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Partial melting in the continental crust may play a critical role on the behavior
of continents during collision. However, the occurrence of partial melt in
orogenic continental crust is not well understood. Since the temperature of
the orogen is controlled by the thermal properties of constituent rocks, we
measured the thermal conductivity and diffusivity of eclogite, the most
important ultrahigh pressure metamorphic rocks, as a function of pressure,
temperature, composition, and water content, and simulated the thermal
structure of the Sulu and Himalaya-Tibet orogens in eastern and southwestern
China, respectively. Our results show that the temperature at ~-30-km depth
beneath the orogens reaches the solidus of wet granite and phengite (-940 K),
therefore, the partial melting in the orogenic continental crust is well
explained. The melt may facilitate the exhumation of subducted crust, pro-
duce the low seismic-velocity zone, and cause the high-conductivity anomaly
in the shallow depth of orogenic belts.

The most outstanding geophysical feature of the crust of orogenic
belts is the presence of a widespread seismic low-velocity zone at
depths of 20-50km in global collision regions such as western
Norway', Himalaya-Tibet in southwestern China*?, and Sulu in eastern
China*. The seismic low-velocity zone is also frequently associated with
high electrical conductivity values (up to 0.1S/m), as interpreted by
magnetotelluric (MT) observations®®. The origin of this low seismic
velocity and high electrical conductivity remains highly debated. A few
studies attributed these features to the hydration of eclogite'’, which is
composed of omphacite and garnet and is the main constituent rock of
subduction zones and in the deep part of thickened continental
crust"*"'", However, this hypothesis was later disproven by electrical
conductivity experiments, which showed that hydrous eclogite cannot
produce a conductivity value of 0.1S/m". Instead, partial melting can
explain the observed geophysical anomalies in orogenic belts**™®
because the presence of melt can reduce the seismic velocity” and
enhance the electrical conductivity'* s,

The question is why the orogenic continental crust can partially
melt. As it is known, the melting of lithospheric rocks is controlled by
the temperature distribution of the lithosphere, which is governed
by heat flow from the deep mantle to the surface and thus controlled
by the thermal properties of rocks and minerals, i.e., thermal diffusivity
(D) and thermal conductivity (k). A comprehensive understanding of
the D and k of eclogite under lowermost continental crust conditions is
therefore necessary.

Nevertheless, the D and « of eclogite under relevant high-
pressure and high-temperature conditions of deep crust remain
poorly constrained owing to experimental difficulties. A previous
study reported D in a synthetic eclogite sample with a single com-
ponent (MORB-composition) at 3.5 GPa'’, and « was calculated from
D indirectly. However, the effects of pressure and modal miner-
alogy on the D and « values of eclogite remain unknown, whereas
such information is indispensable to infer the thermal structure of
the continental lithosphere and thus to interpret the generation of
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partial melting and metamorphic and geochemical geodynamics of
collisional orogen.

On the other hand, eclogites are formed through high-pressure to
ultrahigh-pressure metamorphism. Regardless of the protoliths (e.g.,
gabbros or basaltic rocks), eclogites usually contain water in the con-
stituted hydrous minerals (e.g., phengite, lawsonite, epidote) and
nominally anhydrous minerals (e.g., omphacite, garnet). Upon with the
increasing of temperature during continental deep subduction, the
breakdown of hydrous minerals would leave omphacite and garnet as
the main water reservoir in eclogite’ . Because water may affect the
thermal properties of minerals®?*, it is also necessary to investigate the
water content dependence of D and «.

In this study, multi-anvil experiments were performed to measure
D and k simultaneously in natural eclogite with various modal miner-
alogy and water contents at temperatures of 300-873 K and pressures
of 1-3 GPa, corresponding to crust and lithospheric mantle conditions.
Eclogite samples were collected from the Dabie-Sulu ultrahigh-
pressure metamorphic (UHPM) belt in eastern China, which is the
largest UHPM belt in the world. This belt is separated into western
(Dabie UHPM belt) and eastern (Sulu UHPM belt) sections by the
northeast-southwest trending Tan-Lu fault, thus two samples collected
from representative outcrops in the Dabie UHPM belt (DB11 and DB13)
and the other two samples from the Sulu UHPM belt (SL9 and SL12)
were used (Supplementary Fig. 1).

a 18
Diffusivity
1.5
E 12
a
09 f
DB13
o
3 GPa 3
0.6 = =
250 500 750 1000
Temperature (K)
b 55
Conductivity
4.5
x
E
g
x
3.5
D813
3 GPa
25
250 500 750 1000

Temperature (K)

Fig. 1| Temperature and pressure dependences of the thermal diffusivity (D)
and conductivity (k) of eclogite. a Temperature dependence of D at 3 GPa.
b Temperature dependence of k at 3 GPa. ¢ Pressure dependence of D at 300 and

Results and discussion
Temperature and pressure dependences of D and k in eclogite
The D and k values obtained under the investigated pressure and
temperature conditions are listed in Supplementary Table 1. At 3 GPa,
both D and k are found to systematically decrease by a factor of 2-3
with increasing temperature from 300 to 873K (Fig. 1a, b), and the
temperature dependence decreases with increasing temperature.
Despite the limited pressure range (1-3 GPa), Fig. 1c, d clearly show
that both D and « increases linearly with increasing pressure at given
temperature conditions (300 and 823 K), whereas the pressure deri-
vative (0D/OP and 0k/0P) is steeper at 300 K than 823 K.

The measured D and k for each sample were fitted by a power-law
formulation to simultaneously consider the influence of pressure and
temperature on the thermal transport properties:

D=D, (g) D(1 +aP) @
k=kg (g) k(1 +bP) 2

where Dg and kg are the fitting results of D and x under ambient con-
ditions, respectively, P is pressure (GPa), T is temperature (K), np and
n, are the temperature exponents, and a and b are the pressure
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Fig. 2 | Effects of modal mineralogy and water content on the thermal prop-
erties of eclogite at 1 GPa and 300-823 K. a Effect of omphacite proportion on
the thermal diffusivity (D). b Effect of omphacite proportion on the thermal
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coefficients. The least square fitting yields np, n,, a, and b values of
0.53-0.65, 0.31-0.49, 0.06-0.13GPa™, and 0.06-0.24 GPa™, respec-
tively (Supplementary Table 2).

Although the absolute values of D and k in the four samples differ
by ~30%, nearly identical temperature and pressure dependences were
shown in this study. In terms of the heat transport mechanism, heat
transfer in materials is known to be controlled by two subatomic
processes: (1) the transfer of vibrational energy from one bond to
another (i.e., phonon-phonon transport), which is inversely propor-
tional to temperature and known as lattice thermal conductivity (ki,.);
and (2) the conversion of vibrational energy to light (i.e., phonon-
photon conversion), which is proportional to the cube of temperature,
and is known as radiative thermal conductivity (k;aq). The ki, and Kyaqg
usually dominate at temperatures below and above 1000K,
respectively”’?*. The continuous decreasing of D and k with increasing
temperature up to 873K in this study suggest that the thermal prop-
erties of eclogite is dominated by k... This is also confirmed by the
theoretical calculation (Eq. 4): the calculated k.4 is less than 3% of ki
at 300-873 K, namely, k.4 has negligible effect to the experimental
determination of k.. On the other hand, the increase of D and k with
pressure is previously interpreted to be caused by the decrease of
phonon scattering probability®.

Influence of modal mineralogy and water
Mineral proportions may affect the D and « of the bulk rock?”* because
different minerals have different thermal properties. In this study, the

eclogite samples were composed of 40-60 vol% garnet, 25-40 vol%
omphacite, approximately 2vol% quartz, and other minor phases
including rutile, phengite, symplectite, apatite, epidote, amphibole,
zoisite, and kyanite, with concentrations of less than 10 vol% each
(Supplementary Fig. 2, Supplementary Table 3). The contributions of
quartz and other minor phases should be negligible because of their
small proportions even though quartz has higher D and « than garnet
and omphacite?>??%*°, Additionally, although the fraction of garnet is
higher than that of omphacite, the D and k of eclogite is found to be
nearly independent of garnet content (Supplementary Fig. 3a, b) and
slightly positively correlated with omphacite content (Fig. 2a, b). This
is because the D and k values of garnet are considerably lower than
those of omphacite’®*°. Despite of the higher density and sound
velocity of garnet than omphacite, specific heat capacity of omphacite
is much larger than that of garnet, which would result in a larger mean
free path for omphacite, namely, higher x or D (Method section).
Although the thermal properties of eclogite have been deter-
mined experimentally'®, the effect of water on the D and « of eclo-
gites remains unknown. In this study, it is demonstrated that the D and
k of eclogite decrease linearly with increasing water content (Fig. 2c,
d). Since thermal properties of eclogite are primarily controlled by
omphacite as discussed above, water-content dependence of D and x
in eclogite should be controlled by the water-content in omphacite. In
the viewpoint of mineral physics, water in eclogites mainly exists as
hydroxyl in the crystal structures of garnet and omphacite!®'**
(Supplementary Fig. 4). Hydroxyl could distort the crystal structures,

Nature Communications | (2022)13:4673



Article

https://doi.org/10.1038/s41467-022-32484-w

a Sulu UHPM belt b Himalaya-Tibet
0 = 0
m =
® ]
)
g
1 o 1 30
940 s
2,
(oA
= S-T Vg
5 N, 1340 K |
S 2 Moho N — _
= discontinuity m £
£ £
3 30 s
o 4
3 03 km
[$)]
[ Agepietes = 0.02 yW m3 § Agepiered = 0.02 pW m3
Acrrines =018 W m | § S Acnrichea = 0.18 W m® { 120
A1 Q; = 65 mW m?2 - Q=75 mW m?
Depleted 235-225 Ma === Depleted
[ Enriched Enriched 150 km
* * ; : . . . 150
N
300 700 1100 1500 300 700 1100 1500 1900

Temperature (K)

Fig. 3 | Geotherms of the crust and lithospheric mantle beneath orogenic belts.
a Sulu UHPM belt, b Himalaya-Tibet. The thick purple and light blue curves indicate
the geotherm profiles calculated based on heat generation of 0.02 uyWm in the
depleted mantle and 0.18 pWm in the enriched mantle”, respectively. Solid black
line: solidus of wet granite™; thick light cyan dashed line: dehydration melting curve
of phengite*’; thick green line: mantle adiabatic line (7, =1573 + 0.3z where z is

Temperature (K)

depth). The intersection between the calculated geotherm profile and mantle
adiabatic line indicates the thickness of the lithosphere, and the intersection
between the geotherm profile and Moho discontinuity indicates the Moho tem-
perature. P-T-t paths: The thick dark red line with arrows in a represents the Sulu
UHPM belt?"*% ¢, The thick red and orange lines with arrows in b represent the
Southern Tibet (S-T)**** and Kaghan and Tso Morari (K-TM) terranes®, respectively.

which produces additional phonon vibrational modes arising from
new O-H bonds**** and thus enhancing the frequency of scattering
events. It sequentially reduces the number of free paths for phonons
and accordingly reduces D and k**%.

Thermal structure and partial melting of orogenic belts
Numerous studies have provided petrological evidences for the
occurrence of partial melting in natural UHP rocks during the con-
tinental collision®**°. However, the temperature distribution beneath
continental orogenic belts, which is essential for interpretation of the
partial melt process during continental collision, is poorly understood.
Based on the k of eclogite under lithospheric pressure, temperature,
and water-content conditions determined in this study and that of
other rocks and minerals (olivine, granite, gneiss, amphibolite, and
granulite) from literatures®”****2, numerical thermophysical modeling
was performed to calculate the geotherms in the lithosphere of the
Sulu orogenic belt (normal crust thickness, ~32 km) in eastern China
and the Himalaya-Tibet orogenic belt (thickened crust, ~65 km thick) in
southwestern China as two typical examples. The crustal structures,
composition, and heat production of each belt was given in Supple-
mentary Fig. 5. The water content in the continental mantle lithosphere
was assumed to be constant ~100 wt. ppm*. The surface heat flow (Qr)
was estimated to be 65 mW m™ for the Sulu belt and 75 mW m for the
Himalaya-Tibet belt based on the database of surface heat flow***, The
mantle adiabat was set to a potential temperature of 1573 K with a
gradient of 0.3 K/km, and the surface temperature was fixed at 283 K. A
one-dimensional model with a boot-strapping approach (Eqs. 8-10)***
was used. Details of the calculation is given in the Methods section.
Figure 3 shows the modeled results of the temperature-depth
profiles and average lithospheric thickness of the Sulu and Himalaya-
Tibet belts. In the Sulu orogenic belt, the Moho temperature at depth
of 32km is ~940 K, and the inferred lithospheric thickness is around
64-67 km (Fig. 3a). In the Himalaya-Tibet orogenic belt, due to the
differences in heat flow and heat production (Supplementary Fig. 5),

the temperature at Moho discontinuity (-65 km)***° reaches to 1340 K,
and the lithospheric thickness is close to 150 km (Fig. 3b). The effect of
radiogenic heat production (depleted versus enriched)®*? on the
lithospheric thickness is large in the Himalaya-Tibet orogen but neg-
ligible in the Sulu orogenic belt. Note that, although the crustal
structure, composition, heat flow, and radiogenic heat production in
the Sulu belt differ from those in the Himalaya-Tibet belt (Supple-
mentary Fig. 5), the temperature (-940K) at ~30 km depth of Sulu
(base of the crust, close to Moho discontinuity of Sulu belt) is almost
identical to that of Himalaya-Tibet belt at the same depth (middle crust
of Himalaya-Tibet belt), and close to the solidus of phengite*® and wet
granite™ (Fig. 3). Therefore, the shallowest regions for the occurrence
of partial melt beneath the Sulu and Himalaya-Tibet belts are ~30 km
depth, i.e., at base of crust near the Moho discontinuity and the middle
crust, respectively. Namely, crustal melting in orogenic belts could
occur beneath both the Sulu and the Himalaya-Tibet belts.

In addition to the Sulu and the Himalaya-Tibet belts, the other
UHP belts worldwide, such as the Kokchetav massif (Kazakhstan), the
Bohemia massif (Central Europe) and the Greenland, the temperature
at ~-30 km depth could reach the dehydration temperature of hydrous
rocks as well?*>>, Water released by the dehydration depresses the
melting point of rocks considerably, leading to partial melting in the
deeper and hotter regions**>*® (Fig. 3).

Here the questions about when and why partial melting have
occurred in the continental crust of the Sulu and the Himalaya-Tibet
belts during their subduction and exhumation are discussed in detail.
According to the SHRIMP U-Pb analysis of zircon®¢°, there are three
important stages of pressure-temperature-time (P-T-t) paths for the
metamorphic history of the Dabie-Sulu UHP rocks (Red curves in
Fig. 3a), i.e., (1) 246-244 Ma for early-stage quartz eclogite-facies pro-
grade metamorphism at 843-963 K and 1.7-2.1 GPa; (2) 235-225 Ma for
peak UHP metamorphism at 1023-1123K and 3.0-4.3 GPa; (3)
215-205Ma for late-stage amphibolite-facies retrogression at
823-923 K and 0.7-1.0 GPa. The first episode of partial melting of Sulu
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belt should occur at the beginning of the early stage of exhumation
because the temperature of the exhumation rocks reaches the solidus
of wet granite at ~120 km depth (3.8 GPa, 1050 K) (Fig. 3a), indicated by
the occurrence of nanogranites in zircon, garnet and monazite from
diatexite*’. Upon the decompression of “hot” exhumation, the break-
down of phengite could provide sufficient amount of the water and
inducing the second episode of partial melting at ~60 km depth
(2.0 GPa, 1095 K)"394057-62 'which was recorded by the presence of
multiphase solid inclusions within UHP minerals and anatectic zircons
and minor interstitial K-feldspar between garnet and omphacite in the
Sulu UHP eclogites®**,

The Himalaya-Tibet belt has two types of eclogite with different P-
T-t paths for subduction and exhumation processes®*****: (1) ~50 Ma
UHP eclogites in the Kaghan and Tso Morari massifs in the western
Himalaya (K-TM curve in Fig. 3b); (2) ~30 Ma HP eclogites distributed
from central Himalaya to Southern Tibet (S-T curve in Fig. 3b). As
illustrated in Fig. 3b, K-TM UHP slices has undergone one episode of
partial melting at ~100 km depth (3.2 GPa, 1025K) due to melting of
fertile components at the initial stage of exhumation, whereas fluid-
absent melting of phengite may continuously occur during the fast
exhumation of felsic UHP rocks®. In contrast, the S-T UHP slice have
undergone the first episode at ~70 km depth (2.1GPa, 900 K, near
Moho discontinuity of Himalaya-Tibet belt) due to the melting of fer-
tile components and the second episode of partial melting at ~55 km
depth (1.6 GPa, 1080 K) due to the melting of phengite.

The partial melt plays important roles in geodynamic and geo-
physical processes. For example, when partial melting takes place at
the peak UHP metamorphic stage or at the final stage of subduction,
the melts can reduce the strength the rocks, leading to the weakening
of the deeply subducted continental crust and the decoupling of rocks
from the subducting slab, which may result in the initiation of
exhumation®~*’. When partial melting takes place during exhumation
(generally caused by the breakdown of hydrous UHP minerals and the
exsolution of water in NAMs), the melt channel may lubricate the edge
of exhumated slices of UHP rocks and thus enhance the transport of
materials from deep regions to the surface™* 2%,

The onset of partial melting during subduction and exhumation of
continental crust should also cause geophysical anomalies because
partial melt could lower the seismic velocity and enhance the electrical
conductivity of rocks” 8, Therefore, the occurrence of partial melting
in the lithosphere could explain the low seismic-velocity and high
electrical conductivity observed in the lithosphere of Sulu*®* and
Himalaya-Tibet belts***”?, which can hardly be explained by the
hydration of eclogite in previous models based on water-enhanced
electrical conductivity of emphacite!* unless an unrealistically high
water capacity is assumed (0.7 wt.% H,0).

Methods

Geological background and sample preparation

The Dabie-Sulu orogenic belt was formed by the Triassic subduction
of the Yangtze craton beneath the Sino-Korean lithospheric
plate’®**7°, The Dabie-Sulu orogen is separated into two terranes by
approximately 500 km of left-lateral strike-slip displacement along the
Tan-Lu fault (Supplementary Fig. 1). The Dabie terrane in the west is
the major segment bounded by the Tan-Lu fault and separated into a
series of continuous zones by several large-scale EW-trending faults.
The Sulu terrane in the east is segmented into a number of blocks by
several NE-SW trending faults subparallel to the Tan-Lu fault. The
Dabie-Sulu HP-UHP belts are unconformably overlain by Jurassic clas-
tic sedimentary rocks and Cretaceous volcaniclastic deposits, and are
intruded by post-collisional Mesozoic granites>’. The continental crust
subducted to the mantle at 80-200 km depths as indicated by the
coesite and diamond samples in the Dabie-Sulu UHP metamorphic
belts, followed by large-scale UHP metamorphism and subsequent
exhumation to the shallow crust demonstrated by the coesite and

microdiamond inclusions within zircon from gneisses****’°, The eclo-
gites in the Dabie-Sulu UHP terrane can be divided into three types
based on their occurrence and host rocks. They are, Type I as enclaves
or layers in granitic orthogneisses, Type Il as enclaves in or interlayered
with marbles, and Type Il as enclaves and interlayers with ultramafic
rocks®®”". Geochronological studies****’? indicated that the protolith
ages of eclogites are 657-757 Ma for the Dabie belt and 747-788 Ma for
Sulu belt, whereas metamorphic ages and exhumation ages are
225-235Ma and ~230 Ma, respectively (Supplementary Table 3).

Four eclogite rock samples were used in this study: two (DB11 and
DB13) collected from outcrops in Bixiling area, which is in the Central
Dabie UHPM belt, and two (SL9 and SL12) collected from outcrops in
Zhucheng and Rongcheng regions, both of which are in the northern
part of the Sulu UHPM belt (Supplementary Fig. 1). These four samples
were also used in previous study”’. The mineral assemblage and major
elements were reanalyzed in this study. All of the samples were fresh,
fine-grained, and free of strong retrograde alteration. The concentra-
tions of amphibole, epidote, biotite, aegirine, which are caused by
garnet -> biotite + epidote, and omphacite -> amphibole + albite, are
still very low (<4%) (Supplementary Table 3). Disks with a 6.0-mm
diameter and 1.5-mm thickness were cored from the raw rocks,
polished with sandpaper and 1-pum diamond powder, and dried in a
vacuum oven at 473 K for 24 h before assembly.

Mineral assemblage analysis

The modal mineral abundances in each sample were determined by
point counting under a polarizing microscope on a series of thin sec-
tions. The primary mineralogy of these samples is garnet (40-60 vol%),
omphacite (25-40 vol%), symplectite (10-20 vol%), and small amounts
of accessory minerals (rutile, quartz, apatite, phengite, epidote, zoisite,
and kyanite). Detailed petrographic features of these four samples are
shown in Supplementary Fig. 2, and the peak metamorphic tempera-
tures and pressures are listed in Supplementary Table 3.

Major elements analysis

The chemical composition of each sample was determined by X-ray
fluorescence spectrometry (Supplementary Table 4). The eclogitic
rocks of Dabie and Sulu terranes showed a small variation in chemical
composition. In a TAS (total alkali vs. silica) diagram (Supplementary
Fig. 6), all of them fall in the category of picro-basalt and basalt. Geo-
chemical studies indicated that the protoliths of Type I eclogites are
basalts and that of Type Il eclogites are continental gabbros®®”’. Water
in fresh gabbros and basalts store in the phencrysts (feldspar, pyrox-
ene, etc.) and glasses, and the alteration minerals (amphibole, chlorite,
etc.) formed by the water-rock interaction when exposed at the sur-
face. The compositions of the garnet and omphacite phases were
analyzed using an electron microprobe, which verified that both are
chemically homogeneous. The concentrations of the major compo-
nents in garnet and omphacite are summarized in Supplementary
Table 5.

Infrared spectroscopy measurements

The water contents in the samples before and after the thermal
property measurements were analyzed by Fourier-transformation
infrared (FT-IR) spectroscopy using a Jasco FTIR-6200 Equipper with
an IRT-7000 infrared microscope. The aperture size was 50 x 50 um,
which is sufficiently large to incorporate dozens of grains. More than
five spots were measured on each constituent mineral using unpolar-
ized light. Measurements were performed through optically clean,
inclusion- and crack-free areas at 1atm and 300 K with a continuous
dry N, gas flow.

The water content in each mineral was calculated using the
Beer-Lambert law G0 =A/(Ix tx )", where Cyao is the content of
hydrogen species (wt. ppm H0), A is the integrated area of the -OH
absorption bands (cm™), /is the integral specific absorption coefficient

Nature Communications | (2022)13:4673



Article

https://doi.org/10.1038/s41467-022-32484-w

(ppm™ cm™), t is the thickness (cm, double-side polished to 0.12cm
prior to FT-IR analysis), and y is the orientation factor discussed by
Paterson’. The -OH absorption bands were integrated between 2800
and 3800 cm™ for garnet and between 3000 and 3800 cm™ for
omphacite to obtain the A values. Integral specific absorption coeffi-
cients 0f 1.39 and 7.09 ppm™ cm™ were used for garnet and omphacite,
respectively”. An orientation factor y of 1 was applied for garnet and 1/
3 for omphacite’. The bulk water content in eclogite (Supplementary
Table 6) was estimated from the volume fraction and water content of
each constituent mineral. The samples showed nearly identical FT-IR
spectra before and after the thermal property measurements (Sup-
plementary Fig. 4), thus indicating no water loss during the experi-
ments. However, the general uncertainty of FTIR analysis is 30-50%
caused by a number of reasons including unpolarized infrared on
unoriented minerals, baseline correction, sample thickness uncer-
tainty, and so on. The variation of water content in this study is indeed
within the analytical uncertainty.

Thermal property measurements
Theory of experimental thermal property measurements. Heat
transport in solids could occur by the vibration of atoms in the lattices
and through the grain-boundaries. The vibrations of atoms about their
equilibrium positions (crystal lattice) are strongly coupled with
neighboring atoms. The vibrational energy is thus dissipated through
excitation of adjacent atoms. A realistic model accounting for the
quantization of the vibrations is referred to as phonons. Heat is thus
transferred through collision of phonons with each other. With either
increasing pressure or decreasing temperature, the vibration fre-
quency will increase, leading to the increase of phonon collision fre-
quency. As a result, the thermal conductivity increases.

In the Debye’s model, the contribution of phonon scattering to
thermal conductivity (k) is approximately expressed by the
relation®”>:

1
Kiat = 5 Cyrpl C)

where Cy is the volume specific heat capacity, v is average phonon
velocity (approximately equal to the sound velocity of solids), p is the
density, and [is the mean free path. The mean free path is an important
parameter to evaluate the ability of heat transfer. For example, if the
density, specific heat capacity, and sound velocity reported in
garnet’*’® and omphacite’®”” are considered in Eq. (3), the mean free
path (/) is estimated to be about 5.5A and 7.6A for garnet and
omphacite, respectively, at 1atm and 300 K. Even through the tem-
perature rises to 800 K, the [ value of omphacite (-3.5 A) is still greater
than that of garnet (-2.6 A). A larger mean free path implies a higher k
or D, which may reflect the influence of crystal structure on heat
transport properties.

In addition to transport by phonons, heat could be transport by
thermal radiation through a transparent and little-absorbing medium
as electromagnetic waves (photons). The radiative heat transfer (k;,q)
depends on temperature, frequency of the electromagnetic waves, and
three different length parameters (i.e., the size of the particulates
involved in physical scattering, the distance over which about half of
the photon flux is absorbed, and the distance over which temperature
changes significantly)’. According to the blackbody radiation theory,
Krad increases with the cube of temperature”’®, At ambient pressure,
Kraq Of ferrous minerals approximately follow the equation’:

Kpaq =8.5T /10 [W/(mK)] 4)

Therefore, the total thermal conductivity (effective thermal con-
ductivity, kef) of a solid can be written as

Keff =Kiar + Krad (5)

Generally, because of negative and positive temperature depen-
dences of ki, and k;aq, respectively, ke is dominated by ki, at relatively
low temperature conditions (<1000 K, corresponding to lithospheric
temperature conditions), and by k;.q at higher temperatures.

High-pressure experiments accompanied with thermal property
measurements. The D and k of the samples were measured on a DIA-
type multi-anvil apparatus using a cell assembly design (Supplemen-
tary Fig. 7) following our previous studies'***”°, Samples were isolated
from a graphite heater using an alumina sleeve, which also acted as a
thermal insulator to effectively restrict lateral heat flow. Three identi-
cally double-side polished disks were piled at the center of a pyr-
ophyllite cubic pressure medium. A K-type (NiCr-NiAl) thermocouple
and an impulse heater (Ni or Mo) were set on each interface between
two disks. Nickel rods in contact with the samples were used as heat
sinks to ensure a constant temperature boundary condition.

In-situ measurements of D and k were performed at pressures up
to 3 GPa and temperatures up to 873 K using the transient plane-source
method*’. The assembly was compressed to the desired pressure at
room temperature, followed by heating to the target temperature over
approximately 60 min. The assembly was then cooled at a rate of
10 °C/min, during which the D and k were measured every 50 or 100 K.
More than three repeated measurements at each temperature were
performed to check for data reproducibility. The pressure was cali-
brated using the phase transition of Bi (2.54 GPa at room temperature)
and melting of halide (high temperature). The uncertainties of the
pressure estimation and temperature measurement with a K-type
thermocouple are approximately 0.2 GPa and 1K, respectively. To
avoid any possible dehydration of garnet and omphacite and melting
of eclogite, the experiments were performed at temperatures
below 873 K.

Data acquisition. The thermal disturbance caused by impulse heating
was monitored by the thermocouple under each pressure and tem-
perature condition. The temperature variation (A7) at the thermo-
couple position can be expressed as a function of time (£)**%°:

AT=4Y L in "7 sin@exp —m?Btlexp(n®Br)—1]: t>1 (6)
n=1 n2 3 h
where 7is the duration of impulse heating (s), d is the distance between
the impulse heater and thermocouple (m), and 4 is the total height of
the three sample disks (m). The parameters A and B are defined as:

]

22 @)

— 20h -
A= B=

=

where Q is the power of the impulse heating (W), S is the area of the
impulse heater (m?), k is the thermal conductivity (Wm™K™), and D is
the thermal diffusivity (mm?s™).

The temperature-time curve (A7-t) was obtained in the experi-
ments, whereas the parameters A and B were determined through the
least-square fitting of the AT-t curves in Eq. (6) by sweeping n up to 15,
whose reliability has been verified by finite element simulations®.. Once
A and B are obtained, D and k can be calculated from Eq. (7).

The errors of the experimental results of D and k mainly come
from the uncertainty of the sample thickness A, heating area S, pulse
heating power Q, temperature, and the fitting errors of A and B. The
sample geometry during compression and heating was corrected
based on the equation of state of eclogite®* with the assumption of
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isotropic contraction of the eclogite sample. The change of impulse
heater area was calculated using the method proposed by Wang
et al.”°. The temperature disturbance across the sample associated
with pulse heating was -3 K with a 10-W pulse power. The effect of
temperature heterogeneity on the measured results was thus negli-
gible. Our previous work™ also demonstrated a negligible influence of
sample thickness and heating history (heating or cooling cycles) on the
experimental results using the transient plane-source method. The
total experimental uncertainties of D and «k originating from the
abovementioned factors are therefore expected to be less than 5%
(Supplementary Table 1).

As discussed above, the experimentally determined x (and D)
based on the contact method contains the contributions of both ki,
and Kk.4. Practically, it is difficult to distinguish them in
experiments®’>*, However, because our experiments were per-
formed under relatively low temperature conditions, the contribution
of Kaq is limited. Based on Eq. (4), K;.q is less than 3% of k.. Therefore,
the contribution of k;,q has negligible effect on ki, determined in
this study.

Simulation of geotherm profiles in the lithosphere

The crust and lithosphere are divided into a finite number of thin
layers of thickness Az for each layer considering steady-state
conductive heat transfer in a medium with arbitrary heat produc-
tion. The heat generation (4) and thermal conductivity (x) are
assumed to be constant in each layer. The temperature profile
within each layer is computed by a one-dimensional model using a
boot-strapping method***":

T(2)=T1+(Qr/K) %z — (A/2K)x 2 ®)

where T7 and Qg are the temperature and heat flow at the top of the
layer, respectively, and z is the depth within the layer.

The temperature and heat flow at the bottom of the layer (73 and
Qg, respectively) can be calculated from 7+ and Qr:

Ty=Tr+(Qq/K) %Az — (A)2K) x A2 )

Q=Qr —Ax4z 10)

in which Tz and Qg are set as the 7y and Qr values for the
underlaying layer.

By applying Eqs. (8)-(10), the geotherm profiles are calculated
from the surface downward using a depth increment of 10 m in each
step (Az=10m). Following this approach, the crustal structures,
composition, and heat production in the Sulu UHPM belt*>' and
Himalaya-Tibet orogenic belt****°28*55 are shown in Supplementary
Fig. 5, and the temperature profiles are given in Fig. 3. The k of
ultrahigh-pressure eclogite, granite, gneiss, amphibolite, and granulite
are taken from this study and references®®**2, Two alternative heat
productions were assumed in the lithospheric mantle™: a depleted
mantle with A=0.02 yW m; and an enriched mantle with A=0.18 u
W m™. Note that the surface heat flow Qt exerts the most significant
influence on the corrected and uncorrected geotherms in Eq. (5), and
consequently on the lithosphere thickness. Qr is 65mW m™ for the
Sulu belt and 75 mW m for the Tibetan Plateau based on the database
of surface heat flow**. The mantle adiabat was set to a potential
temperature of 1573 K with a gradient of 0.3 K/km, and the surface
temperature was fixed at 283 K.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon request.
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