
1. Introduction
Heat flow (HF) is the most direct manifestation of the lithospheric thermal state of the surface and provides 
a strong constraint on the thickness, geophysical properties, and tectonic evolution of the lithosphere. 
The one-dimensional steady-state conductive geotherms obtained based on the bootstrapping method 
(Chapman, 1986) assumes that the radiogenic heat production (RHP) can be calculated from the accumulation 
of RHP of arbitrarily subdivided thin layers, and therefore, the surface HF can be determined by the RHP of 
the crust and the residual mantle HF. However, the models of the vertical variation of RHP and HF are not 
reliable due to the very few data constraints and the increased noise in the subsurface. The implementation of 
continental scientific drilling has made it possible to directly observe the detailed distribution of RHP in the 
upper crust and opened up the possibility of studying the relationship between HF and the vertical variation 
of RHP in the crust. The Soviet Union implemented Kola scientific drilling to a maximum depth of 12,262 m; 
while Germany owned the second deepest ultra-deep scientific drilling Kontinentales Tiefborh programm der 
Bundesrepublik Deutschland (KTB) in the world with 9.1 km. Since 2001, China has carried out five periods of 
continental scientific drilling projects, including the first scientific drilling well in Asia, the China Continental 
Scientific Drilling (CCSD, 5,158 m), and the Cretaceous Continental Scientific Drilling Project in the Songliao 
Basin (SK-2, 7,018 m).

Several representative scientific drilling projects around the world are selected to study the relationship between 
HF and RHP in each borehole (Figure 1). As for each borehole, we calculate the HF values at different depths 
according to Equation  1 and compare them with the vertical variation of HF obtained from the temperature 
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Figure 1.
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gradient and thermal conductivity (TC) (HF 1) (Figure 1). Overall, it does not match between the HF variation 
and HF 1 for each borehole.

𝑄𝑄𝑑𝑑 = 𝑄𝑄s −

∑

𝑄𝑄A (1)

where Qd denotes the HF value at depth d, QA is the sum of the HF generated by the radioactive elements.

In this study, we firstly report the temperature, gradient, and TC and RHP data for samples from the 
Lujiang-Zongyang Scientific Drilling (LZSD). We determine the variation of the RHP of the LZSD and establish 
its relationship with the variation of the natural gamma-ray intensity (GR, unit, American Petroleum Institute 
(API)) value, which simultaneously enhances the reliability of the high RHP well section. We use this to analyze 
the role of RHP variation in vertical HF change and obtain good correspondence. As a result, the high HF value 
in the LZSD is determined by the high RHP rock. Finally, we discuss the spatial and temporal distribution, and 
genesis of the high RHP rock in the Lujiang-Zongyang basin (LZB).

2. Geologic Setting and Methods
The LZB is located in the northeastern section of the Yangtze Craton and east of the Dabie orogenic belt (Figure 
S1 in the Supporting Information S1). It is a NE-SW trending volcanic basin (Lü et al., 2013). The strata below 
the Mesozoic volcanic rocks in the LZB can be divided into two parts: (a) the terrigenous clastic rocks and 
carbonate rocks in the stable continental surface sea environment from Sinian to Middle Triassic; and (b) the 
terrigenous clastic rocks deposited in the foreland depression area of the Dabie Orogenic Belt during the Late 
Triassic-Middle Jurassic period (Figures S1 and S2 in the Supporting Information S1). Since the Phanerozoic, 
the study area has experienced two large-scale tectono-thermal events: the collision between the North China 
Craton and the Yangtze Craton in the Late Triassic (Li & Li, 2007); sizable regional extension during the Late 
Mesozoic, accompanied by shallow response represented by basin formation and massive magmatic activity (Wu 
et al., 2019).

The LZSD is part of the fifth period of Chinese Continental Scientific Drilling, with a borehole depth of 3,008 m. 
The LZSD is located in Jingbian Village, Qianpu Town, about 37 km northeast of Zongyang County (30.985°N, 
117.463°E) (Figure S1 in the Supporting Information S1). The LZSD, the deepest borehole in the LZB and adja-
cent areas (S. Zhang et al., 2017), began on 21 May 2012, and drilled to the deepest at 3,008.29 m on 9 June 2013.

The LZSD can be divided into three main lithologic layers: 0–1,200 m, early Cretaceous Zhuanqiao Formation, 
lithology mainly including andesite and tuff; 1,200–1,650 m, the later igneous rock intruded into andesite and 
tuff with uneven alteration, which is the contact section between the Zhuanqiao Formation and the underlying 
syenite; 1,650–3,008 m, a deeply concealed intrusion, mainly developing monzonite and syenite. The LZSD 
constrains the geological structure of the basement in the central basin and provides samples and related data for 
studying the deep temperature field, the deep tectonic setting of volcanic rock, metallogenic regularity, and the 
mineralization dynamic process.

Geothermal exploration in the LZB began in the 1970s. Temperature logging and rock thermal property surveys 
have been carried out in connection with the discovery and exploration of a series of iron-copper-polymetallic 
deposits in the basin (J. Y. Wang et al., 1981). The published HF data in the LZB and adjacent area has an average 
HF value of 69.5 ± 13.6 mW/m 2. Most of this geothermal work has been concentrated along the edge of the basin, 
and temperature measurements are limited to the shallow sedimentary covers with maximum a depth of 400 m.

The LZSD borehole was logged two times, within 10, and 1,874 days (27 July 2018) after the completion of 
drilling (Figures S2 and S3 in the Supporting Information S1). We have corrected the temperature for different 
depths using the proposed correction formula (Sass et al., 1992), and the results show that the correction for 

Figure 1. Heat flow (HF) and radiogenic heat production (RHP) variation for different scientific drilling projects. (a) Cajon Pass (modified from Sass et al., 1992); 
(b) Hunt Well (modified from Majorowicz et al., 2014); (c) Kontinentales Tiefborh programm der Bundesrepublik Deutschland (modified from Clauser et al., 1997; 
Pribnow et al., 2013; Seipold and Huenges, 1998); (d) Kola (modified from Mottaghy et al., 2005; Popov et al., 1999); (e) FFC1 (modified from Rosberg and 
Erlström, 2021); (f) GR1 (Gonghe Basin) (modified from C. Zhang, 2019); (g) China Continental Scientific Drilling (CCSD) (modified from He et al., 2009); (h) SK-2 
(modified from Shi, 2019), (k) Lujiang-Zongyang Scientific Drilling (LZSD) in this research; (l) comparison of RHP in different projects, global average RHP values 
from Wollenberg and Smith (1987), and crustal model from Y. Huang et al. (2013). HF 1, HF at depth d is calculated from the top via Equation 1; HF difference, the 
absolute value of the HF difference obtained by the two methods.
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temperature is within 1%. The depth lithologically stable section (1,650–2,850) is selected for the calculation of 
the temperature gradient at 200 m intervals, and the deviation of the gradient values is within 2.5%. Therefore, 
using the latest temperature measurement data, the requirements of HF calculation and depth temperature field 
study are fully satisfied. At this point, we consider the borehole temperature in 2018 to be in thermal equilibrium. 
Based on the steady-state temperature, TC and RHP, we calculated the HF of LZSD and analyzed the correlation 
between the vertical variation of HF and RHP.

3. Results
3.1. Thermal Conductivity

We collected 147 core samples at intervals of 20–30 m from the top to bottom of LZSD (Table S1 and Figure S4 
in the Supporting Information S1). To study the heterogeneity of rock TC, we conducted TC tests for cross-section 
(λ∥ ) and longitudinal section (λ⊥) on 147 core samples (Table S1) (For specific sample preparation and testing 
methods, refer to J. Wang et al., 2020). Moreover, the anisotropy factor (K = λ∥ /λ⊥) was calculated (Figure S4 in 
the Supporting Information S1).

We have collected all the rock types (andesite, syenite, monzonite, tuff, and quartzite) encountered by the LZSD 
through China Geological Sample Center. The detailed lithologic column is accessible at the China Geolog-
ical Sample Information, Ministry of Natural Resources of People's Republic of China (http://cgsi.cn/CGSI-
Biz/Drill_Show.aspx?DrillID=1669). The measured TC varied from 1.9 to 10.8 W/m/K with a mean value of 
3.4 ± 1.7 W/m/K (Table S3 in the Supporting Information S1). The concentrated high TC are likely to be related 
to the high-strength gypsum and anhydrite veins in the tuff and andesite of the 150–280 m and 1,000–1,500 m 
sections.

In addition to the mineral composition of the rock, the primary factors affecting TC are pressure, temperature, 
porosity, and water saturation (Pribnow et al., 2013). We conducted temperature (Sass et al., 1992), water satu-
ration (Roy et al., 1981), and pressure (Seipold & Huenges, 1998) corrections on the samples, respectively. The 
corrections of pressure- and saturation-corrected TC were within 1% and 3%, respectively. Therefore, we only 
plot in Figure S4d in the Supporting Information S1 the temperature-corrected TC and the average TC based on 
the ratio of different corrections. The three corrections offsetting each other to a certain extent in some depths, as 
a result, the corrected TC is generally smaller than the measured values.

3.2. Radiogenic Heat Production Versus Depth

We measured the concentrations of radioactive heat-producing elements, including uranium (U), thorium (Th), 
and potassium (K), on 53 core samples (Table S1) (For specific methods, refer to J. Wang et al., 2020). At the 
same time, we acquired 200–2,500 m GR at an interval of 0.1 m through GR logging (Table S2 in the Supporting 
Information S1).

The RHP value was calculated through the empirical formula proposed by Rybach (1976):

𝐴𝐴 = 10
−5
𝜌𝜌(9.25𝐶𝐶U + 2.56𝐶𝐶Th + 3.48𝐶𝐶K) (2)

where A is the RHP (μW/m 3), ρ is the density (kg/m 3), CU and CTh are the U and Th concentrations in ppm, 
respectively, and CK is the K concentration in percent.

The RHP values vary mainly as a function of lithology. The syenite RHP is in the 6.32–94.44 μW/m 3 range, with 
an extremely high mean value of 28.21 μW/m 3. The monzonite exhibits large RHP fluctuations, as well as high 
U and Th concentrations, compared with the andesite and tuff. RHP is in the 1.2–27.7 μW/m 3 range with a mean 
of 12.0 ± 6.9 (1 SD) μW/m 3 for the monzonite, in the 0.5–3.4 μW/m 3 range, with a mean of 2.4 ± 1.1 μW/m 3 
for the andesite, and in the 1.5–3.7 μW/m 3 range with a mean of 2.7 ± 0.7 μW/m 3 for the tuff (Table S3 in the 
Supporting Information S1). Tuff generally has relatively low U and Th concentrations, resulting in low RHP.

The concentrations of radioactive heat-producing elements of the core samples, along with the GR, were used 
together to study the RHP variation in the LZSD. We performed regression analysis based on the GR data and 
measured RHP values. Due to the large range of GR, we established the GR-A empirical Equation 3 (R 2 = 0.90) 
and Equation 4 (R 2 = 0.74) for different sections of the LZSD. The RHP calculated from Equations 3 and 4 is in 
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good agreement with the measured value of the RHP (Figure S5 and Table S4 in the Supporting Information S1, 
relative error <1%), compared with the results from previous GR-A relationship (Bücker & Rybach, 1996; Luo 
et al., 2008; Rybach, 1986).

𝐴𝐴 = 0.0383 [GR (API) − 52.1] (GR (API) < 250) (3)

𝐴𝐴 = 0.0198 [GR (API) + 332.1] (GR (API) > 250) (4)

Through the study of the RHP, for sections with dramatic API variation, the existing classic formulas may not 
be effective in calculating the actual RHP. When using the “GR-A” relationship for calculation, special attention 
should be paid to the scope of the application. For sections with API greater than 250, the measured values should 
be performed to constrain it.

3.3. Heat Flow Determination and Its Relationship With Heat Production

The HF was calculated via the multiplication of the temperature gradient from the least-squares method with the 
TC at different depth intervals. The corrected TC was used for the HF determination, with the HF calculated from 
sections with stable temperature gradient and TC measurements (Figure 2).

The temperature curve above 1,650 m fluctuates greatly with depth, especially in the curve segment above 400 m. 
The stable gradient and TC yield HF values of 93.0 ± 3.1 mW/m 2 and 92.6 ± 4.3 mW/m 2 at the 280–800 m and 
820–1,000 m depth sections, respectively. The HF value is hard to determine in the transition section because 
of the difficulty in obtaining the accurate bulk TC value in the heterogeneous alteration area. The HF in section 
1,560 m to the bottom is determined at intervals of 200 m (Figure 1). The HF of LZSD decreases from top to 
bottom by approximately 20 mW/m 2.

We calculated the HF values from 500 m to the bottom for the LZSD, at an interval of 20 m (Figure 1). Addi-
tionally, vertical HF values were determined in section 1,700–3,000 m to study the relationship between HF and 
RHP in the relatively stable portion of lithology. The HF values obtained from Equation 1 and the HF calculated 
in segments as in Figure 1 are in a good agreement, which indicates that the HF variation of LZSD is determined 
by RHP. The surface HF of LZSD (93 mW/m 2) is much higher than the regional background value due to the 
presence of a very high RHP rock mass at the depth between 1,650 and 2,980 m. If taking into account the poten-
tial depth of the rocks, the background HF can be calculated according to Equation 1, that is, around 68 mW/m 2. 

Figure 2. Heat flow (HF) determination and variation in the Lujiang-Zongyang Scientific Drilling (LZSD). The comments on the right side in (a) denote 
“Gradient ± SD * Thermal conductivity ± SD (number of tests) = Heat flow ± SD”; (b and c) are the HF comparison from different methods for the LZSD.
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Such large differences indicate that the effect of high RHP rock on the regional HF is significant, and deviations 
from the background value can reach about 40%.

4. Discussion
4.1. Spatial-Temporal Distribution, Genesis and Tectonic Setting of High RHP Rocks

The RHP of syenite and monzonite in the LZSD is extremely high, which raises new questions: What is the RHP 
of the LZB? Are there other high RHP rock like the LZSD? Where is its source? Therefore, it is particularly 
important to understand the spatial and temporal distribution pattern of high RHP rock.

A detailed overview of chronological data, RHP, and spatial and temporal distribution of the rocks in the LZB 
can be found in Table S5. Depending on the RHP (5 and 10 μW/m 3 as boundary), deposits are labeled in differ-
ent colors and thicknesses in Figure S1 in the Supporting Information S1. Almost all magmatic rocks with RHP 
higher than 5 μW/m 3 are distributed in the northern LZB, where the host rock is mainly the Zhuanqiao Forma-
tion. The RHP of magmatic rocks in different periods varies dramatically, and the timing of high RHP rock is 
concentrated in the early syenite-monzonite period (129–134 Ma). Similar to the extremely high production of 
the LZSD, the RHP of Lijiazhuang rock, Qiaochong rock, Longqiao rock, Niutoushan rock, and Liudun rock is 
above 10 μW/m 3, with the highest value occurring in the Liudun rock (35.7 μW/m 3). To clarify the timing for the 
rocks with high RHP, we summarized the ages of all samples and the corresponding RHP values (Figure 3a). The 
high-value of RHP mainly appears in 133–131 Ma, which is in the middle of the early syenite-monzonite period.

The RHP of rocks in the LZB are obviously higher than that of the upper crust (1.7  μW/m 3) (Kemp & 
Hawkesworth, 2003). Petrological study of the Early Cretaceous magmatism in the LZB, showed that volcanic 
and intrusive rocks are formed in a similar age (Table S5) and have a close spatial relationship (Figure S1 in 
the Supporting Information  S1), with relatively consistent geochemical characteristics (H. Qiu,  2014; Yuan 
et al., 2008; S. Zhang et al., 2017), which are the products of different evolutionary stages of homogenous magma 
(Zhou et al., 2008, 2010), and are considered to belong to the shoshonitic series-intrusive rocks (Jia et al., 2014; 
S. Zhang et al., 2017).

Geochemical data on magmatic rocks in LZB (Fan et al., 2014; Jia et al., 2014; Yuan et al., 2008; S. Zhang 
et al., 2017), were collected for studying the magma source of high RHP rock. Nb/U ratios are good evidence 
for the presence of crustal source material mixing (Hofmann et al., 1986). The Nb/U ratios of the rocks in the 
LZB are widely distributed but, in the main, significantly lower than those of the mid-ocean ridge basalt and the 
continental upper crust (Nb/U = 47 and 9, respectively) (Hofmann et al., 1986; Taylor & McLennan, 1995), and 
close to the Nb/U ratio of fluids retained from the subducted slab (Nb/U = 0.2, less than 0.7) (J. Ayers, 1998). 
The Nb/U ratio of high RHP rock is between 0.5 and 1.9 (Figure 3b), and the lower ratio implies that they are 
more strongly influenced by fluid metasomatism. In addition, including high RHP rock, Nb/Ta-La/Yb diagram 
in the LZB does not have negative correlation characteristics, indicating that the rocks do not have crustal mixing 
(Figure 3c) (Münker, 1998). The mixed lithosphere-asthenospheric mantle and lithospheric mantle are consid-
ered to be the main source regions of the magmatic rocks in the LZB, based on an interpretation derived from the 
La/Yb-Nb/La diagram (Abdel-Rahman & Nassar, 2004) (Figure 3d). However, high RHP rock have significantly 
higher Nb/La ratios, indicating an asthenospheric mantle and mixed lithosphere-asthenospheric mantle source 
region signature.

The trace element signature of high RHP rock has a Nb/U ratio similar to that of fluids released from the subduc-
tion zone (Figure 3b), and the Pb-Pb/Ce diagram also indicates the influence of deep-sea sediments on the magma 
source area (Figure 3e), which likely indicates an enrichment process in the regional lithospheric mantle during 
the Mesozoic, when the Izanagi plate subducted to the Eurasian plate and the fluids generated by the dehydration 
of the oceanic crust may lead to mantle metasomatism.

However, it is unlikely that mantle-derived magma is the only component that produces high RHP rock in a very 
short period time (Figure 3). In addition, the volcanic rocks in the LZB are characterized by enrichment not only 
in fluid-mobile trace elements (e.g., Rb, Ba, and Pb) but also in melt-mobile trace elements (e.g., Th and LREE). 
In summary, the required metasomatic agent would have more Th, U, and LREE content than suggested by exper-
imental studies (J. C. Ayers et al., 1997; Brenan et al., 1995; Kessel et al., 2005; Plank, 2005).

Based on Pb, Nd and Hf isotopic studies, an enriched lithospheric mantle was formed by the fluid metasomatic 
released from oceanic sediments due to the subduction of the Cathaysia plate to the Yangtze in the middle-late 
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Proterozoic (Chen et al., 2014; Xue et al., 2010; Yan et al., 2005; S. Zhang et al., 2017), which is the main mech-
anism responsible for the source mixing of oceanic and continental arc magmatism (Tatsumi, 2006).

As mentioned above, geochemical signatures suggest a large number of sediment components incorporated into 
the magmatic source of the magmatic rocks in the LZB. Combined with the tectonic evolution of South China 
(Charvet, 2013) and the paleogeographic reconstruction of the (paleo) Pacific plate (Müller et  al., 2016), we 
consider the two enrichment processes can be well explained by the Neoproterozoic and Late Mesozoic subduc-
tion. During the Greenwich period, the subduction of the Cathaysia oceanic plate beneath the Yangtze Craton 
was the most likely tectonic event for this source mixing. The first enrichment occurred when sediment-generated 
melt would rise into the overlying mantle wedge and then react with wedge peridotite to form metasomes. As 
part of the new continental lithospheric mantle, these metasomes can be stored at the base of the lithosphere for 
hundreds of million years due to the unique stability of the South China Plate in the period between the Late 
Neoproterozoic and Early Mesozoic (Qi et  al.,  2016). In the early Cretaceous, the metasomes were partially 
melted by heating due to the lithospheric extension of the Lower Yangtze Craton caused by the subduction of the 

Figure 3. (a) Radiogenic heat production (RHP) values from different periods in the Lujiang-Zongyang basin (LZB) are 
plotted as a function of ages; (b–e) illustration of the classification of trace elements in rocks in the LZB. The lower bound of 
the shaded region in (a) is defined by the binned median of the RHP, and the upper bound by the binned average (Table S5). 
(b) Nb-Nb/U diagram; (c) Nb/Ta-La/Yb diagram; (d) La/Yb-Nb/La diagram (after Abdel-Rahman and Nassar, 2004); (e) 
Pb-Pb/Ce diagram (after Othman et al., 1989). The rocks with RHP, higher than 5 μW/m 3 are classified as high RHP rock in 
red color; the red shadow regions are the distributions of the high RHP rocks in the LZB.
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Izanagi plate, producing the shoshonitic series-intrusive rocks of the LZB (Jia et al., 2014; S. Zhang et al., 2017). 
The emergence of high RHP rock corresponds to the onset of strong regional extension, and the peak of craton 
destruction in the Lower Yangtze Craton was slightly earlier than that in the North China Craton, which is also 
evidenced by HF (N. Qiu et al., 2015; J. Wang et al., 2020, 2021), igneous activity (Wu et al., 2019), and exten-
sional deformation (Lin et al., 2013).

4.2. Vertical Variations of Radiogenic Heat Production and Heat Flow for Global Scientific Drilling 
Projects

The absence of a good correlation of vertical changes between HF and RHP in continental scientific drilling 
projects worldwide may be due to three factors: first, the influence of signals of climate change, such as Hunt 
Well in Canada (Majorowicz et al., 2014), KTB in Germany (Clauser et al., 1997; Pribnow et al., 2013), and 
Kola-3 in Russia (Mottaghy et al., 2005; Popov et al., 1999), mainly manifested by the gradual increase of HF 
with depth at shallow depths (shallower than 1–2 km); second, the redistribution of heat at shallow depths, such 
as the effect of groundwater activity; and third, the difficulty of obtaining geothermal data (temperature, TC and 
RHP data, etc.) at high resolution.

The LZSD belongs to the South China Plate in East Asia, and the previous paleoclimate study indicate that the 
region was very limited (within −2°C) affected by the Last Glacial Maximum, which differs significantly from 
the impact on Europe and the North America (Jiang et al., 2011; Osman et al., 2021; Seltzer et al., 2021; Tierney 
et al., 2020). Another China Continental Scientific Drilling CCSD ∼500 km away from the LZSD also has no 
significant paleoclimate record (the HF at the shallow (200–500 m) owns the highest value in CCSD), which 
is also corroborated by the inversion methods of obtaining the climate signal in this region under the attempts 
of S. P. Huang et al. (2008) and us. In contrast, the scientific projects Kola and Hunt Well are affected by Last 
Glacial Maximum obviously (Majorowicz et al., 2014; Mottaghy et al., 2005; Popov et al., 1999).

The shallow HF in LZSD is as high as 93 mW/m 2 (∼600 m) and gradually decreases to 75 mW/m 2 at the bottom 
of the borehole at ∼2,900 m (Figure 2). The huge HF variation is very unusual and the high RHP can constrain 
the HF very well. The RHP value in LZSD is extremely high compared to those of other scientific projects, with 
an average RHP value of 28 μW/m 3 for the syenite and 12 μW/m 3 for the monzonite, which are higher than the 
global average value of acidic intrusive rocks (3.8 μW/m 3) (Wollenberg & Smith, 1987), significantly higher 
than the RHP value of the upper crust (1.6 μW/m 3) (Y. Huang et al., 2013), and dramatically different from that 
of the intrusive rocks of other scientific projects (e.g., 2.3–3.6 μW/m 3 for the Hunt Well, granite (Majorowicz 
et al., 2014); a maximum of 6.0 μW/m 3 for the KTB granite (Clauser et al., 1997; Pribnow et al., 2013); and 
only 0.7 μW/m 3 for the basal intrusive rocks of Kola (Mottaghy et al., 2005; Popov et al., 1999)) (Figure 1l). In 
addition, the volcanic rocks of LZSD also have higher RHP values than those of other global scientific drilling 
projects (Figure 1l). On the one hand, the previous discussion shows that the genesis of high RHP in LZSD 
is regional and large-scale enough; on the other hand, in LZSD, the vertical variation of (high) RHP is also 
supported by fine geophysical results (logging parameters, such as, GR data in this research; geophysical profiles 
from Dong et al., 2010; S. Zhang et al., 2017), which makes it reasonable to assume that the high surface HF 
values in LZSD are determined by the vertical variation of high RHP. At the same time, it is a matter of interest 
whether the rock mass with high RHP is an important sensitivity parameter to explore the relationship between 
the two in practical. We look forward to more research results on this in the future.

5. Conclusions
So far, it is rather rare to see a good match between the variation of the HF and the RHP in most deep boreholes, 
but it cannot be denied the contribution of the RHP to the surface HF (Jones, 1987; Perry et al., 2006). The verti-
cal change of HF and RHP in the LZSD is well coupled, suggesting that an elevated crustal radioactive compo-
nent in the LZSD is largely responsible for the high HF.

The new “GR-A” empirical formula for the LZSD is proposed: compared with the measured RHP values, the 
overall error is less than 1%. The HF at depth near 600 and 900 m are 93.0 and 92.6 mW/m 2, respectively. The 
measured HF values at the LZSD decrease gradually from 90.4 mW/m 2 at a depth of 1,700 m to 74.6 mW/m 2 
near the bottom of the borehole.

The high RHP rock come from the early syenite-monzonite period (133–131 Ma) in the northern LZB. High RHP 
rock can be a result of two enrichment processes brought on by late Neoproterozoic and Mesozoic subduction.
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Data Availability Statement
The data supporting the conclusions of this paper can be downloaded from online database: https://doi.
org/10.6084/m9.figshare.22362622.
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