

P
(GPa)

T
(K)

t
(h)

d
(μm)

δDgb
Si

(m3/s)
Cbulk

H2O
(wt.ppm)

C lat
H2O

(wt.ppm)
δCgb

H2O
(μm wt.ppm)

P
(GPa)

T
(K)

Cbulk
H2O

(wt.ppm)

S5752B 8 1200 30 0.6 3.1(+0.7/−0.5) × 10−28 20 13 1.4 8 1200 24
V758#1 8 1200 2 0.6 9.1(+0.3/−0.3) × 10−28 198 61 27.4 8 1200 226
V758#2 8 1200 2 0.6 4.6(+0.3/−0.2) × 10−28 198 61 27.4 8 1200 226
V758#3 8 1200 2 0.6 4.9(+0.5/−0.4) × 10−28 198 61 27.4 8 1200 226
V797B 8 1200 30 0.6 2.2(+0.5/−0.3) × 10−28 92 48 8.8 8 1200 82
V797T 8 1200 30 0.6 4.0(+0.6/−0.5) × 10−28 106 34 14.4 8 1200 97
H3670#1 8 1200 3 0.6 6.2(+0.3/−0.3) × 10−28 98 26 14.4 8 1200 95
H3670#2 8 1200 3 0.6 2.1(+0.3/−0.2) × 10−28 98 26 14.4 8 1200 95
S5752T 8 1200 30 2 2.9(+1.2/−0.7) × 10−28 25 8 11.3 8 1200 41
V760#1 8 1300 0.5 0.6 7.9(+0.3/−0.3) × 10−27 350 134 43.2 8 1300 310
V760#2 8 1300 0.5 0.6 3.8(+0.2/−0.2) × 10−27 350 134 43.2 8 1300 310
H3734 8 1300 10 0.6 2.3(+0.6/−0.4) × 10−27 32 15 3.4 8 1300 29
H3741B 8 1300 6 0.6 1.9(+0.4/−0.3) × 10−27 50 26 4.8 8 1300 36
H3667B#1 8 1300 2 0.6 3.4(+0.6/−0.5) × 10−27 130 43 17.4 8 1300 118
H3667B#2 8 1300 2 0.6 2.4(+1.0/−0.6) × 10−27 130 43 17.4 8 1300 118
V757#1 8 1300 0.5 0.6 4.4(+0.9/−0.7) × 10−27 170 45 25 8 1300 140
V757#2 8 1300 0.5 0.6 3.9(+0.3/−0.3) × 10−27 170 45 25 8 1300 140
H3741T 8 1300 6 2 4.0(+0.1/−0.1) × 10−27 22 6 10.7 8 1300 5
H3667T#1 8 1300 2 2 3.8(+0.1/−0.1) × 10−27 124 44 53.3 8 1300 157
H3667T#2 8 1300 2 2 3.6(+0.7/−0.5) × 10−27 124 44 53.3 8 1300 157
H3747M 8 1400 5 0.6 1.6(+0.1/−0.1) × 10−26 54 40 2.8 8 1400 64
H3746 8 1500 5 0.6 3.5(+0.2/−0.1) × 10−26 12 5 1.4 8 1500 <1
H3715B 8 1600 7 0.6 2.6(+0.1/−0.1) × 10−25 17 8 1.8 8 1600 12
H3715T 8 1600 7 2 1.7(+0.2/−0.1) × 10−25 17 13 2.7 8 1600 14
H3735T 8 1600 4 2 3.0(+0.2/−0.2) × 10−25 50 31 12.7 8 1600 20

5k2590B 8 1600 5 0.6 4.2(+0.4/−0.3) × 10−25 Cbulk
H2O < 1 wt.ppm 8 1600 <1 wt.ppm

5k2590T 8 1600 5 0.6 6.2(+0.3/−0.3) × 10−25 8 1600
H3735B 8 1600 4 0.6 7.8(+0.2/−0.1) × 10−26 8 1600
H3736B 8 1500 5 0.6 7.7(+0.1/−0.1) × 10−27 8 1500
H3736T 8 1500 5 0.6 1.2(+0.1/−0.1) × 10−26 8 1500
5k2600B 8 1200 27 0.6 3.3(+0.4/−0.3) × 10−28 8 1200
5k2598B 8 1300 23.5 0.6 1.3(+0.2/−0.1) × 10−27 8 1300
5k2598T 8 1300 23.5 0.6 2.2(+0.4/−0.3) × 10−27 8 1300
5k2589 4 1300 9 0.6 4.2(+0.9/−0.6) × 10−26 4 1300
5k2601B 13 1300 8 0.6 3.1(+6.8/−1.5) × 10−28 13 1300
5k2601T 13 1300 8 0.6 5.7(+2.7/−1.5) × 10−28 13 1300
GM12T 1 × 10−4 1200 25 0.6 2.9(+0.5/−0.4) × 10−27 1 × 10−4 1200
GM00 1 × 10−4 1300 17 0.6 7.2(+0.9/−0.7) × 10−26 1 × 10−4 1300
GM13 1 × 10−4 1300 15 0.6 9.7(+2.1/−1.6) × 10−26 1 × 10−4 1300
GM15 1 × 10−4 1500 4 0.6 4.6(+0.2/−0.1) × 10−25 1 × 10−4 1500
GM16B 1 × 10−4 1600 6 0.6 7.1(+1.8/−1.0) × 10−24 1 × 10−4 1600
GM16T 1 × 10−4 1600 6 0.6 8.8(+1.2/−0.9) × 10−24 1 × 10−4 1600
where x is the distance from the surface, cx is the observed abun-
dance of 29Si by SIMS at x, and c0 is the initial abundance of 29Si 
in the substrates.

Lattice diffusion regions were fitted to the error function de-
scribed by Fei et al. (2012). However, as δDgb

Si /d >> D lat
Si , the tem-

perature conditions for determining δDgb
Si are usually much lower 

than that for D lat
Si . The lattice diffusion length in this study is thus 

only a few to tens of nanometers (Fei et al., 2012, 2013). How-
ever, a sample with a rough surface could have a nominal diffu-
sion length as long as ∼50–100 nm even without annealing (Fei 
et al., 2012). The apparent “lattice-diffusion” regions of polycrys-
talline samples are nearly the same as those that were measured 
in a single crystal after a 0-time diffusion experiment in our pre-
vious study (Fei et al., 2012) in which the sample was heated 
up to 1600 K and then quenched immediately. Thus, the “lattice-
diffusion” regions in this study mostly consist of SIMS convolution, 
especially for low temperature experiments (Fig. 4C). Thus, even 
though the D lat

Si could have been determined in this study, the as-

sociated uncertainty would have been great. Therefore, D lat
Si values 

from our previous studies (Fei et al., 2012, 2013), which were mea-
sured using the same techniques but at higher temperatures and 
for longer durations were used in Eq. (4).
2.7. Examination of the validity of δDgb
Si results

Because of the slow Si diffusion rate, diffusion profiles are usu-
ally only a few microns in length. A series of error sources (e.g., 
edge effects from the SIMS crater, and SIMS convolution includ-
ing rough surface problems) can lead to artificial results. We thus 
examined the validity of our results in the following ways:

(1) Time and grain size dependency
The values of δDgb

Si should be independent of annealing dura-
tion and grain size. We therefore performed time-series experi-
ments, in which the samples were annealed under the same pres-
sure, temperature, and water conditions but for different durations. 
The δDgb

Si obtained for these samples turned out to be constant 
(sample V797 and H3670 in Table 2). Samples with different grain 
sizes also showed similar δDgb

Si results (Table 2).

(2) Comparison with Mg, O and single crystal Si diffusion profiles
A type-B grain-boundary diffusion profile has two segments: 

lattice diffusion in the shallow part and grain-boundary diffusion 
in the deeper part (long tail). It should differ from profiles mea-
sured for single crystals where only lattice diffusion occurs. As 
shown in Fig. 4B, the abundance of 29Si in a single crystal dif-
fusion profile rapidly decreases without the appearance of a long 
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Fig. 4. Examples of SIMS crater and diffusion profiles. (A) SIMS crater (H3715B). 
(B) Si profile (sample GM16B). (C) Comparison of Si, Mg, and O profiles obtained in 
polycrystalline (H3667B#1) in the same SIMS crater and Si profile in a single crystal. 
The single crystal profile is taken from our previous studies (Fei et al., 2013).

tail, whereas polycrystalline sample profiles clearly show two seg-
ments.

To determine whether the long tail on the profile was caused 
by grain-boundary diffusion or an edge effect from the SIMS crater, 
we also measured the Mg and O profile, because 25Mg and 18O are 
also enriched in the thin films. If the profile were an artifact due 
to an edge effect, Mg, O, and Si profiles should have similar shape. 
However, it is clear that the Mg and O profiles have much more flat 
slopes, namely, faster diffusion rates, than the Si profile (Fig. 4B), 
which is reasonable from previous studies (Costa and Chakraborty, 
2008).
Fig. 5. Silicon grain-boundary and lattice diffusion coefficients in forsterite. (A) δDgb
Si

and D lat
Si against temperature. (B) δDgb

Si and D lat
Si against pressure. (C) δDgb

Si and D lat
Si

against water content. The dry condition data (Cbulk
H2O < 1 wt.ppm) are plotted at 

δCgb
H2O = 1 wt.ppm μm with smaller symbols. The D lat

Si data were taken from Fei et 
al. (2012). The data points are scattered by less than one order of magnitude, which 
is probably caused by the temperature uncertainty in multi-anvil experiments and 
convolution in SIMS measurements.

3. Results and discussion

3.1. Temperature, pressure, and water content dependence of Dgb
Si

The measured δDgb
Si against temperature, pressure, and water 

content are plotted in Fig. 5. By fitting dry condition results (bulk 
water content (Cbulk

H2O ) <1 wt.ppm, below the detection limitation 
of infrared spectroscopy) in Fig. 5(A, B) to the Arrhenius equa-
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tion:

δDgb
Si = Agb,dry

0 exp

(
−�Egb,dry + P�V gb

RT

)
(5)

the activation volume (�V gb), activation energy (�Egb,dry), and 
pre-exponent factor (Agb,dry

0 ) are found to be 4.0 ± 0.7 cm3/mol, 
220 ± 30 kJ/mol, and 10−16.3±1.2 m3/s, respectively (R is the ideal 
gas constant and δ is the grain-boundary width).

The wet condition data (Cbulk
H2O > 1 wt.ppm) plotted in Fig. 5C 

are fit to the equation:

δDgb
Si = Agb,wet

0

(
δCgb

H2O

)rgb

exp

(
−�Hgb,wet

RT

)
(6)

where δCgb
H2O is the water content per unit area of grain bound-

ary. The δCgb
H2O exponent (rgb), Agb,wet

0 , and activation enthalpy 
(�Hgb,wet) are found to be 0.26 ± 0.07, 10−16.1±0.4 m3/s, and 
270 ± 10 kJ/mol, respectively.

The δ in dry olivine is estimated to be 0.5–1.0 nm (Hiraga et al., 
2002). TEM images (Fig. 1) show that δ values under wet and dry 
conditions are the same even though the presence of protons on 
grain boundaries may affect the boundary width. Dgb

Si is therefore 
about 5–6 orders of magnitude higher than D lat

Si under the same 
P–T–CH2O conditions if using δ = 0.5–1.0 nm. Note that δDgb

Si and 
δCgb

H2O are used instead of Dgb
Si and Cgb

H2O in this study so that the 
absolute values of Dgb

Si and δ are not necessary for the discussion 
in this paper by considering the same δ between dry and wet con-
ditions.

3.2. Activation volume, activation energy, and water content exponent 
for Dgb

Si and D lat
Si

The activation volume for Dgb
Si is 4.0 ± 0.7 cm3/mol, which is 

higher than the value of �V lat = 1.7 ± 0.4 cm3/mol for lattice 
diffusion (Fei et al., 2012). The dislocation motion happens by 
emission and absorption of point defects into and out of the dis-
location lines and thus controlled by diffusion. From dislocation 
recovery experiments, the activation volume for dislocation mobil-
ity has an intermediate value, �V dis ≈ 2.0–2.6 cm3/mol (Wang, 
2014). The crystal distortion becomes progressively higher in the 
order of point defect, dislocation, and grain boundary. This is in-
terpreted as the reason for the progressively increasing activation 
volumes in the order of lattice diffusion, dislocation mobility, and 
grain-boundary diffusion, i.e., �V lat < �V dis < �V gb.

The �Egb value ascertained in this study, i.e., 220 ± 30 kJ/mol, 
is identical to that reported by Farver and Yund (2000) follow-
ing their Si diffusion experiments (200 ± 40 kJ/mol), but signifi-
cantly lower than the 300–480 kJ/mol derived from diffusion creep 
experiments (Faul and Jackson, 2007; Mei and Kohlstedt, 2000;
Tasaka et al., 2013). This might be because the experimentally ob-
tained creep rates were not properly decomposed to represent the 
respective contributions of Coble, Nabarro–Herring, and dislocation 
creep to overall dynamics.

The �Egb,wet calculated from the equation �Hgb,wet =
�Egb,wet + P�V gb is ∼240 kJ/mol, similar to �Egb,dry assuming 
that �V gb is the same for dry and wet conditions. Therefore, wa-
ter does not change the activation energy for Si grain-boundary 
diffusion, �Egb. This is also true for D lat

Si which shows almost the 
same activation energies under dry and wet conditions (Fei et al., 
2012, 2013).

Fei et al. (2013) reported that water had a very small effect on 
D lat

Si (rlat = 0.32 ± 0.07). We found that rgb (0.26 ± 0.07) is even 
lower than rlat. Si diffusion rate increases with CH2O owing to the 
related increase in concentration of Si vacancies, [V′′′′
Si ], when water 

is incorporated. As the defect concentrations on grain boundaries 
are already high (Sutton and Balluffi, 1995), the effect of an in-
crease in [V′′′′

Si ] on grain boundaries following an increase in CH2O
should be smaller than that on grain interiors. This is thought to 
be the reason why the measured rgb is smaller than rlat . Thus, Dgb

Si
has a particularly low CH2O dependence. As the activation volume 
of dislocation mobility falls between those of lattice and grain-
boundary diffusion, the water content dependence of dislocation 
mobility is also expected to be small.

3.3. Diffusion and dislocation creep rates in forsterite inferred from Dgb
Si

and D lat
Si

In the view of mineral physics, it is supposed that the dislo-
cation creep and diffusion creep (both Coble creep and Nabarro–
Herring creep) are controlled by lattice and grain-boundary dif-
fusion. Simplified models have been proposed for estimating the 
dislocation and diffusion creep rates from Dgb

Si and D lat
Si at given P , 

T , Cbulk
H2O , stress (σ ), and grain size (d) conditions as follows (Frost 

and Ashby, 1982; Weertman, 1999), by assuming that the creep 
rate is simply controlled by Si self-diffusion, though other factors 
[e.g. Mg vacancy concentration, Jaoul, 1990] might also affect the 
creep rates,

ε̇(Coble) = Aσπ
δDgb

Si

d3

Vm

RT
, (7)

ε̇(Nabarro–Herring) = Aσ
D lat

Si

d2

Vm

RT
(8)

ε̇(dislocation) = 2π
G V m

RT

(
σ

G

)3 D lat
Si

b2

1

ln(G/σ )

lg
lc

, (9)

where A is a constant (A = 13.3), G is the shear modulus (G =
52 GPa), V m is the molar volume (V m = 43.8 cm3/mol), b is 
the Burgers vector (b = 0.485 and 0.6 nm for [100](010) and 
[001](010) slip systems, respectively), and lg/lc is the ratio of dislo-
cation glide to dislocation climb. lg/lc is an important parameter to 
describe the dislocation creep in the Weertman model which was 
thought to be 1 for dry olivine and 200 for wet olivine (Kohlstedt, 
2006). However, the latter was estimated from deformation exper-
iments in water-saturated aggregates for which creep rates might 
well be overestimated (Fei et al., 2013). lg/lc is thus should less 
than 200 for wet conditions.

Based on the assumption that creep rate is simply controlled by 
Si diffusion as described in Weertman model and Frost and Ashby 
model in Eqs. (6)–(8), from the experimental results, we have 
(a) �V gb >> �V lat, therefore, Coble creep dominates at lower 
pressure than Nabarro–Herring and dislocation creeps; In addi-
tion, both �V gb and �V lat are small. Although some deformation 
experiments reported high activation volumes (14–27 cm3/mol) 
for dislocation creep [summarized in Hirth and Kohlstedt, 2003] 
those experiments were performed with pressure range limited 
at 10−4–2 GPa, which is extremely small in comparison with the 
stability field of olivine (up to 14 GPa) and may difficult to ob-
tain precise activation volume. (b) �Egb << �E lat, namely, Coble 
creep dominates at lower temperature than dislocation creep and 
Nabarro–Herring creep; (c) small values of rgb and rlat, which 
means the effect of water on both diffusion and dislocation creeps 
are small.

3.4. Deformation mechanism in the upper mantle inferred from Dgb
Si

and D lat
Si in forsterite

The velocity of plate motion is generally several centimeters 
per year. Using a value of ∼5 cm/yr (the average speed of the 
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Fig. 6. Coble, Nabarro–Herring, and dislocation creep rates in the upper mantle calculated from Dgb
Si and D lat

Si in forsterite with σ = 0.2 MPa (solid lines, assume lg/lc = 1) 
or 0.03 MPa (dashed lines, assume lg/lc = 200), d = 3 mm, and Cbulk

H2O = 100 wt.ppm. (A) Oceanic mantle. (B) Continental mantle. The oceanic and continental geotherms are 
taken from the Ref. (Turcotte and Schubert, 2002). The drop in dislocation creep rate at ∼250 km depth is caused by the change in Burgers vector due to the slip system 
transition at this depth (Mainprice et al., 2005; Ohuchi et al., 2011; Raterron et al., 2009; Raterron et al., 2011). The thin black lines represent dislocation creep rates derived 
from single crystal deformation experiments (Raterron et al., 2011).

Fig. 7. Creep mechanisms in the upper mantle inferred from D lat
Si and Dgb

Si . “Diffusion” and “dislocation” indicate regions where diffusion and dislocation creep dominate.
Pacific Plate), and the P –T dependences of Dgb
Si and D lat

Si , the 
stress and strain rates in the asthenosphere are estimated to be 
∼0.2 MPa (when lg/lc = 1) or ∼0.03 MPa (when lg/lc = 200), and 
10−14–10−15 s−1, respectively, by assuming d = 3 mm [1–5 mm in 
the upper mantle, Faul and Jackson, 2005] and Cbulk

H2O = 100 wt.ppm

[typically Cbulk
H2O < 100 wt.ppm in mantle olivine xenoliths and 

∼100 wt.ppm in the depleted mantle, Bell and Rossman, 1992;
Workman and Hart, 2005]. We calculated the creep rates in the 
upper mantle using forsterite Si diffusion coefficients proposed by 
the Weertman (1999) and Frost and Ashby (1982) models. Our cal-
culation shows that dislocation creep is more than three orders of 
magnitude faster than Coble creep and one order of magnitude 
faster than Nabarro–Herring creep in both the continental and the 
oceanic asthenosphere (Fig. 6). Thus, dislocation creep would dom-
inate throughout the asthenosphere (Fig. 7). One may think that 
the power law (nonlinear relationship between stress and creep 
rate) in the Weertman model (Weertman, 1999) could break down 
when applied to extremely low stress mantle conditions as is the 
case for MgO in the lower mantle (Cordier et al., 2012). However, 
a power-law upper-mantle rheology fits well with the postglacial 
rebound modeling (Wu, 2001). Furthermore, the transition in the 
slip system from [100](010) to [001](010) at a depth of ∼250 km 
(Raterron et al., 2009, 2011) might also break down the validity of 
the Weertman model for the lower asthenosphere as the [001] slip 
might not be controlled by dislocation climb (Raterron et al., 2009), 
which is the fundamental assumption of the Weertman model. We 
thus plotted the dislocation creep rates from single crystal defor-
mation experiment results obtained at high pressures (Raterron et 
al., 2011), which were relatively consistent with those calculated 
from Si diffusion simulations using the Weertman model.
Pressure and temperature are much lower in the lithosphere 
than in the asthenosphere. As a result, diffusion creep dominated 
by Coble creep which has a lower activation enthalpy and a higher 
activation volume than dislocation creep, will account for most 
of the total creep rate. By assuming similar σ , d, and Cbulk

H2O val-
ues as those encountered in the asthenosphere, the creep rates 
calculated from D lat

Si and Dgb
Si based on oceanic and continental 

geotherms (Turcotte and Schubert, 2002) purport a shallow and 
cold lithosphere dominated by diffusion creep (Fig. 6, Fig. 7). There 
is a mechanism transition from diffusion creep in the shallow 
lithosphere to dislocation creep in deeper regions at a depth of 
100–150 km beneath continents and at 50–80 km beneath oceans 
(Fig. 6, Fig. 7). This mechanism transition explains the seismic 
anisotropy jumps observed at the mid-lithosphere discontinuity in 
the continental mantle and at the Gutenberg discontinuity near 
the oceanic lithosphere–asthenosphere boundary (Fig. 7) (Ekstrom 
and Dziewonski, 1998; Gung et al., 2003; Nishimura and Forsyth, 
1989). Though the observed seismic anisotropy in the astheno-
sphere decreases at a depth >250 km (Nishimura and Forsyth, 
1989), this can be explained by the dislocation creep of olivine 
dominated by [001] slip at high pressures (>8 GPa), which pro-
duces lower seismic anisotropy than [100] slip encountered at 
lower pressures (Mainprice et al., 2005; Ohuchi et al., 2011). Con-
versely, the seismic anisotropy observed in the shallow lithosphere 
could be explained by a recent study, which maintains that lattice-
preferred orientation could also develop during diffusion creep in 
olivine (Miyazaki et al., 2013). A further recent study on seismic 
anisotropic tomography suggests that the origin of the Guten-
berg discontinuity is related to geophysical changes in the mantle 
rather than to purely thermal mechanisms (Beghein et al., 2014). 
Our creep mechanism transition model supports this idea. How-
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ever, further investigation is required to appropriately constrain 
this model as the stress and grain size in the lithosphere, which 
are essential factors affecting rheology, are currently poorly under-
stood.
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