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Heat transfer in the mantle is a key process controlling the Earth's
dynamics. Upper-mantle mineral phases, especially olivine, have
been shown to display highly anisotropic thermal diffusivity at
ambient conditions1,2, and seismic anisotropy data3 show that
preferred orientations of olivine induced by deformation4 are
coherent at large scales (.50 km) in the upper mantle. Thus heat
transport in the upper mantle should be anisotropic. But the
thermal anisotropy of mantle minerals at high temperature1,5 and
its relationship with deformation have not been well constrained.
Here we present petrophysical modelling and laboratory meas-
urements of thermal diffusivity in deformed mantle rocks
between temperatures of 290 and 1,250 K that demonstrate that
deformation may induce a signi®cant anisotropy of thermal
diffusivity in the uppermost mantle. We found that heat transport
parallel to the ¯ow direction is up to 30 per cent faster than that
normal to the ¯ow plane. Such a strain-induced thermal aniso-
tropy implies that the upper-mantle temperature distribution,
rheology and, consequently, its dynamics, will depend on defor-
mation history. In oceans, resistive drag ¯ow would result in lower
vertical diffusivities in both the lithosphere and asthenosphere6

and hence in less effective heat transfer from the convective
mantle. In continents, olivine orientations frozen in the litho-
sphere may induce anisotropic heating above mantle plumes,
favouring the reactivation of pre-existing structures.

To investigate the interdependence between ¯ow and thermal
anisotropy, that is, to introduce this anisotropy in geodynamical

models and quantify its effects, we need to be able to predict the
anisotropy of thermal diffusivity that will result from a given upper- 
mantle ¯ow. Polycrystal plasticity models allow the simulation of
the development of olivine lattice-preferred orientations in the
upper mantle6±9. If the crystallographic orientations and the single- 
crystal tensor of an anisotropic physical property are known, we may
estimate the three-dimensional distribution of this property in a
polycrystalline aggregate by averaging the individual grain tensors10. 
Indeed, a strong correlation between olivine fabric and thermal
diffusivity anisotropy was observed in a dunite at ambient conditions1. 
Temperature derivatives of the olivine thermal diffusivity tensor are
nevertheless poorly constrained. Whereas thermal diffusivity data for
olivine and pyroxene crystals showed a constant anisotropy indepen- 
dent of temperature1, more recent thermal conductivity determina- 
tions in olivine crystals5 exhibited a decrease in anisotropy with 
increasing temperature, similar to that observed for quartz11. More-  
over, this simple petrophysical model does not consider parameters
that may in¯uence heat transport at the sample and larger scales
such as a variation in thermal diffusivity at grain boundaries. These
effects as well as the relationship between crystallographic orienta- 
tion and anisotropy may nevertheless be constrained by comparison
between model predictions and thermal diffusivity measurements
on real rock samples.

We have thus determined the three-dimensional thermal diffu- 
sivity of three mantle rocks by both petrophysical modelling
and laboratory measurements between 290 and 1,250 K. Two
spinel lherzolites (BALM4 and BALD1) from the Balmuccia and
Baldissero massifs in the Italian Alps were chosen as
representativeof the subcontinental mantle and a spinel harzburgite
(PNG) from the Papua New Guinea ophiolite was selected as
representative of the suboceanic mantle. Modal compositions are:
BALM4 (76% olivine, 19% enstatite, 3% diopside and 2% spinel),
BALD1 (74% olivine, 18% enstatite, 6% diopside and 2% spinel),
and PNG (87% olivine, 12% enstatite and 1% spinel). All samples
display coarser- grained porphyroclastic textures characteristic of
deformation under high-temperature conditions (m1,100 mC) and
are devoid of alteration minerals and macroscopic fractures. Olivine
displays a bimodal grain size distribution: porphyroclasts range
from 5 to 2 mm, whereas recrystallized grains are smaller than 1
mm. Pyroxenes generally form clusters that may reach up to 5 mm.
Foliation and lineation are de®ned by alignment of spinel crystals
accompanied, in the lherzolites, by a weak shape-preferred orienta- 
tion of olivine. In PNG, recrystallization by subgrain rotation leads
to elongation of olivine porphyroclasts normal to the spinel linea- 
tion.

Lattice-preferred orientations (Fig. 1) are typical of peridotites
deformed under high-temperature conditions, in which (010)[100]
and (001)[100] are the dominant slip systems for olivine9. BALD1
and PNG display a strong concentration of olivine [100] axes
subparallel to the lineation (¯ow direction) and a distribution of
both [010] and [001] axes in a plane normal to the lineation, with
secondary concentrations normal and parallel to the foliation (¯ow
plane), respectively. BALM4, on the other hand, is characterized by
a planar distribution of [100] and [001] along the foliation and a
[010] concentration normal to it. Enstatite preferred orientations
are weaker. BALM4 and PNG are characterized by a concentration
of the main glide direction [001] close to the lineation and a weak
concentration of [010] at high angle to the foliation. BALD1
enstatite preferred orientation is oblique to the foliation. Diopside
displays very weak preferred orientations.
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Figure 1 Olivine and enstatite lattice-preferred orientations for the studied samples.

Lower hemisphere equal-area projection, n measurements, contour intervals are at

multiples of a uniform distribution. Inverse-log shading varies from white (minimum

density) to black (maximum density, also indicated by a solid square). Full line marks the

foliation (X±Y plane); lineation (X direction) is horizontal.
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Petrophysical modelling using olivine and pyroxene thermal 
diffusivity tensors determined by spectroscopic methods at ambient
conditions2 indicates that all samples display a signi®cant aniso- 
tropy of thermal diffusivity (between 17.5 and 28.6%; Fig. 2). 
Thermal diffusivity is maximum parallel to the olivine [100] 
concentration, that is, parallel to the lineation (X direction), and 
minimum parallel to the [010] concentration, that is, normal to the 
foliation (Z direction). Anisotropy depends on the strength of 
olivine lattice-preferred orientation; PNG displays the strongest 
lattice-preferred orientation and the most anisotropic behaviour. 
Thermal anisotropy also depends on the pyroxene content, which 
tends to weaken the anistropy; this effect is enhanced when olivine 
and estatite lattice-preferred orientations are uncorrelated, as in 
BALD1. In addition, thermal diffusivity of olivine varies more 
between [010] and [001] directions than between [001] and [100]. 
Thus the dispersion of [010] and [001] in a plane normal to the 
lineation Y-Z plane) showed by BALD1 signi®cantly weakens its 
anisotropy, whereas the dispersion of [100] and [001] in the 
foliation (X-Y plane) displayed by BALM4 only slightly reduces its 
maximum thermal diffusivity. Similar patterns, but higher 
anisotropies (between 23.9 and 38.4%), are predicted if more 
anisotropic olivine and enstatite diffusivity tensors1 are used.

Modelling suggests that, at ambient conditions, upper-mantle 
rocks retain one-third to half of the olivine single crystal 
anisotropy. Is this anisotropy preserved at upper-mantle 
conditions? Does dispersion at grain boundaries affect the thermal 
diffusivity tensor? In order to answer these questions, we measured 
the thermal diffusivity of our samples at ambient pressure and 
temperatures between 290 and 1,250 K. Six measurements were
performed parallel to the lineation (X direction, 
[100] concentration, for which the highest diffusivity is
predicted), four normal to the ¯ow plane (Z direction, [010] 
concentration), and two in the ¯ow plane, but normal to the 
lineation (Y direction, [001] concentration). These 
measurements (Fig. 3) show a signi®cant anisotropy of 
thermal diffusivity that remains roughly constant over the 
entire temperature range, in agreement with high-temperature 
thermal diffusivity data on olivine and pyroxene crystals1. 
Measured anisotropies (21% for BALM4 and 12% for BALD1) 
are consistent with predictions of petrophysical models using 
data from ref. 2 (Fig. 2). The higher anisotropy (31%) 
previously observed in a dunite1 may be explained by the lower 
pyroxene content and very strong crystallographic orientation12 of 
that sample (similar to PNG, for which 28% of anisotropy was 
predicted).

Maximum and minimum thermal diffusivities are coherent from 
sample to sample and their relative magnitudes match model

predictions very well: KPNG-X . KBALD1-X < KBALM4-X . KBALD1-Y.
KBALM4-Z. Measured thermal diffusivities at 290 K are, 
however, systematically lower by 20% than model predictions; this 
difference may be attributed to isotropically distributed lattice 
imperfections and microfractures in the samples. Indeed, thermal 
diffusivity measurements in crystalline rocks under increasing 
pressure conditions generally show a fast, non-linear increase in 
thermal diffusivity up to 200 MPa associated with closure of 
microfractures13,14. Thus petrophysical models using olivine and 
pyroxene thermal diffusivity tensors from ref. 2, our experimental 
constraints on the temperature-derivatives of the olivine and 
pyroxene thermal diffusivity tensors, as well as a weak linear 
dependence on pressure2,15, should provide good estimates of the 
upper-mantle thermal diffusivity.
Relative contributions of phonon conduction and radiative transfer 
to the total diffusivity may be inferred from the temperature 
dependence of thermal diffusivity. Up to 600 K, thermal diffusivity 
is inversely proportional to temperature, suggesting that scattering 
of heat-conducting phonons by lattice imperfections and 
phonon±phonon interactions controls heat transport19.At higher 
temperature, deviation of this behaviour may be ascribed to the 
onset of radiative heat transfer. Above 900 K, this contribution 
(about 15% of the total diffusivity) is restrained by development 
of oxide ®lms along grain boundaries (observed optically in thin 
sections of the measured cores). Thus lattice conduction is the 
dominant heat transfer mechanism over the entire temperature 
range of our measurements. Lattice conduction should also prevail 
in the Earth's upper mantle, as suggested by analysis of infrared 
absorption data20. Yet, although it is minor, the radiative 
contribution at high temperature may have been underestimated in 
our experiments.
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Figure 2 Modelled three-dimensional thermal diffusivity and mean acoustic wave velocity

distributions. Voigt±Reuss±Hill averages calculated from crystallographic orientation

data and thermal diffusivity and elastic constants tensors for olivine and enstatite at

ambient conditions2,27,28. As its full thermal diffusivity tensor is not known, diopside is

assimilated to enstatite. V mean � 3=�1=V P � 1=V S1 � 1=V S2�. Lower hemisphere equal-

area projections, contours at 10-7 m2 s-1 and 0.02 km s-1 intervals, respectively. Full line

marks the foliation (X±Y plane); lineation (X direction) is horizontal.
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Figure 3 Thermal diffusivity as a function of temperature as measured in oriented cores of

PNG (diamonds), BALD1 (circles and squares), and BALM4 (triangles). Red symbols mark

measurements parallel to the [100] axis maximum (X direction � lineation), blue

symbols indicate measurements parallel to the [010] axis maximum (Z direction �

normal to the foliation), and yellow symbols show measurements in the Y direction for

BALD1. At each temperature, three successive measurements are performed in order to

check data reproducibility. High dispersion in BALM4-Z1 low-temperature data results

from electronic noise, eliminated in subsequent measurements. Error bars for individual

measurements (not plotted) are of 2%. Relatively high thermal diffusivities displayed by

BALD1 in the Z direction result from the dispersion of [010] and [001] in the Y±Z plane

(compare Fig. 1). For comparison, the full black line represents thermal diffusivity data for

a ®ne-grained isotropic olivine polycrystal at 100 MPa15.



Heat transfer by phonons depends essentially on phonon velocity 
and mean free path21. Anisotropy of phonon velocities, which may be 
approximated by the anisotropy of acoustic velocities1, is 
signi®cantly lower than the anisotropy of thermal diffusivity (Fig. 2). 
Thus the observed thermal diffusivity anisotropy largely results from 
anisotropy of the phonon mean free path. This latter is controlled by 
interactions with lattice imperfections and phonon± phonon 
collisions. At high temperature, however, the contribution of 
phonon±phonon interactions is dominant. Preservation of a 
constant anisotropy over the entire temperature range suggests 
therefore that phonon mean free path and, hence, anisotropy are 
controlled by phonon±phonon collisions, which are more frequent 
along the [010] direction. Indeed, linear thermal expansion coef®- 
cients for olivine, which are also related to the anharmonicity of 
lattice potential, display a similar anisotropy, a�100� , a�001� , a�010� up 
to 2,000 K (ref. 22).

Through the association of petrophysical modelling and thermal 
diffusivity measurements on textured upper-mantle rocks, we show 
that deformation may induce a signi®cant thermal diffusivity 
anisotropy in the uppermost mantle: heat transport parallel to the 
olivine [100] axes concentration (¯ow direction) is up to 30% faster 
than normal to the ¯ow plane ([010] concentration). Moreover, 
because the anisotropy does not depend on temperature, it might be 
preserved under higher-temperature, asthenospheric conditions. 
Existence of a large-scale, strain-induced thermal anisotropy in the 
upper mantle implies that the temperature distribution, rheol- ogy, 
and, hence, the upper-mantle dynamics depend on its defor- mation 
history. Olivine orientations frozen in the continental lithosphere 
may modify plume±lithosphere interactions. Enhanced thermal 
diffusivity along lithospheric-scale wrench zonesÐthat is, parallel to 
the olivine [100] preferred orientationÐmay lead to anisotropic 
heating of the lithosphere, favouring the reactivation of  these 
structures during continental break-up23,24. Such a control of the 
pre-existing lithospheric structure on the propagation of a thermal 
anomaly may be inferred, for instance, from tomographic images of 
the east African rift25. In oceanic domains, deformation by resistive 
drag of the sublithospheric mantle leads to vertical orientation of 
olivine [010] axes in the lithosphere and asthenosphere6, which will 
result in reduced vertical diffusivity and hence in less effectiv heat 
transfer from the convective mantle. Reduced diffusivity across 
oceanic plates may also lead to slower heating of subducting slabs. 
Interactions between flow and anisotropy are nevertheless complex 
and a full investigation of the effect of an anisotropic thermal  
diffusivity on mantle convection may only be accomplished by 
integrating this strain-induced anisotropy in geodynamical models. 

               
               

 Methods
Lattice-preferred orientation measurements

Crystallographic orientations were determined on a scanning electron microscope (JEOL 
JSM 5600) by indexation of electron back-scattered diffraction (EBSD) patterns generated 
by interaction of a vertical incident electron beam with a carefully polished thin section 
tilted at 708. The pattern is projected onto a phosphor screen and recorded by a low-light, 
high-resolution charge-coupled device (CCD) camera. The image is then digitally 
processed and indexed in terms of crystal orientation using the CHANNEL+ software 
from HKL Technology.

Thermal diffusivity measurements

For each sample, thermal diffusivity of one (PNG) to six (BALD1) oriented cores of 43 
mm length and 27 mm diameter was determined using a ®nite pulse method26. The 
energy pulse (3 s) is generated at the core axis by a Nichrome heater. It propagates 
radially and is recorded by a Chromel/Alumel thermocouple placed at a distance d (6±7 
mm) from the core axis. The temperature response is measured every 0.1 s during 40 s. 
From the measured temperature curve, the half-time value tH, that is, the time span to 
reach half of the maximum temperature rise, is evaluated. Thermal diffusivity K is then 
calculated as K � d2 =�10:77tH 2 16:55�. A thick-walled pyrophyllite container prevents 
thermal con- vection around the sample and a drastic step in thermal properties at 
sample boundaries. The entire assemblage is ®tted in a three-zone furnace. At each 
temperature, three successive measurements are performed in order to check data 
reproducibility. Moreover, for samples BALM4 and BALD1, two series of measurements 
(two cores) were performed in each direction.
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