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In situ strength measurements on natural upper-mantle minerals
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Abstract Using in situ strength measurements at pres-
sures up to 10 GPa and at room temperature, 400, 600, and
700°C, we examined rheological properties of olivine,
orthopyroxene, and chromian-spinel contained in a mantle-
derived xenolith. Mineral strengths were estimated using
widths of X-ray diffraction peaks as a function of pressure,
temperature, and time. Differential stresses of all minerals
increase with increasing pressure, but they decrease with
increasing temperature because of elastic strain on
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compression and stress relaxation during heating. During
compression at room temperature, all minerals deform
plastically at differential stress of 4—6 GPa. During sub-
sequent heating, thermally induced yielding is observed in
olivine at 600°C. Neither orthopyroxene nor spinel shows
complete stress relaxation, but both retain some stress even
at 700°C. The strength of the minerals decreases in the
order of chromian-spinel ~ orthopyroxene > olivine for
these conditions. This order of strength is consistent with
the residual pressure of fluid inclusions in mantle xenoliths.

Keywords Rheology - X-ray diffraction measurement -
Mantle mineral - Fluid inclusion - Geobarometry

Introduction

Pressure inside fluid inclusions in mantle xenoliths sup-
ports estimation of the original depth at which the xenoliths
were entrained by host magma (e.g., Roedder 1965;
Yamamoto et al. 2002, 2007). Even in the same xenolith,
however, fluid inclusions show different internal pressures.
The pressure amplitudes correspond to those of surround-
ing minerals, such as in the order of chromian-spinel
(spinel) > orthopyroxene = clinopyroxene >> olivine (De
Vivo et al. 1988; Schwab and Freisleben 1988; Frezzotti
et al. 1992; Yamamoto et al. 2002, 2007; Sapienza et al.
2005), perhaps because of depressurization of xenoliths
during transportation to shallower regions of the Earth. The
pressure applied to the xenoliths decreases during depres-
surization, whereas the pressure inside the fluid inclusion
remains constant, which leads to differential pressures in
the xenoliths. They plastically deform the lattice sur-
rounding the fluid inclusion. Therefore, the internal
pressure of a fluid inclusion in a soft mineral should
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decrease more than that in a hard mineral. The volume
change of the fluid inclusion in a mantle xenolith during
ascent to the Earth’s surface can be calculated using the
‘constitutive equation’ with data of rheological properties
of olivine (Karato and Jung 2003; Hirth and Kohlstedt
2003), pyroxene (Mackwell 1991), and spinel (Mitchell
et al. 1976). Figure 1 presents strain rates of major mantle
minerals as a function of temperature. Because several
parameters for olivine used in the calculation were
obtained from natural olivine, whose major element com-
position resembles that of typical mantle olivine, it is
reasonable to infer that mantle olivine deforms plastically
by a strain rate of ca. 1 X 1077 s~ ! at 1,000°C and dif-
ferential stress of 1 GPa. If a fluid inclusion in a mantle
xenolith has excess pressure greater than 1 GPa, the crystal
lattice of olivine surrounding the fluid inclusion deforms by
the strain rate. Then the fluid inclusion volume expands by
10% for about 3 days. The lower residual pressure of fluid
inclusions in olivine in mantle xenoliths is attributable to
selective plastic deformation of the crystal lattice of olivine
surrounding the fluid inclusion. There is, however, no
conclusive evidence that residual pressure of the fluid
inclusion in the other mineral species (pyroxene or chro-
mian-spinel) is adequate for a geobarometer. The
rheological properties were often determined using sam-
ples, which are not derived directly from mantle. Such
samples have different chemical conditions from mantle
rocks, for example, major element composition, oxygen
fugacity and water content. As might be apparent from
Fig. 1, strength on plastic deformation of orthopyroxene is
closely related to the major element composition. Experi-
mental constraints for rheological properties of natural
mantle minerals are necessary to understand the mecha-
nism of deformation of mantle minerals.

Studies by Weidner et al. (1994, 1998) and Weidner
(1998) utilized an experimental technique using high-
pressure apparatus and synchrotron radiation, which can
obtain quantitative data of elastic and plastic behavior of
samples at in situ high-pressure conditions. This technique
emphasizes the peak shapes of X-ray diffraction lines from
powder samples. Chen et al. (1998, 2002) and Zhang et al.
(2002) applied this technique to elucidate the yield strength
and plastic behavior of mantle minerals and moissanite.
Applying this technique to natural mineral samples from a
mantle xenolith, we report the relative strengths of natural
mantle minerals such as olivine, orthopyroxene and spinel
at high-pressure and high-temperature conditions. The
strengths of plastic deformations of mantle minerals are
related closely to their respective chemical compositions
(e.g., Saxena et al. 1993). For that reason, it is important to
perform strength measurements on natural mantle minerals.
We analyzed stress relaxation of two natural mantle
minerals simultaneously using multi-capsule assembly.
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Fig. 1 Calculated Arrhenius diagram of the strain rate versus 1/T for
olivine, orthopyroxene, and spinel. Data sources of rheological
parameters are as follows: olivine [olivine 1 (Mg# [100 x Mg/
(Mg + Fe)] = 90) from Karato and Jung (2003), olivine 2 (Mg# =
91) from Hirth and Kohlstedt (2003)], orthopyroxene (opx99 and
opx96 from Mackwell (1991), whose respective Mg# are 99 and 96),
and spinel [spinel (MgAl,0O,) from Mitchell et al. (1976)]

This technique allowed direct comparison of strength of the
natural mantle minerals at exactly same pressure and
temperature condition. Based on rheological properties of
natural mantle minerals obtained in this study, we clarify
the reasons why fluid inclusions in mantle xenoliths show
densities that are specific to individual host mineral
species.

Samples

The studied samples are olivine, orthopyroxene, and spinel,
which constituted a spinel-lherzolite. This spinel-lherzolite
is a mantle-derived xenolith collected from Ennokentiev, in
the middle of the Sikhote-Alin region of far eastern Russia.
This xenolith exhibits a protogranular texture and consists
mainly of olivine, orthopyroxene, and clinopyroxene, with
lesser amounts of spinel. The average grain diameter of
these minerals is about 0.5 mm. The Mg# [100 x Mg/
(Mg + Fe)] of olivine and the Cr# [Cr/(Cr + Al)] of spinel
are, respectively, 88 and 0.12 (Table 1), whose values are
within the typical compositions of mantle rocks. These
constituent minerals contain many fluid inclusions filled
with CO,. The oxygen fugacity around the CO, fluid
inclusion is restricted to around QFM+2.0 in log unit by a
chemical equilibrium between CO and CO,. No other
components such as CH4 and H,O were detected from fluid
inclusions (Yamamoto et al. 2002, 2004). Micro-Raman
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Table 1 Average core compositions (wt.%) of minerals in a ultra-
mafic xenolith from far eastern Russia

Sample locality rock type mineral En-1 Ennokentiev lherzolite

Olivine opx cpx Spinel
Mg# 88.42  88.84 89.28 73.38
Cr# 0.12
Si0, 39.86 5437 51.78 0.05
TiO, 0.02 0.11 051 0.20
AlLO; 0.19 457 677 5554
Cr,03 0.00 031 073 11.56
FeO 1122 723 316 12.64
MnO 0.14 0.13 0.08 0.01
MgO 48.10 3230 14.75 19.55
CaO 0.06 0.71  20.17 0.00
Na,O 0.01 0.15 186 0.00
K,O 0.01 0.01 001 0.01
NiO 0.38 0.10 0.04 0.39
P,05 0.00 0.00 0.10 0.00
V503 0.01 0.01 0.04 0.05
Total 100 100 100 100
T (°C) 912

Equilibrium temperature (T) was estimated using the two-pyroxene
geothermometer described in Wells (1977)

opx orthopyroxene, cpx clinopyroxene

spectroscopic analyses of CO,-dominant fluid inclusions in
mantle minerals enables elucidation of the depth (or pres-
sure) at which the xenoliths are trapped by host magma
(Yamamoto et al. 2002, 2007; Hirano et al. 2004) and
indicates that the present xenolith is of the uppermost
mantle-origin from 0.96 to 1.04 GPa pressure correspond-
ing depth of 35-37 km, assuming that the crustal thickness
and densities of crustal and mantle rocks are 34 km, 2.85
and 3.30 g/cm?, respectively (Yamamoto et al. 2002).

Experimental method

Strain and stress measurement techniques for minerals at in
situ high-pressure conditions using high-pressure apparatus
and synchrotron radiation have been summarized by
Weidner et al. (1994, 1998) and Weidner (1998). In this
method, deviatoric stress is generated by compression of
powder sample owing to the void space between grains and
the point contacts of the grains. The strength of the sample
reflects the magnitude of the generated deviatoric stress.
This microscopic stress results in the broadening of the
X-ray diffraction peaks caused by the elastic strain of
grains. During the temperature increase, narrowing of the
X-ray diffraction peaks occurs as the stress relaxes because
of plastic deformation of the grains. Therefore, rheological

information can be derived from the quantification of this
process.

As summarized by Weidner et al. (1994) and Zhang
et al. (2002), the width of the diffraction lines is a con-
volution of the instrument response, sample response
function, and the longitudinal elastic strain parallel to the
diffraction vector. By assuming that a spectrum observed at
room temperature and pressure includes the first two of
these, the strain is calculable using the following equation.
1172

(1)

In that equation, E is the X-ray photon energy, W, is the
observed peak width measured on the energy scale at a
given experimental condition, and W; is the instrumental
contribution.

Strain measurements were performed using a Kawai-
type multi-anvil high-pressure apparatus (SPEED-1500)
installed at the beamline BL04B1, SPring 8. Energy-dis-
persive X-ray diffraction data were collected using a solid
state Ge detector and a receiving slit of ~50 pum at a fixed
angle of 20, around 5° (Utsumi et al. 1998; Irifune 2002).
The energy scale of the detector was calibrated using
characteristic X-rays of Ko lines of Cu, Mo, Ag, Ta, Pt, Au,
and Pb. Figure 2 shows the cell assembly of the present
high-pressure experiments. Mo and graphite were used
respectively as the electrode and furnace. The pressure
medium comprised LaCrO;, (Mg, Co)O, hexagonal BN
(hBN), and zirconia. To increase the X-ray transparency, we
put a boron rod on the central (Mg, Co)O pressure medium.
Using an agate mortar, olivine, orthopyroxene, and spinel
were separated carefully from the spinel-lherzolite and were
crushed into a fine powder with grain size of less than 1 pum.
Two sets of powder samples can be loaded symmetrically:
the pair of olivine-orthopyroxene or olivine-spinel put into
the hBN sleeve. This sample configuration enables the
simultaneous comparison of strains of two minerals using
the same pressure and temperature conditions. The pressure
standard was NaCl, which was set into the center of the cell;
pressures were calculated from Decker’s equation of state
for NaCl (Decker 1971). Temperature was measured using a
Wy,Re;—W-sRe,s thermocouple, whose hot junction was
positioned at the center of the furnace. It was in direct
contact with the pressure standard. No correction was
applied for the effect of pressure on the thermocouple
electromotive force.

The sample was compressed first gradually up to ca.
10 GPa at room temperature for more than 6 h. X-ray dif-
fraction patterns were recorded at 1 GPa intervals during
compression. Subsequently, the sample was heated stepwise
at 400, 600, and 700°C at a constant pressure load. X-ray
diffraction patterns were recorded at each temperature as a
function of heating time to characterize the stress relaxation.

&= (1/E) [Wo(E)’ — Wi(E)
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Fig. 2 Schematic cross section of a cell assembly with an 8-mm
truncated edge length (TEL). Boron windows were placed vertically
to the cross section

Data were collected continually at intervals of 50 s for the
first 40 min, and subsequently at intervals of 300 s for each
temperature. The stresses generated in the samples were
estimated from FWHM (Full Width Half Maximum) of some
diffraction peaks from the samples located at in situ high-
temperature and high-pressure conditions.

Results and discussion

Figure 3 shows the obtained X-ray diffraction peaks of the
samples at various conditions. Diffraction patterns of high-
temperature were taken at 1,000 s after the temperature
reached the indicated value (Fig.3). With increasing
pressure to 10 GPa at room temperature, the peak width
of all samples broadened two to three times compared to
the width at room temperature and pressure. No phase
transition was observed throughout the experiments in all
samples. Orthopyroxene is probably in a metastable state at
the condition of 10 GPa; for example, clinoenstatite is
stable at conditions of 700°C and 10 GPa (e.g., Ulmer and
Stalder 2001). All diffraction peaks are, however, indexed
by inherent peaks of orthopyroxene (Fig. 3b), which might
be caused by sluggish transformation. The diffraction peak
(420) of orthopyroxene broadened asymmetrically on the
compression. This might result from the occurrence of the
peak (221) with d spacing of 3.197 A (Fig. 3b). However,
it has no serious effect on the present study because there is
no substantial rise in intensity of the peak (221) during
compression.

Peak broadening can result from strain heterogeneity
associated with deviatoric stress and small grain size. As
described in Gerward et al. (1976), a general form of
Eq. (1) is given as

W — Wi =W + (¢E)’, (2)

where Wy is the contribution of the sample grain size to
the peak-width broadening. Figure 4 shows the peak
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Fig. 3 Diffraction patterns of a olivine, b orthopyroxene, and ¢
spinel at the indicated temperature and pressure conditions. The
patterns of high-temperatures were collected at 1,000 s at each
temperature. Indexed peaks were used for estimation of the contri-
butions of the grain size to peak broadening and differential stress of
samples shown in Figs. 4 and 5

broadening (W§ — W7) against energy squared for several
peaks. We noted that (420) peak of orthopyroxene is not
included in this diagram in order to prevent possible
interference from the peak (221). The data can be fitted
using straight lines with W3 = 0. An intercept near zero
indicates the slight contribution of the small grain size of
the sample to peak broadening. The observed peak
broadening is therefore a result of strain. Some planes start
to yield beyond 3 GPa. For that reason, we did not apply
data of more than 3 GPa. Orthopyroxene shows a negative
slope for 0.8 GPa, which indicates that the square of peak
broadening has an uncertainty of ca. 0.2 [kev?].

Differential stresses can be estimated using Hooke’s
law. For estimation, we adopted appropriate aggregate
Young’s modulus at room temperature and pressure, which
are 181.7 GPa for orthopyroxene (Kung et al. 2004), and
195.0 and 277.0 GPa for olivine and spinel (Anderson and
Isaak 1995). Temperature dependence of the Young’s
modulus was considered using temperature derivatives
of elastic modulus for orthopyroxene (Bass, 1995), and
olivine and spinel (Anderson and Isaak 1995). Regarding
pressure dependence, pressure derivatives proposed by
Bass (1995) were used for all minerals. Figure 5 shows the
differential stress as a function of load pressure followed
by heating at the constant load. The differential stresses of
all samples almost increase with increasing pressure, and
then decrease with increasing temperature. Under com-
pression, the stresses for olivine increase with pressure up
to ca. 4 GPa. At higher pressures, the stresses for olivine
saturate and remain approximately constant with further
loading to 10 GPa (see Fig. 5a, b). The increasing rate of
stress in orthopyroxene and spinel with pressure decreases
drastically at the differential stress of ca. 4 GPa. This fact
indicates that the differential stress exceeds the yield
strength of the samples at 4-6 GPa, as with olivine. They
have begun to deform plastically. The yield strength cal-
culated from (130) and (222) peaks of olivine is around
4 GPa, which is almost the same as that of anhydrous
olivine, as presented by Chen et al. (1998) and Raterron
et al. (2004). The similarity in the rheological property of
olivine with a different Mg# may be worth mentioning for
high-pressure rheological experiments using synthetic
materials. The differential stress of MgAl,O, spinel at
10 GPa used in this study also shows good agreement with
data reported by Weidner et al. (2001).

During heating, thermally induced yielding occurred
to relieve the differential stress. When the samples were
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Fig. 4 Energy-dependent peak broadening for olivine, orthopyrox-
ene, and spinel at room temperature. The unit of this figure is energy.
Because Eq. (2) was derived from measured X-ray photon energy
(Gerward et al. 1976)

heated to 400°C, the differential stress started to decrease
and finally reached an almost constant value (Fig. 5). At
each temperature, the differential stresses for all minerals
were similarly saturated at an approximately constant
value, which can be considered as the yield strength of the
sample at each temperature. No significant drop of differ-
ential stress is observed in olivine and orthopyroxene, but a
slightly larger drop was observed in spinel at 400°C. The
differential stresses of all minerals decrease drastically at
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Fig. 5 Differential stress of samples as a function of the load
pressure followed by heating at the constant load. Stresses calculated
from different peaks are presented using different symbols: a shows
olivine and orthopyroxene data, b shows data obtained through
another relaxation experiment using a set of olivine and spinel

600°C. With additional heating at 700°C, the differential
stress of olivine recovered to almost the same level as the
starting value. Neither orthopyroxene nor spinel shows
complete stress relaxation, but they apparently retain some
stress even at 700°C. The differential stress of ortho-
pyroxene (ca. 2 GPa) is greater than that of spinel (ca.
1.5 GPa), which indicates that orthopyroxene is stronger
than olivine and spinel at a 10 GPa and 700°C condition.

Figure 6 shows the yield strength of the samples as a
function of temperature. The yield strengths are estimated
from the differential stresses in Fig. 5, which are values
obtained at around 2,000 s after the samples were heated
to each temperature. Olivine is the weakest at all temper-
ature ranges. This result agrees with microstructural
observations of mantle-derived peridotite, whose olivine
grains deformed, rather than other constituent minerals
such as orthopyroxene, clinopyroxene, and spinel (e.g.,
Sawaguchi and Ishii 2003). The present strengths of olivine
are consistent with those reported by Chen et al. (1998) at
the same P and T conditions. Although spinel is much
stronger than orthopyroxene at less than 600°C, it becomes
weaker at 700°C.
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Fig. 6 Differential stress in samples as a function of temperature.
The adopted stresses were obtaining by averaging three data of
stresses at around 2,000 s after the temperature reached the value.
Data of a and b are from Fig. 5a and b, respectively

The fluid inclusions existing in different minerals show
different internal pressures, even in the same xenolith (De
Vivo et al. 1988; Schwab and Freisleben 1988; Frezzotti
et al. 1992; Yamamoto et al. 2002, 2007; Sapienza et al.
2005). The pressure mainly results from plastic deforma-
tion of the host mineral around the fluid inclusions that
occur during depressurization, accompanied with trans-
portation of the minerals to near the Earth’s surface
(Andersen and Neumann 2001; Yamamoto et al. 2002).
The driving force of the plastic deformation is the pressure
difference between the inside and outside of fluid inclu-
sions. For example, in the case of a xenolith entrained by
magma from 1 GPa (ca. 40 km depth) to the Earth’s sur-
face, the pressure difference between the inside and outside
of fluid inclusions becomes 1 GPa. Here we emphasize that
the stress induced by the pressure difference occurs only at
a narrow surrounding part around the fluid inclusion; most
of the crystal is under lithostatic conditions. Fluid inclu-
sions in hard minerals such as a diamond must retain a
constant pressure, even at the temperatures of typical
basaltic magma (1,000-1,200°C), because plastic defor-
mation does not occur efficiently around them (Weidner
et al. 1994). On the other hand, the pressure reduction is
probably greater in weaker minerals. Yamamoto et al.
(2002) measured the residual pressure of fluid inclusions in
olivine, orthopyroxene, and spinel. Those results suggest
that the relative strength of these minerals is in the order
of spinel > orthopyroxene >> olivine at ca. 1 GPa and
950°C. This order is identical to that of the present result.

Our data present that the yield strengths of olivine,
orthopyroxene, and spinel decrease with temperatures up to
700°C at 10 GPa. The progressive decrease in the yield
strength is expected at a temperature greater than 700°C
(Fig. 6). Li et al. (2007) reported that the yield strength of
MgAl,O, spinel is 3.83 GPa at 800°C with steady state
creep of 3 x 107> s™'; it dropped to 0.2 GPa at 1,000°C.
Such a sharp drop in the yield strength with temperature
resembles the characteristics of the spinel (311) used in this

study. Regarding the pressure dependence of the yield
strength, negative values of activation volume are not
reported for olivine: 0-27 cm®/mol (Ross et al. 1979;
Green and Borch 1987; Kohlstedt and Wang 2001; Karato
and Wu 1993; Li et al. 2004; 2006). This represents that the
yield strength of olivine decreases with decreasing pres-
sure. These facts indicate that the inner pressure of the fluid
inclusion in xenolith entrained at ca. 1 GPa is fully relaxed
in the basaltic magma. Indeed Karato and Jung (2003)
reported a relationship between creep strength and pressure
of olivine, indicating that dry olivine has a strength of only
ca 0.3 GPa at pressure (0-1 GPa) and temperature of
1,300°C. However, the fluid inclusions in mantle-derived
xenoliths retain the high-fluid density corresponding to
around 0.8 GPa at 1,000°C, even in soft minerals such as
olivine (e.g. Yamamoto et al. 2002, 2007). This discrep-
ancy is explainable by the high-density of tangled
dislocations that occur within several micrometers from the
walls of fluid inclusions (Fig. 7). Tangling of dislocations
is known as an important mechanism of work hardening,
which is the strengthening of a material caused by accu-
mulation of dislocations created by differential stress.
Therefore, the observed tangled dislocations should indi-
cate that the plastic deformation of host olivine was
prevented around the fluid inclusions; consequently, the
fluid inclusions retain high-pressure. It is possible that
identical processes occurred with both orthopyroxene and
spinel. Microstructural observation (e.g., using a trans-
mission electron microscope) will enable us to examine the
density and type of dislocation around fluid inclusion in
orthopyroxene and spinel. Such rheological observations
elucidate characteristics of work hardening and the real

Fig. 7 Photomicrograph of olivine grain composed of the xenolith
(En-1) treated using the oxidation-decoration method (Kohlstedt et al.
1975). Dense tangled dislocations are observed in olivine within
several micrometers of the CO, fluid inclusion wall
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strength of minerals surrounding fluid inclusion. They
enable us to discuss the validity of fluid inclusions as
probes for the depth scale and deformation mechanisms.

Conclusions

We compared yield strengths of natural mantle minerals
(olivine, orthopyroxene, and spinel) by monitoring their
X-ray diffraction patterns as a function of pressure,
temperature, and time. Diffraction peaks broaden with
increasing strain on compression to 10 GPa at room tem-
perature, and then sharpen by plastic deformation during
stepwise heating to 400, 600, and 700°C. Observations
indicate that olivine is much weaker than the other two
minerals throughout the range of conditions described
above. That is, the yield strength of the natural mantle
minerals is in the order of spinel ~ orthopyroxene >
olivine. Differential stresses of all minerals dropped to less
than 2 GPa at 700°C, suggesting that the yield strengths of
the minerals drop to near zero at temperatures greater than
ca. 800°C. Mantle-derived minerals often have fluid
inclusions with high-fluid density corresponding to the
original depth (ca. 40 km = ca. 1 GPa). There must be
some mechanism to withstand the residual pressure. Pos-
sible work hardening around the inclusions caused by
tangled dislocations might inhibit reduction of the residual
pressure of fluid inclusions.
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