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bstract

The effects of water and iron content on the relative creep strengths of garnet and olivine were investigated by shear deformation experiments.
arnet and olivine samples were sandwiched together between alumina pistons in a simple shear geometry and were deformed at P = 1–2 GPa,
= 1473 K and strain rates ranging from 10−5 to 10−3 s−1 using a Griggs-type solid-medium apparatus. The stress- and strain-rate relation, as
ell as the deformation microstructures including lattice-preferred orientation and dynamic recrystallization, indicates that the deformation by
islocation creep. The creep tests show that the Fe-rich garnet (Alm67Prp29Grs3) was slightly weaker than olivine (Fo90), whereas the Mg-rich
arnet (Alm19Prp68Grs12) was significantly stronger than olivine under dry conditions. The wet experiments show that the creep rate of the Mg-rich
arnet is more sensitive to water than olivine; the water fugacity exponent on strain rate was estimated to be ∼2.4 for garnet and ∼1.2 for olivine,

nd the Mg-rich garnet becomes weaker than olivine in a water-rich environment. The experimental results show that the rheological contrast
etween garnet and olivine depends strongly on water content and to a lesser degree on Fe content. Consequently, the geodynamic behavior of
eochemical reservoirs can be sensitive to their chemical environments in the upper mantle.

2007 Elsevier B.V. All rights reserved.
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. Introduction

One of the most important on-going process of geochemical
volution in the Earth is partial melting at mid-ocean ridges.
his partial melting creates relatively enriched basaltic crust
nd residual “depleted” peridotite. The geodynamic behavior
f such geochemically distinct reservoirs is mainly controlled
y their density and rheological contrast with the surround-
ng mantle rocks (Ringwood and Irifune, 1988; Manga, 1996;
arato, 1997). Garnet and olivine are two minerals that are

epresentative of the two most important geochemical reser-
oirs of the Earth’s upper mantle (Irifune and Ringwood, 1987).
arnet is the major mineral in the silica-rich, less depleted com-

onent (e.g., subducted oceanic crust), whereas olivine is the
ajor mineral in the depleted component. Consequently, the

ontrast in physical properties between garnet and olivine have
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ystems Science, Hiroshima University, Hiroshima 739-8526, Japan. Tel.: +81
24 24 7468; fax: +81 824 24 0735.

E-mail address: katayama@hiroshima-u.ac.jp (I. Katayama).

h
t
c
o
g
a
n
m

031-9201/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.pepi.2007.10.004
per mantle

n important influence on the geodynamic behavior of geo-
hemical reservoirs in the upper mantle. Although the density
ontrasts between these two components have been system-
tically investigated (e.g., Ringwood and Irifune, 1988), little
s known about the rheological contrast, particularly the rhe-
logical behavior of garnet. Previous study by Karato et al.
1995) focused on the systematics between the melting tem-
erature and the creep strength of silicate garnets as well as
nalogue materials. Although the study of the broad systemat-
cs provided a first clue to estimate the rheological properties of
arnet in the Earth’s mantle, the potentially important roles of
ater and of iron content have not been investigated. Since the
ariation of both water content and iron content in garnet can
ave large effects on the rheological properties, it is essential
o investigate the influence of these factors. We have therefore
onducted an experimental study to investigate the influence
f water and iron content on the rheological contrast between

arnet and olivine. Our experimental results provide a clue to
ssess the effects of the chemical environment on the geody-
amic behavior of geochemically distinct reservoirs in the upper
antle.

mailto:katayama@hiroshima-u.ac.jp
dx.doi.org/10.1016/j.pepi.2007.10.004
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Table 1
Chemical composition of garnet

Fe-rich Mg-rich

wt% oxides
SiO2 38.3 41.8
TiO2 0.0 1.3
Al2O3 21.1 20.5
FeOa 30.7 10.0
MnO 0.6 0.3
MgO 7.5 19.5
CaO 0.9 4.8
Na2O 0.0 0.1
K2O 0.0 0.0

Total 99.1 98.3

Cations per 12 oxygen
Si 3.02 3.05
Ti 0.00 0.07
Al 1.96 1.76
Fe 2.03 0.61
Mn 0.04 0.02
Mg 0.88 2.12
Ca 0.07 0.37
Na 0.00 0.01
K 0.00 0.00

Xprp 0.29 0.68
Xalm 0.67 0.19
Xgrs 0.03 0.12
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Fig. 1. Secondary electron images of the hot-pressed starting materials (a)
olivine and (b) garnet.
Xsps 0.01 0.01

a Total Fe calculated as FeO.

. Experimental procedure

.1. Starting materials

The starting materials were prepared from a sample of San
arlos olivine (Fo90) and two natural garnets of different chem-

cal compositions. One garnet was Fe-rich (Alm67Prp29Grs3)
nd the other Mg-rich (Alm19Prp68Grs12), and the chemical
ompositions are shown in Table 1. Inclusion-free crystals of
livine and garnets were carefully selected and crushed using
n agate mortar. The dried fine-grained powders were placed
nto a Ni capsule and were annealed at P = 1.0–1.5 GPa and
= 1573 K for ∼5 h. The hot-pressed samples show equilib-

ium grain-boundaries and average grain sizes are 15–20 �m that
as measured by the intercept method (Fig. 1). We measured

he crystal orientation of the hot-pressed samples using electron
ack-scattered diffraction (EBSD). The samples show nearly
andom orientation and the distribution of misorientation angles
ollows the theoretical curve of a random distribution (Fig. 2).

ater contents of the hot-pressed samples are <∼200 ppm H/Si
or olivine and <∼500 ppm H/Si for garnets (detailed discussion
o follow).

.2. Deformation experiments
Shear deformation experiments were conducted using
Griggs-type solid-medium apparatus at P = 1–2 GPa,

= 1473 K, and strain rates ranging from ∼10−5 to ∼10−3 s−1

Fig. 2. Misorientation angle distributions of the starting material (a) olivine
and (b) garnet, which follow the theoretical curve (thick line) for a random
orientation.
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Table 2
Experimental conditions and results

Sample Phase Composition Pressure
(GPa)

Temperature (K) Compressional
strain (%)

Shear strain (�)a Strain rate (s−1) Dislocation density
(×1012 m−2)b

Stress (MPa)c Water content
(H/106Si)d

GA-069 Garnet Alm-rich dry 1.0 1473 12 1.0 (±0.1) 1.2 (±0.1) × 10−4 520 (±240)
Olivine Fo90 1.0 1473 16 0.6 (±0.02) 7.7 (±0.3) × 10−5 3.42 (±0.60) 290 (±40) 180 (±50)

GA-079 Garnet Alm-rich dry 1.0 1473 8 1.4 (±0.1) 7.9 (±0.3) × 10−4 n.a.
Olivine Fo90 1.0 1473 10 1.3 (±0.1) 7.6 (±0.3) × 10−4 6.89 (±1.18) 490 (±70) <130

GA-095 Garnet Alm-rich dry 1.0 1473 20 1.1 (±0.1) 5.0 (±0.5) × 10−5 230 (±90)
Olivine Fo90 1.0 1473 12 0.9 (±0.1) 4.2 (±0.5) × 10−5 2.85 (±0.60) 240 (±40) 210 (±30)

GA-108 Garnet Alm-rich dry 1.0 1473 14 2.4 (±0.1) 1.3 (±0.1) × 10−4 400 (±80)
Olivine Fo90 1.0 1473 13 1.5 (±0.2) 8.3 (±1.2) × 10−5 3.52 (±0.73) 310 (±50) <140

GA-100 Garnet Alm-rich dry 2.0 1473 15 2.0 (±0.2) 1.4 (±0.2) × 10−4 510 (±100)
Olivine Fo90 2.0 1473 26 1.7 (±0.4) 1.2 (±0.3) × 10−4 3.81 (±0.78) 350 (±60) 200 (±90)

GA-110 Garnet Alm-rich dry 2.0 1473 19 1.5 (±0.2) 7.3 (±1.0) × 10−5 450 (±90)
Olivine Fo90 2.0 1473 13 1.2 (±0.1) 5.8 (±0.4) × 10−5 3.31 (±0.57) 290 (±40) <140

GA-128 Garnet Alm-rich dry 2.0 1473 18 2.4 (±0.2) 4.2 (±0.5) × 10−4 <100
Olivine Fo90 2.0 1473 18 2.1 (±0.3) 3.9 (±0.4) × 10−4 7.36 (±0.82) 520 (±70) 170 (±30)

GA-103 Garnet Prp-rich dry 2.0 1473 9 0.4 (±0.1) 1.8 (±0.2) × 10−5 480 (±100)
Olivine Fo90 2.0 1473 16 2.2 (±0.2) 9.3 (±1.0) × 10−5 3.51 (±0.93) 320 (±60) 190 (±20)

GA-104 Garnet Prp-rich dry 2.0 1473 10 0.4 (±0.1) 4.2 (±0.4) × 10−5 560 (±80)
Olivine Fo90 2.0 1473 20 1.9 (±0.2) 1.9 (±0.3) × 10−4 4.73 (±0.96) 390 (±70) 210 (±20)

GA-106e Garnet Prp-rich wet 2.0 1473 18 1.0 (±0.2) 3.5 (±0.5) × 10−5 1250 (±300)
Olivine Fo90 wet 2.0 1473 23 1.5 (±0.2) 5.1 (±0.7) × 10−5 1.64 (±0.27) 200 (±30) 450 (±30)

GA-126e Garnet Prp-rich wet 2.0 1473 25 2.5 (±0.2) 1.8 (±0.2) × 10−4 3350 (±550)
Olivine Fo90 wet 2.0 1473 20 2.1 (±0.3) 1.6 (±0.1) × 10−4 1.66 (±0.24) 180 (±30) 1200 (±170)

a Shear strain was measured from the rotation of strain-marker. The uncertainty of the shear strain was estimated from the shape of the strain-marker.
b Average dislocation density was estimated from ∼20 olivine grains in each sample and the number in parenthesis is one standard deviation.
c Stress was calculated from the dislocation density, and this technique has ∼15% error on the stress estimate due to the calibration and heterogeneity of the dislocation density.
d Water content was analyzed by FTIR after each experiment and calculated based on Paterson (1982) calibration for olivine and Bell et al. (1995) calibration for garnet. The uncertainty comes from several

analyses of different area for each sample.
e Talc and brucite mixture was used as a pressure medium in these wet experiments. MgO pressure medium for other experiments.
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Fig. 4. (a) Back-scattered electron image of the deformed olivine sample after
oxidation. Dislocations are observed as bright dots or lines within the crystals.
The dislocation density is heterogeneous due to the crystallographic orientation
and the local stresses, and we therefore used an average dislocation density
(∼20 grains) to infer the stress magnitude. (b) Orientation contrast image of
the deformed garnet. Average grain size of the garnet is ∼6 �m in this sample,
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ig. 3. Experimental configuration of the two-layer shear deformation experi-
ents. The olivine and garnet samples were sandwiched together between the

lumina pistons, which are cut at 45◦ from the maximum compression direction.

Table 2). Thin slices of garnet and olivine samples (∼0.3 mm
hick each) were sandwiched together between alumina pistons
n a simple shear geometry (Fig. 3). Pressure was first raised
o the desired value, and then temperature was increased at

rate of ∼30 K/min. Temperature was monitored by two
t/Rh thermocouples placed close to the upper and lower parts
f the sample (Fig. 3). The temperature variation between
he two thermocouples was usually less than 20 K. After the
emperature stabilized, a piston was advanced at a constant rate.
ecause of the large uncertainties in the stress measurements

nvolved in a solid-medium apparatus (e.g., Green and Borch,
989), we use the dislocation density of olivine as an indicator
f the differential stress. The dislocation density piezometer
as calibrated using a gas-medium apparatus (and hence the

tress was well constrained), as it is known to be insensitive to
ater content (Karato and Jung, 2003). The dislocation density

s measured in each sample after oxidation at 1173 K for 1 h.
he oxidized dislocations are observed by the back-scattered
lectron (BSE) imaging (for details, see Karato, 1987). We
easured the total length of dislocations per unit volume from

he BSE images by calculating the effective thickness from
hich the back-scattered electrons are generated (for details

ee Karato and Lee, 1999). The dislocation density in our
olycrystal aggregates is heterogeneous due to the various
rystallographic orientations and the local stresses caused by
rain interactions (Fig. 4). Therefore, we measured the dislo-
ation density of ∼20 grains for each sample and a statistical
verage of dislocation density was used to infer the stress

agnitude. The variation of the dislocation density is shown

n Fig. 5. The scatter in the dislocation density measurements
s ∼15–20%, which will be translated into the uncertainty in
he stress estimate of ∼10–15% since the dislocation density

l
o
a
b

hich is significantly smaller than the starting material (∼15 �m). The grain size
eduction during the deformation is an evidence of deformation by dislocation
reep. Sinistral shear in both samples.

s proportional to the power of stress (Karato and Jung, 2003).
he stress level for the olivine and garnet layers should be

dentical in this experimental geometry. Shear strain was
easured by the rotation of a platinum strain-marker, which
as initially placed perpendicularly to the shear direction

Fig. 3). We also measured the compressional strain from
he sample thickness before and after each experiment, and
ncluded both the shear and compressional components of strain
n our analysis assuming the Levy-von Mises formulation of
on-linear rheology (e.g., Karato, 2008; Chapter 3). However,
he compressional effect is relatively small compared to the
hear components in our experiments since the compressional
train was much smaller than the shear strain in our large strain
xperiments (Table 2). At the interface between the garnet and
livine layers, the chemical compositions of the samples were
lightly modified during the experiments, but these regions were

imited to a narrow range (<10 �m). A thin layer of NiO was
bserved at the interface between the Ni jacket and the samples
fter each experiment, suggesting that oxygen fugacity was
uffered by the Ni/NiO reaction. An MgO pressure medium
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Fig. 6. Infrared spectra of olivine and garnet after experiments. (a) Olivines
show sharp hydroxyl bands at 3360, 3530 and 3570 cm−1, which is related to
the structurally incorporated hydroxyl. (b) Garnets show a broad band ranging
3
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as used for the dry experiments, and a mixture of talc and
rucite was used as a water source for the wet experiments.
n the latter case, water was supplied to the samples by
he breakdown of hydrous minerals at high temperatures.
or the wet experiments, the samples were kept for a few
ours at the desired temperature (1473 K) before advancing
he piston in order to allow hydrogen to diffuse into the
ample.

.3. Water content analysis

The water concentration in the samples was measured by
ourier-transform infrared (FTIR) spectroscopy using a mercury
admium telluride (MCT) detector with 4 cm−1 resolution. The
ater content was calculated using the calibrations of Paterson

1982) for olivine and Bell et al. (1995) for garnet. The IR spec-
rum is taken from a polycrystalline specimen that contains the
bsorptions due to the OH-related species in the lattice as well
s the grain-boundaries (Karato et al., 1986; Mei and Kohlstedt,
000a). The IR spectra of olivine show several sharp peaks
t 3360, 3530 and 3570 cm−1, and a broad peak centered at
3400 cm−1. The broad absorption band is likely to be domi-

ated by grain-boundary water or fluid inclusions, and we have
herefore subtracted this broad absorption band to calculate the
ntrinsic water content in the olivine (Fig. 6). The water content
n the olivine is then translated into the water fugacity using
he results of water solubility experiments of Kohlstedt et al.
1996) and Zhao et al. (2004). The robustness of this method
as been tested in two ways. Firstly, we compared the water
ontent in the olivine after this correction procedure was applied
ith the water content expected from the solubility experiments,

nd this showed an agreement that was better than ∼20%. Sec-
ndly, we determined the relationship between water fugacity
nd strain rate for the olivine, which shows a good agreement
ith the previous experiments. The IR spectra of garnet show

broad peak with a small shoulder at ∼3580 cm−1 (Fig. 6).
lthough the 3580 cm−1 peak is likely to correspond the struc-

urally incorporated hydrogen that is due to the hydro-grossular
ubstitution (Ackermann et al., 1983), the water content in the

ig. 5. A histogram of the dislocation density in the olivine (GA69). The disloca-
ion density of each grain was measured from the back-scattered electron images
f individual grains after oxidation and the histogram shows the measurement
f 32 grains.
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300–3600 cm−1 with a sharp peak near 3580 cm−1. The broad band is likely
ue to grain-boundary water or fluid inclusions, but the sharp band is related to
he hydroxyl component due to the hydro-grossular substitution.

arnet has a large uncertainty because of the difficulty in defining
he contribution from grain-boundary water.

. Experimental results

The total strain rate is imposed by a given velocity of advance-
ent of a piston, but the strain in each layer is determined only

fter each experiment (Fig. 7). The uncertainty in the strain
ate is estimated from the shape of strain-marker, which is usu-
lly 10–20% (Table 2). Previous experiments in our laboratory
howed that the steady-state deformation of olivine is achieved
t a strain of ∼0.2 (Zhang et al., 2000), and a strain of ∼0.1 or
ess for garnet (Karato et al., 1995). The strain magnitude in the
resent study is typically ∼1.0. We therefore consider the rela-
ion of stress versus strain rate estimated in this way corresponds

pproximately to steady-state deformation. The stress value was
stimated from the dislocation density, which corresponds to the
tress at the latest stage of deformation. Since the stress should
e identical between the two layers, the contrast in strain pro-
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Fig. 7. Back-scattered electron images of the deformed samples. The top and
bottom arrows indicate a sense of shear. The platinum strain-marker (bright line
in samples) was originally perpendicular to the sample plane, and the strain was
estimated from the rotation of the strain-marker in each sample, indicated by
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Fig. 8. Stress- and strain-rate curve of the garnets deformed at P = 1–2 GPa,
T = 1473 K under dry conditions. The power-law relation between stress and
strain rate gives a stress exponent n ∼ 3.4, suggesting deformation in the dis-
location creep regime. The Mg-rich garnet shows strain rates ∼4 times slower
than the Fe-rich garnet. The gray dashed line indicates the stress- and strain-rate
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he open arrows. (a) Olivine and Fe-rich garnet at a dry condition, (b) olivine
nd Mg-rich garnet at a dry condition, and (c) olivine and Mg-rich garnet at a
ater-rich condition.

ides a good estimate of the contrast in strain rate at exactly the
ame stress, temperature, pressure and water fugacity.

The most commonly used flow law to analyze rheological
ata is the power-law formula of:

˙ = Aσn exp

(
−E∗ + PV ∗

RT

)
(1)

here ε̇ is the strain rate, A is a constant, σ is the stress, n is
he stress exponent, E* and V* are the activation energy and
olume, R is the gas constant, and P and T are the pressure
nd temperature (e.g., Poirier, 1985, Chapter 3). This relation
ndicates that the strain rate is proportional to the power of the

pplied stress at the given temperature and pressure. The stress
xponent is known to be sensitive to the deformation mechanism,
uch as n ∼ 1 for diffusion creep and n ∼ 3–5 for dislocation
reep (e.g., Poirier, 1985, Chapter 3). The mechanical data in our

t
t
f
a

urve of the olivine at P = 2 GPa.

xperiments are plotted in Fig. 8 as functions of strain rate and
tress; the slope gives a stress exponent n ∼ 3.4 ± 0.7 for garnet
nd n ∼ 3.7 ± 0.8 for olivine. Thus, our mechanical data suggests
he deformation occurs by dislocation creep. The deformation

icrostructures, such as the dynamic recrystallization and the
evelopment of lattice-preferred orientation, also support the
rgument that dislocation creep is the dominant deformation
echanism for both olivine and garnet (Fig. 4). Therefore, the

trength contrast in our experiments corresponds to that of the
islocation creep regime.

The experimental results at dry conditions show greater strain
n the Fe-rich garnet than in the olivine (Fig. 7a). This indicates
hat a Fe-rich garnet is weaker than olivine at the given deforma-
ion conditions. The Fe-rich garnets deformed at P = 2 GPa show
lightly higher stresses than those deformed at P = 1 GPa. The
ressure effect seems weak under our limited experimental con-
itions although the estimate of the activation volume is subject
o a large uncertainty due to the narrow pressure range investi-
ated here. The Mg-rich garnets were unstable at P = 1 GPa, and
herefore we deformed them at only P = 2 GPa and compared
he results with the Fe-rich garnets at a same P–T condition.
he Mg-rich garnets show significantly smaller strain than the
livine sample (Fig. 7b), contrary to the results shown in the
e-rich garnet. This corresponds to strain rate ∼4 times slower

n the Mg-rich garnet than the Fe-rich garnet, suggesting that
he major element chemical composition influences the creep
trength of the garnet. The experimental results are compared
o a homologous temperature scaling law, in which the com-
ositional effect on creep rate is inferred from the change in
he melting temperature (Karato et al., 1995). The homologous
emperature normalization predicts a strain rate for the Mg-rich

actor is ∼3.4 times slower than for the Fe-rich garnet, which
grees with our experimental results.
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Fig. 9. Stress- and strain-rate relation of the Mg-rich garnet and olivine (Fo90)
under dry (f ∼ 7.2 × 102 MPa) and wet (f ∼ 4.5 × 103 MPa) condi-
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Fig. 10. Normalized strain rate as a function of water fugacity. The water fugac-
i
w
b

t
t
K
trolled by dislocation glide, since garnet has a large unit cell and
consequently a high Peierls stress (Karato et al., 1995). In this
model, the creep rate is proportional to the mobility and the den-
sity of kinks. Heggie and Jones (1986) showed that in quartz the

Table 3
Water fugacity exponent in garnet depending on various type of point defect and
jog type

Rate-limiting
species

Point defect Jog type

Positive Neutral Negative

Charge neutrality: [FeM
•] = [HM′]

Si VSi
′′′′ −3/4 −1 −5/4

Sii•••• 5/4 1 3/4
(3H)Si

′ 3/2 5/4 1
(4H)X

Si 9/4 2 7/4

O Vo
•• 3/4 1/2 1/4

Oi
′′ −1/4 −1/2 −3/4

Charge neutrality: [FeM
•] = [(3H)Si

′]
Si VSi

′′′′ −9/4 −3 −15/4
Sii•••• 15/4 3 9/4
(3H)Si

′ 3/2 3/4 0
(4H)X

Si 11/4 2 5/4

O Vo
•• 9/4 3/2 3/4

Oi
′′ −3/4 −3/2 −9/4

Charge neutrality:[SiAl
•] = [MgAl

′]
Si VSi

′′′′ 0 0 0
Sii•••• 0 0 0
(3H)Si

′ 3/2 3/2 3/2
X

H2O H2O

ions. The influence of water is different between garnet and olivine; the strain
ate increases by two orders of magnitude for the garnet but by an order of
agnitude for the olivine under water-rich conditions.

Water also has a large effect on the creep strength of garnet.
n a water-rich environment, the strains in the Mg-rich garnet
nd olivine are nearly identical (Fig. 7c), although in a dry envi-
onment the Mg-garnet shows significantly smaller strain than
he olivine (Fig. 7b). The presence of water enhances the strain
ates of both olivine and garnet, but the creep rate of garnet is
ore sensitive to the water content than olivine (Fig. 9). The

ffect of water on creep rate is usually analyzed by the power of
ater fugacity as follows,

˙ ∝ f r
H2O (2)

here fH2O is the water fugacity, and r is the water fugacity
xponent (Mei and Kohlstedt, 2000b; Karato and Jung, 2003).
e calculated the water fugacity from the water concentration in

livine, and by comparison to the results of the water solubility
xperiments of Kohlstedt et al. (1996) and Zhao et al. (2004).
he relationship between the normalized strain rate and the water

ugacity is shown in Fig. 10. The olivine shows a water fugacity
xponent of ∼1.2 (±0.2), which is in good agreement with the
revious studies for wet deformation experiments of olivine in
he dislocation creep regime (Mei and Kohlstedt, 2000b; Karato
nd Jung, 2003). On the other hand, the garnet has a larger water
ugacity exponent r ∼ 2.4 (±0.3). Due to the strong influence of
ater on the creep strength of garnet, garnet becomes weaker

han olivine at a higher water fugacity (water-rich environments).
The water fugacity exponent is related to the microscopic

echanisms of plastic deformation. At high-temperatures, the
lastic deformation of a solid may be controlled by the climb
otion of a dislocation. In such a case, the rate of deforma-

ion is proportional to the relevant diffusion coefficient and the
ensity of jogs (Poirier, 1985). A range of models that are con-

istent with the experimental observation of r ∼ 2.4 are shown
n Table 3. The experimental results on the water fugacity expo-
ent suggest that a concentration of (4H)XSi defect in garnet is
ikely to control the rate of deformation under hydrous condi- T
ty exponent (r) is ∼1.2 for olivine and ∼2.4 for garnet. Due to the different
ater fugacity exponent, garnet is stronger than olivine at water-poor conditions
ut will be weaker than olivine at water-rich conditions.

ions, whereas the positively charged interstitial silicon Sii•••• is
he rate-controlling defect in olivine (Mei and Kohlstedt, 2000b;
arato and Jung, 2003). Alternatively, the creep rate may be con-
(4H)Si 2 2 2

O Vo
•• 0 0 0

Oi
′′ 0 0 0

he Kröger–Vink notation of point defect is used.



6 arth

h
k
v
t

4

4

n
c
l
m
t
t
a
T

ε

w
i
c
p
l
a
T
F
o
s
e

F
e
h
f
t
s
a

s
t
e
a
e
t
w
∼
e
i
o
o
t
2
p
T
c
1
h
i
s
i
t
t

4

m

4 I. Katayama, S.-I. Karato / Physics of the E

ydrated kinks have much higher mobility than the anhydrated
inks. If this model is used for garnet, our experimental obser-
ations suggest that a hydrated kink in garnet is formed when
he Si-site is replaced with four protons.

. Discussion

.1. Comparison to other experiments

The results of our experiments on the creep strength of gar-
et are compared to the previous experiments in the dislocation
reep regime (Fig. 11). Karato et al. (1995) systematically ana-
yzed the creep strength of silicate garnet as well as analogue
aterials with garnet structure (Karato et al., 1995). They found

hat the rheological behaviors of garnet follow the homologous
emperature scaling law, in which the creep strength is char-
cterized by the shear modulus μ and the melting temperature
m,

˙ = B

(
σ

μ

)n

exp

(
−g

Tm

T

)
(3)

here B and g are constants (Karato et al., 1995). This scal-
ng law expresses the effects of pressure, temperature and the
ompositional variations through the changes of melting tem-
erature and shear modulus. The data on the Alm-Prp garnet at
ow-pressures (Karato et al., 1995) is normalized to Tm/T = 1.14
nd the stress is normalized by the shear modulus in Fig. 11.
he results show that our experimental data on the anhydrous

e-rich garnet are in good agreement with their experiments
n the Alm-Prp garnet. In addition, the difference in the creep
trength between the Fe-rich and the Mg-rich garnets in our
xperiments is well explained by the homologous temperature

ig. 11. Comparison of the normalized creep strength of garnet with the previous
xperiments in the dislocation creep regime. The dry Fe-rich garnet (this study)
as similar creep strength of Alm-Prp garnet (Karato et al., 1995), but the results
rom pyrope garnet (Li et al., 2006) are significantly weaker than our data (see
ext for more detail). The creep test of eclogite by Jin et al. (2001) shows similar
trength to our Fe-rich garnet although the eclogite is mainly composed of garnet
nd omphacite.
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caling law through the difference in their melting tempera-
ure. In contrast, the results from high-pressure deformation
xperiments of pyrope using a D-DIA (P = 4.3–6.8 GPa; Li et
l., 2006) show a significantly higher creep rate than in our
xperiments (Fig. 11). This discrepancy may be due to the rela-
ively high water content in their experiments, as they reported
ater contents of ∼35 ppm H2O by weight (corresponds to
600 ppm H/Si) in their deformed samples. The creep data for

clogite reported by Jin et al. (2001) seems similar to our exper-
ments (Fig. 11), however the eclogite is mainly composed of
mphacite and garnet and it can be weaker than the monophase
f garnet. Trace amounts of water were initially included in
he eclogite samples (100–200 ppm H2O by weight; Jin et al.,
001) and consequently the specimens may have been subject to
artial melting at their experimental conditions, P = 3 GPa and
= 1450–1600 K. Such conditions are well above the melting

urve of eclogite under hydrous conditions (Poli and Schmidt,
995). Water is preferentially partitioned into a melt phase and
ence the water-loss hardening might occur during these exper-
ments. Small amounts of a melt phase will reduce the creep
trength (Hirth and Kohlstedt, 1995), but water has a strong
nfluence on the creep strength of garnet and the water loss due
o a partial melting could result in the mechanical hardening of
he samples.

.2. Deformation of garnet in natural samples

Garnet is considered to be one of the strongest silicate
inerals among crustal and mantle rocks, and the isotropic

ptical properties of garnet have hindered the study of its
eformation features. However, recent detailed microstructural
nalysis shows evidence of the plastic deformation of garnet.
BSD and the orientation contrast imaging studies showed
ubgrain microstructures in naturally deformed garnets from
igh-temperature crustal metamorphic rocks and in deep man-
le peridotites (Prior et al., 2000; Kleinschrodt and MaGrew,
000; Michibayashi et al., 2004; Terry and Heidelbach, 2004;
atayama et al., 2005). This indicates deformation that involves
islocation climb and recovery. The crystal preferred orienta-
ion of the naturally deformed garnet is relatively weak due to
ts cubic symmetry, but some samples show a degree of preferred
rientation with a dominant slip system of 1/2〈1 1 1〉{1 1 0}
Kleinschrodt and Duyster, 2002; Mainprice et al., 2004). The
islocation microstructures of the natural garnets, observed by
transmission electron-microscope (TEM), show evidence of a
ominant Burgers vector of 〈1 0 0〉 at low stress (in terms of low
islocation density) and 1/2〈1 1 1〉 at high stress (Ando et al.,
993). Ji and Martignole (1994) suggested that flattened garnets
n high-temperature quartzo-felspathic mylonites were evidence
f plastic deformation accommodated by the dislocation recov-
ry. For the mantle peridotites, the garnets in cratonic xenoliths
re nearly isotropic and are not highly deformed, whereas the
ssociated olivine matrix has been extensively deformed with the

ynamic recrystallization and the significant lattice-preferred
rientation (e.g., Mercier, 1985). In contrary to this, some gar-
ets in the Alpine-type peridotites are highly elongated and
how the internal subgrain-boundaries (Katayama et al., 2005).



I. Katayama, S.-I. Karato / Physics of the Earth

Fig. 12. Viscosity contrast between olivine and garnet as a function of water
fugacity (we assumed a constant stress of 10 MPa. However, either stress is con-
stant or strain rate is constant does not affect the results so much because the
stress exponent is similar between the two minerals). The chemical composition
of garnet is normalized to the basaltic composition by the effect of the Fe com-
ponent (black thick line). The viscosity contrast depends strongly on the water
fugacity, i.e., garnet is weaker than olivine under water-rich conditions, whereas
o
c
f

O
e
i
b
o
a
b
t
h
l

4

s
l
a
I
C
e
b
l
d
w
u
s
i
m
T

t
t
l

o
f
p
d
f
1
t
s
o
O
t
P
l
r
c
t
a
c
e

p
s
t
p
t
t
o
i
t
p
l
s
l
r
h
t
s
t
s
o
(
o

A

Z
t
t

livine will be weaker than garnet under dry conditions. The gray region is the
ondition where garnet is weaker than olivine. The critical water fugacity is

H2O ∼ 103 MPa, which corresponds to COH ∼ 300 ppm H/Si in olivine.

ur experimental results showed that water has a strong influ-
nce on the plastic strength of garnet, and that the difference
n the creep strength of the naturally deformed garnets can
e explained by the influence of water. Alpine-type peridotites
ccur in the plate-convergent regions, where high water contents
re expected, and consequently garnet in such regions could
e weak and easily deformed. In contrast, the garnets in cra-
onic xenoliths are significantly stronger than olivine due to the
ighly depleted environments (water poor) in the continental
ithosphere.

.3. Geophysical implications

The application of our results to the deformation in the
hallow upper mantle is straightforward. We have calcu-
ated the relative viscosity of garnet and olivine at P = 2 GPa
nd T = 1473 K as a function of water content (Fig. 12).
f water fugacity is higher than ∼103 MPa (corresponds to
OH ∼ 300 ppm H/Si in olivine), the garnet-rich layer is
xpected to be weaker than the surrounding mantle. In contrast,
elow the critical water fugacity (fH2O ∼ 103 MPa), the garnet
ayer becomes stronger than the surrounding mantle. Here we
efine the relative viscosity as ηolivine/ηgarnet = ε̇garnet/ε̇olivine
here η = σ/ε̇ is the effective viscosity. Water content in the
pper mantle is thought to be regionally different, i.e., astheno-

pheric mantle contains ∼1000 ppm H/Si whereas water content
n the lithospheric mantle should be lower by a couple orders of

agnitude (Hirth and Kohlstedt, 1996; Karato and Jung, 1998).
he garnet-rich components will therefore be well mixed in

m
s
(
f
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he asthenosphere (water-rich region) by the mantle convec-
ion, whereas they remain unmixed in the depleted regions (i.e.,
ithosphere).

The application of the current data to the rheological behavior
f garnet-rich regions in the deep upper mantle is not straight-
orward because the influence of pressure on the rheological
roperties of these two minerals is not well known. However,
etailed experimental work on garnet has shown that garnets
ollow the homologous temperature scaling law (Karato et al.,
995). Consequently, we may use the homologous tempera-
ure scaling to estimate the influence of pressure on the relative
trength of garnet and olivine. Based on the pressure derivatives
f the melting temperature of garnet and olivine (Irifune and
htani, 1986), the viscosity contrast ηolivine/ηgarnet is expected

o be one order of magnitude smaller at P = 10 GPa than at
= 2 GPa (our experimental condition). Thus, the pressure has a

arger effect on the rheological contrast to make garnet stronger
elative to olivine, but water always has a large effect, as water
ontents can be different by a couple orders of magnitude. We
herefore suggest that the conclusion reached above will also
pply under the deep mantle conditions, although the range of
onditions where garnet is stronger than olivine is somewhat
xpanded under the deep mantle conditions.

Oceanic crust that has been deeply subducted is mostly com-
osed of garnet, and this layer becomes less dense than the
urrounding mantle at the base of upper mantle. Because of
his density crossover between the crust and mantle, it has been
roposed that the crustal component might be separated from
he descending slab and gravitationally trapped at the mantle
ransition zone (e.g., Ringwood and Irifune, 1988). The process
f separation of the oceanic crust from the descending slabs
s largely controlled by the viscosity contrast between these
wo components. The separation is possible when a garnet-rich
aleo-oceanic crust has a somewhat higher viscosity than the
ayer below (van Keken et al., 1996; Karato, 1997), whereas the
eparation does not occur when the viscosity between the two
ayers is similar (Richards and Davies, 1989). Our experimental
esults cannot be directly applied to such deep mantle conditions,
owever water has a large influence on the rheological proper-
ies of a garnet-rich layer and the separation condition will be
ensitive to water content. If water has a stronger influence on
he creep strength of garnet than the surrounding materials as
hown in this study, the separation of the subducted crust could
ccur when the subducted crust is relatively low water content
and therefore high viscosity), whereas the separation will not
ccur when it has a high water content.
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