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a b s t r a c t
Thermal diffusivity of synthetic quartz single-crystals and natural polycrystalline aggregates were measured
using a modiﬁed Angström method at ambient pressure and up to 800 °C in order to investigate the effect of
crystal preferred orientation on thermal diffusivity of quartz rich rocks. The thermal diffusivity tensor of quartz
was determined by measuring the thermal diffusivity of an oriented synthetic quartz single-crystal along the
[100] and [001] directions. A naturally deformed, ﬁne-grained quartzite mylonite, was used to compare the
single crystal properties with aggregate properties. Using the crystal preferred orientations (CPO) measured by
the Electron Back Scattered Diffraction (EBSD) method and the measured thermal diffusivity tensor of quartz,
the three-dimensional aggregate thermal diffusivity was modelled using volume averaging models. In order to
test the validity of these models that are only based on the properties of the constituent minerals, the thermal
diffusivity was then measured on oriented cores as a function of temperature, along three orthogonal
directions, parallel to the (X-lineation, Y, Z-pole to foliation) structural frame. Both modelled and direct
measurement of thermal diffusivity show an anisotropy of thermal diffusivity, heat transport being more
effective parallel to Y-direction and less effective parallel to the lineation X-direction. Thermal diffusivities
measured in a given direction on the natural rock are lower by less than 10% than the modelled thermal
diffusivity in the same direction, showing that rock imperfections have a weak effect on heat transport. In
addition, the modelled thermal diffusivity anisotropy based on the characterization of crystal orientations and
thermal diffusivity tensor shows a good agreement with measurements in both α and β stability ﬁeld. This
validation of the petrophysical simulation allows for evaluating the 3D thermal diffusivity of quartz rich rocks
in different crustal conditions. The 3D thermal diffusivity of ﬁve naturally deformed quartzites displaying
quartz fabrics expected in different crustal pressure and temperature ranges were simulated. The resulting
thermal diffusivity anisotropies of quartzites range between 40% and 10%, depending on temperature,
crystallographic fabric patterns and fabric strength. Under crustal conditions, quartzites deformed in the
granulite facies display a high thermal diffusivity in the (XZ) foliation plane, whereas quartzites deformed in
greenschist facies have highest thermal diffusivity in the (Z) direction normal to the foliation plane.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Thermal transport properties of minerals and rocks are the key
parameters that control the temperature distribution in the earth, and
through the temperature dependence of rheology, the mechanism of
rock deformation. In the crust, heat transport properties of rocks and
radiogenic heat production control the temperature distribution and
numerous related thermal processes, such as contact metamorphism,
regional metamorphism (Wenk, 1970), cooling of magmas, and heat
transport in shear zones (Hartz and Podladchickov, 2006). When crustal
composition is known from seismology and gravity, temperature and
rheological proﬁles may be calculated using both variation of heat
productions and thermal conductivities with lithology (Cheng et al.,
2002). However, although thermal conductivity is very sensitive to
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mineralogy and temperature, a constant thermal conductivity is
generally assumed for crustal rocks in calculating the continental
geotherms (Jaupart and Mareschal, 1999; Cheng et al., 2002). These
simpliﬁcations are justiﬁed by the lack of reliable data on rock-forming
minerals and on heat transport processes at the rock scale. In addition,
anisotropy of heat transport resulting from anisotropic thermal
conductivity of minerals and deformed crustal rocks (Siegesmund,
1994; Seipold and Huenges, 1998), which may also inﬂuence the actual
heat ﬂow at the present day and in the geological past, are also neglected.
The anisotropy of heat ﬂow in the continental crust can be deduced from
the orientation of regional metamorphic isograds (Wenk,1970) and K–Ar
cooling ages (Borradaile and Hermes, 1980), which record the isotherms
at different epochs. Many numerical models of complex metamorphic
histories have failed to take into account the anisotropy of thermal
properties, even though it may be as high as a factor of two in schists
(Wenk and Wenk,1969). Indeed, in some metamorphic root zones where
the foliation is nearly vertical, the parallelism of the schistosity and
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the metamorphic isogrades is explained by the high thermal conductivity parallel to the schistosity (Wenk, 1970; Den Tex, 1975).
Heat transfer by conduction in rocks is quantiﬁed by the thermal
conductivity tensor K deﬁned as follows:
Y
J = −Kij grad T

ð1Þ

→
where J is the heat ﬂux vector and T the temperature. Thermal
diffusivity tensor can deﬁned for homogeneous materials as:
Dij =

Kij
ρ Cp

ð2Þ

where ρ is density and Cp is the heat capacity at constant pressure.
Quartz being one of the most abundant minerals in crustal rocks, its
thermal properties has been extensively studied. Three characteristics
make it an important mineral for the comprehension of the thermal
properties of the crust: high intrinsic value of the thermal conductivity
or diffusivity, high anisotropy and very strong temperature dependence
(Kanamori et al.,1968; Höfer and Schilling, 2002). In addition, it has been
recently shown that α–β transition in quartz leads to an important
lowering of its thermal diffusivity (Höfer and Schilling, 2002; Branlund
and Hofmeister, 2007).
However, thermal diffusivity of quartz single crystal is still
controversial, concerning absolute values over a large temperature
range and especially through the α–β transition. Indeed, it has been
reported by Höfer and Schilling (2002) that c-axis, the highest thermal
diffusivity direction in α-quartz becomes the lowest thermal diffusivity
direction in β-quartz, whereas more recently Branlund and Hofmeister
(2007) observed that the c-axis remains the highest thermal diffusivity
direction in the β phase. They explained this difference by a possible
inﬂuence of direct radiative transport in Höfer and Schilling's measurements. Since quartz is very transparent at near-IR wavelengths, heat can
be directly transported by photons without the diffusion of photons
through the sample. At high temperature, this effect may lead to very
large discrepancies in thermal diffusivity values, by increasing the
measured total thermal diffusivity (Gibert et al., 2005). For instance,
removal of direct radiative transfer lowers measured thermal diffusivity
in the [100] direction, from 1.78 mm2 s− 1 at 800 °C (Höfer and Schilling,
2002), to less than 1.00 mm2 s− 1 in Branlund and Hofmeister (2007),
where only heat transport by phonons is assumed to be measured.
In addition, extrapolation of single crystal properties to quartz-rich
aggregates properties, that is fundamental for extrapolation of laboratory data to the crustal rocks, has not been documented. The presence of
grain boundaries and impurities in rocks are expected to modify their
thermal diffusivity. Moreover, plastic deformation at high temperature
under crustal conditions results in the development of crystal preferred
orientation (CPO) of quartz (e.g. Schmid and Casey, 1986), that may
induce a strong anisotropy of thermal transport properties at the rock
scale, as observed for seismic properties (Mainprice and Casey, 1990).
In consequence, the aims of this contribution are: (i) deﬁne the
thermal diffusivity tensor of quartz single-crystals at high temperature, in both α and β stability ﬁelds (ii) constrain the scale transfer
from single crystal properties to bulk rock properties by analysing the
effect of CPO and aggregates imperfections on thermal diffusivity and
(iii) simulate the thermal diffusivity of quartz-rich rocks deformed in
various crustal conditions.
2. Experimental details
2.1. Method of thermal diffusivity measurement
Thermal diffusivity was measured using a modiﬁed Angström
method in a linear conﬁguration (Kanamori et al., 1969). A periodic
thermal signal is created on the top end of the sample and is recorded
by the thermocouple 1. The thermocouple 2 records the temperature
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at a given distance below the top thermocouple (Fig. 1). Thermal
diffusivity is calculated using the phase difference and the amplitude
ratio between the recorded temperatures of the two thermocouples.
The samples are cylindrical and their diameters and lengths L may
vary from 2.9 to 6.4 mm and to 9 to 30 mm, respectively. The top
thermocouple records the temperature on one end of the sample,
where heat is generated. The second thermocouple is placed at a
distance of about l = L/3 below the top thermocouple (Fig. 1). The
temperature in the sample obeys to the heat equation:
AT
A2 T
= D 2 −νT
At
Ax

ð3Þ

Where D is the thermal diffusivity and ν is a radiative constant,
representing the heat losses by lateral radiation from the sample sides.
The sinusoidal temperature of angular frequency ω and period 2π/ω
recorded at the top thermocouple (x = 0) is a function of time t:
T ðx = 0; t Þ = A0 + A1 cosðωt Þ

ð4Þ

Where A0 is the baseline temperature and are A1 is the amplitude.
If the sample is assumed to be inﬁnite, the temperature at a distance
x from the top thermocouple is a solution of the Eq. (1) (Kanamori et al.,
1969):
T ðx; t Þ = A0 expð−q0 xÞ + A1 expð−q1 xÞ× cosðωt−q2 xÞ
 2
1=2 #1=2
ν
ν
ω2
+
+
D
2D
4D2 4D2
"
#
 2

1=2 1=2
ν
ν
ω2
+
+
q2 = −
2D
4D2 4D2

with q0 =

and D =

 ν 1=2

ω
2q1 q2

ð5Þ

"

; q1 =

and ν =



ω q21 −q22
2q1 q2

and

(6)

ð7Þ

Thus, the experimental measurable quantities attenuation (a) and
phase difference (ΔΦ) of the harmonic signal between the recorded
temperatures at the two thermocouples are, respectively:
a=

1
expð−q1 lÞ

and ΔΦ = q2 l

ð8Þ

where l is the distance between the two thermocouples. Thermal
diffusivity D and radiative constant ν are deduced from the
attenuation and phase difference using Eqs. (7) and (8).
2.2. Sample preparation
Since it was not possible to drill very small holes through the sample,
the sample was divided in two parts, one with a length of l =L/3, the
other with a length of 2L/3. This geometry reduces the effect of the
contact between the sample and the alumina piston (Fig. 1), whose
thermal transport properties are different from the samples. Thus, the
sample can be considered as inﬁnite in regard to heat wave propagation,
in a well-deﬁned range of the attenuation factor (Gibert, 2003).
Thermocouples wires are placed in small grooves (0.2 mm) on the two
sides of the shorter sample. The shorter sample is glued to the heater on
one side, and to the larger part of the initial sample on the other side. To
ensure thermal contacts between sample and thermocouples, sample
and heater and between the two samples, the assembly is placed
between two alumina pistons, to which an axial force of 10 to 100 N is
applied (Fig. 1). Ni–Cr wire surrounding the top piston generates
the heat wave that is transmitted to the sample by conduction. The
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Fig. 1. On the left, schematic diagram of the experimental apparatus to measure thermal diffusivity. On the right, an example of the temperature recorded at the two thermocouples.

assembly is placed in a vertical furnace, where the thermal gradient is
about 3 °C/cm in the central part.
In order to avoid undesirable effects, such as heat transfer by direct
radiation through the sample, the amplitude of the signal was
maintained as low as possible (ΔT1 b1.5 K and ΔT2 b 0.5 K) (subscripts
1 and 2 indicate the thermocouples 1 and 2) and temperature
variations with time were as low as possible, using relatively high
periods (between 10 and 100 s). When compared to other methods,
such as ﬂash or transient methods, the thermal perturbations induced
by heat propagation are much lower with this technique. The use of
very thin thermocouple wires (0.125 mm diameter) insures fast
response and high accuracy of the measurements.
2.3. Data acquisition and error consideration
The amplitude and the phase angle of temperature variations were
directly calculated using a Fast Fourier Transform (FFT) algorithm.
When the sample temperature is not in equilibrium with the furnace
temperature, the sample temperature varies and this global variation
is superimposed on the small sinusoidal variation. In such a case, the
FFT calculations are systematically incorrect. In order to calculate the
thermal diffusivity even when the sample temperature is increased or
decreased using an imposed temperature ramp, the temperature
variation was automatically corrected by assuming that it is a linear
function of time. When corrections for the temperature ramp are
applied, the thermal diffusivity can be measured continuously, while
the sample temperature is slowly (about 1 °C/min) increasing or

decreasing with time. In particular, using a temperature ramp was
useful for accurately measuring the thermal diffusivity as a function of
temperature near the α–β quartz phase transition.
The method has been calibrated with silica glass (low thermal
diffusivity – 0.8 × 10− 6 m2 s− 1) and alumina (high thermal diffusivity −
10 × 10− 6 m2 s− 1). Measurements display a good agreement with
previous studies, deviations being lower than 5% (Gibert, 2003). In
particular, this calibration show that the thermal diffusivity contrast
between glue and samples and possible heat losses at the contact
between the two samples have negligible effects (Gibert, 2003), and that
boundary conditions are correctly taken into account in data processing.
Sample temperature is calculated as the average of the temperatures
recorded at the two thermocouples. Temperature differences between
the two thermocouples never exceed 5 °C, and the error in absolute
temperature is about 2 °C. At temperatures where temperature
dependence of thermal diffusivity is expected to be strong, for instance
close to the α–β transition temperature, the sample temperature has to
be very homogeneous. In this case, the sample was speciﬁcally situated
in the temperature gradient imposed by the furnace so that temperature
differences between the two thermocouples never exceed 2 °C. Moreover, the amplitude of the heat wave is kept as low as possible in order to
avoid uncertainties on absolute temperatures (example of temperature
evolution at the two thermocouples close to the transition is given as
Supplementary material). In this region, uncertainties on sample
temperature combined with the strong temperature dependence of
thermal diffusivity (e.g., Eq. (14)), leads to absolute errors on thermal
diffusivity of about 0.1 × 10− 6 m2 s− 1.
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Measured thermal diffusivity depends on the distance l between
the two thermocouples (Eq. (6)). This distance is known with an
accuracy of 0.2 mm, leading to absolute errors of about 5% for a sample
of 8 mm length.
3. Samples
3.1. Single crystals
Synthetic quartz single crystals of gem quality were used to
measure the thermal diffusivity tensor of quartz single crystals. These
crystals have the same origin than the ones used in Höfer and Schilling
(2002). Since hydrogen defects may affect the thermal transport
properties of minerals (Hofmeister et al., 2006), water contents have
been evaluated by IR spectroscopy (Laboratoire Magmas et Volcans,
University of Clermont-Ferrand). Water contents of 7 ppm have been
measured. Cylinder of 2.9 mm and 4.9 mm were drilled parallel to the
a- and c-axes. The samples where divided in two parts and their ends
were polished perpendicular to the cylinder axis. For samples having a
diameter of 4.9 mm, the distance between the two thermocouples are
of 5.0 mm and 5.9 mm for measurements parallel to a- and c-axes,
respectively. For sample having a diameter of 2.9 mm, these distances
were 4.3 and 3.6 mm respectively.
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was measured by the Electron Back Scattered Diffraction (EBSD)
technique using a JEOL 5600 scanning electron microscope. Three
perpendicular thin sections where cut parallel to the XY, XZ and YZ
faces of the sample to measure the CPO as completely as possible.
The EBSD measurements were rotated into a common XZ reference
frame (Fig. 3) where CPO displays a strong c-axis concentration
parallel to Y-direction (i.e. direction perpendicular to the lineation in
the foliation plane) in all sections. The CPO from all three planes are
nearly identical with all the main features common to all sections. A
strong girdle in the YZ plane, normal to the lineation X, characterizes
the c-axis pattern. The girdle contains two maxima; the stronger
one (5.5 m.u.d. – multiple of uniform distribution) is closer to Z and
weaker one (4.5 m.u.d.) closer to -Z. The a- and m-poles have a single
maximum of between 4 and 3 m.u.d. close to the lineation direction
X. Due to the presence of some small-scale heterogeneity in the
microstructure, the sum of the three sections measured by EBSD
provides a better statistical representation of the CPO, with a total of
64,901 individual orientation measurements (Fig. 3). Thermal
diffusivity of the quartzite was measured on three orthogonal
cylinders of 6.4 mm in diameter and 25 mm in total length (8.5 mm
between the two thermocouples), one cored parallel to each of the
structural directions X, Y and Z.
4. Results

3.2. Quartzite
4.1. Deﬁning the quartz thermal diffusivity tensor
Scale transfer from quartz single-crystals properties to quartzrich rock properties have been studied by using a quartzite from
The Saint Barthelemy Massif (French Pyrénees), named SB114
(Barruol et al., 1992). Optical observations on thin sections show
that this quartzite is very pure (more than 99% quartz): presence of
micas was not observed and only few traces of oxides were seen.
Electron Probe MicroAnalysis show that quartz minerals contain a
very low amount of impurities, within the detection limit of the
probe (i.e. about 10–20 ppm): Al, Fe, Ti, K, Ca have measured
concentrations of 11, 6, 5, 7 and 11 ppm, respectively (average of 34
grains). BackScattered Electron images conﬁrm the optical observations regarding accessory minerals. Water content in quartz grains
are 14 ppm.
The SB114 quartzite is a plastically deformed mylonite, with an
average grain size of about 10 μm, a density of 2.62 g cm− 3 and a low
porosity (b1%). Strong elongation of quartz minerals marks the
foliation (XY plane) and lineation (X-direction) (Fig. 2). Macroscopic
cracks are observed perpendicular the lineation (X-direction) and to
the Y-direction. Microscopic cracks are observed mostly perpendicular to the Z-direction, parallel to the foliation plane. CPO of quartz

Thermal diffusivity was evaluated over 3 consecutive heating/
cooling runs for a given sample. The data points on Fig. 4 representing
the three different runs show that the measurements are weakly
dispersed (less than 2%) and reproducible.
Thermal diffusivity is strongly anisotropic at 25 °C, varying between
6.3 × 10− 6 m2 s− 1 and 3.4 × 10− 6 m2 s− 1 in the c- and a-directions
respectively. Both thermal diffusivity values and anisotropy decrease
with temperature up to 500 °C. The thermal diffusivity strongly
decreases up to 572–574 °C, i.e. the α–β transition temperature, and
has a minimum value of about 0.6 × 10− 6 m2 s− 1 and a negligible
anisotropy (the effect of the phase transition on temperature-time
curves and thermal diffusivity is given as Supplementary material).
Between 574 °C and 585 °C, thermal diffusivity increases to reach 1.4 and
1.1 × 10− 6 m2 s− 1 in the c- and a-directions, respectively. Between 585 °C
and 800 °C, thermal diffusivity remains constant. The variation of the
thermal diffusivity tensor (Dij) as a function of temperature along the aand c-axis directions (D11 and D33 respectively) has been ﬁtted to simple
parametric models so that the single crystal tensor can be calculated at
any temperature.

Fig. 2. Thin section photograph of the quartzite SB114 in the XZ plane (crossed polars). On the left, quartz ribbons seen as alternating layers of different polarization colours. On the
right, recrystallized grains seen at higher magniﬁcation.
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Fig. 3. Quartz crystal preferred orientations in the SB114 quartzite. Lower hemisphere stereographic projections. Solid lines mark the foliation (XY plane) and the lineation (X direction) is
horizontal. N represents the number of measured grains, the contours intervals are at 1 multiple of a uniform distribution, and inverse-log shading varies from white (minimum density) to
black (maximum density indicated by the solid square).

In the α-quartz phase, when T b 550 °C, a least-squares ﬁt of a
classical inverse temperature dependence of thermal diffusivity (e.g.,
Branlund and Hofmeister, 2007) gives, in 10− 6 m2 s− 1:

When T N 585 °C, the thermal diffusivity may be considered as nearly
constant, since their values vary within uncertainties of the method.



ðR = 0:995Þ
D11 = 1= 2:64×105 + 1:59×103 T

D11 = 1:1F0:03×10−6 m2 s−1



ðR = 0:997Þ
D33 = 1= 1:26×105 + 1:29×103 T

ð9Þ

D33 = 1:4F0:05×10−6 m2 s−1
ð10Þ

Near the transition region when temperature is between 565 and
574 °C, simple linear interpolation gives:
D11 = 2:16×10−5 −3:67×10−8 T

ð11Þ

D33 = 3:96×10−5 −6:81×10−8 T

ð12Þ

The thermal conductivity (Fig. 5) is calculated from measured
thermal diffusivity using density ρ (Lakshtanov et al., 2007) and heat
capacity at constant pressure (Cp) (Hemingway, 1987). The anisotropy of
thermal diffusivity and conductivity decreases from 60% at 25 °C to 5% at
the α–β phase transition. In the β-quartz stability ﬁeld anisotropy rises
from the transition to 600 °C and remains constant and equal to 20% up
to 800 °C (Fig. 5).
4.2. Thermal diffusivity of quartzites

In the β-quartz phase, near the transition region between 574 and
585 °C, simple linear interpolation gives:
D11 = −4:07×10−5 + 7:19×10−8 T

ð13Þ

D33 = −5:62×10−5 + 9:90×10−8 T

ð14Þ

The tensorial physical properties of a single-phase polycrystalline
aggregate, such as a quartzite, can be approximated using the single
crystal tensor for the physical property and the CPO of the aggregate
(e.g. Mainprice and Humbert, 1994). An orientation (g) of a crystal in
sample coordinates can be described by the rotation matrix between
crystal and sample coordinates. The rotation is described by a triplet of
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up to a temperature of 800 °C using Voigt, Reuss, Voigt–Reuss–Hill (VRH)
and geometric mean volume averages. Fig. 6A show the results at 25 °C
for the VRH and geometric mean averages. The direction of highest
thermal diffusivity is close to the Y direction (4.5 × 10− 6 m s− 1), with both
X and Z directions having similar low values (3.4 × 10− 6 m s− 1). The
results of the VRH and geometric mean are nearly identical.
Since the volume average models do not consider the effects of
grain boundaries, micro-cracks, or crystalline imperfections on heat
transfer, the validity of these models was tested against the thermal
diffusivity measurements of cylinders drilled in the three orthogonal
structural X, Y and Z directions from sample SB114. The thermal
diffusivity of all samples decreases before the α–β transition and
increases sharply just after the transition, to reach a constant value in
the β-ﬁeld. At ambient conditions, the measured anisotropy is
30% (Fig. 6B), Y-direction having the highest thermal diffusivity
while directions X and Z have a signiﬁcantly lower, but similar
thermal diffusivity value. Anisotropy decreases with temperature in
the α-quartz and has a constant value of 15% for the β quartz.
5. Discussion
Fig. 4. Thermal diffusivity of quartz single crystal as a function of temperature. Filled
and open symbols are experimental measurements along c- and a-axis directions,
respectively. B&H curves are data for a natural single crystal HQ (solid lines) and a
synthetic single-crystal SYNQ (dashed lines) from Branlund and Hofmeister (2007).
Error bars of 5% are shown at two different temperatures.

Euler angles g = (ϕ1,Φ,ϕ2) (Bunge, 1982). For individual orientation
measurements of each quartz crystal, the thermal diffusivity matrix
Dkl(gO = 0,0,0) in the crystal co-ordinates is rotated into the sample coordinates Dij(g = ϕ1,Φ,ϕ2) using the rotation matrix gij,
 
Dij ðgÞ = gik gjl Dkl gO
ð16Þ
The thermal diffusivity of the polycrystal is then calculated by
volume averaging the individual orientation measurements, where v
(g) is the volume fraction of the crystal with orientation g:

−1
<Dij >Voigt = ∑Dij ðgÞvðgÞ or <Dij >Reuss = ∑ Dij ðgÞ vðgÞÞ−1

ð17Þ

where the Voigt and Reuss averages are usually considered as the
upper and lower bounds for the physical properties of a polycrystalline aggregate. The arithmetic mean of the Reuss and Voigt bounds,
called the Voigt–Reuss–Hill average (or VRH average) is often found to
be close to experimental measurements (Gibert et al., 2003). In the
case of aggregates displaying CPO, the geometrical mean can also be
calculated (Matthies and Humbert, 1995).
In the case of volume diffraction techniques (e.g. X-ray diffraction)
the orientation distribution function f(g) is determined by pole ﬁgure
inversion and the physical properties of the polycrystal aggregate can
be calculated by integration over all possible orientations of the f(g):
<Dij > = ∫Dij ðgÞf ðgÞdg

5.1. Thermal diffusivity of quartz single-crystal
At room temperature, measurements on single crystals are in good
agreement with the previous studies (Kanamori et al., 1968; Höfer and
Schilling, 2002; Branlund and Hofmeister, 2007). In particular, measurements in both directions display a good agreement with the LFA method,
which does not use thermocouples as temperature sensors and uses a
plate-like geometry (Branlund and Hofmeister, 2007). As our samples
are relatively dry and contain no inclusions, the present measurements
are compared to measurements conducted on crystals that contain a low
amount of hydroxyl and inclusions, such as SynQ or HQ in Branlund and
Hofmeister (2007).
In the a-axis direction, the agreement with the synthetic sample
SynQ and natural sample HQ measured in Branlund and Hofmeister
(2007) is very good up to the α–β phase transition (Fig. 4). In the β-ﬁeld,
the present thermal diffusivity values are higher by about 10% than the
thermal diffusivity of the SynQ and HQ. In the c-axis direction, the
present values are in very good agreement with SynQ sample up to
the phase transition, but a large difference (about 30%) is observed in the
β-ﬁeld, where SynQ is apparently isotropic. On the other hand, the

ð18Þ

2

where dg = 1/8π sin Φdϕ1 dΦ dϕ2 is the volume of the region of
integration in orientation space. In practice f(g) is calculated on threedimensional grid with a Euler angle spacing of Δϕ1, ΔΦ and Δϕ2 along
each axis of Euler space and the integration is performed as summation,
bDij N = 1=8π 2

∑Dij ð1 ;Φ;2 ÞΔ1 ΔΦΔ2 ½cosðΦ−ΔΦ=2Þ− cosðΦþΔΦ=2Þ

Assuming the sample grid spacing is the same along all the three
Euler angle axes, the product of ΔΦ and (Lmax + 4) has to be less than
180° to respect the conditions of the Shannon sampling theorem (Diz
and Humbert, 1992), where Lmax is the highest rank of the spherical
harmonic series expansion of f (g). In the present study, an Euler angle
grid spacing of 10° and Lmax = 12 is used.
The thermal diffusivity of sample SB114 was calculated using the
EBSD determined CPO and the thermal diffusivity tensor deﬁned above

Fig. 5. Thermal diffusivity (D) and conductivity (K) based on the ﬁtted equations for the
thermal diffusivity data (see text) and the density (ρ) and heat capacity at constant
pressure (Cp). Density and heat capacity at constant pressure of quartz as a function of
temperature have been taken from Lakshtanov et al. (2007) and Hemingway (1987)
respectively.
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Fig. 6. A, c-axis pole ﬁgure of SB114 sample and its modelled thermal diffusivity at 25 °C (VRH = Voigt–Reuss–Hill average). Inverse-log shading varies from white (minimum thermal
diffusivity) to black (maximum thermal diffusivity). B: measured and modelled thermal diffusivities as a function of temperature in the three orthogonal direction, X, Y and Z (solid,
short dashed and long dashed lines are geometric mean, Voigt and Reuss averages, respectively).

thermal diffusivity of HQ is higher than our measurements up to the
transition temperature, whereas in the β-ﬁeld, our measurements are
higher by about 10% than the HQ thermal diffusivity.
As for samples HQ and SYNQ, and for temperatures lower than
300 °C, the differences observed between our measurements and the
measurements performed by Höfer and Schilling (2002) are within the
error bars of the two methods (3%) (their data are provided as Supplementary material). At higher temperature, our measurements are
systematically lower than their measurements. In the β-ﬁeld, very
large differences are observed because they report that c-axis, the

highest thermal diffusivity direction in α-quartz becomes the lowest
thermal diffusivity direction in β-quartz. They observed a large increase
of thermal diffusivity in the a-axis direction, up to 1.7 × 10− 6 m2 s− 1,
whereas a constant thermal diffusivity of 1.1 × 10− 6 m2 s− 1 is observed in
the present study. Such an increase of thermal diffusivity is attributed to
heat transport by radiation because direct transport probably affects
their measurements. The same trend is observed in the measurements
reported in Kanamori et al. (1968). Branlund and Hofmeister (2007)
observed such a strong increase in their measurements if they include
direct radiative transport in their data processing. The constant and
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relatively low values obtained between 582 °C and 800 °C show that
thermal transport by radiation is limited in our experiments, as thermal
transport by radiation (direct and diffusive) is expected to be
proportional to T3, to a ﬁrst approximation. Thus, the measured thermal
diffusivity includes only heat transfer by phonons and does not take into
account radiative transport. Nevertheless, because of its transparency in
the wavelength domain where the blackbody curve has its maximum for
the considered temperatures, quartz should be subject to intrinsic diffusive heat transport by radiation, which could increase its real thermal
diffusivity. This contribution cannot be measured experimentally as
sample lengths are lower than photon mean free path length (Chui and
Gardon, 1969; Gibert et al., 2005; Shankland et al., 2005). Thus, the
present measurements probably underestimate the thermal diffusivity
of quartz, since diffusive heat transport by radiation is not measured.
5.2. Thermal diffusivity of quartzites
Fig. 6B shows a good agreement over the whole temperature range
between the measured thermal diffusivity on the quartzite SB114 and the
values predicted by the geometric mean, Voigt and Reuss volume
averages using the CPO and the single crystal tensor. However, measured
thermal diffusivity is systematically lower than the modelled one. Fig. 7
shows that differences between modelled and measured thermal
diffusivities are lower than 12% along the 3 directions. Differences slightly
increase with temperature for measurements along the X-direction,
decrease along the Z-direction and remain constant for measurements
along the Y-direction. Differences increase near the transition temperature, where the uncertainties on sample temperature and the strong
temperature dependence of thermal diffusivity lead to large experimental errors.
Differences between model and measurements depend on orientations (Fig. 7). At room temperature, a very good agreement is observed
for cylinders cut parallel to the lineation X, whereas cylinders cut parallel
to the Z-direction exhibit the largest differences. Differences between
models and measurements may be explained by (i) grain size, (ii) the
mineralogical and chemical composition of the rock, that necessarily
differ from the synthetic quartz single crystal used for modelling and (iii)
the porosity and the presence of cracks and microcracks.
(i.) If grain size is of the same order as the phonon mean free path
length, then grain boundaries can limit the thermal transport.
In quartz, the phonon mean free path length is lower than 1 nm
(e.g. Höfer and Schilling, 2002), whereas grain size is about

Fig. 7. Calculated differences between petrophysical models and experimental
measurements as a function of temperature.
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10 μm in the quartzite. Thus, grain size cannot explain the
observed differences between experiments and the CPO model.
(ii.) Chemical and mineralogical composition can have major impact
on thermal transport. However quartzite SB114 is very pure: low
heat conductive minerals, as micas, are not observed on thin
sections. Only traces of oxides are present, but since their thermal
diffusivities are very similar to quartz diffusivity (e.g. Clauser and
Huenges, 1995), they cannot affect heat transport. Chemical
analysis on quartz grains (see part 3) show that they contain very
low amounts of impurities as hydroxyls and cations. According to
Branlund and Hofmeister (2007), who qualitatively studied the
effect of chemical composition on the thermal diffusivity of
quartz crystals having impurities contents of several tens to
hundreds of ppm, such small contents cannot affect heat transport. In addition, White and White (1981) showed that grain
boundaries in quartzites may be altered to produce 10–30 nm
wide zone of amorphous silica. More recently Page et al. (2004)
show that 5–10% volume fraction of amorphous silica is present
in Fontainebleau sandstone. Amorphous silica has a lower
thermal diffusivity than quartz (e.g., Kanamori et al., 1968),
hence if present in quartzite SB114, this would reduce the
measured thermal diffusivity compared to the CPO model. The
presence of amorphous silica is likely to be a thin ﬁlm (10–30 nm)
coating all grain contacts and would therefore explain a isotropic
(scalar) reduction of thermal properties rather than anisotropic
reduction observed here.
(iii.) Effect of air-ﬁlled cracks and inter-granular micro-cracks at
grain boundaries was tested assuming that the observed porosity, which is lower than 1%, is localized on speciﬁcally
oriented boundaries, as cracks are macroscopically and microscopically observed in the SB114 quartzite. Macroscopic,
aligned cracks are observed on the rock sample in three
orthogonal directions: perpendicular to the Z-direction (i.e., in
the foliation plane) and also perpendicular to the X and Ydirections, where cracks are mostly macroscopic. Samples were
drilled so that such cracks were not present in the measured
part of the sample. Thin sections cut from measured cores show
that micro-cracks are observed mostly in the foliation plane, i.e.,
perpendicular to the Z-direction and parallel to the X and Y
direction. The experimental differences between measurements and model calculations are not the same for each orthogonal direction X, Y and Z (Fig. 7). It is therefore probably not an
isotropic phenomenon that is responsible for the disagreement.
As discussed above, the most likely cause is the presence of
anisotropic orientation distribution of micro-cracks with the
highest density in the foliation (XY) plane. To model the
presence of micro-cracks in an anisotropic background medium
caused by the CPO of the SB114 sample, the differential effective
medium (DEM) method is used (Mainprice, 1997). The problem
is formulated as the interaction between the background
medium (quartzite) with a variable volume fraction of ellipsoidal inclusions (air ﬁlled micro-cracks). The tensor of anisotropic
background is given by the geometric mean using the CPO of
SB114 and the quartz single crystal tensor. The tensor for air
ﬁlled micro-crack is deﬁned by the tensor for air and its
interaction with background medium is constrained by the
orientation and shape of the ellipsoid. The micro-crack shape
and orientation was represented by an ellipsoid with X:Y:Z =
50:50:1, making it long in the X and Y directions in the foliation
and very short in the Z direction normal to the foliation. Fig. 8
shows that the addition of the micro-cracks in the XY plane
reduces signiﬁcantly the thermal diffusivity values in the Z
direction and has a negligible effect on thermal transfer along
the X and Y direction. A crack volume of 0.5% would permit a
perfect agreement between the model calculations and the
experimental values along the Z-direction, where measured
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Reduction of thermal diffusivity due micro-cracks is probably
lowered at high pressure, under crustal conditions. Seismic
velocities measured on the SB114 quartzite as a function of pressure
showed that a non-linear increase of P-waves velocities associated
with the closure of these cracks was weak (about 5% increase) and
that cracks were completely closed at pressures of 50–100 MPa
(Barruol et al., 1992). Thus, an agreement between modelled and
measured thermal diffusivity of the SB114 quartzite would be
expected at relatively low conﬁning pressures.
Both models and measurements show that the maximum density
in the c-axis pole ﬁgures controls the position of the maximum
thermal diffusivity direction. In SB114, the two c-axis maxima have
similar densities, which results in the thermal diffusivity maximum
being oriented between these two c-axis maxima near the Y axis, but
slightly closer to the higher density maxima. The agreement between
model and measurements show that petrophysical models based on
CPO and thermal diffusivity tensor of single crystals can be used to
model the thermal diffusivity absolute values and anisotropy in
quartz-rich rocks displaying various CPO.
5.3. Effect of CPO patterns on thermal diffusivity anisotropy
Fig. 8. Effect of air ﬁlled cracks oriented parallel to the foliation plane (XY) on thermal
diffusivity in the X, Y and Z directions (see text for details).

value at 25 °C is 3.6 × 10− 6 m2 s− 1. This volume is in agreement
with the measured porosity, which is lower than 1%. In the Ydirection, this difference may be explained by a misalignment
between the direction chosen for modelled thermal diffusivity
(i.e. the direction displaying the maximum thermal diffusivity)
and the actual direction of the drilled core. As shown on
stereoplots (Fig. 6), thermal diffusivity is very sensitive to
orientation close to the direction of maximum thermal
diffusivity. Minor misalignment of Y-core may account for the
difference between models and measurements. This effect is
probably reduced in the X-direction, because this direction is
very well deﬁned by micro-structural elements (lineation
direction), which was not the case in the Y-direction.

For a given pressure, temperature and critical resolved shear stress,
given slip systems are predominantly activated and control the CPO
development during rock deformation. Systematic application of
quantitative X-ray texture analysis on deformed quartzites and quartz
rich rocks has allowed to evaluate the typical quartz CPO and related
slip systems expected for a deformation in a given pressure and
temperature range (e.g. Hobbs, 1985; Schmid and Casey, 1986) (Fig. 9).
Thus, the validation of the petrophysical models, as given above, will
allow the determination of the 3D thermal diffusivity of quartz-rich
rocks in different crustal conditions. In the following, the thermal
diffusivity corresponding to different quartz-rich rocks having typical
CPO is simulated.
The lower temperature quartz CPO comes from highly deformed
quartz mylonites from localized shear zones in NW Scotland (named
RL8215 and RL8330) (Law, 1987). These mylonites were deformed
under lower greenschist facies conditions (temperatures 350–

Fig. 9. Evolution of slip systems (direction and plane) and c-axis pole ﬁgures as a function of temperature and Critical Resolved Shear Stress (CRSS) deduced from quartz fabrics
measured on various quartzites (e.g. Hobbs, 1985; Schmid and Casey, 1986).
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400 °C). A quartzite mylonite from NE Spain, CC1, has been deformed
in the amphibolite facies (temperatures 400–450 °C) conditions
(Carreras et al., 1977). The higher temperature CPO come from the
Saxony granulites in SE Germany (GRAN 133) (Schmid et al., 1981)
and Sierra de Caurel in NW Spain (GAE9) (Matte, 1968). Both samples
were deformed under amphibolite facies conditions (temperatures N 600 °C). The probable relative position in temperature of
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some typical CPO types is schematically presented in Fig. 9 (Hobbs,
1985; Mainprice and Nicolas, 1989). At low temperature the higher
densities of c-axes tend to be close to the Z structural axis (foliation
normal), with increasing temperature the high densities move
towards the Y direction. At the highest temperatures, and/or under
the possible inﬂuence of water, the high densities are in the XY plane
or at X (Figs. 9 and 10).

Fig. 10. Left column: c-axis pole ﬁgures of quartz in ﬁve quartzites representing different crustal conditions. Solid lines mark the foliation (XY plane) and the lineation (X direction) is
horizontal. Right column: modelled thermal diffusivity at 400 °C and 800 °C. Inverse-log shading varies.
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Using the f(g) of typical quartz CPO types determined in previous
studies by X-ray texture goniometry and pole ﬁgure inversion (Schmid
et al., 1981; Schmid and Casey, 1986), the thermal diffusivity is calculated at 400 °C and 800 °C by the numerical summation technique
described in Section 4.2, assuming that quartz is the only component of
the rock (Fig. 10). The thermal diffusivity is clearly correlated with the
c-axis pole ﬁgures, the maximum thermal diffusivity being located
near the maximum c-axis density. The degree of anisotropy of the
thermal properties is also related to the c-axis pole ﬁgure as the sample
with lowest c-axis maximum density (RL8215) also has the weakest
anisotropy of thermal diffusivity (Figs. 10 and 11). The two samples that
have point-maxima distributions of c-axes (GRAN 133 and GAE9), also
have the highest anisotropy of the thermal properties (Figs. 10 and 11).
The thermal diffusivity anisotropy of the quartz polycrystals is much
lower than the single crystal. At, 400 °C the single crystal has an
anisotropy of 35%, whereas polycrystalline samples have values between
9% and 26%. The anisotropy of the samples as function of temperature
ranges from 50% at 25 °C to 2% at the α–β phase transition temperature
(Fig. 11). The CPO characteristics of higher temperature deformation
(GRAN133, GAE9) have higher anisotropies than the lower temperature
deformation (RL8330, RL8215) sample. SB114 is very similar to the CC1
sample, being characteristic of intermediate temperatures.
Thermal conductivity, that is often a more useful parameter for heat
ﬂow interpretation, is also calculated (Eq. (2)). The maximum and
minimum conductivity for the most (GAE9) and least (RL8215)
anisotropic samples are calculated over the whole temperature range
(Fig. 12). Comparison of the present thermal conductivity values with
previous compilation of experimental data for quartzites at ambient
temperature (Fig.12) shows that our results are compatible for minimum
values, but signiﬁcantly higher for the maximum values. This may be due
to experimental techniques and calibration, as our internal comparison
between measurements and calculations shows very close agreement.
The SB114 quartzite is pure and has a very low porosity, which may also
explain why its thermal conductivity is higher, as samples with more
secondary minerals and porosity have lower thermal conductivity.
Comparison with compilation of experimental data for metamorphic
rocks at ambient temperature (Clauser and Huenges, 1995) and high
temperature (Zoth and Hänel, 1988) conﬁrms that quartzite has a very
high thermal conductivity for a crustal rock (Fig. 12). Presence of low
conductive minerals, as phyllosilicates (e.g. Clauser and Huenges, 1995),
in metamorphic rocks explains this differences. Finally, thermal
conductivity of quartzites is comparable to thermal conductivity of
other crustal rocks at its minimum during quartz α–β transition.

Fig. 11. Modelled anisotropy of thermal diffusivity of quartzites as a function of temperature.
SB114 quartzite has a similar anisotropy than CC1 quartzite.

Fig. 12. The maximum and minimum values of thermal conductivity as a function of
temperature for the most (GAE9) and least (RL8215) anisotropic samples of this study.
Maximum thermal diffusivity of the SB114 sample is identical to the maximum thermal
diffusivity of the RL8215 quartzite, whereas its minimum thermal diffusivity is identical to
the minimum thermal diffusivity of the GAE9 quartzite. The range of experimental values
for quartzites and metamorphic rocks at ambient temperature reported by Clauser and
Huenges (1995) are shown by the stippled boxes. The black line is the variation of thermal
conductivity for metamorphic rocks given by Zoth and Hänel (1988).

5.4. Anisotropy of thermal diffusivity in the lower crust
A common feature of the deep continental seismic reﬂection proﬁles
is the presence of a transparent upper crust, lower velocity middle crust
and uniform sub-horizontal reﬂections in the lower crust from a depth of
about 14–16 km down to the Moho (e.g. Fountain, 1976; Jones and Nur,
1984; Klemperer, 1987; McDonough and Fountain, 1988). This reﬂective
zone coincides with depth range of the localised ductile shear zones and
associated lower temperature CPO (e.g. Law, 1990). From the discussion
on the effect of quartz CPO on thermal diffusivity, a horizontal foliation
will give a reﬂective zone with a thermal conductivity having an
enhanced vertical component controlled by c-axes at a high angle to the
foliation in the lower temperature – upper part of the zone, whereas in
the higher temperature – lower part, a horizontal component is
controlled by c-axes in the foliation plane (Fig. 13). In addition, biotite
and muscovite have very low thermal conductivity parallel to their c-axis
and high conductivity normal to their c-axis (Clauser and Huenges,1995).
Micas form CPO with a concentration of c-axes normal to the foliation
(e.g. O'Brien et al., 1986), and hence the thermal anisotropy of biotite,
muscovite and quartz combine constructively at high temperature to
produce a strong maximum of thermal conductivity in the foliation plane
(Siegesmund, 1994), and combine destructively at low temperature. The
thermal conductivity of K-feldspars is also anisotropic, the b-axis having
the highest and the a-axis the lowest conductivity (Höfer and Schilling,
2002). However, the CPO of K-feldspars is not often reported, but
plagioclase feldspars typically have b-axes normal to the foliation (Ji and
Mainprice, 1988), which would add to the quartz thermal conductivity at
low temperature CPO and subtract at high temperature CPO.
Klemperer (1987) found a correlation between continental surface
heat ﬂow and the depth to the seismically reﬂective lower crust. In the
investigated regions (British Isles and Western USA), the top of the
reﬂective zone was found to be at 10–15 km for high surface heat ﬂow
(80 to 100 mW m− 2) and more than 20 km for low surface heat ﬂow
(about 40 mW m− 2). The same trend is observed in central Europe
(Lüschen, 2005). One might conclude that reﬂectivity, which is related to
ductile deformation and development of mineral CPO, such as quartz,
strongly depends on the thermal regime and heat transport in the crust.
As quartz CPO modiﬁes thermal transport properties of quartz rich
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Fig. 13. Summary diagram showing the change in orientation of the c-axes distribution and direction of high thermal diffusivity with depth for a horizontal foliation. At shallow depth
and low temperature the c-axes are normal to the foliation and the high values of thermal diffusivity are vertical (RL8215). At moderate depths and temperature the c-axes migrate
towards the Y-direction in the foliation plane (CC1, GRAN 133) resulting in the direction of the high thermal diffusivity in the foliation. At the greatest depths and highest
temperatures the c-axes and high thermal diffusivity migrate towards the lineation direction (X) in the foliation plane (GAE9).

rocks, an interrelation exists between the vertical localization of high
temperature deformation, creation of CPO and heat transport and
temperatures in the crust. Thus thermo-mechanical modelling of crust
evolution should include the deformation state of rocks in calculating
the thermal transport properties and resulting thermal regime.
5.5. Heat transport at the α–β transition
In the continental crust, the α–β quartz transition occurs close to the
change from amphibolite to granulite metamorphic facies, according to
the thermobarometic data of Frost and Chacko (1989) and the calibration

of the pressure derivative of the transition temperature of approximately
25.6 °C per 100 MPa (Shen et al., 1993). The sharp decrease of thermal
diffusivity associated with α–β transition extends over 30 °C from 550 °C
to 580 °C, which corresponds to a depth range of about 1 km for a thermal
gradient 30 °C/km. Reducing by a factor of two the thermal diffusivity of
quartzites and quartz-rich rocks in region near the α–β transition will
maintain temperatures at given value longer times than at temperatures
outside this region, which have higher conductivities. The association of
this effect with the weakening of quartz due to transformation plasticity
processes (Schmidt et al., 2003) may favour the localisation of
deformation in crustal conditions close the α–β transition. In
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consequence, the perturbation of thermal ﬁeld due to the α–β transition
may further favour the localisation of plasticity.
6. Concluding remarks
Our study highlights three principal characteristics of the thermal
diffusion by lattice vibrations (phonons) in α-quartz: a strong anisotropy
of thermal diffusivity at ambient conditions, a strong temperature
dependence in the α-phase and a strong decrease at the α–β transition.
Our study conﬁrms that thermal diffusivity is constant in the β-ﬁeld and
that it is higher along the c-axis than along the a-axis. At the rock
scale, the heat transport by phonons is exclusively controlled by the
crystal-preferred orientation of quartz minerals. Thus, knowledge of
deformation-induced CPO in crustal P–T conditions may provide an
estimate of the 3-dimensional heat transport in quartzite or in quartzrich rocks. The anisotropy of thermal diffusivity is about 20% in the
crustal conditions, and should be taken into account in modelling the
thermal state of the crust.
Finally, as quartz is transparent in near IR wavelengths, it is important to quantify the effect of heat transport by radiation (diffusive),
that was not evaluated in the present experiments, as in the previous
ones, because of the small sample size (Shankland et al., 2005). Heat
transport by radiation is probably very high in single crystals, even at
low temperature (few hundreds of degrees), but lowered by grain
boundaries scattering, as shown in olivine (Hofmeister, 2005). Thus, the
thermal diffusivity values obtained in this study constitute the lower
bound of the thermal diffusivity of quartz and quartzite in crustal
conditions.
Acknowledgements
We thank Pierre Azaïs and Etienne de Vautibault for the thermal
diffusivity measurements and Christophe Nevado and Doriane Delmas
for the high quality polished thin sections. Frank R. Schilling and
Guilhem Barruol are thanked for providing the quartz single-crystals
and the Saint Barthelemy quartzite, respectively. We thank Sylvie
Démouchy and Nathalie Bolfan-Casanova for IR spectroscopy measurements and Martin Casey who kindly provided access to the ETH quartz
texture data. Chemical analysis and Backscattered Electron images were
obtained using the CAMECA SX100 Electron Probe Micro Analyser of the
Université Montpellier II. The Laboratoire Géosciences EBSD system was
funded by the CNRS/INSU, Université of Montpellier II, and NSF project
“Anatomy of an Archean craton”. We thank F. R. Schilling and an
anonymous reviewer for their constructive reviews. We dedicate this
paper to the late Martin Casey whose work on the quantitative texture
analysis of quartzites led to signiﬁcant improvements on our understanding of crustal processes and physical properties.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.tecto.2008.11.006.
References
Barruol, G., Mainprice, D., Kern, H., Saint Blanquat, M., Compte, P., 1992. 3D seismic study
of a ductile shear zone from laboratory and petrofabric data (Saint Barthélémy
Massif, Northern Pyrénées, France). Terra Nova 4, 63–76.
Borradaile, G.J., Hermes, J.J., 1980. Temporal changes in heat-ﬂow distribution
associated with metamorphism in the SW Scottish Highlands and the Lepontine
Alps. Journal of Geology 88, 87–95.
Branlund, J.M., Hofmeister, A.M., 2007. Thermal diffusivity of quartz to 1,000 °C: effects
of impurities and the alpha–beta phase transition. Physics and Chemistry of
Minerals 34, 581–595.
Bunge, H.J., 1982. Texture Analysis in Materials Sciences. Buttleworth, London, p. 593.
Carreras, J., Estrada, A., White, S., 1977. The effects of folding on the c-axis fabrics of a
quartz mylonite. Tectonophysics 39, 3–24.
Cheng, L.Z., Mareschal, J.C., Jaupart, C., Rolandone, F., Garièpy, C., radigon, M., 2002.
Simultaneous inversion of gravity and heat ﬂow data: constraints on thermal

regime, rheology and evolution of the Canadian Shield crust. Journal of
Geodynamics 34, 11–30.
Chui, G.K., Gardon, R., 1969. Interaction of radiation and conduction in glass. Journal of
the American Ceramic Society 52, 548–553.
Clauser, C., Huenges, E., 1995. Thermal conductivity of rocks and minerals. In: Ahrens, J.
(Ed.), Rocks Physics and Phase Relations: A Handbook of Physical Constant, Series.
AGU, Washington, pp. 105–126.
Den Tex, E., 1975. Thermally mantled gneiss domes: the case for convective heat ﬂow in
more or less solid orogenic basement. Royal Netherland Academy of Arts and Sciences
62–79.
Diz, J., Humbert, M., 1992. Some practical aspects of calculating the elastic properties of
polycrystals from texture according to different models. Journal of Applied Physics
25, 756–760.
Fountain, D.M., 1976. The Ivrea-verbano and Strona–Ceneri Zones, northern Italy: a
cross-section of the continental crust–new evidence from seismic velocities of rock
samples. Tectonophysics 33, 145–165.
Frost, R.B., Chacko, T., 1989. The granulite uncertainty principle: limitations on
thermobarometry in granulites. Journal of Geology 97.
Gibert, B., 2003. Etude expérimentale de la diffusion thermique dans les monocristaux d'olivine
et dans les roches du manteau supérieur. PhD Thesis, Université Montpellier II, 228p.
Gibert, B., Schilling, F.R., Tommasi, A., Mainprice, D., 2003. Thermal diffusivity of olivine
single-crystals and polycristalline aggregates at ambient conditions – a comparison.
Geophysical Research Letters 30, 2172. doi:10.1029/2003GL018459.
Gibert, B., Schilling, F.R., Gratz, K., Tommasi, A., 2005. Thermal diffusivity of olivine singlecrystals and a dunite at high temperature: evidence for heat transfer by radiation in the
upper mantle. Physics of the Earth and Planetary Interiors 151, 129–141.
Hartz, E.H., Podladchickov, Y.Y., 2006. Toasting the Jelly Sandwich: The Effect of Shear
Heating on Lithospheric Strength. European Geosciences Union, Vienne.
Hemingway, B.S., 1987. Quartz: heat capacities from 340 to 1000 K and revised values
for the thermodynamic properties. American Mineralogist 72, 273–279.
Hobbs, B.E., 1985. The geological signiﬁcance of microfabric analysis. In: Wenk, H.R.
(Ed.), Orientation in Deformed Minerals and Rocks. Academic Press, London. Series.
Höfer, M., Schilling, F.R., 2002. Heat-transfer in quartz, orthoclase and sanidine at
elevated temperature. Physics and Chemistry of Minerals 29, 571–584.
Hofmeister, A.M., 2005. Dependence of diffusive radiative transfer on grain-size,
temperature, and Fe-content: implications for mantles processes. Journal of
Geodynamics 40, 51–72.
Hofmeister, A.M., Pertermann, M., Branlund, J.M., Whittington, A.G., 2006. Geophysical
implications of reduction in thermal conductivity due to hydration. Geophysical
Research Letters 33, 1–4.
Jaupart, C., Mareschal, J.C., 1999. The thermal structure and thickness of continental
roots. Lithos 48, 93–114.
Ji, S., Mainprice, D., 1988. Natural deformation fabrics of plagioclase: implications for
slip systems and seismic anisotropy. Tectonophysics 147, 145–163.
Jones, T.D., Nur, A., 1984. The nature of seismic reﬂections from deep crustal fault zones.
Journal of Geophysical Research 89, 3153–3171.
Kanamori, H., Fujii, N., Mizutani, H., 1968. Thermal diffusivity measurement of rockforming minerals from 300°K to 1100°K. Journal of Geophysical Research 73, 595–605.
Kanamori, H., Mizutani, H., Fujii, N., 1969. Method of thermal diffusivity measurement.
Journal of Physics of the Earth 17, 43–53.
Klemperer, S.L., 1987. A relation between continental heat ﬂow and the seismic
reﬂectivity of the lower crust. Journal of Geophysic 61, 1–11.
Lakshtanov, D.M., Sinogeikin, S.V., Bass, J.D., 2007. High temperature phase transitions
and elasticity of silica polymorphs. Physics and Chemistry of Minerals 34, 11–22.
Law, R.D., 1987. Heterogeneous deformation and quartz crystallographic fabric
transitions: natural examples from the Moine thrust zone at the Stack of Glencoul,
northern Assynt. Journal of Structural Geology 9, 819–833.
Law, R.D., 1990. Crystallographic fabrics: a selective review of their applications to
research in structural geology. In: Knipe, R.J., Rutter, E.H. (Eds.), Deformation
Mechanisms, Rheology and Tectonics. Geological Society of London, Special
Publications, vol. 54, pp. 335–352.
Lüschen, E., 2005. Relationship between recent heat ﬂow and seismic properties: some
notes from crustal research in Germany. Journal of Volcanology and Geothermal
Research 148, 31–45.
Mainprice, D., 1997. Modelling the anisotropic seismic properties of partially molten
rocks found at Mid-Ocean ridges. Tectonophysics 279, 161–179.
Mainprice, D., Nicolas, A., 1989. Development of shape and lattice preferred
orientations: application to the seismic anisotropy of the lower crust. Journal of
Structural Geology 11, 175–189.
Mainprice, D., Casey, M., 1990. The calculated seismic properties of quartz mylonites
with typical fabrics: relationship to kinematics and temperature. Geophysical
Journal International 103, 599–608.
Mainprice, D., Humbert, M., 1994. Methods of calculating petrophysical properties from
lattice preferred orientation data. Surveys in Geophysics 15, 575–592.
Matte, P., 1968. La structure de la virgation hercynienne de Galice (Espagne). Revue de
Géologie Alpine 44, 155–280.
Matthies, S., Humbert, M., 1995. On the principle of a geometric mean of even-rank symmetric
tensors for textured polycrystals. Journal of Applied Crystallography 28, 254–266.
McDonough, D.T., Fountain, D.M., 1988. Reﬂection characteristics of a mylonite zone
based on compressional waves velocities of rock samples. Geophysical Journal 93,
547–558.
O'Brien, D.K., Wenk, H.-R., Ratschbacher, L., You, Z., 1986. Preferred orientation of
phyllosilicates in phyllonites and ultramylonites. Journal of Structural Geology 9, 719–730.
Page, K.L., Proffen, Th., McLain, S.E., Darling, T.W., TenCate, J.A., 2004. Local atomic
structure of Fontainebleau sandstone: evidence for an amorphous phase?
Geophysical Research Letters 31, L24606. doi:10.1029/2004GL021717.

B. Gibert, D. Mainprice / Tectonophysics 465 (2009) 150–163
Schmid, S.M., Casey, M., 1986. Complete fabric analysis of some commonly observed
quartz c-axis patterns. In: Heard, H.C., Hobbs, B.E. (Eds.), Mineral and Rock
Deformation: Laboratory Studies – The Paterson Volume, Series, vol. 36, AGU
monograph, Washington, pp. 263–286.
Schmid, S.M., Casey, M., Starkey, J., 1981. An illustration of the advantage of a complete
texture analysis described by the orientation distribution function (ODF) using
quartz pole ﬁgure data. Tectonophysics 78, 101–117.
Schmidt, C., Bruhn, D.F., Wirth, R., 2003. Experimental evidence of transformation
plasticity in silicates: minimum of creep strength in quartz. Earth and Planetary
Science Letters 205, 273–280.
Seipold, U., Huenges, E., 1998. Thermal properties of gneisses and amphibolites – highpressure and high-temperature investigations of KTB-rocks samples. Tectonophysics
291, 173–178.
Shankland, T.J., Schilling, F.R., Gibert, B., Gratz, K., 2005. Thermal diffusivity and
conductivity measurements: effect of sample length. AGU Fall meeting San Francisco.

163

Shen, A.H., Bassett, W.A., Chou, I.M., 1993. The alpha–beta quartz transition at high
temperature and pressure in a diamond-anvil cell determined by laser interferometry. American Mineralogist 78, 694–698.
Siegesmund, S., 1994. Modelling the thermal conductivity observed in paragneisses of
the KTB pilot hole. Scientiﬁc Drilling 4, 207–213.
Wenk, E., 1970. Zur Regionalmetamorphose und Ultrametamorphose im Lepontin.
Fortschung Mineralogist 47, 34–51.
Wenk, H.R., Wenk, E., 1969. Physical constants of Alpine rocks (density, porosity, speciﬁc
heat, thermal diffusivity and conductivity). Schweizerische Mineralogische und
Petrographische Mitteilungen 49, 343–357.
White, J.C., White, S.H., 1981. On the structure of grain boundaries in tectonites.
Tectonophysics 78, 613–628.
Zoth, G., Hänel, R., 1988. Appendix. In: Haenel, R., Rybach, L., Stegena, L. (Eds.), Handbook of
Terrestrial Heat-Flow Density Determination. Kluwer Academic Publishers, Dordrecht.

Supplementary material : zoom on the α-β transition and comparison with
previous studies.
1. Exemple of temperature-time curves recorded by the two thermocouples at the α-β
transition. Note the strong attenuation of the signal at the thermocouple 2.

2. Thermal diffusivity of quartz single crystal near the transition temperature.

3. Thermal diffusivity of quartz single crystal : comparison of our study with the data of Höfer
et Schilling, 2002 (H&S).

