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Abstract

The heat transport properties of feldspar, one of the major minerals of the crust, are important for constraining the thermal
state of the Earth’s crust. The thermal diffusivity (D) and thermal conductivity (x) of two natural alkali feldspars, namely,
perthite and albite (Ab), were simultaneously measured at high temperatures (300-873 K) and high pressures (0.8-3 GPa)
using a transient plane-source method. The present results show that the D and « of these alkali feldspars decreased with the
increase in temperature, whereas the x of perthite remained almost constant at above 450 K. The D and « of these samples
decreased by 24-35% and 8-21% when the temperature increased from 300 to 873 K, respectively, suggesting that phonon
conduction may be the dominant mechanism. The D and « of these samples also exhibited a positive pressure dependence
as indicated by their positive pressure coefficients: 0.052-0.098 mm?s~'GPa~! for D and 0.189-0.325 Wm™'K~!'GPa™! for
k. Combining previous data with the results of this study, the D and « of an intermediate albite-orthoclase solid solution
can be reasonably estimated by an empirical model. Furthermore, the average « of the crust was recalculated to accurately
constrain the thermal thickness and temperature of the lithosphere. The present estimate suggests that partial melting can
occur at shallow depths of the middle and lower crust, which may provide a new understanding of the low-velocity and
high-conductivity anomalies revealed by geophysical observations in the crust.
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Introduction and melting of the crust and subducting plate (Zheng and

Chen 2016), data on heat transport properties of the Earth’s

Temperature gradients within the Earth are the driving
force for numerous dynamic processes on various scales.
To understand and model heat transfer in the Earth’s inte-
rior, such as mantle convection (Yanagawa et al. 2005)
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constituent phases are required (e.g., Anderson 1999;
Hofmeister 1999). Feldspars are the most abundant min-
erals of the Earth’s crust, they comprise 60 vol.% of the
Earth’s crust (Smith and Brown 1988), occurring widely in
sedimentary, igneous, and metamorphic rocks. Therefore,
the measurement of thermal transport properties of feldspars
is crucial for understanding heat transfer in crustal rocks and
modeling geothermal gradient.

Feldspars mainly include three end members:
NaAlSi;Oyq [albite (Ab)], KAISi;Og4 [orthoclase (Or)], and
CaAl,Si,04 [anorthite (An)]. At elevated temperatures,
complete solid solutions form between Ab and Or com-
ponents and between Ab and An components, which are
known as alkali feldspars and plagioclase. To date, several
studies have reported the thermal properties of feldspar.
Kanamori et al. (1968) first measured the thermal diffu-
sivity (D) of alkali feldspar using the lo\ngstr(')m method.
They observed that D increased with the increase in tem-
perature. Hofer and Schilling (2002) measured D of Or and
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sanidine under 1 atm pressure and elevated temperatures
by a transient method, and a small temperature depend-
ence of up to 623 K was observed for both feldspars. At
elevated temperatures above 623 K, the D of sanidine
showed a stronger dependence expressed as D & T°. The
contribution of radiative heat-transfer led to more than
twice higher D in sanidine than in Or at 1073 K. Perter-
mann et al. (2008) and Hofmeister et al. (2009) measured
the D of single-crystal Ab, sanidine, near-endmember feld-
spar glasses, and melts using the laser-flash analysis (LFA)
under 1 atm pressure and high temperature. They observed
that the D of glass decreased with the increase in tempera-
ture, and it decreased more rapidly upon crossing the glass
transition point. Consequently, the D and inferred thermal
conductivity (x) for the melt are consistently below those
of bulk crystal or glass. Branlund and Hofmeister (2012)
investigated the D of six natural plagioclase crystals as
a function of temperature and composition (Ans_gs) at 1
atm pressure. Their data showed that the D of plagioclase
solid solution increased with the Ab content, indicating a
composition effect on thermal diffusivity. The substitution
between Na and Ca in plagioclase caused Al-Si disorder
to reduce the thermal diffusivity.

It is worth noting that in all of previous studies (Kan-
amori et al. 1968; Hofer and Schilling 2002; Pertermann
et al. 2008; Hofmeister et al. 2009; Branlund and Hofmeister
2012), only the D of feldspar was measured at elevated tem-
peratures, and no direct measurements have been performed
on the k of feldspar. The available « for feldspar is roughly
estimated from x = CpDp, where p is the density, and Cp
is the heat capacity. This approach may cause large uncer-
tainties because of the different starting materials used in
the measurements of thermal diffusivity and heat capacity.
The possible effect of chemical composition, grain size,
porosity, microstructure, and lattice distortion of the start-
ing materials on heat capacity have not been well evaluated.
Pressure imposes an important effect on D and « and eventu-
ally affects heat capacity (Wang et al. 2014; Fu et al. 2019;
Zhang et al. 2019a; Xiong and Zhang 2019). By measuring
D and « simultaneously, the transient plane-source method
can overcome the disadvantage mentioned above. Given
that all previous experiments on D of feldspar have been
conducted under 1 atm pressure, the influence of pressure
on thermal properties of feldspar is still unknown. The pres-
sure effect should also be determined to better constrain the
thermal thickness of the lithosphere.

In this study, we performed in-situ measurements of D
and k of two natural alkali feldspars (perthite and Ab) simul-
taneously under high pressure (0.8—-3 GPa) and temperature
(300-873 K). The effects of temperature, pressure, chemi-
cal composition, sample thickness, and heating or cool-
ing history on the thermal transport properties of samples
are discussed. Furthermore, the x of the average crust was
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calculated to re-evaluate the temperature and thickness of
the lithosphere.

Experimental methods
Sample preparation

Two natural alkali feldspar samples (perthite and Ab) were
collected from Hebei Province, China. Thin-section observa-
tions (Fig. 1) showed that the perthite sample contained ~ 30
vol.% Ab as exsolution lamellae (Na, sCa, ;Al; ;Si, Oy in
composition) and ~ 70 vol.% potassium-rich microcline as
the host mineral with a distinct grid twin (Fig. 1a). Poly-
synthetic and Kana composite twins were observed in the
Ab sample (Na, (Ca, ;Al, ;Si, ¢Og in composition, Fig. 1b).
Table 1 lists the chemical compositions of both samples ana-
lyzed by an electron probe microanalyzer.

Disks with 6 mm diameter and without visible cracks
were cored and cut into pieces with~ 1.1 mm thickness. To

Fig. 1 Microstructural images of perthite (a) and albite (b) under
crossed polarized light. Ab= Albite, Mi=Microcline
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Table 1 Chemical composition of the perthite and albite

Oxide (wt%)  Perthite Albite
Abg,An,0r,
Or;gp N=8)  Ab;yAn;(Or, (N=8) (N=7)
Sio, 63.16 (1.24) 66.85 (1.15) 66.22 (1.45)
Al O4 17.79 (0.76) 22.51 (0.87) 22.13 (0.33)
FeO 0.01 (0.01) 0.05 (0.01) 0.12 (0.01)
MnO 0.12 (0.01)
MgO 0.52 (0.03)
CaO 0.01 (0.01) 2.92 (0.35) 2.64 (0.21)
Na,O 0.78 (0.17) 6.73 (0.61) 7.12 (0.37)
K,O 17.47 (1.68) 0.25 (0.01) 0.16 (0.01)
Total 99.27 99.31 99.03

N denotes numbers of analysis and numbers in parentheses are lo
deviation from the mean

Or orthoclase, Ab albite, An anorthite
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Fig.2 Schematic cross section of sample assembly for thermal prop-
erties measurement

minimize the contact resistance during thermal properties
measurements, we first polished both surfaces of the speci-
mens with sandpaper and then with a 0.25 pm diamond pow-
der. The samples were cleaned in acetone and ethanol using
an ultrasonic cleaner and kept in a vacuum oven at 473 K for
24 h to remove any possible absorbed water before assembly.

Measurement of D and k

In-situ measurements of thermal properties (D and x) were
carried out at 0.8—3 GPa and 300-873 K using the tran-
sient plane-source method (Dzhavadov 1975; Osako et al.
2004, 2010), in a DIA-type multi-anvil apparatus (YJ-
3000t) at the Institute of Geochemistry, Chinese Academy
of Sciences. Figure 2 shows the cell design for thermal
property measurement, which is the same as that in our
previous work (Fu et al. 2019; Zhang et al. 2019a; Ge et al.
2021). A pyrophyllite cube and a graphite sleeve were used

as the pressure-transmitting medium and heater, respec-
tively. Samples were isolated from the graphite heater
using an Al,Oj; sleeve, which also served as a heat insula-
tor to effectively restrict lateral heat flow. Three thin disks
with nearly identical double-polished specimens were
piled face to face at the center of the sample chamber. A
thin, flat K-type (NiCr—NiAl) thermocouple was inserted
between the sample disks to monitor temperature. A pla-
nar nickel-chromium heater with the same diameter as the
sample (Fig. 2) was placed at the other interface of the
sample disks to induce impulse heating. Two nickel blocks
in direct contact with the sample were used as heat sinks to
ensure a constant-temperature boundary condition. Pres-
sure was calibrated from the melting curve of NaCl at high
temperature and the phase transformation of bismuth (2.54
GPa) at ambient temperature. The precisions of pressure
estimation and temperature measurement were approxi-
mately 0.5 GPa and 1 K, respectively.

During measurement, the sample was heated up to
873 K at each desired pressure and then cooled to room
temperature in steps of 50 or 100 K. At least three heat-
ing—cooling cycles were conducted to assess the reproduc-
ibility. The thermal disturbance caused by impulse heating
was monitored by the thermocouple (Fig. 3). Temperature
variation AT at the position of the thermocouple can be
expressed as follows (Dzhavadov 1975; Osako et al. 2004):
AT =A ; n]_2 sin r% sin %exp(—nzBZ) [exp(nzBT) - l] (> 1)

ey
where x is the distance (m) between the impulse heater and
the thermocouple, d is the total height (m) of three sample
disks, ¢ is the time (s) from the onset of heating, and z is the
duration (s) of impulse heating. The quantities A and B are
defined as below:

20d n’D

A= et B = 7 2)

where S is the area (m?) of the impulse heater, Q is the
power (W) of impulse heating, D and « are the thermal dif-
fusivity (mm?s~") and thermal conductivity (Wm™'K™"),
respectively. Previous studies (Dzhavadov 1975; Osako et al.
2004) demonstrated that Eq. (1) was valid at a constant tem-
perature when both ends of the sample were set as boundary
conditions. Consequently, the parameters A and B can be
determined through the least-square fitting of the converted
temperature—time curves using Eq. (1) by changing n up to
15 (Fig. 3). Once A and B are known, D and « can be calcu-
lated from Eq. (2) when combined with other parameters.
As discussed in previous studies (e.g., Osako et al. 2004;
Wang et al. 2014; Fu et al. 2019; Zhang et al. 2019a; Ge
et al. 2021), the accuracy of D and x mainly derives from the
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Fig.3 a A record of oscilloscope display for perthite sample (1.1
mm) under 0.8 GPa and 373 K in the present study. CH1 and CH2
are used to monitor the pulse heater voltage and thermocouple out-
put, respectively. b A typical example shows that the corresponding
temperature time curve (converted from the digitized data of the volt-
age time curve output by the thermocouple as shown by the dotted
rectangle in (a) is used for data fitting to determine parameters A and
Bin Eq. (2)

uncertainty of sample thickness (d), area of heater (S), pulse
heating power (Q), temperature, and the least-square fitting
of parameters A and B in Eq. (2). The dimension of samples
during measurement was corrected from the equation of
state of Ab and microcline (Benusa et al. 2005; Nestola et al.
2008). The area change of the pulse heater was calculated in
accordance with the method proposed by Wang et al (2014).
The temperature perturbation across the sample disk due to
pulse heating was about 3 K by applying a pulse power of 10
W. Thus, the influence of temperature heterogeneity on the
measured results was negligible in the present assembly. As
a result, the total experimental errors in Eq. (2) originating
from the above-mentioned factors were estimated to be less
than 5% in this study (Table 2).
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Experimental results
D and k of perthite

Figure 4a, b show the temperature dependence of D and k
of perthite at 0.8—-3 GPa, respectively. Table 2 summarizes
all data of D and « under high P-T conditions. At each pres-
sure, a decreasing and concave-up trend between D and k
and temperature can be fitted by the following empirical
relations (Hofmeister 1999; Hofmeister et al. 2014):

D(T) =a+a, X T +a; x T2 +a,x T3 3)

K(T)=b; +by X T + by x T2 +b,x T3 )

where T is the absolute temperature, and the fitting results
for coefficients a,, a,, as, a4, by, by, b3, and b, are given in
Table 3. In the whole experimental temperature range, the
D of perthite gradually decreased with the increase in tem-
perature (Fig. 4a). At 0.8 GPa, the D values reduced from
1.2 mm?s~" at 300 K to 0.8 mm”s™" at 825 K, and a simi-
lar drop (~34%) was observed at other pressures. However,
the temperature dependence weakened when it was higher
than ~450 K for all pressures (Fig. 4b). These observations
suggest that the feldspar sample was not heated by protons
given that the probability of the absorption and emission
process was extremely low. Thus, phonon conduction was
the main mechanism. Moreover, the D and « of the perthite
systematically increased with the increase in pressure at each
constant temperature (Fig. 4c, d). The variation of D and k
with pressure can be linearly fitted to the following empirical
forms (Hofmeister 2007; Hofmeister et al. 2014):

D(P)=Dy+c; XP S)

k(P)=ky+d; XP (6)

where the fitting parameters Dy, ¢}, k,, and d, are summa-
rized in Table 3. The calculated pressure coefficients (¢, and
d)) of D and « for perthite were in the range of 0.047-0.084
mm?s~'GPa~! and 0.191-0.261 Wm™'K~!GPa™!, respec-
tively. The pressure coefficients (¢, and d,) of D and «
decreased with the increase in temperature.

Figure 5a, b show the D and «, respectively, of perthite
based on the data collected during heating and cooling of
the sample at 2 GPa. A high reproducibility during heating
and cooling cycles was achieved using the transient plane-
source method in this study. On the other hand, a compara-
tive experiment with a thicker perthite sample (~1.45 mm)
was performed under the same P-T conditions to investigate
the effect of sample thickness on the resulting thermal prop-
erties. Tables 2, 3 and Supplementary Tables 1-2 summarize
the raw data and fitting parameters, respectively. Although
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the largest difference was less than 0.1 mm?s~! for D and
0.1 Wm™'K~! for  (Fig. Sc, d), the values remain below
experimental uncertainties. Therefore, sample thickness has
negiligible influence on D and «.

D and k of Ab

Similar to the trends observed in perthite, D and « for albite
decrease with temperature and increase with pressure; the
temperature effect becomes small at high temperatures
(Fig. 6). Accordingly, the temperature and pressure depend-
ences of D and x of Ab investigated in the present experi-
ments were fitted by Eqs. (3—4) and Eqgs. (5-6), respectively,
and the corresponding fitting parameters are summarized
in Table 3. Remarkably, the pressure derivative for the D
of Ab was almost constant (0.096-0.098 mm?s~!GPa™!)
at different temperatures, but the pressure derivative of x
(0.189-0.325 Wm™'K~'GPa™!) gradually decreased with the
increase in temperature. These pressure derivatives of D and
k for Ab were greater than those for perthite.

The pressure coefficients for perthite and Ab in this
study are relatively high compared with those from earlier
literature summarized by Hofmeister et al (2007). There are
significant differences in the pressure coefficients obtained
in different studies. The pressure coefficient for D was
between 3 and 15% GPa~', whereas that for x can exceed
30% GPa~'. The pressure coefficients obtained in this study

@ Springer

Pressure (GPa)

through experimental measurements deviate from the theo-
retical predictions of Hofmeister (2007). Hard minerals can
be desirably predicted, whereas the prediction on soft ones
is difficult due to severe deformation. Various errors arise
from thermal contact, pore space, grain rotation, or initial
compression of the micro-void phase. Therefore, the pres-
sure coefficient of polycrystalline samples measured at low
pressure is unlikely to represent the intrinsic behavior of
hard materials.

Discussion
Comparison with previous data

With the increased temperature at 1 atm pressure, the D
of alkali feldspar reported by Kanamori et al. (1968) first
showed a slight decrease (< 450 K) and then a rapid increase
(> 500 K). Similar to Kanamori et al.’s results, Hofer and
Schilling (2002) reported that the D of single-crystal Or and
sanidine increased with the increase in temperature and the
estimated k. The positive temperature dependences of D
and k (*T%) observed by Kanamori et al. (1968) and Hofer
and Schilling (2002) have been attributed to the contribu-
tion of radiative heat transport by photons. By contrast,
Pertermann et al. (2008) measured the D of single-crys-
tals sanidine (Org,Abg) in three orientations up to 1200 K
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Fig.5 Effects of thermal history
(cooling and heating) and thick-
ness on D and « of perthite

Fig. 6 Effect of temperature and
pressure on thermal proper-

ties of albite. Temperature
dependence of D (a) and « (b)
at different pressure; pressure
dependence of D (c) and « (d)
at temperature of 300, 473, 673,
and 873 K
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using LFA. Their results indicated that the D of Ory,Abg
in three directions gradually decreased with the increase in
temperature, which is consistent with our observations in
this study (Fig. 7a). Pertermann et al. (2008) assumed that
the experimental results from the works of Kanamori et al.
(1968) and Hofer and Schilling (2002) may be problematic.
At high temperature (> 450 K), the abnormally high D arose
from the radiative heat-transfer mechanism caused by the
diffused scattering by fluid inclusion and exsolution (Hofer
and Schilling 2002). Radiative heat transfer is believed to
occur at temperatures above 800 K. However, this process
only occurs from at least 450 K, which is extremely low for
radiative heat-transfer mechanism (Kanamori et al. 1968;
Hofer and Schilling 2002). A single-contact method on the
measurements of D was adopted by Kanamori et al. (1968)
and Hofer and Schilling (2002). At 1 atm pressure, the direct
contact of the thermocouple with samples led to excessive
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Fig.7 Comparison of the D and « of potash feldspar (a, b) with pre-
vious studies. Data sources: PW08 (Pertermann et al. 2008)

contact thermal resistance, which hindered the propagation
of phonons and thus reduced the D. Hofmeister (2007) and
Hofmeister et al. (2007) confirmed that the results from con-
tact methods systematically deviate in opposite directions
and to various degrees due to thermal interface resistance
and spurious radiative transfer. Thus, their experimental
results do not represent the true D of the sample. Therefore,
the D from these studies will not be compared and discussed
thereafter. Although the thermocouple is in direct contact
with the sample in our experiments, the compression at high
pressure reduced the contact thermal resistance significantly.
The diffused scattering of plagioclase exsolution was also
absent in the recovered sample in our study. Based on our
results, no radiative heat transfer occurred in our experi-
ments at temperatures below 873 K.

Figure 7b shows a comparison of « of perthite from vari-
ous studies. In most cases, the « was indirectly calculated
from the relation k = pDCjp rather than measured directly. As
shown in Fig. 7b, the calculated « of the single-crystal low
sanidine (Org,Aby) in three directions from the D reported
by Pertermann et al. (2008) indicates a very weak tempera-
ture dependence. When temperature increased from 300 to
1250 K, a 9.5% decrease in calculated x was observed. This
trend is in agreement with the experimentally determined «
of perthite in this study. Figure 7b shows that the values of
k of perthite measured at 0.5 and 2 GPa lie between those of
single-crystal low-sanidine along the [001] and [100] direc-
tions (Pertermann et al. 2008).

Figure 8a compares the D of Ab with various chemi-
cal components measured at high temperature. Linvill
et al. (1984) first reported the D of polycrystalline Ab
(AbgyAn;) at ambient pressure and a narrow temperature
range (273—-450 K), in which D reduced quickly with the
increase in temperature. Hofmeister et al. (2009) measured
the D of a natural single-crystal Ab (Abgg ,Or, ¢) as a func-
tion of temperature using the LFA. Their results indicated
that at low temperature (< 650 K), the D in three direc-
tions rapidly decreased with the increase in temperature,
whereas the D decreased slowly at high temperatures (> 700
K) (Fig. 8a). The values of D in three directions yielded
D9101> Dyoo1)> Dy190)- As illustrated in Fig. 8a, the results
determined by Hofmeister et al. (2009) are in general agree-
ment with our experimental data but are higher than those
of natural plagioclase with compositions of Ab,gAn;q and
Abs Any,, as reported by Branlund and Hofmeister (2012),
at 1 atm pressure. The difference between the work of Bran-
lund and Hofmeister (2012) and other studies (Fig. 8a) may
be mainly due to the difference in Ab chemical composi-
tion. Another possible explanation is that the presence of Ab
twins and inclusions in natural samples used by Branlund
and Hofmeister (2012) produced grain boundary interface
resistance at low temperatures and thus reduced the heat
transfer efficiency (Smith et al. 2003).
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Fig.8 Comparison of the D and « of albite (a, b) with previous stud-
ies. Data sources: LVP84 (Linvill et al. 1984); PWO0S8 (Pertermann
et al. 2008); HWP09 (Hofmeister et al. 2009); BH12 (Branlund and
Hofmeister 2012)

Figure 8b shows a comparison of the temperature depend-
ence of k of Ab measured in this study with previous data.
Similar to perthite, the x of Ab from previous studies was
obtained through formulas (x = CpDp). Linvill et al. (1984)
determined the x of AbgyAn, in a narrow temperature range
(273-450 K). Hofmeister et al. (2009) obtained the bulk x of
natural single-crystal Ab (Abgyg ,Or, ) by geometric averag-
ing of values along three orientations. Their results showed
a rapid drop across the temperature range investigated and
were considerably higher than ours. This finding is mainly
due to the lower Ab content of our samples (Abg,An;;Or;)
compared with those in the work of Hofmeister et al. (2009).
In addition, compared with the single-crystal sample, the
polycrystalline Ab used in this study presented a further
reduced «, which is due to the presence of grain bound-
ary interfacial resistance (Smith et al. 2003; Fu et al. 2019;

@ Springer

Zhang et al. 2019a). Branlund and Hofmeister (2012) cal-
culated the x of several Abs (Ab,3An,q and Abs;Any;), and
their temperature dependences were not evident. Their k was
consistent with the experimentally determined « of Ab at 2
GPa in this study.

Heat capacity of perthite and Ab

We calculated the specific heat capacities of perthite and Ab
at 1 atm and the pressure dependence of specific heat capac-
ity at room temperature (Fig. 9). The calculated heat capaci-
ties at 1 atm based on this study were notably lower than
previously measured ones (Or from the work of Akaogi et al.
2004; Ab,sAng, from the work of Benisek et al. 2009), espe-
cially at high temperatures (Fig. 9a, b). The pressure depend-
ence of specific heat capacity of perthite and Ab slightly
increased with the increase in pressure (about 5% GPa™')
(Fig. 9c, d, respectively). The largest differences between
the calculated and measured specific heat capacity for per-
thite and Ab were 20% and 65% at 800 K, respectively. For
synthetic polycrystalline olivine, the transient plane-source
method has been shown to be a reliable method for deducing
heat capacities, since the calculation (Zhang et al. 2019a,
b) gives values highly consistent with direct measurements
(Anderson and Isaak 1995). In the present study, the experi-
mental technique adopted is the same as that used by Zhang
et al. (2019a, b), whereas the starting materials used in this
study extremely differed from those in heat capacity meas-
urement (Akaogi et al. 2004; Benisek et al. 2009). Thus,
the chemical composition, microstructure, and porosity may
influence the heat capacity of silicate materials, which may
cause the contradiction observed.

Effect of chemical composition on heat transfer
properties

Figure 10a shows the effect of variable chemical com-
position on the D of feldspar (Linvill et al. 1984; Perter-
mann et al. 2008; Hofmeister et al. 2009; Branlund and
Hofmeister 2012). The bulk D of the single-crystal sam-
ple (AbgOrg), Abgg,Ang ;01 6, AbsgAnyg, Abs;Anys, and
Ab, Ansg) (Hofer and Schilling 2002; Pertermann et al.
2008; Hofmeister et al. 2009; Branlund and Hofmeister
2012) was obtained by geometric averaging of D along
three different directions. Our experimental results for D
and « at high temperature and pressure were extrapolated
at 1 atm pressure using Eqgs. (5-6). The D for most alkali
feldspars was in the range of 0.8-1.26 mm?s~! at room
temperature, whereas it decreased to a constant value of
0.6 +0.1 mm?s~! when the temperature exceeded 900 K. In
particular, the D of Ab at room temperature was the high-
est, and that of An was the lowest compared with other
endmembers of feldspar (Fig. 10a). As a result, the D for
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Fig.9 Temperature dependence
of heat capacity of a perthite
and b albite at 1 atm. Pressure
dependence of heat capacity of
¢ perthite and d albite at room
temperature. Black solid lines
denote the reference Cp(T) of
orthoclase (Akaogi et al. 2004)
and Ab,,Ang, (Benisek et al.
2009)
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alkali feldspars systematically decreased with the decrease
in Ab content and the increase An content. This could be
due to Ab being well ordered at room temperature. How-
ever, the samples with intermediate compositions exhib-
ited a reduced order because of the additional cations and
therefore presented reduced D. In addition, has an ordered
although An arragement, it has a large primitive cell with a
number of atoms, which also reduced D (Hofmeister 2010;
Branlund and Hofmeister 2012).

Figure 10b exhibits the effect of different compositions
on the « of feldspar at 1 atm pressure. The results show
that the « of different components at room temperature
ranged from 1.3 to 2.86 Wm~'K~!, and the « of samples
with a high Ab content (>98) was the highest among
all experimental results. The « of feldspar with high Ab
content (>98) showed a relatively strong temperature
dependence (Linvill et al. 1984; Hofmeister et al. 2009)
throughout the temperature range investigated, whereas
an extremely weak temperature of x was found in this
study and for feldspars with a low Ab content (Pertermann
et al. 2008; Branlund and Hofmeister 2012). The effect of
chemical composition on the k of binary solid solutions
can be evaluated from their two end members (Padture
and Klemens 1997; Marquardt et al. 2009; Wang et al.
2014; Ohta et al. 2017; Zhang et al. 2019b). Padture and
Klemens (1997) proposed a model that predicts the effect
of scattering by solute atoms on «:

2

300 K 300K
50 . . .
2.5 3 35 0.0 0.5 1.0 15 2.0 25 3.0 35
Pressure (GPa)
[o% ®
Kk = k;| — ) arctan { — 7)
with
2

(O xT

—) =(=— ®)

oy C(1-0C)

where w,, is the phonon frequency corresponding to the
maximum of the acoustic branch of the phonon spectrum,
®, is the phonon frequency at which the intrinsic mean free
path is equal to that due to solute atoms, y is a constant, and
C is the concentration of solute atoms. In the case of the
Ab,Or 095 System, «; is the thermal conductivity of solid
solutions without the solute-atom phonon scattering and is
given by the following:

k; = Ckp, + (1 = O)ky, )

where k,;, and k, are the thermal conductivity of Ab and
Or at given temperature from the literature, respectively
(Pertermann et al. 2008; Branlund and Hofmeister 2012).
As displayed in Fig. 11, the D and « under 1 atm pressure
can be fitted by Egs. (7-9) at different temperatures, and the
constant y values approximated 3.51x 10 and 1.37 x 107*
K~!, respectively. Nevertheless, the fitting results for D were
better than those for x. The minimum thermal conductivity
was predicted to occur with the Ab;sOrg5 composition. The
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Fig. 10 Effect of chemical composition on D (a) and « (b) of feld-
spars at 1 atm pressure. Data sources: LVP84 (Linvill et al. 1984);
PWO8 (Pertermann et al. 2008); HWP09 (Hofmeister et al. 2009);
BH12 (Branlund and Hofmeister 2012)

significant effect of scattering by solute atoms on D and x
can be observed from the downward curves of the theoreti-
cal predictions. This finding is explained by the distortion
of lattice near the solute atoms, which results in the distur-
bance of lattice vibrations. However, this influence gradually
decreased with the increase in temperature.

Implications for the mean thermal conductivity
of the crust and the thermal structure
of the lithosphere

The thermal evolution of the planet’s crust and lithosphere
depends largely on the heat transfer rate (Rudnick et al.
1998; Petitjean et al. 2006; Whittington et al. 2009). In
the crust, heat from deep Earth is mainly transmitted by
conduction, except for fluid- or magma-rich environments
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where thermal convection dominates. The efficiency of heat
transfer is mainly controlled by thermal conductivity of the
Earth’s crust. Thermal transport properties (D and «) are
among the most important parameters of rocks and miner-
als, and they can be used to model the thermal structure
and dynamics of the deep Earth. The D and « have a strong
temperature and pressure dependence (Vosteen and Schells-
chmidt 2003; Mottaghy et al. 2008; Fu et al. 2019; Zhang
et al. 2019a, b; Xiong and Zhang 2019; Ge et al. 2021).
Given the lack of direct measurment of x for minerals and
rocks at high temperatures and pressures, previous thermal
models assumed that the « of the Earth’s lithosphere is con-
stant and is indirectly calculated from D, whereas the pres-
sure dependence was not considered (Stein and Stein 1992;



Contributions to Mineralogy and Petrology (2021) 176:42

Page 130f 16 42

McKenzie et al. 2005; Michaut et al. 2007; Whittington et al.
2009; Nabelek et al. 2012; Merriman et al. 2013; Lemenager
et al. 2018). In this study, we recalculated the average x of
the Earth’s crust based on the mineralogy model of 30%
quartz, 60% Ab, 5% phlogopite, and 5% annite (Whittington
et al. 2009), with consideration of the pressure effect on
thermal properties. For « of quartz, we use the polycrystal-
line data described in Gibert and Mainprice (2009), and the
x of Ab was obtained from our results. The « of phlogopite
and annite was obtained from the work of Hofmeister and
Carpenter (2015), in which annite was replaced by biotite.
Moreover, the geothermal gradient was assumed to be 15
Kkm~!. The increase in density due to compression was
partially offset by the decrease in density due to high tem-
perature. This change was small compared with the changes
in Cp and « and is thus not considered here.

Figure 12 shows the average k profile of the crust based
on the above assumptions. The x decreases with the increase
in temperature (< 850 K), from 3.71 Wm™'K~! at the Earth’s
surface to 1.73 Wm™'K~! at the quartz phase transition
(a—p) condition. At high temperatures (> 850 K), x increased
slightly because the x of quartz (Gibert and Mainprice 2009)
gradually increased with temperature. The « of the lower
crust (about 850 K) calculated from the present study is 10%
lower than that estimated by Whittington et al. (2009) and
33% lower than that estimated by Chapman and Furlong
(1992). Figure 12 shows that the « of the lithospheric mantle
inferred from the « of olivine (Pertermann and Hofmeister
2006) is considerably higher than that of the lower crust.
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Fig. 12 Average crustal thermal conductivity as a function of tem-
perature using a mineralogical model proposed by Whittington et al.
(2009). The solid lines ignore pressure dependence and the dot-
ted lines include pressure dependence. Data sources: CF92 (Chap-
man and Furlong 1992); PHO6 (Pertermann and Hofmeister 2006);
WHNO09 (Whittington et al. 2009)

This observation suggests that the lower crust is a good ther-
mal insulator and effectively prevents rapid heat loss from
the Earth’s interior through the lithosphere.

Temperature distribution in the lithosphere affects vari-
ous physical properties and processes, such as rock melting,
electrical and magnetic properties, and seismic properties
(Chapman 1986). Therefore, the effect of variable x of the
crust on the lithospheric geothermal structure is discussed
based on the x curves of the crust from the work of Whit-
tington et al. (2009) and this study. We assumed that heat
in the lithosphere is mainly transferred by heat conduction
based on one-dimension steady-state conductive geotherms
(Chapman 1986; Furlong and Chapman 2013; Miao et al.
2014). The finite element method was applied to solve the
Fourier heat conduction in one dimension as follows (Chap-
man 1986; Furlong and Chapman 2013):

oT

9 oT
AN A Ly
PCror = axr PGt (10)

where Cj is the heat capacity, T is the temperature in K, ¢ is
the time in years, H is the radiative heat production, and x
is the depth in m. To simplify the model, we calculated the
depth from the upper crust to the deeper part of the litho-
sphere with a 10 m step size and considered heat conduction
as the only mechanism of heat transfer. The density was
assumed to be constant at 2700 kgm ™ (Whittington et al.
2009). In our calculation, the crust is divided into an upper
crust of 16 km thickness and a lower crust of 23 km thick-
ness. The pressure and temperature dependences of k and Cp
from feldspar samples were applied. Based on previous heat
generation data (Hasterok and Chapman 2011), we adopted
radiative heat production values of 1, 0.4, and 0.02 pW m™3
for the upper crust, lower crust, and upper mantle, respec-
tively. In addition, three different reference surface heat fluxs
of 50, 70, and 90 mW m~2 were used. The mantle adiabat
was referenced from the work of Thompson (1992), and the
surface temperature was fixed to 283 K.

Figure 13 illustrates the calculated temperature profiles
in the lithosphere from two thermal conductivity models.
When the surface heat flows were 50, 70, and 90 mWm™2,
the mean thermal thicknesses of lithosphere were 150, 68,
and 39 km from our estimations, respectively; the values
were 127, 58, and 40 km according to Whittington et al.
(2009). Notably, the pressure dependence of x was consid-
ered in this calculation, whereas such pressure effect was
disregarded in the calculations by Whittington et al. (2009).
These observations suggest that pressure plays an important
role in the estimation of the mean thermal thicknesses of
the lithosphere. At the depth of 21 km (Fig. 13), the tem-
perature estimated from our geothermal gradient model was
higher by 216 K than that estimated by Whittington et al.
(2009) at the same heat flow of 90 mWm™2. This difference
will cause a great uncertainty in the estimation of melting
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Fig. 13 Effects of different crustal thermal conductivity curves

on lithospheric geotherms. Surface heat flow: 50 mWm™2, 70

mW m™2, 90 mWm™2. Solid black line: mantle adiabatic line
(T,,=1573+0.4%Z, Z is depth); solid lines: geotherms calculated
from the present data; dashed lines: geotherms calculated from Whit-
tington et al (2009). Solidus curves of muscovite and biotite dehydra-
tion (Patifio Douce and Harris 1998) are also shown

temperature in regions with high heat flux such as south-
ern Tibet. Figure 13 shows a comparison of our calculated
geotherms with the solidus curves of muscovite and biotite
dehydration (Patifio Douce and Harris 1998). Evidently, our
estimated temperature profile suggestes that partial melting
will occur at shallow depths of the middle and lower crust,
consistent with the depth of partial melting derived from the
Kk of granitoids (Fu et al. 2019). Thus, the present estimate
may provide a new understanding of the low-velocity and
high-conductivity anomalies observed in the crust (Nelson
et al. 1996; Wei et al. 2001; Li et al. 2003; Hacker et al.
2014; Zhang et al. 2021).

Conclusions

The D and « of two natural alkali feldspars were investigated
as a function of temperature (300-873 K) and pressure (up to
3 GPa) using the transient plane-source method. The present
experimental data show that the D and « of two alkali feld-
spar samples decreased with the increase in temperature and
increased linearly with pressure, whereas the « of perthite
remained unchanged when the temperature was higher than
450 K. The D for alkali feldspars systematically decreased
with the decrease in Ab content and the increase in An con-
tent. The « of feldspar with a high Ab content showed a
relatively strong temperature dependence throughout the
temperature range investigated, whereas a very weak tem-
perature of k¥ was found for feldspar with a lower Ab content.

@ Springer

By combining the measured thermal properties and surface
flows, the present calculated geotherms suggest that the ther-
mal thickness of the lithosphere is thick for regions with low
heat flow and thin for regions with high heat flow. Moreover,
a comparison of the solidus curves of muscovite and biotite
dehydration with the calculated temperature profiles implies
that partial melting will occur at shallow depths of the crust,
which provides additional constraints on the partial melt-
ing model to explain the low-velocity and high-conductivity
anomalies observed in the crust.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00410-021-01797-2.
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