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[1] The Chinese Continental Scientific Drilling (CCSD) Project offers a unique
opportunity for studying the thermal regime of the Dabie-Sulu ultrahigh-pressure
metamorphic belt. In this paper, we report measurements of borehole temperature, thermal
conductivity, and radiogenic heat production from the 5158 m deep main hole

(CCSD MH). We have obtained six continuous temperature profiles from this borehole so
far. The temperature logs show a transient mean thermal gradient that has increased
from 24.38 to 25.28 K km™' over a period of about 1.5 years. We measured thermal
conductivities and radiogenic heat productions on more than 400 core samples from

CCSD MH. The measured thermal conductivities range between 1.71 and 3.60 W m™

1

K™, and the radiogenic heat productions vary from 0.01 xW m™> to over 5.0 uW m >,
with a mean value of 1.23 + 0.82 W m > for the upper 5-km layer of the crust.

The heat productions in CCSD MH appear to be more rock-type than depth-dependent
and, over the depth range of CCSD MH, do not fit the popular model of heat production
decreasing exponentially with increasing depth. The measured heat flow decreases

with depth from ~75 mW m™? near the surface to ~66 mW m ™2 at a depth of 4600 m.
High heat flow anomalies occur at ~1000 and ~2300 m, and low anomalies occur at
3300-4000 m. A preliminary two-dimensional numerical model suggests that both
radiogenic heat production and thermal refraction due to structural heterogeneity are at
least partially responsible for the vertical variation of heat flow in CCSD MH.
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1. Introduction

[2] An ultrahigh-pressure metamorphic (UHPM) terrain
represents a geological environment where rocks of upper
crust origin were exhumed back to the surface after sub-
duction to depths greater than 100 km in the upper mantle.
Since the discovery of coesite-bearing eclogites [Xu, 1987]
and diamond—bearing eclogites in the region [Wang et al.,
1989], the Dabie-Sulu UHPM Belt has attracted extensive
interests from the Earth science community. It is regarded as
the largest UHPM belt in the world [Xu et al., 1998].

[3] The Dabie-Sulu UHPM Belt was originally resulted
from the collision between the Sino-Korean (or North
China) Craton and the Yangtze Craton (Figure 1) in the
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Triassic (~220 Ma) [Li et al., 1989a, 1989b; Hacker et al.,
2000; Ratschbacher et al., 2000] and was reactivated during
the Early Cretaceous by Pacific back-arc extension [Yin and
Nie, 1996]. Geophysical and geochemical studies [Gao et
al., 1999, 2004; Hu et al., 2007] revealed that the thickness,
chemical composition, and thermal state of the lithosphere
in this region experienced a dramatic transition during the
Phanerozoic.

[4] Sponsored by the Ministry of Science and Technology
of China and the International Continental Drilling Pro-
gram, the Chinese Continental Scientific Drilling (CCSD)
Project aims to investigate the deep structure of this unusual
orogenic belt [Xu et al., 1998] including its geophysical
characteristics. The CCSD project includes three boreholes:
a 5158 m deep main hole (CCSD MH) and two pilot holes
(CCSD PPI1 and CCSD PP2) of 426 m and 1028 m. CCSD
MH is located at 34°24'36"N, 118°40'12"E, 17 km south-
west of Donghai County of the Lianyungang city (Figure 1).
The drilling of CCSD MH was begun on 4 August 2001 and
was completed on 8 March 2005. The borehole was 85%
cored [Yang et al., 2006a] and cased down to the depth of
4800 m.
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Figure 1. Tectonic setting of the Dabie-Sulu metamorphic
belt and the Chinese Continental Deep Drilling site in east
China (modified from Yang [2002] and Xu et al. [2003]).
Legend: 1, ultrahigh-pressure metamorphic granitic gneiss
overlap slice of the northern Sulu; 2, ultrahigh-pressure
metamorphic supracrustal overlap slice of the northern Sulu;
3, high-pressure and medium-temperature overlap slice of
the southern Sulu; 4, high-pressure and low-temperature
overlap slice of the southern Sulu; 5, Mesozoic granite; 6,
other units; 7, angular unconformity; 8, ductile shear zone;
9, strike-slip fault; 10, fault; 11, lithospheric fault, (TLF,
Tanlu Fault, JXF, Jiashan-Xiangshui Fault); 12, drilling site.

[5] One objective of the CCSD Project is to understand
the crustal thermal structure of the Dabie-Sulu UHPM Belt.
For this purpose, we have so far obtained six repeat
temperature logs and made thermal conductivity and radio-
genic heat production measurements on more than 400 core
samples from CCSD MH.
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[6] The main focus of this paper is on the data reduction
of borehole temperature and thermophysical property meas-
urements for the determination of heat flow from CCSD
MH. A preliminary numerical model based on seismic data
[Yang et al., 2006b] is constructed to explain the variation of
the heat flow with depth. We also discuss the tectonic
implications of the results from CCSD MH and compare
them to the results from the Kola superdeep well SG-3
[Arshavskaya et al., 1987; Pribnow and Winter, 1997,
Popov et al., 1999b] and the main hole of the German
Continental Deep Drilling Program (KTB HB) [Clauser et
al., 1997].

2. Borehole Temperature
2.1. Temperature Logging

[7] After a short stabilization period following the com-
pletion of CCSD MH on 8 March 2005, the first campaign
of geophysical logging of CCSD MH was conducted
between 24 and 27 March 2005. To minimize the distur-
bances from other logging activities, the first temperature
logging was postponed for another week, to 2 April 2005
[He et al., 2006]. So far, temperature logging has been
repeated on 12 April, 15 May and 15 July 2005, and 30
March and 23 September 2006.

[8] The continuous temperature logging system of plati-
num resistance transducer that we used was manufactured
by the Robertson Geologging Ltd, UK. The response time
of the sensor probe due to the thermal mass of the sensor
assembly is about 2 s. The accuracy of temperature mea-
surement is £ 0.1 K. In this project, borehole temperatures
were measured always at 0.01-m depth intervals, but the
descending rate of the probe may change between 2.5 and
5.0 m min~' for different downhole trips.

[v] Different logging rates can result in some temperature
difference among the logs because of the response time of
the probe. The temperature lag between two logs due to the
difference in their logging rates can be estimated by the
product of velocity difference, temperature gradient, and
time constant of the probe [Reiter et al., 1980]. In this case,
the maximum temperature difference due to different log-
ging speeds among the six repeat logs is estimated to be
approximately 0.2 m K.

[10] In theory, the effect of the probe’s thermal time
constant should be removed by a deconvolution process
[Nielsen and Balling, 1984; Nielsen, 1986]. However,
because of the slow descending rate of the probe in our
logging practice, the effect of the response time on temper-
ature measurements is smaller than the accuracy of the
sensor. Therefore, we did not apply a deconvolution filter to
the temperature data. Skipping the deconvolution treatment
results in a small depth offset [Beck and Balling, 1988]. The
depth offset for a probe descending rate of 5 m min~ " is less
than 0.1 m.

[11] Unfortunately, the logging system could not reach
the bottom of CCSD MH apparently due to the obstacle of
mud in the lowest section of the borehole. The recorded
maximum depth of the temperature logs is 4860 m,
corresponding to a vertical depth of 4765 m after well
deflection correction. The maximum temperature measured
is 134.5°C at this depth.
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Figure 2. Temperature-depth profiles observed in CCSD MH and the estimated equilibrium
temperatures. (a, b, ¢, and d) Enlargements of the profiles showing the differences over the four
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Figure 3. (a) Temperatures and (b) temperature gradients from 900 to 1700 m. The solid arrows mark
breakout sections, and the dashed arrows indicate microfactures and miniature faults. The shaded areas
mark the sections where extraneous fluids were found. Temperature disturbances possibly caused by
advective heat transfer were obvious in the first four measured temperature profiles but dissipated by the
time of the last two. The equilibrium temperatures are extrapolated from all the temperature logs and are
affected by these early disturbances. The dashed curve in Figure 3b is the temperature gradient after
Gaussian low-pass filtering, which is used for heat flow determination.

[12] The six temperature profiles are shown in Figure 2.
Four small inserts are the enlargements of four selected
depth intervals to show the differences among the profiles.

[13] The first small insert (Figure 2a) reflects the temper-
ature variation from the surface to the depth of 200 m. The
temperatures at the depths smaller than 80 m changed
dramatically among these profiles. Temperature changes
below 80 m were much more regular, generally showing a
good linear relationship with depth. The exact cause of the
irregular temperature changes in the uppermost 80-m seg-
ment remains unknown, given that the water level of the
borehole is ~20 m. A possible interpretation is that this
depth represents the maximum depth of the tundish-shaped
groundwater table around the hole, which was formed when
the circulation mud was pumped out.

[14] Abnormal borehole temperature variations were
detected in the depth interval between 900 and 1700 m in
the first four temperature profiles. Most of those sharp
variations disappeared in the last two profiles (Figures 2b
and 3). Studies indicate that there exist complex brittle
micro-fractures within the upper 2000 m of the main hole.
Breakouts were found at depths 1216, 1405, 1651, and 2000
m [Cui et al., 2004] and cracks and CH4, He, and CO,
anomalies at 476, 1007, and 1936 m [Luo et al., 2004]. Lots
of miniature faults (see Figure 3) have been identified by

Tang [2005]. In addition, extraneous fluids were found to be
added into the well mud within the sections of 8911171 m
and 1203—-1492 m, respectively [Sun et al., 2004].

[15] Groundwater movement in fractures may greatly
affect the temperature profile of a borehole. Four types of
fractures have been classified with respect to their hydro-
thermal impacts [Lewis and Beck, 1977; Drury and Jessop,
1982; Drury et al., 1984; Beck and Balling, 1988]. One of
them is the one that does not permit flow before drilling and
does not allow flow after, but accepts circulation fluid
during, drilling. The entry of drilling fluid of a temperature
different from the formation temperature at the depth of a
fracture produces a transitory thermal anomaly of relatively
short duration. The effects would usually dissipate during
the time required for the hole to return to conductive
thermal equilibrium. The fractures in the impermeable
crystalline rocks encountered by CCSD MH belong to this
type. Those distinct temperature disturbances were caused
by fluid from these fractures, and they were diminished by
the time of the last two logs.

[16] It is obvious from the comparison of the different
temperature logs that the borehole has been undergoing a
thermal recovery process. Since shut-in, the upper part of
the borehole has been cooling down, while the lower part
has been warming up (Figure 2). This is because the upper
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Figure 4. Temperature versus In(1 + n/7) at some sample
depths of CCSD MH. The interceptions are the estimates of
the equilibrium formation temperatures at the corresponding
depths.

part of the borehole had been heated and the lower part has
been cooled by fluid circulation during drilling. Apparently,
borehole temperatures of CCSD MH are still recovering
from the drilling perturbations. A shallow borehole requires
a relatively shorter time to return to thermal equilibrium.
But it will take years for a deep borehole such as CCSD MH
to return to thermal equilibrium because of the longer
drilling time and hence the greater thermal perturbation.

2.2. Correction for Drilling Perturbation

[17] For a reliable determination of heat flow, determina-
tion of the equilibrium temperatures is essential. Repeat
temperature logs from a deep borehole that is still recover-
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ing from drilling disturbance allow its equilibrium temper-
atures to be constrained. It has been shown [Bullard, 1947,
Lachenbruch and Brewer, 1959] that at a given depth,
the equilibrium temperature 7., can be estimated by the
relationship

T:T8q+s~ln<l+g> (1)

where T is the measured temperature at a particular time, 7
is the time elapsed since the drill bit first reached the given
depth until the drilling operation ceased, 7 is the time
between the drilling completion and the time of the
temperature measurement, and s is a constant for the given
depth but may be different at different depths. We have
calculated 7 and 7 based on CCSD MH daily drilling report,
which is accessible at the International Continental Scientific
Drilling Program Web site (http://www.icdp-online.de/
contenido/icdp/front_content.php?idart=1288).

[18] Figure 4 illustrates the application of equation (1) for
estimating equilibrium temperatures based on the repeat
temperature logs. It also shows the variations of temperature
with time at different depths. The temperatures above
1500 m have decreased with time, but those below this
depth have increased.

[19] Among the six logs from CCSD MH, the first two
temperature profiles are the most unstable. They were
logged shortly after shut-in, and the time difference between
the first two logs is only 10 d. It is possible that the
inclusion of the first two logs distorts the estimated equi-
librium formation temperatures. To examine their possible
influence to the estimates, we have compared the equilib-
rium temperatures derived from all six logs and those from
only the four later logs. The results show that the exclusion
of the first two logs from the estimation process does not
make a significant difference to the overall results. There-
fore, all six logs are used to determine the equilibrium
temperatures (dark solid line in Figure 2) in this study,
except for the greatest depths below 4485 m. The vertical
logging depth for the forth log is 4485 m, which is the
shallowest among the six logs. The equilibrium temper-
atures below 4485 m are extrapolated from the five logs
available.

[20] Prior to the commencement of the drilling of the
main hole, temperature logging in the two pilot holes were
conducted shortly after their completion in 1997 and 1999,
respectively, aiming for temperature prediction of the main
hole [Wang et al., 2001a, 2001b]. We were able to relog
CCSD PP2 (about 400 m away from CCSD MH) down to
the depth of 900 m six years later on 17 May 2005 with the
same logging system as we used for CCSD MH. Unfortu-
nately, the pilot hole CCSD PP1 has been turned into a
groundwater production hole and cannot be measured at
present. Figure 5a shows the two logs from CCSD PP2 and
the 23 September 2006 log together with the estimated
equilibrium temperatures for the upper 900 m of CCSD
MH. Figure 5b shows the residual temperatures from
removing a common linear trend (7 = 0.02494*z + 15.3,
where z is depth in m) from all the four profiles. Although
the observed temperatures from the shallow part of CCSD
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Figure 5. (a) Comparisons of the temperature logs from the pilot borehole CCSD PP2 and from the
uppermost section of CCSD MH. (b) Residual temperatures after the removal of a common linear trend.
Note that the recently measured temperatures from CCSD MH are higher than those from CCSD PP2.
However, a good match can be seen between the estimated equilibrium temperatures in CCSD MH and
the temperatures in CCSD PP2 obtained 6 years after the completion of drilling.

MH are slightly higher than those from CCSD PP2, the 2.3. Temperature Gradient

estimated CCSD MH equilibrium temperatures match [21] Since shut-in, the magnitude of the temperature
the CCSD PP2 temperatures quite Well, indicating that the gradient fluctuation in CCSD MH has decreased progres-
estimated equilibrium temperatures are reliable. sively. In the meantime, the overall temperature gradient has
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Figure 6. Variation of temperature gradient with time in CCSD MH. Logging dates are marked beneath
the profiles. The dashed curve in Figure 6g is the Gaussian filter smoothened version of the estimated
temperature gradient profile used in the heat flow calculation of the current study.
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Table 1. Average Temperature Gradients for the Six Logs and for
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the Estimated Equilibrium Temperature Profile

B02404

comparison are the temperature gradients, derived using
linear least squares regression [Powell et al., 1988] at depth

intervals of 25 m for the six temperature logs and for the
estimated equilibrium temperature profile. Large fluctua-

Temperature Temperature Gradient, Standard Deviation,
Log K km™! K km™!
2 Apr 2005 24.38 5.02
12 Apr 2005 24.60 4.68
15 May 2005 24.66 5.30
15 Jul 2005 24.69 3.73
30 Mar 2006 25.24 3.07
23 Sep 2006 25.28 2.85
Estimated equilibrium 25.31 2.60

tions in temperature gradient were observed in the 900—
1700 m depth range in earlier logs. The fluctuations in this
depth range were most pronounced in the third log (15 July
2005, Figure 6¢), and diminished progressively in subse-
quent logs. The temporal evolution of these anomalies can
be attributed to the closure of microcracks as discussed in

section 2.1.

[22] Another zone of abnormal temperature gradient was
observed at around 3500 m. Although present in all six logs,
the anomalies around this depth have also diminished with
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Figure 7. Variations of (a) lithology, (b) thermal conductivity, (c) heat production, and (d) heat flow in
CCSD MH. Measured thermal conductivities are shown as dots, and corrected values are shown as
crosses in Figure 7b where the solid line connects the harmonic means at depth intervals of 25 m. The
heat production rates shown in Figure 7¢ include the new measurements of this study (solid dots) and the
measurements from previous studies (triangles) [Liu et al., 2004, 2005a, 2005b; Zhang et al., 2004; Xue
and Liu, 2005]. The vertical line segments in Figure 7c represent the average heat productions for
different layers, and the grey boxes represent their standard deviations. The heat flow profiles calculated
from the sixth log and from the estimated equilibrium temperatures are shown in blue and red,

respectively, in Figure 7d.
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Figure 8. Histograms of thermal conductivity (\) measurements of core samples from CCSD MH.

time. There might have been some fluid flow around this
depth, yet their impact on the temperature gradient has also
been weakening.

[23] The general patterns of temperature gradient varia-
tion with depth are similar for all the profiles except for the
900—1700 m depth interval (Figures 3 and 6a—6f). Since
the equilibrium temperatures are extrapolated from all the
six logs, the temperature gradient profile derived from the
estimated equilibrium temperatures may inherit to certain
extent the anomalies of the earlier logs. These disturbances
are temporal and can be suppressed by Gaussian low-pass
filtering. The temperature gradient after the filtering (dashed
curve in Figure 6g) is used for heat flow determination.

[24] The average temperature gradient of the whole hole
increased with time from 24.38 K km ™' of the first (2 April
2005) log to 25.28 K km ™! of the sixth (23 September 2006)
log, with the corresponding standard deviation
decreasing from 5.02 to 2.85 K km ', The final equilibrium
temperature gradient in CCSD MH is estimated to be 25.31 +
2.60 Kkm™".

3. Thermal Conductivity
3.1. Sample Measurements

[25] In this study, we collected 198 core samples system-
atically from CCSD MH for thermal conductivity measure-
ments. The thermal conductivities were measured with the
optical scanning technology [Popov et al., 1999a]. The
apparatus was manufactured by the German TCS Company
with an accuracy + 3% for the measurement range from 0.2
to 25 W m 'K, It scans the plane or cylindrical surface of
the samples with a focused, mobile and continuously
operated heat source in combination with infrared temper-

ature sensors. The determination of thermal conductivity
values is based on the comparison of excess temperatures of
standard samples (having a known thermal conductivity)
with excess temperatures of one or more unknown samples
under heating by the movable concentrated heat source. Ou
et al. [2004] and Wu et al. [2005] measured the thermal
conductivities of the same core samples from the 0-2000 m
of CCSD MH using the half-space line apparatus, and their
published conductivity values of orthogneiss are 2.91 and
296 Wm ™! Kil, respectively, consistent with our result of
295Wm 'K

[26] The collected core samples include all the rock types
(orthogneiss, paragneiss, eclogites, amphibolite, and ultra-
mafic rocks) encountered by CCSD MH (Figure 7a). The
measured thermal conductivity values range from 1.71 to
3.60 Wm ' K~ with a mean of 2.72 + 0.40 W m™' K™
(Figure 8). The average thermal conductivities of different
rock types are listed in Table 2.

[27] Besides the mineral composition or rock type, the
thermal conductivity of rocks can be influenced by other
factors such as pressure, temperature, porosity, and water

Table 2. Thermal Conductivities of the Main Rock Types in
CCSD MH

Minimum, Maximum, Mean + SD,
Rock Type Sampless Wm 'K' Wm'K' wWm'K"'
Eclogite 28 2.20 3.60 2.87 £0.38
Amphibolite 31 1.71 3.36 2.37 +0.37
Paragneiss 51 1.97 3.24 2.59 £0.34
Orthogneiss 75 222 3.42 2.95 +0.26
Serpentinite 2 2.74 3.20 2.97 £0.33
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saturation [Pribnow et al., 1996]. Given that all our core
samples are metamorphic rocks with low porosities (<3%)
[Niu et al., 2004], we did not make water saturation
correction for our sample measurements. The pressure effect
is less than 1% according to our estimates based on the
equation of [Seipold and Huenges, 1998] and is not de-
scribed in detail here. We focus our thermal conductivity
correction effort only on the temperature effect.

3.2. Temperature Effect

[28] It has long been known that thermal conductivity is a
function of temperature. From room temperature to a few
hundred degrees Celsius, the thermal conductivity decreases
with increasing temperature for a wide range of crustal
rocks. Sass et al. [1992] used the data of Birch and Clark
[1940] to develop the following empirical relations for the
thermal conductivity as a function of temperature A(7)

A(0) = A(25){1.007 + 25[0.0037 — 0.0074/A(25)]}  (2)

and

A(T) = M0)/{1.007 + T[0.0036 — 0.0072/A(0)]},  (3)

where T is in situ formation temperature in °C, A\(0) and
A(25) are thermal conductivities at 0 and 25°C, respectively,
in Wm 'K

[20] Sass et al. [1992] tested the generality of equation (2)
and (3) by applying them to a quite independent data set
from the Jemez Mountains, New Mexico, ranging in com-
position from felsic gneiss to amphibolite. These two
empirical relations were used to correct all room tempera-
ture values of crystalline rocks from the scientific well in
Cajon Pass, California [Sass et al., 1992]. The Sass et al.
[1992] relations are fairly close to those derived by Popov
et al. [1999b], who used the equation of Rybach and
Buntebarth [1982]: M1) = MTy)/[1 + (T — T,)], where
T, is room temperature and y is a constant coefficient. In
their heat flow study of the Kola superdeep well SG-3,
Popov et al. [1999b] used v = (4.6 to 5.7) x 10~* K~! for
amphibolite and v = (9.3 to 10.8) x 10~* K~ ' for gneiss.

[30] In this study, we employ Equations (2) and (3) to
correct the thermal conductivity measurements from CCSD
MH samples for the temperature effect. The temperatures
used in the correction are the estimated equilibrium temper-
atures as discussed in section 2.2. The maximum correction
is about 14% for deep samples from CCSD MH. The
corrected thermal conductivities are shown in Figure 7b.

4. Radiogenic Heat Production
4.1. Sample Measurements

[31] We have measured concentrations of radioactive heat
producing elements uranium, thorium, and potassium on
149 core samples from CCSD MH, at depth intervals of
around 30 m, to determine heat production. The uranium and
thorium concentrations were measured using inductively
coupled plasma-mass spectrometry (ICP-MS), whereas the
potassium concentrations by atomic absorption spectroscopy.
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[32] The radiogenic heat productions were calculated with
the formula developed by Rybach [1988]:

A =107p(9.52C, + 2.56Cr; + 3.48Cy), (4)
where A is heat production in £W m >, p is density in kg m ~2,
C, and Cy, are uranium and thorium concentrations in
ppm, respectively, and Cy is potassium concentration in
percentage.

[33] We combine the 149 new heat production measure-
ments and 106 measurements from previous studies [Liu et
al., 2004; Zhang et al., 2004; Xue and Liu, 2005; Liu et al.,
2005a, 2005b]. The measured heat production for CCSD
MH ranges from 0.01 to 5.85 4W m >, with a mean of
1.23 £ 0.82 uW m™>.

4.2. Heat Production Versus Rock Types

[34] Different rock types generally have their character-
istic heat productions. Figure 9 shows the frequency dis-
tributions of the measured heat production rates for eclogite,
amphibolite, paragneiss and orthogneiss rock samples from
CCSD MH. Additionally, three peridotite core samples have
been measured and found almost completely depleted in the
heat producing elements. The mean values for different rock
types are listed in Table 3. Among the major rock types
encountered in CCSD MH, high heat productions were
observed for orthogneiss and paragneiss, and relatively
lower values for eclogite and amphibolite. The mean of
the three peridotite measurements is 0.01 W m™>, 2 orders
of magnitude lower than the other rock types.

[35] Geochemical evidence suggests that a large volume
of continental materials (thickness >4.5 km) in the Sulu area
had experienced deep subduction and ultrahigh-pressure
metamorphism before they were returned to the earth’s
surface [Liu et al., 2005a]. On the basis of their analysis
of major and trace element compositions, Liu et al. [2005b]
showed that the protoliths of the paragneisses originated
from sedimentary rocks (or metamorphic sedimentary
rocks) on the passive continental margins of the subducted
portion of the Yangtze Craton. Hence, the Paleozoic and
early Proterozoic formations on the Yangtze Craton can be
taken as their protolith, which is characterized by a heat
production of 1.96 xW m >, with a Th/U ratio of 2.93
[Wang et al., 1989]. In contrast, the average heat production
of the paragneiss samples from CCSD MH is 1.37 W m >
and the Th/U ratio is 7.8, suggesting substantial depletion of
uranium due to the ultrahigh-pressure metamorphism.

[36] On the basis of major and trace element composi-
tions, Liu et al. [2005b] suggest that some orthogneiss
samples from CCSD MH are characterized by A-type
granite protolith formed in intraplate tectonic settings while
others are characterized by volcanic arc granites formed in
volcanic arc settings. The average heat production of the
orthogneiss is 1.65 yW m >, which is 34% lower than that
of the granite (2.5 ©W m ) in the Yangtze Craton [Wang et
al., 1989].

[37] The chemical characteristics of the eclogite in this
region have an affinity to continental basalts [Zhang et al.,
2004]. The average heat production of the eclogite from
CCSD MH is 0.42 W m >, 21% lower than the heat
production of the basalt in the North China Craton
(0.53 uW m~>) [Chi and Yan, 1998].
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Figure 9. Histograms of heat production rates (A) of core samples from CCSD MH.

[38] Generally, our results show that the metamorphic
rocks in the Dabie-Sulu UHPM Belt are 21-34% lower in
heat production than their protoliths, due to the depletion of
U during the process of ultrahigh-pressure metamorphism.

4.3. Heat Production Versus Depth

[39] The average heat production of CCSD MH rock
samples is 1.23 W m . The distribution of heat produc-
tion with depth is shown in Figure 7c where the vertical
lines show the average heat production for several depth
intervals corresponding to major lithologic units. CCSD
MH can be divided into two sections at the depth of around
1650 m; each section exhibits an increasing trend of heat
production with depth. The variation of the measured heat
production in the upper 2000 m is consistent with the result
of the natural Gamma logging [Pan et al., 2006].

[40] The distribution of heat production in the crust is a
subject of debate. The most well-known model assumes that
the radiogenic heat production of the crustal rocks decreases
exponentially with depth [Lachenbruch, 1968, 1970]. How-
ever, many studies have called this model into question
[Jaupart and Mareschal, 2003]. The heat production often
changes in a stepwise fashion across lithological boundaries
[Pribnow and Winter, 1997; Brady et al., 2006]. In the

upper crust, the heat production tends to first increase then
decrease with depth [Hart et al., 1981; Nicolaysen et al.,
1981; Ashwal et al., 1987; Kremenetsky et al., 1989;
Ketcham, 1996]. In cases where the heat production is seen
to decrease downward, errors in heat production and/or
depth determinations are often too large to allow reliable
tests of the exponential model [Swanberg, 1972; Swanberg
and Blackwell, 1973; Nicolaysen et al., 1981; Verdoya et al.,
1998]. Our heat production data indicate that the exponen-
tial heat production model is not applicable to the Dabie-
Sulu UHPM Belt. Our data show a clear lithological
dependence of the heat production, as shown in the German
KTB deep borehole [Pribnow and Winter, 1997].

[41] In the Dabie-Sulu UHPM Belt, the modern-day
uppermost crust has experienced deep subduction, ultra-
high-pressure metamorphism, and rapid exhumation [Liu et
al., 2005a]. The original strata sequence at the lower crust
level during the UHP metamorphism could have been
turned upside down when the subducted slab were exhumed
in the setting of an orogenic belt. Evidence from mineral-
ogical composition [Zhang et al., 2004], Pb and oxygen
isotope data [Dong et al., 2006], and the lineation direction
and angles of foliation [You et al., 2004] suggest that the
upper and lower sections, divided at the depth of ~1650 m,

Table 3. Mean heat production rates of Different Rock Types in CCSD MH

Rock Type N p, kgm™? Th, ppm U, ppm K,% Th/U A4, pW m?
Eclogite 37 3272 2.58 +3.88 0.41 £ 0.40 0.77 £ 0.71 6.3 0.42 +0.46
Amphibolite 21 2965 3.26 +3.81 0.75 £ 1.11 1.55 £ 0.67 43 0.61 = 0.55
Peridotite 3 2981 0.02 £ 0.01 0.01 £ 0.01 0.01 +0.01 1.4 0.01 +0.13
Paragneiss 88 2727 10.93 = 13.9 1.40 £0.93 2.76 £ 1.12 7.8 1.37 £ 1.13
Orthogneiss 100 2665 13.06 + 6.19 1.71 + 1.30 3.88 £ 0.99 7.6 1.65 £ 0.70
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Figure 10. Two-dimensional model used in numerical simulation. The geological structure within the
black box is inferred from seismic profile line 1 [Yang et al., 2006b]. The structure outside the black box
is extrapolated by the authors. Letters a-h denote the numbers of main seismic reflectors of which the
geological interpretation, and the thermal physical properties are given in Table 4.

may have been derived from different parts of the subducted
crust during one or two phases of exhumation. The charac-
teristics of the variation of the heat production with depth in
these two sections are consistent in general with the
hypothesis of You et al. [2004].

[42] Above 1650 m, eclogites occur mainly between
100 and 600 m, most of which are rutile-eclogite with
high Ti or Ti-Fe [Zhang et al., 2004] and retrograde
metamorphic eclogites. Their average heat production is
about 0.53 pWm™ . The eclogites between 1650 and 2000 m
are typically phengite-eclogite with high Al [Zhang et al.,
2004], of which the Pb isotope signatures are also different

from those of the shallower eclogites [Dong et al., 2006]. Their
radiogenic heat production is only 0.26 £Wm .

[43] Geochemical evidence indicates that different from
the UHPM orthogneiss shallower than 1650 m, the orthog-
neiss samples from the depth interval between 3470 and
5000 m are of normal O isotopic values with no evidence of
UHP metamorphism [Zhang et al., 2006]. The orthogeiss
rocks might have dived to depths greater than 100 km
but, due to the lack of metamorphic fluid, have not turned
into UHPM rocks [Zhang et al., 2006]. Their measured
heat production is 1.92 W m >, higher than the value of
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Table 4. Thermal Properties Used in the Two-Dimensional Model

Seismic Reflector” Geological Interpretation® AWm 'K! A, pW m >
a ductile shear zone (Ia) 22/3.6° 1.0
b,b’ eclogite body (ITa) 2.6 0.5
c ductile shear zone (Ia) 22/3.6° 1.0
d eclogite body (IIb) 2.6 1.0
e eclogite body (IIb) 2.4 0.5
f inhomogeneity in gneisses(Ib) 2.7 2.5
g inhomogeneity in gneisses(IIb) 2.9 1.4
h inhomogeneity in gneisses(Illc) 3.1 2.2

outcrop eclogite 3.1 0.5
fracture zone 2.6 1.3
background gneiss 2.8 1.5

“Based on the work by Yang et al. [2006b].

®Values for the upper and the lower parts of the ductile shear zone, respectively.

the orthogneiss 1.55 pWm ™ in the shallow part of the
borehole.

5. Heat Flow

[44] We calculated heat flow values at CCSD MH by
multiplying temperature gradients from the estimated equi-
librium temperatures (Figure 6g) with thermal conductivi-
ties for different intervals (Figure 7b) [Powell et al., 1988].
The resultant heat flow-depth profiles are shown in
Figure 7d. In general, the heat flow decreases with depth
from ~75 mW m ™2 near the surface to ~66 mW m ™~ at the
depth of 4600 m. High heat flow anomalies occur at ~1000
and ~2300 m, and low anomalies occur at 3300—4000 m.

5.1. Vertical Variation of Heat Flow

[45] Generally, heat flow decreases with depth due to the
contribution of radiogenic heat production of the rocks. The
average radiogenic heat production over the depth range of
CCSD MH is 1.23 W m™>, of which the contribution to
the surface heat flow is about 6 mW m 2. Over a half of the
variation in the heat flow from the top to the bottom of
CCSD MH can be accounted for by the measured heat
generation over the 5-km depth interval. However, the
vertical variation of the observed heat flow in CCSD MH
is not monotonic. Other factors such as paleoclimate change
[Wang and Lewis, 1992; Huang et al., 1997; Pollack and
Huang, 2000] and heterogeneity in the subsurface [Clauser
et al., 1997] must contribute to the variation.

[46] On the basis of seismic tomography analysis, Yang et
al. [2006b] proposed that ductile shear zones are widely
developed in the Donghai area. Three major ductile shear
zones with dip angles of 25-30° have been recognized by a
seismic survey conducted in the Donghai area [Yang et al.,
2006b]. Two of them are intercepted by CCSD MH at the
depths of 900—1120 m and 2050—-2300 m, corresponding to
the heat flow anomalies at ~1000 m and ~2300 m,
respectively. They are mainly composed of mylonite and
sandwiched thin eclogite and gneiss.

[47] On the basis of geological interpretations of the
seismic reflectors from the survey [Yang et al., 2006b],
we conduct a numerical experiment to evaluate the potential
effects of thermal refraction on the vertical variation of heat
flow. Our model spans 10 km in both the horizontal and
vertical directions (Figure 10). The two-dimensional exper-
iment is performed using the finite element method [Zhang
and Xiong, 1986]. The grids are 20 m x 50 m in the vicinity

of the hole, and become coarser away from the hole with
500 m x 500 m near the two vertical boundaries. The upper
boundary of the model is set to have a constant temperature
of 16°C, and different constant basal heat flow values over
the range from 50 to 70 mWm ™2 are used for different
numerical tests. The thermal conductivities and radiogenic
heat productions used in this model are given in Table 4.

[48] The maximum heat flows for the two shear zones at
depth intervals of 900—1120 m and 2050—2300 m are both
about 90 mW m 2. The mean conductivities of the two
intervals are almost identical (2.8 and 2.9 W m ' K,
respectively). However, the thermal conductivities within
each of these two zones vary greatly, ranging from 2.2 to
3.6 Wm~ ' K™'. These two zones also exhibit interbedded
positive and negative anomalies in seismic velocity and
density [Yang et al., 2006b]. Additionally, the positive heat
flow anomalies at these two zones are capped by negative
anomalies. In our 2-D model, therefore, we divide each
ductile zone into upper and lower sublayers with a thermal
conductivity contrast of 2.2/3.6 W m~' K~' (Table 4).

[49] A base heat flow value of 58 mW m ~ at the lower
boundary was found to give the best match to the measured
temperature and heat flow data from CCSD MH. The heat
flow trend predicted by this conductive steady state model is
generally consistent with the measurement from CCSD MH
(Figure 11), although there are discrepancies in details. The
discrepancies could be caused by several factors. As dis-
cussed in section 2.3, the borehole measurements comprise
advective transient perturbations that cannot be explained
by the model. Additionally there are large uncertainties in
the 2-D model which is based on the preliminary seismic
survey results [Yang et al., 2006b]. Moreover, the effect of
paleoclimate change has not been taken into account at this
stage. Nevertheless, the current 2-D model indicates that,
besides the radiogenic heat production, thermal refraction
from the complex geological structure is another factor
responsible for the variation of heat flow with depth in
CCSD MH.

5.2. Tectonic Implications

[50] The surface heat flow from CCSD MH is close to
those measured in CCSD PP1 and CCSD PP2, which are
76 and 80 mW m ™2, respectively [Wang et al., 2001a]. The
heat flow measurements of CCSD indicate a heat flow in
the Dabie-Sulu UHPM belt higher than the mean value
61 mW m 2 from the continental area of China [Hu ef al.,
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2000], as well as its adjacent cratons. The mean heat flow
is 50 mW m 2 for the North China Craton to its north, and
53 mW m ™2 for the Yangtze Craton to its south. The heat
flow of the Dabie-Sulu UHPM belt is close to those in the
two Cenozoic extensional basins in the nearby cratons,
the Bohai Bay Basin and the Subei Basin, which are 69
and 72 mW m™>, respectively.

[5s1] The relatively high heat flow of the Dabie-Sulu
UHPM belt must be attributable to the tectonic activities
after the Triassic collision between the North China and
Yangtze cratons in this area. In the Triassic, the subduction
of the Yangtze continental crust occurred, and was followed
by slab break-off and the initial uplift of UHPM rocks from
mantle depths to midcrustal levels [Sun et al., 2002].
Paleomagnetic studies suggest that the convergence be-
tween the North China and Yangtze cratons continued after
break-off of the subducted plate [Zhao and Coe, 1987]. In
the mid-Jurassic, the continuous convergence between the
North China and Yangtze cratons created an over-thickened
lithosphere in the Dabie-Sulu orogen and southern margin
of the North China Craton. The appearance of garnet and
loss of plagioclase in the deeply subducted mafic lower
crust or lower part of thickened mafic lower crust resulted in
a gravitational instability and negative buoyancy in the keel
of the thickened lithosphere. The mafic lower continental
(eclogitic) crust and lithospheric mantle of the Yangtze
Craton (with a density up to 3.8 g cm™') would detach
and founder into the upper mantle in the early Cretaceous

[Huang et al., 2007]. The hot asthenosphere upwelled
leading to lithospheric extension and thinning, and conse-
quently increasing heat flow. In the extensional environment
in the early Cretaceous, the upwelling metasomatised man-
tle was partially melted due to decompression to produce
the parental magma of the postcollisional mafic-ultramafic
intrusive rocks [Huang et al., 2007]. The mass transfer of
the magmatism must be accompanied by excessive heat
transfer within the lithosphere.

[52] Therefore, two tectonic processes must have contrib-
uted to the relatively high heat flow of the Dabie-Sulu
UHPM belt. The continental collision between the North
China Craton and the Yangtze Craton should result in a
higher crustal heat flow due to the over-thickened litho-
sphere, and consequentially extra amount of radiogenic heat
producing elements at greater depths. Another process is the
postcollision delamination and magmatism in this region,
which resulted in higher mantle heat flow. The measured
heat flow from the CCSD boreholes is consistent with the
thermotectonic history of the Dabie-Sulu UHPM belt.

6. Comparison With Other Deep Boreholes

[53] There are only a few deep scientific boreholes
penetrating into the crystalline basement in the world. The
Kola superdeep well SG-3 is as of now the deepest one,
which reaches a depth of 12,262 m. The main hole of the
German Continental Deep Drilling Program (KTB HB),
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Table 5. Comparison of Some Key Parameters of CCSD MH, Kola SG-3, and KTB HB

Deep Borehole

Parameter CCSD MH Kola SG-3 KTB HB

Location 34°24'36"N, 118°40'12"E 69°25'N, 30°44’'E 49°48'58.8"N, 12°7'19.2"E

Site Dabie-Sulu UHPM Belt the Baltic Shield the Hercynian ZEV

Drilling period 4 Aug 2001 to 8 Mar 2005 25 May 1970 to 19 Aug 1991 6 Oct 1990 to 12 Oct 1994

Depth, m 5,158 12,262 9,101

Thermal gradient, K km ™' 254 11-24 275

Thermal conductivity, W m~! K~ gneiss, 2.8 + 0.34; amphibolite, gneiss, 2.46 £+ 0.38; amphibolite, gneiss, 3.0 £ 0.5; metabasite,
2.37 £0.37 2.39 £0.32 2.6+05

Heat production rate, /W m~3 gneiss, 1.5 £ 0.7; amphibolite, gneiss, 1.4 gneiss, 1.6 £ 0.3; metabasite,
0.6 £0.6 05+04

Heat flow, mW m > 75/66(surface/bottom) 35/51(surface/bottom) 85(average)

with a depth of 9101 m, is another well-known deep
borehole dedicated for scientific research. Summarized in
Table 5 are some parameters of CCSD MH, Kola SG-3 and
KTB HB for comparison. The thermal properties (thermal
conductivity and heat production) of the main rocks (gneiss
and amphibolite) revealed by the three wells are rather
consistent.

[54] The deep boreholes allow examinations of the verti-
cal distribution of the radiogenic heat production in the
upper crust. All the three deep holes indicate that the
radiogenic heat production is strongly correlated with li-
thology and does not decrease exponentially with depth
[Arshavskaya et al., 1987; Pribnow and Winter, 1997].

[55] In all these three deep boreholes, heat flow varies
with depth in a complex fashion. An important characteris-
tic of Kola SG-3 is that heat flow increases with depth from
around 35 mW m ™2 near the surface to over 75 mW m ™~ at
the depth of about 4.8 km and decreases in the lower part
[Popov et al., 1999b]. The increase in heat flow in the upper
part of SG-3 is mainly due to advection, because of the
topographic driven flow [Mottaghya et al., 2005].

[s6] In contrast, the main cause for the vertical variations
of heat flow in KTB HB is the steep inclination and folding
combined with heterogeneity and contrasts in thermal
conductivity [Clauser et al., 1997]. Low values of around
50—-60 mW m 2 occur in the upper 500 m. It increases to
80-90 mW m > at about 3000 m. Then, it shows a
pronounced change to lower values around 3000 m before
increasing with depth again. Advective heat transfer is only
confined to the top 500—1000 m around KTB. The mean
heat flow of KTB super deep borchole is 85 mW m >
[Clauser et al., 1997].

[57] Different from the above two deep boreholes, the
heat flow at CCSD MH shows a generally decreasing trend
with depth. As illustrated by the two-dimensional numerical
modeling, the general decreasing of surface heat flow can at
least partially be attributed to the radiogenic heat production
and the thermal refraction from the complex geological
structure. Some abrupt changes in the heat flow of CCSD
MH are probably due to the transient effect of fluids
associated with fractures.

7. Conclusions

[s8] To date we have obtained six repeat temperature logs
from CCSD MH. The mean observed temperature gradient
in CCSD MH increased progressively from 24.38 K km ™"

of the first log of 2 April 2005 to 25.28 K km ™" of the sixth
log of 23 September 2006. The ongoing thermal recovery
from the disturbances of drilling fluid circulation is reflected
not only in changes in the mean temperature gradient, but also
in changes in the mean standard deviation which decreased
from 5.02 K km ™" of the first log to 2.85 K km ' of the sixth
log.

[59] The repeat temperature logs allow inference of equi-
librium borehole temperatures. On the basis of the logarith-
mic method developed by Lachenbruch and Brewer [1959],
the mean equilibrium temperature gradient of CCSD MH is
estimated to be 25.31 K km™'. The inferred equilibrium
temperature profile projects a temperature of about 142°C at
the depth of 5000 m.

[60] Thermal conductivity measurements have been made
on 198 core samples with a sampling depth interval of
~25 m. The measured thermal conductivities range between
1.71 and 3.60 W m~' K~'. Mean values for different rock
types are not vastly different, for example 2.37 + 0.37 W
m ' K~! for amphibolite and 2.97 + 0.33 W m ' K~' for
serpentinite.

[61] The heat production values of the core samples from
CCSD MH vary dramatically from the lowest mean
0.01 W m ™ for peridotite to the highest mean 1.65 W
m > for orthogneiss. The radiogenic heat productions of the
metamorphic rocks in the uppermost crust of the Dabie-Sulu
UHPM Belt are substantially lower than that of their
protoliths. The average radiogenic heat production of the
255 CCSD MH core samples is 1.23 W m >, as opposed
to the mean of 1.96 W m > of the Yangtze Craton [Wang
et al., 1989]. The different heat productions between the
metamorphic rocks and their protoliths suggest depletion of
uranium due to ultrahigh-pressure metamorphism. The
radiogenic heat productions from CCSD MH do not fit
the model of exponential decrease with increasing depth
[Lachenbruch, 1968, 1970]. The vertical variation of the
heat production in the Dabie-Sulu UHPM belt depends
mainly on lithology.

[62] The measured heat flow at CCSD MH decreases
generally from around 75 mW m™ > near the surface to
66 mW m ™~ near the bottom of the borehole. A preliminary
two-dimensional model shows that, besides the radiogenic
heat production, thermal refraction from the complex geo-
logical structure is another factor responsible for the vari-
ation of heat flow with depth in CCSD MH. The possible
effect of paleoclimate change is yet to be investigated.
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[63] High heat flow anomalies occur at ~1000 m and
~2300 m, and low anomalies at 3300—4000 m. These and
other abrupt anomalies appear to be shrinking with time.
They are likely caused by transient perturbations associated
with fractures that accept circulation fluid during drilling
but do not permit fluid flow before and after drilling [Lewis
and Beck, 1977; Drury and Jessop, 1982; Drury et al.,
1984; Beck and Balling, 1988].

[64] The measurement from CCSD MH and those from
CCSD PP1 and CCSD PP2 [Wang et al., 2001a] show that
heat flow in the Dabie-Sulu UHPM belt is higher than its
adjacent areas. The mean surface heat flow of the three
boreholes at the CCSD site is 77 mW m ™2, as opposed to
the mean of 50 mW m ™2 for North China Craton to its
north, 53 mW m 2 for the Yangtze Craton to its south, and
61 mW m ™2 for the overall continental area of China [Hu et
al., 2000]. Two tectonic processes must have contributed to
the relatively high heat flow of the Dabie-Sulu UHPM belt.
The continental collision between the North China Craton
and the Yangtze Craton [Li ef al., 1989b] would result in a
higher crustal heat flow due to the over-thickened litho-
sphere, and consequentially extra amount of radiogenic heat
producing elements at greater depths. Another process is the
postcollision delamination and magmatism in this region.
The measured heat flow from the CCSD boreholes is
consistent with the thermotectonic history of the Dabie-
Sulu UHPM belt.
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