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SUMMARY

Mineralogical models suggest that low velocity zones of the upper mantle may be accounted
for by elasticity of dry rocks along geotherms away from the mid-oceanic ridges (MOR) while,
closer to MOR, anelasticity plays a significant role in reducing shear wave velocities Vg and
generating attenuation. We investigate the potential influence of elastic softening, precursor
of high-temperature phase transition in orthopyroxenes, on the seismic properties of the upper
mantle. /n situ Brillouin and Raman spectroscopy were used to evidence pre-transitional
behaviour at high temperature in natural San Carlos orthopyroxene. Pre-transitional behaviour
induces a large softening of the acoustic and low frequency modes, resulting in a large
anharmonic decrease of sound velocities, similar to that observed in the MgSiO3 end-member
orthoenstatite. The high-temperature high-pressure phase diagram of enstatite is revised to
account for the new phase transition, and a simple model is developed to evaluate elastic
softening effects on the upper-mantle seismic properties, whose results depend much on the
as yet poorly constrained pressure and compositional dependence of the phase transition
boundary. Within the tested range of parameters, OPx softening is likely to affect the seismic
properties of mantle rocks at depths shallower than 80 km in hot regions. Thus elastic softening
of pyroxene is unlikely to affect the LVZ or continental lithospheric mantle unless the transition
temperature is drastically reduced by incorporation of aluminium in orthopyroxene. It will
contribute to a decrease of Vg near MOR, hot spots and evolved continental rifts, where it
can explain part of the non-linear high-temperature decrease of Vs in the lithospheric oceanic
mantle. It will affect the magnitude of anelastic effects and the nature of the likely mechanisms
of attenuation required to match seismological observations.

Key words: Composition of the mantle; Elasticity and anelasticity; Phase transition; Seismic
attenuation.

GJI Seismology

trolled; hence the transitions are of first-order character (Brown et al.

I INTRODUCTION 1961; Sadanaga & Okamura 1969; Smyth 1974). High-temperature

Enstatites (Mg,Fe)SiO; are major mantle rock-forming minerals
that undergo several phase transitions between various orthorhom-
bic or monoclinic polymorphs over the pressure—temperature range
of the upper mantle. These transitions affect the elastic properties
of pyroxenes and the mineralogical interpretation of upper-mantle
seismic properties. At high pressure, Pbca orthoenstatite (OEn)
transforms to C2/c high-clinoenstatite (Pacalo & Gasparik 1990),
a first-order transformation associated with large change of vol-
ume, vibrational and elastic properties (Angel et al. 1992; Ross &
Reynard 1999; Kung et al. 2004). Protoenstatite (PEn, Atlas 1952)
is a high-temperature phase of OEn with a Pbcn structure (Smith
1959; Smyth 1971), and a high-temperature clinoenstatite (HT-CEn,
C2/c) is formed on heating of P2,/c low-clinoenstatite (LCEn)
above 1200 K (Sharma 1989; Shimobayashi & Kitamura 1991).
In situ X-ray diffraction studies confirm that the complex trans-
formation schemes between LCEn—OEn—PEn are kinetically con-
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Brillouin measurements on nearly pure MgSiO; demonstrated that
OEn displays softening of sound velocities and elastic constants
(Jackson et al. 2004a). Elastic softening is attributed to pre-
transitional effects of a high-temperature second-order transition
hidden by the first-order OEn—PEn transformation, and may have
important consequences in the modelling and understanding of
upper-mantle seismic properties especially in hot regions (Stixrude
& Lithgow-Bertelloni 2005a; Afonso et al. 2008). Pre-transitional
effects and phase transition have also been evidenced by Raman
spectroscopy in MgSiO; (Sharma 1989). To extend this study to
mantle compositions, we have performed in situ Brillouin and
Raman spectroscopy on San Carlos orthopyroxene. Although the
presence of iron in the natural sample hinders the transition to PEn
that occurs in end-member composition MgSiOs, pre-transitional
softening of elastic constants and low frequency Raman modes
were observed. A simple model is proposed to extrapolate elastic
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Figure 1. High-temperature shear velocities in San Carlos orthopyroxene
(SC OPx; red circles) are compared with those of nearly pure MgSiO3 OEn
(black circles) from Zabargad (Jackson ef al. 2004a,b). Data were fitted to
eq. (1). Fits with free n yields n = 15.8(5) with T¢c = 1487(11) K, and n =
16.9(25) with T¢c = 1430(63) K, for OEn and SC OPx, respectively. Fit
parameters are poorly constrained for SC OPx, while they are better con-
strained from OEn data over a large temperature range. Thus we fixed n =
16 for fitting both data sets, and obtained ‘critical” temperatures 7¢c of 1484
and 1454 K for OEn (full curve) and SC OPx (dashed curve), respectively.
Sublinear temperature dependences of Vs calculated in internally consis-
tent thermodynamic data set (Stixrude and Lithgow-Bertelloni, 2005a) are
approximated by the full (OEn) and dashed (SC OPx) lines.

softening to upper-mantle conditions and take it into account in
shear wave velocity calculations for geophysical applications.

2 EXPERIMENTAL

For Raman spectroscopy, we used synthetic MgSiO; OEn single-
crystals (Thiéblot et al. 1999), natural pure enstatite (Fsy) from
Zabargad (Jackson et al. 2004a), and natural San Carlos OEn single-
crystals (Fs;—19), where Fs is the mol per cent of ferrosilite end-
member. Crystals about 0.1 mm thick and 0.5 mm long were loaded
in a Leitz 1350 heating stage attached to a DILOR™ LabRam
HR 800 microspectrometer (see Okuno et al. 1999, for details).
Peak position and width were fitted assuming Voigt profiles using
Peakfit™ program. Resolution is about 2 cm~! and reproducibility
about 1 cm™". Brillouin spectroscopy was performed on single crys-
tals of San Carlos OPx using the setup described by Bass (1989)
and Jackson et al. (2004a). In brief, an Ar-ion laser (A = 514.5 nm)
was used for the incident light source, and a Sandercock-style tan-
dem Fabry-Perot interferometer was used to analyse the scattered
light. Brillouin spectra were collected with a 90° symmetric scat-
tering geometry at ambient conditions, and at high temperatures.
A small resistance heater (Sinogeikin er al. 2000) was used for
high-temperature Brillouin measurements to >1273 K. Brillouin
spectra were recorded in several directions within the [100], [010]

and [001] crystallographic planes. This allowed solving for the nine
single-crystal elastic moduli of this orthorhombic mineral at all
temperatures. Further details will be given elsewhere (Brenizer &
Bass, in preparation).

3 RESULTS

Sound velocities of SC OPx could be obtained up to about 1273
K, a temperature above which phase transformation under the laser
occurred. Phase transformations are interpreted as feedback effects
between oxidation of Fe and laser heating which becomes significant
above 1273 K. Laser absorption on the measurement spot causes
slight oxidation at high temperature, which in turn increases laser
absorption and heating because black oxides are formed, eventually
resulting in melting at the laser spot. Thus the temperature range for
SC OPx elastic data is more restricted than for OEn (Jackson et al.
2004a; Fig. 1). Although all moduli were refined from measured
P- and S-wave velocities, we report here the values for the aggregate
shear velocities Vs, which is the pertinent property for modelling
isotropic shear wave velocities in the mantle (Fig. 1, Table 1), us-
ing the Voigt—Reuss—Hill average scheme. As the Voigt and Reuss
values differ by less than 2 per cent, the error introduced by the
averaging scheme is 1 per cent.

Raman-peak frequency decreases and linewidth increases were
observed up to 1473 K. Several Raman modes, especially the lowest
lying peaks in the 80-150 cm~! range at room temperature, show
non-linear behaviour with temperature (Fig. 2; Table 2). Our results
on pure enstatite are consistent with those of Sharma (1989). The in-
crease of linewidths with temperature is also non-linear, especially
above about 973 K. These observations are valid for both MgSiO;
end-member and San Carlos sample, although the data are of better
quality for the end-member, yielding more precise refinements of
peak position and width. This explains the larger scattering of data
and impossibility to accurately follow the lowest frequency mode
parameters above 1423 K in San Carlos sample (Fig. 2). In the
1473-1523 K range depending on the crystal and heating condi-
tions, pure OEn undergoes a phase transition to PEn while the San
Carlos oxidizes above 1473 K even though Ar-H,(2 per cent) gas
is fluxed in the sample chamber. Laser heating or photochemical
effects may promote oxidation as discussed above. Other Raman
characteristics of the transformation have been described in details
(Sharma 1989; Reynard et al. 2008; Zucker & Shim 2009).

4 HIGH-TEMPERATURE TRANSITION
IN MANTLE ORTHOPYROXENES

4.1 Compositional dependence

The non-linear high-temperature behaviour of Vs in SC OPx par-
allels that of OEn, and is attributed to elastic softening precursor
of a phase transition (Jackson et al. 2004b). The available data
for SC OPx are relatively limited to 1273 K, while most of the
softening occurs at higher temperature in OEn, with a decrease
of the shear modulus being twice higher than that expected from
harmonic sublinear extrapolation (Stixrude & Lithgow-Bertelloni
2005b) at 1423 K (Fig. 1). Raman spectroscopy provide further

Table 1. High temperature aggregate shear wave velocities of SC OPx from Brillouin measurements.

T (K) 295 473 673
Vs (ms™!) 4792 4726 4688

873 1073 1173 1223 1273

4576 4487 4426 4348 4298

© 2010 The Authors, GJI, 181, 557-566
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Figure 2. Temperature dependence of Raman active low-energy mode frequencies, and linewidth of the lowest frequency mode (ca. 80 cm™! at ambient
conditions) in OEn and SC OPx. Corresponding spectra for OEn are shown on the right from 295 (top panel) to 1501 K. Note the temperature interval for
displayed spectra is not constant. Black circles: MgSiO3 OEn; red circles: SC OPx; open squares: PEn. Critical behaviour of the low frequency modes is
illustrated by strong curvature of their temperature dependence and by non-linear increase of linewidth. In comparison, lowest frequency mode of PEn from
metastably cooled and quenched samples has a linear temperature dependence (dash—dotted line). OEn and SC OPx lowest frequency modes show parallel
evolution up to the highest temperatures of 1420 K for SC OPx, suggesting similar temperature dependence for elastic constants corresponding to closely
related acoustic modes and justifying the use of similar fit parameters for shear velocities of OEn and SC OPx (Fig. 1).

evidence that the softening behaviour in SC OPx extends to tem-
peratures higher than 1273 K because low-frequency modes have
a non-linear temperature dependence (Fig. 2, Table 2). The lowest
energy Raman-active modes are derived from Brillouin-zone (BZ)
edge acoustic branches whose frequencies depend on the elastic
constants and sound wave velocities. Their softening and the strong
increase in linewidths is caused by strong anharmonic effects (Pine
& Tannenwald 1969). Along with elastic softening, these effects
are attributed to the onset of a displacive, possibly Pbca <> Cmca,
transition (Jackson et al. 2004a) that does not go to completion in
MgSiO; because of the occurrence of the first-order transition to
PEn.

Pre-transitional behaviour at high temperatures is a common ob-
servation in various orthopyroxenes. Thus the displacive Pbca <>
Cmca transition postulated for pure OEn may well occur over a
compositional range that covers that of mantle orthopyroxene, ex-
cept for the effect of aluminium that has not been investigated thus
far. Non-linear variations of volume, cell parameters and bond an-
gles have been observed in orthopyroxenes on the En—Fs join, for
compositions Fs,s (transition above 1027 °C; (Yang & Ghose 1995),
Fsjoo (transition at 1153 K, (Sueno et al. 1976; Sueno et al. 1984),
Fsq orthopyroxene up to 1473 K, (Gatta et al. 2007), and in a 3
per cent Ca-bearing orthoenstatite, (Ohi et al. 2008). The exact na-
ture of the phase transition may vary from OEn to PEn in MgSiO;
(Smyth 1971), while ferrosilite transforms to a high-temperature
C2/c form distinct from the high-pressure isostructural form (Sueno

© 2010 The Authors, GJI, 181, 557-566
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et al. 1984), and an isostructural Pbca-Pbca transition is reported in
Ca-bearing enstatite (Ohi et al. 2008). Compositional dependence
of transition temperatures is difficult to evaluate precisely because
the nature of the transition may vary with composition, but increas-
ing Fe content seems to slightly decrease the temperature at which
pre-transitional effects occur (Yang & Ghose 1995).

4.2 Phase diagram of MgSiO; and Clapeyron slope
of the high-temperature transition

Taking into account the high-temperature phase transition in
MgSiO;s, re-appraisal of petrological experimental determinations
of the phase diagram allows constraining the Clapeyron slope of
the displacive Pbca <> Cmeca transition for pure OEn. Taken at face
value the brackets on the OEn <> PEn transition at ambient (1258 +
10 K; Atlas, 1952) and high-pressure conditions (Anastasiou &
Seifert 1972; Boyd et al. 1964; Chen & Presnall 1975; Kushiro
et al 1968) define a peculiar phase boundary between PEn and
OEn. A first segment with Clapeyron slope of about 400 K GPa™!
up to 1673 K is followed by a slightly negative Clapeyron slope
segment. Chen & Presnall (1975) gave a kinetic interpretation of
this observation whereby the impossibility of quenching PEn or
its back-transformation product LCEn when temperatures exceed
1673 K causes an ‘erroneous’ attribution of data points to the OEn
stability field (Fig. 3a). In light of the Brillouin results and inter-
pretation by Jackson et al. (2004a) of a hidden displacive transition
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Table 2. Ambient temperature Raman mode frequencies (v) and temperature dependences (dv/d7T') for the orthorhombic
(Pbca, OEn) and high-temperature (Cmca?, HTEn) MgSiOj; enstatite polymorphs.

HTEn OEn
v (ecm™') /4T (em™' K1) v (cm™!) Av/dT (em™' K1) 82v/0T? (x10%) (cm™2 K~2)
105 —0.006(1) 82 —0.002(2) —1.03(13)
115 105
118 114 —0.010(3) —-1.7(3)
131 133 —0.011(1) —1.0(1)
138 145 —0.007(1) —0.7(1)
141 153 —0.014(1)
156 160
177 167 —0.0126(5)
188 —0.0154(10) 193 —0.017(1)
193 196 —0.004(1)
210 205 —0.0189(5)
213 —0.0128(7) 224
235
237
241 240 —0.021(1)
251 244
258 259 —0.014(2)
271 —0.010(1) 276 —0.013(2) —0.6(2)
274 283
286 295
299 301 —0.014(1)
305 308
313
323
331 —0.0191(7) 331
342 342 —0.0261(6)
371 360
375 378
384 383 —0.019(2)
403 400 —0.023(1)
412 416
420 401 —0.015(2) —0.8(2)
430 444 —0.020(1)
441 457
466 471 —0.017(1)
478 486
513 519
525 525 —0.012(2)
539 —0.013(2)
546
548 —0.008(2) 551 —0.015(2)
569 579
581 594
673 —0.0159(5) 663 —0.0115(16) —0.26(16)
685 —0.0168(11) —0.32(8)
729
752 750
848 851 0.00(1)
856 885 —0.006(3)
896 892
925 928
939 935 —0.023(3)
989
1013 —0.023(1) 1012 —0.0179(10) —0.29(8)
1028 —0.027(2) 1033 —0.0186(24) —0.58(19)
1037 —0.029(15) 1038
1061
at a higher temperature than the OEn-PEn transition, an alternative 400 K GPa™!, the nearly constant-pressure segment at high tempera-
explanation is proposed (Fig. 3b). Three different phase boundaries tures the transition between PEn and the postulated, possibly Cmca,
originate from a triple point near 0.85 GPa and 1673 K. The first high temperature phase, and the third segment the stable extension
boundary is the OEn-PEn transition with Clapeyron slope of about of the ambient pressure metastable displacive transition from OEn

© 2010 The Authors, GJI, 181, 557-566
Journal compilation © 2010 RAS
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Figure 3. High-pressure high-temperature phase diagram of MgSiO3 en-
statite showing experimental quench products as open squares for OEn,
filled squares for assemblages interpreted as PEn, and half-filled squares for
ambiguous assemblages. Boundary between OEn and PEn quench products
shows a strong curvature near 1673 K and 0.8 GPa. This was interpreted
(Chen and Presnall, 1975) as a single phase boundary between the stability
fields of OEn and PEn with Clapeyron slope of 400 K GPa~! where, when
the transition is crossed above about 1733 K on quenching from the highest
pressure—temperature points, only OEn can be quenched (a). We propose
a new interpretation (b) with three stable phases, the HTEn form being
quenched as OEn because of the reversible character of the OEn-HTEn
(possibly Pbca <> Cmca) displacive transition (Jackson er al. 2004a,b).
Ambient pressure transition temperature is estimated from 7¢ in Fig. 1.
Estimated Clapeyron slope for the OEn-HTEn transition is in the range
100-300 K GPa~!, with most likely value around 200 K GPa~!.

to the high-temperature phase. Only OEn can be quenched above the
triple point because of the displacive nature of the phase transition
on this third segment. Clapeyron slope of the displacive transition
can be estimated from the location of the triple point and the ambient
pressure transition temperature as 210 & 90 K GPa~'.

© 2010 The Authors, GJI, 181, 557-566
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5 MODELLING OF PRE-TRANSITIONAL
ELASTIC EFFECTS IN MANTLE
PYROXENE

The non-linear variations are observed in the high-temperature Bril-
louin and Raman data of the SC OPx and of OEn, and on cell param-
eters for various compositions. Thus these pre-transitional effects
should be observed in compositions relevant to the Earth’s mantle
and be associated with lower velocities in hot zones of the upper
mantle. To test that possibility, we develop here a simple model to
take into account non-linear softening of sound velocities at upper-
mantle pressures and temperatures. Because tomographic images
and most seismic profiles are obtained for shear velocities, we fo-
cus on modelling Vg near the transition temperature and comparing
our results to those from the thermodynamic data set of Stixrude &
Lithgow-Bertelloni (2005b).

A Landau theory formalism can be used to qualitatively describe
the changes in elastic constants with temperature for the proposed
phase transition (Jackson et al. 2004a, b). This approach gives self-
consistent expressions for the free enthalpy and elastic constants but
they contain too many parameters to be constrained by the available
data. Thus we chose to use a simpler formalism to fit the data, which
uses the typical term (1 — T/T¢)"/" that is present in Landau-type
expansions of the free enthalpy and various properties as a function
of temperature:

1

Vi(T) = Vs(T)) (1 - Tl) . (1),
C

Expression (1) has the character of being sublinear at low tem-
peratures, and reproduces the strong curvature of the shear wave
velocity data near 7 with only three adjustable parameters, the
shear velocity V(T ) at reference temperature 7,, the characteristic
temperature 7 and exponent n of the transition (Fig. 1). We obtain
n = 15.8(5) and Tc = 1487(11) K, and n = 16.9(25) and T¢ =
1430(63) K for OEn and SC OPx, respectively. Because data for SC
OPx are limited to 1273 K, we preferred to fit both data sets with n
fixed to a value of 16, and obtained 7¢ of 1484(4) and 1454(14) K
for OEn and SC OPx, respectively (Fig. 1). T¢ is the temperature at
which the fit with expression (1) for shear velocity or any variable
(elastic modulus or Raman frequency) goes to a value of 0. Because
of the simple equation used here, 7¢ and n are not equivalent to
the critical temperature and order of the transition as defined in
Landau theory (Carpenter & Salje 1998), although they are related
to it. For the assumed Pbca <> Cmca phase transition in orthopy-
roxene, Landau theory predicts that some elastic moduli like Cs;
go to 0 at the transition temperature, while others like Css decrease
non-linearly close to 7¢ before reaching the value of the equivalent
modulus in the high-temperature phase. Using expression (1), 7¢
will correspond to the ‘true’ transition temperature of 1462(12) K
obtained from fit to data for C;; in OEn (Jackson et al. 2004a, b)
while it is higher [1581(21) K] for Css. The value obtained for Vs,
which is a function of several Cj, is only slightly higher than the
actual transition temperature obtained from fitting Cs3. Finally, it is
unlikely that the softening observed here includes some attenuation
effects given the high frequencies of the Brillouin measurement.
Dispersion effects associated with the transition might affect Vs
at seismic frequencies but cannot be estimated from the present
data set.

In Raman spectroscopy, the OEn phase could be maintained up
to measured temperatures of 1501 K before transition to PEn oc-
curred, possibly triggered by the displacive transition. It is also main-
tained to similar temperature in some Brillouin runs. Differences of
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3 per cent in the transition temperature among different runs in dif-
ferent experimental setups are within the uncertainties associated
with temperature calibration and small temperature gradients in the
cells. Thus the metastable transition temperature is estimated as
1485 £ 25 K at ambient pressure, more than 200 K higher than
the bracket of the stable OEn-PEn transition at 1258 + 10 K (Atlas
1952).

Fit with expression (1) is compared with sublinear expression
from self-consistent thermodynamic data set in the quasi-harmonic
approximation (Stixrude & Lithgow-Bertelloni 2005b) in Fig. 1.
We note that with the sublinear temperature dependence used by
Stixrude & Lithgow-Bertelloni (2005b), Vs can be consistent within
40 m s~! with that from expression (1) up to about 1200 K (Fig. 1),
which is roughly the temperature interval of the data that were
available to fit their model, if temperature derivatives near 873 K
are matched and the initial value at 298 K is set to a slightly lower for
expression (1) than for sublinear variations. In the absence of elastic
data at both high pressure and temperature, we allowed the parame-
ter n to vary with pressure so that Vs for orthopyroxene matches as
closely as possible the values from Stixrude & Lithgow-Bertelloni
(2005b) up to 1200 K while keeping adequate expression to describe
the anharmonic deviation from linear temperature dependence of Vs
due to the phase transition near 7¢ (see the Appendix). Allowing
n to vary with pressure is justified in view of the observed change
in character of displacive transitions (Carpenter & Salje 1998).
The transition temperature at high pressure can be estimated from
the proposed phase diagram (3) by simply extrapolating the ambi-
ent pressure value (1485 + 25 K) to that at the triple point near
0.85GPa (1673 £ 50 K), yielding a Clapeyron slope d7¢/dP =
210 4 90 K GPa~'. Deviations between the present expression and
Stixrude & Lithgow-Bertelloni (2005b) model decrease with pres-
sure as expected from the increase of 7 with pressure. At 10 GPa,
results from both models agree within less than 50 m s~! over the
entire temperature range for the mantle because anharmonic effects
vanished (Fig. 4). Thus significant effects of the transition on or-
thopyroxene shear velocities are restricted to shallow depths and
high temperature regions of the mantle.

6 IMPLICATIONS FOR SEISMIC
VELOCITIES AND ATTENUATION
IN THE UPPER MANTLE

We corrected the polynomial expression for Vs in the upper man-
tle (Stixrude & Lithgow-Bertelloni 2005a) to account for the pre-
transitional effects in mantle OPx near 7¢:

Vs(T, P) = 4770 + 38P — 0.378T + Xop AVs(T, P), @)

where Xop, is the mole fraction of OPx from thermodynamic mod-
elling (Stixrude & Lithgow-Bertelloni 2005a), AV (T P) is the
difference in shear wave velocity for OPx in the quasi-harmonic
approximation (Stixrude & Lithgow-Bertelloni 2005b) and the
present anharmonic model (see the Appendix). We neglected the
effects that anharmonic changes in other thermodynamic prop-
erties of OPx near 7. might have on Xpp,. Instead we per-
formed calculations assuming either Xop, for 100 Ma or adiabatic
geotherm (Fig. 5). Oceanic mantle temperatures were calculated
using a 1-D half-space cooling model (Jaupart et al. 2007) as
6 = (1327 + 0.503z) x erf[z/(2+/237)], where 6 is the temper-
ature in °C, z the depth in km, and t the age in Ma. Effects on
seismic profiles are compared with available lateral seismological
models for the Pacific Ocean (Nishimura and Forsyth 1989; Maggi
et al. 2006a; Priestley & McKenzie 2006; Weeraratne et al. 2007).
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Figure 4. Difference between Vg of orthopyroxene from the present an-
harmonic softening model and the self-consistent quasi-harmonic model
(Stixrude and Lithgow-Bertelloni, 2005b) as a function of temperature for
three depths of 50, 75 and 300 km, and three Clapeyron slopes of the transi-
tion of 100, 200 and 300 K GPa~!. Below about 1200 K, the difference is less
than 50 m s~! for pressures corresponding to depths up to 75 km. Above
that temperature, elastic softening induces large differences that strongly
decrease with increasing depth. At a pressure of 10 GPa corresponding to
about 300 km depth, the difference is less than 20 m s~ up to 1500 K
whatever the Clapeyron slope, and less than 50 m s~! at 1700 K because the
elastic softening has vanished.

Comparison of lateral profiles at 50 and 75 km depths (Fig. 5a)
shows that the correction introduced by the OPx transition can be
quite high near the mid-oceanic ridges (MOR). Corrections with
Clapeyron slope of 100 K GPa~! are obviously inconsistent with
the seismological data because they are higher than the Vs decrease
associated with melting near MOR at 50 km depth, and lower at
75 km depth. Corrections for the preferred value of 200 K GPa™!
and highest values (300 K GPa~!) are not very different and may
be considered as maximum effects of the softening. Both account
partly for the slight curvature of the Vg temperature relationship
in the seismic data prior to the sudden drop induced by melt-
ing at MOR. It is worth noting that for the two latter values of
the Clapeyron slope, the elastic softening never exceeds that ob-
served by Brillouin spectroscopy at high temperature (i.e. about 30
per cent decrease of Vspp,). Vertical profiles (Fig. S5b) calculated
for Clapeyron slope of 200 K GPa™! and X,p, extreme values for
100 Ma and adiabatic geotherms (Stixrude & Lithgow-Bertelloni
2005a) show that elastic softening of OPx has a significant ef-
fect for depths shallower than 80 km that correspond to the litho-
spheric mantle as defined from seismic anisotropy (Nishimura &
Forsyth 1989; Maggi et al. 2006b; Nettles & Dziewonski 2008) or
from sharp lithosphere—asthenosphere boundary (Kawakatsu et al.
2009; Rychert & Shearer 2009). Therefore it will not affect sig-
nificantly the low velocity zone or continental lithospheric mantle,
unless the incorporation of aluminium in OPx at high pressures
reduces the transition temperature by a few hundred degrees. They
do not exceed one third of the observed Vs anomaly at about 50 km
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Figure 5. (a) Oceanic upper-mantle shear wave velocities as a function of temperature at depths of 50 and 75 km for a tomographic model of the oceanic
lithosphere from Priestley and McKenzie (2006, PMKO06) are compared with curves from harmonic mineralogical models (solid lines, Stixrude and Lithgow-
Bertelloni, 2005a, SLB05) and models corrected for elastic softening of OPx with Clapeyron slopes of 100 (short dashed), 200 (medium dashed) and
300 K GPa~! (long dashed). Thick vertical black line shows uncertainties in observed V. Elastic softening of OPx accounts for part of the non-linear decrease
of Vg above 1300 K prior to sharp decrease associated with partial melting at ridges above temperatures around 1625 and 1640 K at 50 and 75 km, respectively.
(b) Vertical profiles of shear wave velocities in red, orange, yellow and green for 2.5, 5, 10 and 20 Ma oceanic geotherms, respectively. Thin dashed lines
show profiles computed for harmonic high temperature behaviour of OPx elastic constants (Stixrude and Lithgow-Bertelloni, 2005a). Profiles calculated using
modified expressions to account for elastic softening of OPx with preferred Clapeyron slope of 200 K GPa~! are shown as bold lines assuming two mole
fractions of orthopyroxene Xppy, a minimum one for a 100 Ma geotherm (full curves) and a maximum one Xpp, (dashed curves) along the adiabatic geotherm
(Stixrude and Lithgow-Bertelloni, 2005a). They are compared with the observed shear wave velocity profiles (thick dark red curve) from the near mid-ocean
ridge (MOR) GLIMPSE experiment (Weeraratne ef al., 2007). Predicted Vs reduction due to OPx softening is limited to the lithospheric mantle near MOR
where it is at maximum one third of the observed minimum in Vs at MOR. This effect may slightly reduce the amount of partial melting or attenuation required

to explain the shallow LVZ beneath MOR.

depth near the East Pacific Rise (Weeraratne et al. 2007), and can
contribute to up to 2035 per cent of the observed Vs decrease near
MOR in the 10-50 km depth interval (Forsyth ez al. 1998), thereby
slightly reducing the amount of melt required to account for seismic
observations.

A curvature of the Vs temperature dependence in the lithospheric
oceanic mantle (Fig. 5a) observed before the sudden drop of velocity
due to melting at MOR is usually attributed to anelastic effects on
Vs (Afonso et al. 2008; Priestley & McKenzie 2006) that are not
taken into account in the elastic mineralogical models. Attenuation
effects can be introduced in the form (Minster & Anderson 1981):

Vs(w, T, P) = Vso(T, P) [1 - %cot(?) 0 (o, T, P)] ,

3
where Vs o(T, P) is the elastic shear wave velocity at null frequency
that can be obtained from the models discussed so far, w is the
shear wave frequency, « is an exponent that varies typically from
0.1 to 0.3 and the quality factor Q depends on thermally activated
processes (Karato & Jung 1998):

O(w, T, P) = Oy(w) [a) exp (%)] , “)

where £ and V' are the activation energy and volume, respectively.
Further dependence on grain size or other parameters can be in-
troduced depending on the mechanisms considered to cause atten-
uation (Faul et al. 2004; Jackson et al. 2002). Anelastic effects in
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eq. (3) are the difference between the elastic models and seismo-
logical model (Fig. 5a), which is significantly affected by the elastic
softening of OPx at 50 and 75 km depths. Therefore, we used this
difference to evaluate an apparent quality factor O* from eq. (3).
This is similar to the approach used by Priestley & McKenzie (2006),
except that the elastic velocity and its temperature dependence is not
fitted to seismological results at low temperatures but obtained from
mineralogical modelling. Differences between Vs from mineralog-
ical and seismological models become rapidly negligible when T
decreases and corresponding errors on O* are high. Thus results are
plotted only in a limited temperature range (1540-1640 K; Fig. 6)
where the Vs difference between model and observations is signifi-
cant (Fig. 5a). Atlower T, Q* values level off to high average values
above a few hundreds to more than one thousand depending on the
model and «. Higher apparent quality factors are obtained for the
present Vs model accounting for elastic softening of OPx than for
the linear harmonic model (Stixrude & Lithgow-Bertelloni 2005a).
Two regimes are observed, one where logQ* depends linearly on in-
verse temperature, as expected from (4), and one where apparent Q*
drops rapidly at the highest 7. This second regime corresponds to
the MOR region where significant melt fractions directly affect the
shear velocity and where relation (3) is no more valid to determine
the O* values. Comparison with accurate regional determinations
of O near MOR (Yang et al. 2007) shows that & exponent value of
0.1 is more likely than 0.3 in the 17-67 s range, but O* factors from
both elastic models with and without elastic softening of OPx are
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Table 3. Parameters of Arrhenius fit to eq. (3) for apparent quality factor O* (n is the number of data).

T range (K)* logQo E (kI mol™!) T range (K)” logQo E (kI mol™!) n

1637-1602 —14.509) 505(97) 1616-1592 —22.0(11) 729(155) 8
—10.6(7) 379(63) —16.5(9) 556(95)

1637-1573 —14.4(7) 501(64) 1616-1570 —21.1(9) 701(97) 11
—10.0(6) 362(36) —15.0(7) 508(52)

1637-1543 —14.2(6) 496(56) 1616-1542 —19.9(8) 664(79) 14
—9.4(5) 343(26) —13.1(6) 450(34)

Note: Numbers in italics are those for O* estimated using linear temperature dependence of V.

“Temperature from equation in text.
>Temperatures from Priestley and McKenzie (2006).

consistent with the observations (Fig. 6). The « exponent value of
0.1 is at variance of global observations in the same frequency range
(Lekic et al. 2009) yielding 0.3. This difference may arise from
scattering by small-scale heterogeneities that affect global models
(Yang et al. 2007) and from the lack of sensitivity of global models
at 50-200 km depths (Lekic e al. 2009). The linear portions of
the logQ* versus 1/7T relationship at 75 km depth were fitted using
eq. (3) assuming a fixed seismological frequency «, neglecting the
PV term, and for two models of lithospheric cooling (Jaupart et al.
2007; Priestley & McKenzie 2006). Fits could not be performed on
the 50-km depth data because of the limited number of significant
Q" estimates but the similar slopes at 50 and 75 km depths indi-
cate similar activation energies. Data were weighted to account for
individual uncertainties on seismological Vs and assuming a con-
stant uncertainty of 50 m s~! for the model values. Results from
fits on different T intervals (Table 3) show that the final parameters
depend little on the interval chosen, thus on the quality of apparent

£ {1 [ IR S EPEIPE PENIPET I I I e
6.1 6.2 63 6.4 6.5

10%T (K"

Figure 6. Apparent quality factor of shear waves in the lithospheric oceanic
mantle from eq. (3) for a @ exponent of 0.1 (squares) and 0.3 (dots), using
data from Priestley and McKenzie (2006). Red (75 km depth) and black
(50 km depth) symbols with full lines for Vs models accounting for elastic
softening of OPx, dark red (75 km depth) and grey (50 km depth) symbols
and broken lines for Vs models with linear temperature dependence. Results
for o exponent of 0.3 are shifted from those for & of 0.1 by a constant factor
of about 3.2, and are shown only for 75 km depth. Thick lines show the
Arrhenius fits over the whole plotted 7 range. Boxes show Q factor range
(thick line is the average) at 25-60 km and 55-140 km (Yang et al., 2007),
in grey and red, respectively.

O* estimates. Hence results for the largest interval are discussed.
The activation energies depend on the thermal parameters of the
cooling model and on the elastic model of Vs, but do not depend
on «. Higher activation energies are obtained for the thermal model
used by Priestley & McKenzie (2006) than for the model of Jaupart
et al. (2007), of about 450 and 350 kJ mol~!, respectively, for the
linear elastic model (Stixrude & Lithgow-Bertelloni 2005a), and of
660 and 500 kJ mol~!, respectively, for the soft OPx elastic model.
The values for the linear elastic model are consistent with the acti-
vation energy of 424 kJ mol~! for grain size dependent attenuation
(Jackson et al. 2002), but « = 0.26 associated with this relaxation
mechanisms yields lower Q than observed from local seismological
studies (Yang et al. 2007). Dislocation-creep in wet olivine with
E = 430 kJ mol~! (Karato & Wu 1993) is unlikely because water
was removed from the olivine during interaction with melt at MOR
(Karato & Jung 1998). The higher values of E for the OPx soften-
ing model are more consistent with those in the 500700 kJ mol~!
for attenuation in melt-bearing peridotite (Faul et al. 2004) or of
540 kJ mol~! for dislocation-creep in dry olivine (Karato & Wu
1993). Thus determination of the nature of the likely attenuation
mechanism in the upper mantle critically depends on elastic soften-
ing in OPx.
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APPENDIX: CALCULATION OF Vs OF
ORTHOPYROXENE AT MANTLE
PRESSURE AND TEMPERATURE

To extrapolate effects of the critical behaviour of Vs around 7¢ to
upper mantle, we have to constrain the evolution of 7¢, n and V(7))
with pressure and temperature. The Clapeyron slope d7¢c/0P =
210490 K GPa~! is estimated from phase equilibrium data (Fig. 3).
Thus values of 100, 200 and 300 K.GPa~! were tested, assuming the
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value of 1454 K for T¢ in SC OPx at ambient pressure for mantle
orthopyroxene. The temperature derivative of Vi is:

anvs\ 1 T\
5T )P‘ n(P)T(P) (1 TC(P>> ’ (AD

that decreases by a factor of 3—7 between 0 and 10 GPaat 7' < 1200 K
when increasing 7¢ with pressure without changing the other pa-
rameters. This is unrealistic and incompatible with self-consistent
thermodynamic modelling (Stixrude & Lithgow-Bertelloni 2005b)
yielding a variation of 3/nVs/dT from about 10~* K~! at ambient
pressure to 8 x 107> K~! at 10 GPa. Forcing the product n(P)T¢(P)
to vary less rapidly with pressure by varying » results in d/nVs/0T
decreasing less rapidly with pressure. Thus we constrained the evo-
lution of n with pressure in order to keep the temperature derivative
of Vg consistent with the thermodynamic data set of Stixrude &
Lithgow-Bertelloni (2005b). Noting that the sublinear decrease of
Vs in their model corresponds roughly to the slope given by eq. (1)
at 873 K (Fig. 1), we adjusted the evolution of n with pressure so
that dInVs/dT at 873 K varies from 10~* K~! at ambient pressure to
8 x 107> K~! at 10 GPa and find

Te + 15P — 873
n(Py=no | ——F——|. (A2)
Te + ¢ p — 873

Vs(T,,P)/Vs(T,,0) is conveniently calculated from the formal-
ism and data set of Stixrude & Lithgow-Bertelloni (2005b). How-
ever starting from V5(298, P) of Stixrude & Lithgow-Bertelloni
(2005b) results in a difference with the present model that will
increase from 0 at 298 K to reach a maximum near 873 K at
ambient pressure (Fig. 1) because of the curvature in Vs (eq. 1).
In order to minimize the difference between the two models in
the 1200 K range where quasi-harmonic and anharmonic models
should in average give comparable results, we have added a slight
correction to the shear velocity at 298 K in our model using the
expression:

VScorrec'ted(z()s’ P)

Tc — 873
= V5(298, P)[1—0.01 [ —F———— (A3)
Te+ S5 P —873

that yields satisfactory results (Fig. 4). Thus the present model
gives a match to available shear velocity data over a wide range
of pressure and temperature with five adjustable parameters (7¢ at
ambient pressure, n and V(298, 0) and their pressure derivative)
and one variable, d7¢/dP, independently constrained from phase
equilibrium data.

© 2010 The Authors, GJI, 181, 557-566
Journal compilation © 2010 RAS



