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Abstract

The thermal diffusivity of felsic and intermediate granulites (charnockites, enderbites), mafic granulites, and amphibolite-facies
gneisses has been measured up to temperatures of 550 °C using a transient technique. The rock samples are from the Archean and
Pan-African terranes of the Southern Indian Granulite Province. Thermal diffusivity at room temperature (Dgr) for different rock
types ranges between 1.2 and 2.2 mm? s~ '. For most of the rocks, the effect of radiative heat transfer is observed at temperatures
above 450 °C. However, for few enderbites and mafic granulites, radiative heat transfer is negligible up to 550 °C. In the
temperature range of conductive heat transfer, i.e., between 20 ° and 450 °C, thermal diffusivity decreases between 35% and 45%
with increasing temperature. The temperature dependence of the thermal diffusivity is directly correlated with the thermal
diffusivity at room temperature, i.e., the higher the thermal diffusivity at room temperature, Dy, the greater is its temperature
dependence. In this temperature range i.e., between 20 and 450 °C, thermal diffusivity can be expressed as D=0.7 mm* s '+ 144 K
(Drr—0.7 mm? s~ 1)/(T'— 150 K), where T is the absolute temperature in Kelvin. At higher temperatures, an additional radiative
contribution is observed according to CT°, where C varies from 10™° to 10~ '* depending on intrinsic rock properties (opacity,
absorption behavior, grain size, grain boundary, etc). An equation is presented that describes the temperature and pressure
dependence thermal diffusivity of rocks based only on the room-temperature thermal diffusivity. Room-temperature thermal
diffusivity and its temperature dependence are mainly dependent on the major mineralogy of the rock. Because granulites are
important components of the middle and lower continental crust, the results of this study provide important constraints in
quantifying more accurately the thermal state of the deeper continental crust.
© 2006 Elsevier B.V. All rights reserved.
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temperatures and pressures is vital for correctly inferring
the thermal state of the continental lithosphere.

In the last few decades, numerous studies on temper-
ature and pressure dependence of the thermal transport
properties have been carried out for igneous, metamor-
phic, and sedimentary upper crustal rocks (e.g., [2—13]).
Adequate studies of granulitic rocks are rare [10,14].
The thermal properties of felsic, intermediate, and mafic
granulites are poorly known. Specifically for the mafic
lower crust, the thermal transport properties of rocks
compositionally equivalent to mafic granulites (e.g.,
gabbros, basalts, amphibolites) often were used in
thermal modeling [15] to compensate the lack of data.
Because these igneous and amphibolite-facies meta-
morphic rocks are chemically, but usually not miner-
alogically close to mafic granulites, this procedure is a
poor alternative and must be viewed with caution.

In the present study, the thermal diffusivity of felsic
and intermediate granulites (charnockites, enderbites),
mafic granulites, and amphibolite-facies gneisses (ortho-
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and mafic paragneisses) has been measured at ambient
condition and at elevated temperatures up to 550 °C. This
range in temperature is consistent with that usually
determined in the crustal portion of thermally stable
continental terranes [15]. The sample material, which
experienced different P—7 conditions of metamorphism,
represents rocks from the Achean and Pan-African
Terranes of the Southern Indian Granulite Province, one
of the largest granulite terranes on earth. The aim of this
study is two-fold: First, it expands the poor database on
the temperature dependence of the thermal diffusivity of
middle and lower crustal rocks. Second, it provides a
simplified equation, which can be used to calculate
thermal diffusivity of granulites at elevated temperature
from their thermal diffusivity at room temperature.

2. Geological background

In the southern Indian shield, a ~30-km-thick crustal
pile is exposed at the surface (Fig. 1). From the north to the
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Fig. 1. Geological map of the Southern Indian Granulite Province (modified after the Geological Survey of India, 1998). The Major lineaments are:
Moyar (ML), Bhavani (BL), Palghat Cauvery (PCL), and Achankovil (AKL). The Northern Block, between orthopyroxene isograd and the PCL,
predominantly consists of Late-Archean granulites. The Southern Block, south of the PCL, is mainly formed by Pan-African granulites. The AKL
divides the Southern Block into the Madurai Block and the Kerela Khondalite Belt. Sample locations are shown by solid circles.
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south, its metamorphic grade gradually changes from
greenschist facies (300 MPa) through amphibolite facies to
granulite facies (1.1 GPa) [16,17]. The area between the
orthopyroxene isograd and the Palghat Cauvery Lineament
is known as the Northern Block (NB), where granulites are
exposed providing the opportunity to study directly the
middle to lower continental crust. The rocks of the
Northern Block have protoliths ages between ~ 3.3 Ga and
2.5 Ga and were metamorphosed during the late Archean
(~2.5 Ga) [18-22]. These granulites formed at pressures
between 700 MPa and 1.1 GPa and temperatures ranging
from 700 to 850 °C [22-26]. However, rocks of younger
protoliths (~2 Ga) occur in the western part of NB (south
of Nilgiri hills), which were metamorphosed during Pan-
African time [27-29]. The granulitization gave rise to
transformation of granites, tonalite—trondjhemite—grano-
diorite (TTG) gneisses, and mafic igneous rocks to
charnockites, enderbites, and mafic (two-pyroxene) gran-
ulites, respectively. These rocks experienced their maxi-
mum P-T imprint near the Palghat Cauvery Lineament
(PCL). Granulites of different metamorphic history occur
in the Southern Block (SB), south of the PCL. The SB is
subdivided into the Madurai block (MB) and the Kerala
Khondalite Belt (KKB), with the Achankovil lineament
(AKL) serving as the dividing line between the two. In
contrast to the NB, the rocks of the Southern Block have
protolith ages between ~3 Ga and 2 Ga and underwent
granulite-facies metamorphism at ~550 Ma, during the
Pan-African orogeny [30—32]. Metamorphic pressures of
the SB are generally lower than in the NB, ranging from
500 to 700 MPa. However, evidence exists for a local,
high-to ultra-high temperature metamorphism (900—
1100 °C). The metamorphic P—7—¢ path shows an initial
isobaric cooling followed by isothermal decompression
[33-36]. The Southern Block consists of large massifs of
charnockites/enderbites, khondalites, leptynites, and
gneisses. Both, the NB and SB were invaded by
Proterozoic anorthosites, syenites, carbonatites, and Neo-
Proterozoic alkali granites [27,37-39]. The two blocks
form the Southern Indian Granulite Province (SGP), which
is one of the largest Precambrian granulite provinces on
ecarth. The major geological units comprising the SGP are
shown in Fig. 1, together with the location of the sixteen
samples studied in the present paper.

3. Analytical methods
3.1. Thermal diffusivity
The thermal diffusivity (D) has been measured on

sixteen samples from room temperature to 550 °C, i.e.,
the temperature range generally prevailing in the earth’s

crust. Measurements were done at intervals of 25 K up
to 100 °C, and 50 K at temperatures above 100 °C. Rock
samples have been cut in cubes of ~ 1 cm”. The surfaces
are prepared plane-parallel and smooth. Two cubes have
been prepared from each sample. Thin silver coating
(some tenth of a mm thickness) has been painted on the
surface of the sample to reduce direct radiative heat
transfer.

Measurements of thermal diffusivity on rock samples
were carried out using a transient technique [40,41].
This technique permits measuring D in different
directions up to temperatures of 1000 °C. In the furnace,
a filament is placed above the front surface of the sample
and produces a heat signal. One thermocouple is placed
between filament and sample, without contact to either
one. The second thermocouple is placed on the other
side of the sample, i.e. below the sample. The heat
generated from the filament increases the temperature of
the upper thermocouple and simultaneously the front
surface of the sample. For a small temperature interval
d7, the temperature increase is approximately propor-
tional to the heat transfer, dg. The value of dg depends
on the generated heat and the absorption behavior of the
upper thermocouple. This temperature signal starts a
temperature equilibration process in the sample, which
is monitored with the second thermocouple below the
sample.

To produce a homogeneous temperature distribution
within the furnace, a stainless steel tube with a high heat
capacity and thermal conductivity encloses the exper-
imental set up, to equalize temperature heterogeneities
from the furnace and short-term temperature fluctuation
from the furnace control. The tube is on a defined
potential to effectively suppress electromagnetic induc-
tion. A furnace with bifilar winding was used to prevent
electromagnetic induction and allows measuring diffu-
sivity at high temperature. A metallic block with a high
heat capacity and thermal conductivity surrounds the
sample to further minimize temperature in homogene-
ities induced from the furnace.

The evaluation process does not need absolute tem-
perature or transferred heat values. The transferred heat
is an irregular function of time and, hence, there is
no simple mathematical solution for the temperature
response at the rear surface of the sample. The
temperature—time (7-¢) curve, measured with the
upper thermocouple, is used to calculate a synthetic
T—t curve for the rear surface, taken into account
ballistic radiative heat transfer and heat loss from the
sample surfaces. The calculations are performed by a
finite-difference method using different input values of
thermal diffusivity. The temperature variation in one
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element dT for a finite time interval df between two
elements is calculated using

AT
ir=0()a

(1)

where Ax is the distance and AT is the temperature
difference between the two elements. Thermal diffusiv-
ity values were varied systematically to obtain a best
approximation for measured and calculated curves by a
least-square algorithm.

For each temperature, five repetitive measurements
were made. The average deviation in the measurement
at each temperature is <2%, which is well within the
uncertainty of the method of <3% [40].

3.2. Crack density

Presence of micro-cracks in rocks lower the labora-
tory-measured thermal diffusivity [42] and the elastic-
modulus [43], therefore correction for crack density is
essential for both the parameters. In addition to crack
density, crack geometry and crack distribution are
important parameters that influence thermal diffusivity
[42]. The only independent information on crack density
is available from elastically determined crack density
[44] and porosity determination of the studied rocks.
Therefore, in this study, crack density is estimated by
measuring P- and S-wave velocity in the laboratory at
dry and saturated condition, and using the O’Connell
and Budiansky’s model [44] (see Appendix A).

Seismic-wave velocity measurements were per-
formed at room temperature and atmospheric pressure
using the ultrasonic pulse-transmission technique [45].
An electric pulse is applied to different piezoelectric
transducers of 1 MHz natural frequency to produce
ultrasonic compressional and shear waves. The electric
pulse is converted into elastic waves and the waves are
transmitted through the rock sample. They are received
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and converted into electrical signals by the piezoelectric
transducer placed on the other side of the sample.
Because the travel time (¢p or fg) includes transmission
time of the signal through the filters and the time to
convert electrical-mechanical signals, calibration was
carried out with an aluminum sheet of different thick-
ness, to derive the time constant of the ultrasonic assem-
bly (fop or fys). Resultant travel time (tp —typ or ts—foys)
and sample dimension was used for calculating V}, or Vs,
respectively. Velocity was measured on dry and saturated
samples. For saturation, initially, the samples were heat-
ed in an oven at 60 °C, secondly, placed in an evacuated
chamber and finally, saturated in water for 2-3 days.
Errors in measurement of velocity resulting from inaccu-
racies in measurement of sample dimensions, travel time,
and heterogeneities in rock texture are <2% (20).

3.3. Modal composition and major-element geochemistry

Many previous studies on thermal properties of rocks
suffer from an inadequate mineralogical and geochemical
characterization of the samples. As a result it is difficult to
compare values for individual rock types. The mineral-
ogical composition of our suite of samples was deter-
mined by careful examination of thin sections by point
counting (1000—2000 counts). The major elements were
determined by X-ray fluorescence (XRF) spectrometry
using fused lithium tetraborate discs. The analyses were
made using an automated Siemens SRS303AS spectrom-
eter using an Rh tube operated at 50 kV and 45 nA.

4. Results
4.1. Sample characterization
4.1.1. Modal mineralogy

The modal composition of the studied rocks is listed in
the Table 1. The massive to weakly foliated charnockites

Table 1
Modal composition (%)

Charnockite Enderbite Mafic granulite Gneiss

Orthogneiss Paragneiss

KAN-3 NC-99 EK-105 K-37 K-43 KU-5 MP-98 98-46 98-78 98-39 3161 3061 KO2 98-43B K-67 K-76
Quartz 322 34.5 26.9 199 0.5 442 36.0 25.8  21.6 7.4 20 30 14 16.7 304 247
Plagioclase 17.6 18.8 11.2 145 251 33.1 340 357 366 37.0 27.5 33,6 22.0 299 257 34
K-feldspar  42.7 32.0 50.7 476 570 9.2 5.0 73 126 2.0 96 59 14 206 28.8 58.3
Pyroxene 1.0 11.7 7.2 75 155 45 6.6 182 228 36.0 42 540 21.0 09 0.0 0.0
Garnet 0.0 0.0 0.0 24 00 84 9.0 7.0 02 12.0 9.0 00 292 0.0 7.0 11.0
Amphibole 0.0 0.0 1.2 00 0.0 0.0 0.0 0.0 0.4 00 465 04 0.0 270 0.0 0.0
Biotite 5.5 0.0 0.0 14 04 00 134 4.0 34 1.0 0.0 04 240 59 72 8.6
Others 1.0 3.0 2.3 6.7 1.5 0.6 6.0 2.0 2.4 4.6 12 30 1.0 49 09 4.0
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Table 2
Major-element composition (wt.%)

Charnockite Enderbite Mafic granulite Gneiss

Orthogneiss Paragneiss

KAN-3 NC-99 EK-105 K-37 K-43 KU-5 MP-98 98-46 98-78 98-39 3161 3061 KO2 98-43B K-67 K-76
Si0, 7243 69.50 67.89 63.83 59.42 70.66 69.85 6520 63.09 57.78 55.83 50.82 46.97 55.73 68.82 63.94
TiO, 0.31 0.45 0.59 072 095 042 048 063 080 1.15 059 0.75 080 0.67 0.44  0.69
AlLO; 1437 1475 1449 1524 18.80 12.74 13.85 14.84 16.52 1582 1324 14.69 16.31 20.24 16.92 16.01
Fe,O;  2.38 3.61 4.37 6.12  4.02 577 5.08 565 592 1123 11.18 11.54 1271 5.03 249 498
MnO 0.02 0.04 0.06 0.10 0.08 0.10 0.06 0.06 0.06 0.16 020 0.18 0.19 0.06 0.01  0.06
MgO  0.73 0.70 0.58 045 130 224 224 237 190 527 636 632 809 276 094 1.20
CaO 2.65 2.83 2.60 253 3.09 376 2.84 433 444 345 956 11.22 1140 7.07 312 1.87
Na,0O  3.53 3.98 3.57 316 351 266 3.22 387 390 382 1.82 314 194 5.6l 473 193
K,0 2.90 276 443 596 6.67 037 137 095 198 1.02 021 051 051 1.14 1.66  7.49
P,05 0.05 0.14 0.19 0.16 026 0.12 0.10 021 028 0.02 0.07 0.07 006 0.22 0.07 0.55

are grey-green to greenish black and usually fine-to
medium-grained, equigranular to slightly porphyritic.
They are rich in feldspar (), K-feldspar+plagioclase=
51-82%,; K-feldspar>plagioclase) and contain variable
percentages of quartz (0.5-35) and pyroxene (1-16).
Garnet, amphibole, and biotite are subordinate. The
enderbites show principally the same appearance and
color as the charnockites. They are poorer in feldspar
(3. K-feldspar+plagioclase=39-49%; Plagioclase>K-
feldspar) relative to the charnockites. The modal abun-
dances of quartz (22—44%), pyroxene (5-23%), garnet
(0.2-9%), and biotite (0—13%) scatter over a relatively
wide range. The fine-grained, equigranular, dark mafic
granulites are poor in quartz (<7.4%) and contain be-
tween 23% and 40% feldspar (plagioclase » K-feldspar),
but otherwise are mineralogically strongly variable.
They comprise samples particularly rich in pyroxene (up
to 54%), garnet (up to 29%), retrograde amphibole (up
to 46%), and biotite (up to 24%), together with such
almost devoid of these four species. The mafic orthog-
neiss is coarse-grained, containing up to cm-sized grains
of light green feldspar and metallic black amphibole.
Pyroxene and biotite are minor constituents. The light
paragneisses are dominated by feldspars ((3. K-feldspar+
plagioclase=62—64%) and quartz (25-30%). Biotite
is permanently present (7—9%), whereas pyroxene and
amphibole are missing. The rocks are coarse-grained
and heterogranular. Light red garnet and white-greenish
feldspars may approach sizes exceeding 1 cm.

All samples were carefully examined for anisotropy
by ultrasonic and diffusivity experiments. Most of the
granulite samples are massive. A minority of samples
show a weak anisotropy 4 (4y=2 (Vmax — Vmin)/ Vmax =
vmin); Ap=2 (Dmax _Dmin)/(Dmax+Dmin))> which varies
between experimental uncertainty.

4.1.2. Geochemistry

As they do mineralogically, the high-grade metamor-
phic rocks cover a wide range in bulk-rock composition.
Their major-element compositions are compiled in the
Table 2. The charnockites cover the range 59.4—72.4 wt.%
Si0O,. Adopting the classification of plutonic rocks of
Middlemost [46], the rocks are granodioritic (samples
KAN-3,NC-99), granitic (EK105), quartz syenitic (K-37),
and syenitic (K-43) in composition. The enderbites dis-
play a more restricted range in silica (63.1-70.7 wt.%) and
resemble granodiorites (98—78) and tonalites. Mafic gra-
nulites have between 47.0 and 57.8 wt.% SiO, and are
quartz dioritic to dioritic in composition. The amphibolite
equals a quartz monzodiorite.

4.1.3. Crack density

The results of P and S-wave velocity measurements at
dry and saturated conditions are summarized in the
Table A1 (see Appendix A). The granulites show a similar
velocity at dry and saturated condition, whereas the
gneisses have a significantly higher velocity at saturated
condition, suggesting different crack densities between
the granulites and the other rocks. Indeed, the crack
density in the granulites (0.001 to 0.06) is systematically
lower than that in the gneisses (0.09 to 0.28). Heat
transport is significantly hindered by gas filled pores,
whereas penny shaped pores have a higher influence on
heat transport than spherical ones [42]. The same holds
true for seismic energy transported through a cracked
medium [44]. Furthermore, if the pores are filled with
fluids, both, sound velocity and heat can be transported
without a minor reduction with respect to the non-cracked
sample [42,44]. In addition, the pressure dependence of
sound velocity and heat transport show a similar behavior
[10]. Therefore, as a first approximation, the intrinsic



Table 3

Crack Density (¢), Correction Factor for Cracks (CFC), Density (p), Thermal Conductivity (1), Thermal Diffusivity at room temperature (Dgr), Corrected Thermal Diffusivity (Dcor) and Temperature
dependence thermal diffusivity (704, B, C)

Charnockite Enderbite Mafic granulite Gneiss
Orthogneiss Paragneiss

KAN-3 NC-99 EK-105 K-37 K-43 KU-5 MP-98 98-46 98-78 98-39 316l 3061 KO2 98-43B K-67 K-76
€ 0.002 0.059 0.010 0.024 0.053 0.033 0.028 0.018 0.011 0.001 0.072 0.025 0.038 0.287 0.090 0.147
CFC 1.001 1.054 1.025 1.023 1.041 1.015 1.061 1.017 1.015 1.009 1.063 1.026 1.028 1.367 1.106 1.211
o' 2.67 2.65 2.71 2.69 2.67 2.80 2.70 2.75 2.76 2.97 3.04 3.23 3.24 2.84 2.74 2.76
2! 2.81 2.76 2.62 2.50 2.33 3.50 3.22 2.75 2.53 2.47 2.56 227 2.60 2.20 2.94 2.43
Dyt 1.80 1.72 2.10 1.66 1.25 2.16 2.13 1.51 1.50 1.17 1.28 1.21 1.29 1.15 1.77 1.73
Dcor 1.81 1.82 2.13 1.68 1.31 222 2.18 1.53 1.53 1.20 1.36 1.24 1.34 1.57 1.96 2.10
70 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150
A 0.7 0.7 0.7 0.7 0.4 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
B 160 166 210 140 85 220 220 148 120 70 105 78 87 125 180 203
CxE-10 7.0 6.6 7.0 3.0 7.0 35 3.0 1.5 5.0 0.02 2.5 3.7 3.9 10.0 8.0 11.0
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Fig. 2. Temperature dependence of thermal diffusivity of (a) charnockites, (b), enderbites, (c) mafic granulites, (d) mafic orthogneiss, and
(e) paragneisses from the Southern Indian Granulite Province. Symbols reflect the average thermal diffusivity for each temperature. The solid line
represents the least-square regression line for each sample. Data for mafic granulites from the Precambrian Svecoscandian Shield of Finland and
Variscan metamorphic rocks (amphibolite and paragneiss) encountered by the German deep KTB borehole are shown for comparison. 1: [14], 2: [12].

diffusivity of the rock D, (Without cracks) can be
modeled from the observed diffusivity Dpeasureq and the
determined sound velocities (for details see Appendix A)
according to

int
Vp

Vsint
VP

A

/2 (2)

Diock = Dineasured

The resultant correction of thermal diffusivity for
cracks is 0.5% to 8% for granulites and 10% to 35% for
the gneisses (Table 3).

4.2. Thermal diffusivity

At room temperature, the thermal diffusivity of char-

nockites and enderbites ranges from 1.3 to 2.2 mm?*s™ ',
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whereas that of the mafic granulites is usually lower and
in the interval between 1.2 and 1.4 mm? s~ ' (Table 3).
The mafic orthogneiss (amphibolite) has a relatively low
thermal diffusivity of 1.6 mm? s ', in contrast to that of
the more Si-rich paragneisses (2.0-2.1 mm? s~ '). The
effect of radiative heat transfer becomes visible for most
of the rocks around 450 °C. However, for some
enderbites and mafic granulites it is insignificant up to
550 °C. Fig. 2 is a compilation of the crack-corrected
thermal-diffusivity patterns obtained in this study for
metamorphic rocks from India. Thermal diffusivity data
for mafic granulites, mafic orthogneisses, and para-
gneisses taken from the literature are plotted for
comparison.

5. Discussion
5.1. Thermal diffusivity as function of modal mineralogy

The range in room-temperature thermal diffusivity
(and consequently, also thermal conductivity) can be
readily explained in terms of variation of modal
mineralogy. Thermal diffusivity is primarily determined
by the amount of quartz (Fig. 3a), which has the highest
thermal diffusivity among the major minerals of the
investigated rocks (average Dqyar;=4.7 mm?s ', [41]).
Of second-order importance is the abundance of
pyroxene, amphibole, and garnet, which display inter-
mediate diffusivities (most of them fall in a range
between 1 and 2 mm? s~ ') [2,47—50]. Feldspars are of
minor importance owing to their low diffusivity of
usually <1 mm? s~ ' [41,51-53]. Fig. 3b shows that the
thermal diffusivity is also positively correlated with the
bulk-rock SiO, content. However, the correlation of D
and bulk-rock SiO, is weaker (correlation coefficient
R=0.78) than the correlation of D with modal quartz
(R=0.84). This discrepancy is reflection of the circum-
stance that the weight percentage of silica is only is a
first-order approximation of the quartz content.

The importance of mineralogy on D is well docu-
mented for the group of mafic granulites. Thermal dif-
fusivity of our Indian mafic granulites (1.2 to 1.4 mm?
s ') is significantly higher than that of mafic granulites
from Finland, ranging from 0.65 to 0.90 mm? s~ ' [14] at
room temperature (Fig. 2¢). These granulites are poor in
minerals of high thermal diffusivity (<2% quartz) and rich
in minerals of low thermal diffusivity (35—-70% feldspar),
in addition to 20—45% of pyroxene+amphibole + garnet.
Relative to them, the granulites from this study are slightly
richer in quartz (1.4-7.4%), but higher in pyroxene+
amphibole+garnet (50—-60%) and lower in feldspar (25—
40%) (cf.Table 1).
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Fig. 3. Plots showing the relationships between (a) the modal content
of quartz vs. thermal diffusivity, (b) the SiO, (wt.%) vs. thermal
diffusivity, and (c) thermal conductivity vs. thermal diffusivity.
Charnockites are shown by squares, enderbites by circles, mafic
granulites by triangles, and the orthogneiss and the paragneisses by
diamonds.
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The amphibolite from the KTB borehole consists of
5% quartz, 35% feldspar, 47% amphibole, and 10%
garnet and is significantly lower in room-temperature
thermal diffusivity (~0.75 mm? s ', [12]) than our
mafic orthogneiss (amphibolite) containing three times
more modal quartz (Fig. 2e).

Fig. 3c is a plot of thermal diffusivity versus thermal
conductivity at room temperature. Thermal conductivity
of our suite of samples is in the interval 2.2 to 3.4 Wm !
K ™' [54] and was measured using the optical scanning
method [55]. Similar ranges in thermal conductivity are
observed for different rock types from the study area
[56,57], using the steady-state divided-bar apparatus
(modified Birch-type apparatus [2], see [58]). At room
temperature, thermal diffusivity matches well with the
thermal conductivity (R=0.68) considering the mea-
sured rock density and assuming a specific heat-capacity
range from 0.6 to 0.8 Jg~' K™ '

5.2. Thermal diffusivity as function of temperature and
pressure

Among the major minerals, quartz shows the
strongest and feldspar the smallest temperature depen-
dence, and the highest versus the smallest thermal
diffusivity (ca. 0.8 mm?/s), respectively [40,41,46,51—
53,59]. At temperatures below 500 °C, heat transfer in
crustal rocks is mainly due to phonon conduction (lattice
vibration), which is inversely proportional to tempera-
ture [60]. At higher temperature, radiative heat transfer
(photons) starts playing a role, which can be treated, as a
first approximation, as proportional to the cube of tem-
perature [61]. The temperature dependence of thermal
diffusivity can, therefore, be approximated by

B 3

D*AJFT,TOJFCT (3)
where A4, B, C and 70 are constants. A4 is the ultra-high
temperature thermal diffusivity which should be equal
to the Einstein (1911) approximation, D,;, (e.g., [59]).
The minimum thermal diffusivity D, is defined by the
inter-atomic distance /., (e.g., O—Si distance) and the
mean sound velocity v using Eq. (4), when /=1,

1

D= 37 / 4)

B is the temperature dependence of phonon conduc-
tion and C is due to the radiative heat contribution. The
temperature, at which radiative heat transfer starts to
become significant, varies from rock to rock and de-
pends upon intrinsic properties such as opacity, ab-
sorption behavior, grain size, grain boundary, and others

(see, [62,63]). Furthermore, the experimentally ob-
served heat transfer strongly depends on the sample
size and, therefore, on the experimental setup [64].

At temperatures above 500 °C, dehydration as well as
generation of thermally induced cracks further affects
the thermal transport properties. The effect of the o—f
transition of quartz at 573 °C is associated with a
decrease in thermal transport properties around that
temperature [41]. Above that temperature, thermal dif-
fusivity usually starts to increase due to radiative heat
transfer [41,64]. In our study, radiative heat transfer
became effective for most of the charnockites, ender-
bites, mafic granulites, and gneisses at about 450 °C.
However, for some enderbites and mafic granulites, this
phenomenon did not occur up to 550 °C. Kukkonen
et al. [14] have not observed the radiative heat-transfer
effect up to 850 °C for mafic granulites, which seems to
be the result of the experimental setup used rather than
reflect different modal compositions of the rocks.

By keeping A4, B, C, and 70 variable in the Eq. (3), 4
and 70 vary between 0.70 and 0.76 and 100 and 200,
respectively, for the rock studied by least square
regression (Appendix A, Table A2).

It is possible to reduce the number of independent
parameters in Eq. (3) without a significant loss of
information. As parameter 4 defines the high-tempera-
ture limit of phononic heat transfer, this value is taken as
0.7 mm?/s, i.e., the Einstein-limit of heat transfer defined
by the mean sound velocity and mean free path length
(see, Eq. (4)). If TO is set to 150 K in Eq. (3), an optimum
approximation is achieved for all samples examined.
Only two independent parameters remain, describing the
phononic heat transfer (B) and the radiative contribution
(C) (Table 3). These relations have been considered in
the formulation of a generalized equation for the
estimation of thermal diffusivity at elevated tempera-
tures (Eq. (5)). Accordingly, the thermal diffusivity (D)
of granulitic rocks can be expressed as

Drr—0.7mm?s ™!

CcT?
(T—-150 K) +

D=0.7mm’s ' + 144 K
()
where 7 is absolute temperature in Kelvin.

According to Eq. (5), the phononic part of thermal
diffusivity in the temperature range 20 to 450 °C is
properly described from the room temperature value of
thermal diffusivity only. At higher temperatures, an
additional radiative contribution has to be taken into
account, which is given by CT°. In granulites, C varies
from 10™? to 10~ '° depending upon intrinsic properties
of the rock (opacity, absorption behavior, grain size, grain
boundary, and others), experimental setup, and sample
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geometry (see, [62—64]). The four-parameter fit Eq. (3)
and the two-parameter fit Eq. (5) describe the diffusivity
pattern at elevated temperature similarly well within the
experimental uncertainties. The simplified expression Eq.
(5) is, therefore, adequate to describe the temperature
dependence of D for granulitic rocks in general.

In a first approximation, according to Eq. (4), thermal
diffusivity varies as a function of pressure (e.g. [65]) at
the same order of magnitude (10% GPa ') as seismic
velocity varies with pressure [43], taking into account
that mainly the mean free path length depends on tem-
perature. Earlier studies of high-pressure thermal diffu-
sivity showed that the thermal diffusivity increases by
2.5% GPa ! for mafic rocks [14], by 13% GPa ' for
granites, and by 5-10% GPa ' for amphibolites and
gneisses [8,12]. Thus, first-order pressure correction of
10% GPa™ ' seems to be appropriate for the rocks under
investigation and seems to describe the experiments
within their experimental uncertainties.

The parameter, which has the greatest impact on the
temperature dependence of the thermal diffusivity, is the
room-temperature thermal diffusivity (Eq. (5)), which
itself depends on the mineralogical composition of the
rock. Rocks with high thermal diffusivities at room
temperature display a greater proportional decrease in D
with increasing 7, and vice versa (e.g., Fig. 2a to 2e),
well described by Eq. (5). For the granulites and
gneisses from this study, the decrease in thermal
diffusivity is between 35% and 45% in the temperature
range between 20 and 450 °C.

In conclusion, the room-temperature thermal diffu-
sivity Dgt constitutes a parameter, which permits to
describe sufficiently accurate the temperature and
pressure dependence (0.1 P GPa™ ') of D for granulites
(Eq. (6)). Thermal diffusivity as a function of temper-
ature (7) and pressure (P) can be expressed as
DRT—O.7mmzsl)

(6)

D= {0.7mm’s™' + 144 K
( mms (T-150 K)

0.1 3
X (1 +GPaP> +CT

With the utilization of this equation, future thermal
modeling of deep crustal sections involving granulitic
rocks can be performed with the room-temperature
thermal diffusivity being the only parameter to measure
if heat transport by radiation can be neglected.
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Appendix A

According to O’Connell and Budiansky [44], the
crack density ¢ for elliptical cracks (with a>b > ¢) can
be expressed by

2N\ [4?
=35 A
T P
A is the area of a crack (mab), P is the perimeter and
N is the number of the cracks per unity volume.
In case of circular cracks (a = b =r), e =N*r*

(A2)

The modulus of elasticity for randomly orientated
dry circular cracks can be given by:

E:K(lg (;_2‘7;)3) (A3)
G= G(l—%4(1§_(;a s) (A4)
= ()—(1—%8) (AS5)

If the cracks are saturated with fluid then the elastic
properties of the fluid phase have to be considered and
the elastic modulus can be expressed as:

K=K (A6)

é:G(l—%G:—Z)s) (A7)
32 (1-3%)(1-20)

45 (2-9) (A8)

o

[
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where K, G, and & are bulk modulus, shear modulus,
Poisson ratio for the cracked volume. K, G and o are the
same quantities for the uncracked volume. Seismic wave
velocity can be related to the elastic modulus by the
following expressions:

(A9)
Vs G
7=VG (A10)
Vol V, (1-5)(1 + 20)K
Vo/ Vs (1-26)(1-0)K (Al1)

where bar quantities are for cracked volume and others
are for uncracked volume of rocks. Crack density as

251

well as intrinsic P and S-wave velocity have been
estimated from the observed seismic velocities and
Poisson ratios.

The obtained crack density has been applied for the
thermal diffusivity on the assumption that the same
crack density will influence the thermal diffusivity in
a similar way as it influences the seismic velocities
(Vy and F). Thermal diffusivity is approximated by
using

int
P
Vo

int

Drock = Drmeasured + % /2 (AIZ)

where V}, and ¥ are P and S wave velocity of the rock
at dry condition and Vy"' and V™ are the intrinsic
velocities.

Table Al
P and S-wave velocity (km s~ ') at dry condition (V37, 7™), saturated condition (V5™, V:*)and the intrinsic velocity (V3", V")
Charnockite Enderbite Mafic granulite Gneiss
Orthogneiss  Paragneiss
KAN-3 NC-99 EK-105 K-37 K-43 KU-5 MP-98 98-46 98-78 98-39 3161 3061 KO, 98-43B K-67 K-76
Vgry 6.28 5.93 6.00 6.12 623 640 6.21 6.28 6.48 6.57 7.15 720 735 4.61 571 485
Y365 3.58 3.45 351 356 390 3.68 3.62  3.67 373 415 3.80 4.00 3.02 352 294
627 6.21 6.26 628 644 645 648 629 653 668 755 720 740 591 6.38  6.10
Vit 3.65 3.59 3.57 354 350 385 3.60 3.67 374 378 410 3.82 390 3.17 370 3.25
V'P"l 6.28 6.33 6.17 6.31 6.60 657 6.73 6.39 6.57 6.63 7.78 746 770 6.67 6.44 6.12
it 3.65 3.72 3.52 357 364 391 382 3.68 373 376 431 3.86 4.04 389 3.82 341
Table A2
Temperature dependence of thermal diffusivity
Charnockite Enderbite Mafic Gneiss
granulite Orthogneiss Paragneiss
KAN-3 NC-99 EK-105 K-37 K-43 KU-5 MP-98 98-46 98-78 98-39 3161 3061 KO2 98-43B K-67 K-76
70 140 150 140 160 120 170 130 100 160 200 170 150 150 110 130 150
A 0.71 0.71 0.71 071 071 0.71 0.71 075 070 0.69 0.71 0.71 0.73 0.72 072 0.70
B 1692  165.7 2182 1282 103.0 188.5 246.6 1477 112.6 492 873 77.8 869 1557 204.0 203.0
CxE—-10 5.7 6.6 5.6 2. 5.7 43 2.1 1.5 4.8 002 25 37 39 80 7.0 11.2
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