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Investigating the genesis of geothermal resources requires a thorough understanding of the heat source mechanism, which is also a
vital basis for the efficient exploration and utilization of geothermal resources. Situated in the eastern Himalayan syntax, western
Sichuan is considered to be one of the main concentration regions of high-temperature geothermal resources in China. To date,
various studies have been carried out to reveal the heat source and genesis of the abundant high-temperature resources in this
area; however, studies on the contribution of the radioactive heat generated by the widely distributed granitoids to the high-
temperature geothermal resources remain scarce. In order to resolve this knowledge gap, we attempted to obtain evidence from
the geochemical data published in the literature in the past few decades. A total of 548 radiogenic heat production rate data
were determined. The statistical data indicate that the average concentrations of the heat-producing elements U, Th, and K are
6.09 +5.22 ppm, 26.74 + 16.78 ppm, and 3.51 +0.82%, respectively. The calculated heat production values of the granitoids
vary from 0.52 to 10.86 yW/m®, yielding an arithmetic average value of 3.74 + 2.15 yW/m’, which is higher than that of global
Mesozoic-Cenozoic granites (3.09 + 1.62 uW/m?). Based on the heat production values, the capacity of the granitic batholiths
to store heat was assessed, and the Dongcuo pluton was found to be the largest heat reservoir (382.88 x 10'*]/a). The
distribution of the crustal heat flow was examined using the calculated heat production data and the stratigraphic structure
obtained via deep seismic sounding in the study area. The results indicate that the crustal heat flow is 48.3-56.2 mW/m?,
which is mainly contributed by the radioactive decay in the granitoids in the upper crust. The fact that it accounts for nearly
half of the regional background heat flow indicates that the radiogenic heat from the granitoids is an important heat source for
the formation of the thermal anomaly and the high-temperature geothermal resources in the study area. Thus, the results
obtained in this study highlight the importance of the widely distributed granitoids to high-temperature geothermal resources
in western Sichuan.
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Ficurg 1: The distribution of the representative high-temperature geothermal systems in the southern Tibet-western Sichuan-western

Yunnan geothermal belt (modified after Zhang et al. [12]).

1. Introduction

Geothermal resources, which are originated from the heat
stored in the rocks and water within the interior of the Earth
[1], are a type of green energy characterized by low-carbon
emissions, a stable supply, large reserves, and a wide distri-
bution [2]. Vigorously, developing geothermal resources
can make a major contribution to carbon neutrality. A com-
prehensive understanding of the formation mechanism of
geothermal resources is an important basis for their efficient
development and utilization.

As a part of the Mediterranean-Himalayan geothermal
belt, western Sichuan contains abundant high-temperature
geothermal resources (Figure 1) [3], and many famous
high-temperature geothermal systems are located in this
area (e.g., the Rekeng and Cuopu geothermal fields in the
Batang area, and the Yulingon geothermal field in the
Kangding area). To determine the heat source and origin
of the high-temperature geothermal resources in this area,
many scientists have carried out various studies over the past
few years. Based on isotope analysis of geothermal fluids,
Tian et al. [4, 5] concluded that the Rekeng and Cuopu geo-
thermal systems do not contain a mantle-derived magma
chamber, and they suggested that the heat generated via
crustal deformation may be the main cause of the high-
temperature geothermal resources. Fan et al. [6] reached a
similar nonmagmatic heat source conclusion for the Garze

geothermal system, which was further proven by Cheng
et al. [7] through three-dimensional magnetotelluric inver-
sion. Li et al. [8] deemed the lack of acid springs in the
Kangding geothermal field to be attributed to a deep-seated
magma chamber, which may be located in the Yulingong
area in the southern part of Kangding County. An analogous
finding was also reported by Cheng et al. [9], that is, there is
a significantly low resistivity anomaly (less than 10 Qm) at a
depth of 10km beneath the Kangding geothermal field.
Except for the Kangding geothermal field, Zhang et al. [10]
speculated that the fish shaped low-velocity zone (<3.2km/
s, with a length of 200km) at the depths of 15-30km in
the seismic velocity structure between Batang and Yajiang
counties may represent partial melting of high-temperature
materials in the crust. In addition, through numerical simu-
lation, Ai et al. [11] investigated the effect of the shear fric-
tional heat generated by the Xianshui River fault and
concluded that shear frictional heat is the main source of
the local thermal anomalies along the Xianshui River fault
zone.

The general understanding of the heat sources and ori-
gins of the high-temperature geothermal resources in west-
ern Sichuan is being continuously improved through
ongoing improvement of research level and investigation
methods. However, virtually all of the earlier investigations
disregarded the radioactive heat emanating from the granit-
oids, which are widely distributed in western Sichuan. Given
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the significant role that granitoids have played as a source of
heat throughout the development of the world’s high-
temperature geothermal systems, including the Qiabugia
enhanced geothermal system (EGS) field in China, the
Soultz EGS field in France, and the Habanero EGS field in
Australia [13-15], there is an urgent need for a scientific
investigation of the thermal contribution of these granitoids
to high-temperature geothermal systems.

Therefore, in this study, we obtained evidence from the
data accessible in literature published in the past few
decades. The main goals of this study were to determine
the distribution characteristics of the radiogenic heat pro-
duction rate (RHPR) of the granitoids and then to assess
the radioactive heat contribution of the granitoids to the
high-temperature geothermal resources. One of the key pil-
lars of the effective development and usage of the geothermal
resources in this region is the ongoing refinement of the for-
mation mechanism of the high-temperature geothermal sys-
tem in western Sichuan.

2. Geological and Geothermal Framework

Western Sichuan, located in the eastern Himalayan syntax,
is in the transition zone between the Qinghai-Tibet Plateau
and the Sichuan Basin (Figure 1) [3]. Structurally, western
Sichuan is the junction between the Sichuan-Yunnan, Song-
pan-Garze, and South China active blocks, and therefore it
is characterized by complex tectonic deformation and fre-
quent seismic events [16]. Gravity inversion has shown that
the crust in the study area is about 50-60km thick [17].
Based on the magnetic inversion, the Curie isothermal sur-
face in the study area is located at depths of 17-23 km, with
an average of 20km [18]. The Quaternary and current tec-
tonic deformation in western Sichuan is mainly controlled
by the NNW-trending and nearly NW-trending structures
[19]. The Jinshajiang, Garze-Litang, and Xianshui River
faults are the three major faults developed within the western
Sichuan region [20]. The left-lateral strike-slip Xianshui
River fault is 300 km long, and its slip rate is approximately
10-20 mm/a in the north segment and ~5 mm/a in the south-
ern segment [19]. The Garze-Litang fault has an average
velocity of 4.0 + 1.0 mm/a. It extends from the small Maoyaba
Basin, passes through the Maoyaba Basin, Litang Basin, and
Kangga Basin, and finally ends to the south of Dewu [21].
Together with the Honghe fault, the Jinshajiang fault consti-
tutes the western boundary of the Sichuan-Yunnan block,
and is characterized by segmented activity; in other words,
there is no obvious activity in the northern section and appar-
ent right-lateral strike-slip movement in the middle and
southern sections [22]. The aforementioned three structure
systems together with the Longmenshan fault and Kangd-
ing-Yunnan fault form a “Y”-shaped tectonic area [23].

One of the most obvious features of the study area is that
the geothermal activity is primarily distributed along the
active fault zones (Figure 2), thus forming the Batang-
Xiangcheng geothermal belt, Garze-Litang geothermal belt,
and the Luhuo-Kangding geothermal belt from west to east
[25]. The high-temperature reservoirs are mainly concen-
trated in the Rekeng (200-225°C) and Cuopu (175-200°C)

geothermal fields in Batang County, the Garze geothermal
field (180-210°C), and the Yulinggong geothermal field
(232-235°C) in Kangding County [4-6, 26]. The geochemi-
cal analysis conducted by Zhang et al. [27] revealed that
the chemical type of the geothermal water in the study area
is basically HCO;-Na, with pH values of 6.73-9.61 and total
dissolved solids values of 202.8-1649.6 mg/L. The geother-
mal water is recharged by snow-melt water and meteoric
precipitation, with a cycle depth of 2189.93-5620.52m
[27]. Based on analysis of geothermal data, Zhang et al.
[10] divided the geothermal systems in the study area into
Batang and Kangding types. In both geothermal systems,
meteoric water undergoes deep circulation along the fault,
and then, the water rises to form hot springs after being
heated by the deep heat sources [10].

The strata in the study area are predominantly Mesozoic
strata, which have been intruded by large-scale granitoids
(Figure 2) [27]. In the Songpan—Ganzi fold belt, the granitic
plutons can be subdivided into Triassic granites with ages of
220-230 Ma, Jurassic granites with ages of 197-131 Ma, and
the Cenozoic Zheduoshan granites (13-4 Ma) according to
their different crystal ages [24]. The Triassic granites, which
are represented by the Taiyanghe, Niuxingou, and Siguliang
plutons, are believed to be related to crustal melting due to
crustal thickening in the Songpan-Ganzi fold belt. Petrolog-
ical studies have shown that these granitic plutons exhibit
progressive development from adakite/I-type granite, high-
Ba-Sr granite, A-type granite, and monzonite [28]. The
Jurassic granites are mainly located near the Danba area
and are characterized by S-type granites [24]. The Zhe-
duoshan granitoids consist of earlier medium- to fine-
grained granodiorite, slightly later predominated medium-
to coarse-grained porphyry-like monzogranite and the latest
granitoid pegmatites and aplites [29]. The geochemical data
suggest that the formation of the Zheduoshan pluton was
related to a low-degree of partial melting of source rocks
under the Meso-Neoproterozoic continental marginal arc
and the back arc basin [29]. In the Yidun volcanic arc, the
crystal ages of the widely distributed granitic plutons are
concentrated in four periods, 225-210Ma, 152-102 Ma,
94-71 Ma, and 41-31 Ma [24]. The Triassic granites, which
are commonly characterized by enrichment of large-ion
lithophile elements and depletion of high field strength ele-
ments, are represented by the Cuojiaoma, Dongcuo, and
Daocheng plutons (Figure 2) [30]. Located in the northwest-
ern Yidun arc, the Quershan pluton (U-Pb ages of 105-
102 Ma) may have been sourced from the Kangding complex
in the northwestern margin of the Yangtze craton, and its
formation was probably related to the closure of the Ban-
gong-Nujiang Tethys ocean [31]. The late Cretaceous and
Cenozoic granitic intrusions are mainly exposed in the west-
ern part of the Yidun arc. The representative intrusions
include the Rongyicuo, Hagala, Luocuoren, and Gelie A-
type granitic plutons (Figure 2). The first three plutons were
all formed in an extensional tectonic setting after the colli-
sion or after the orogenic period, whereas the Cenozoic Gelie
pluton, which is characterized by medium-grained monzo-
nitic granite and a U-Pb age of 9.52 Ma, was formed in the
Himalayan period [32].
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FiGure 2: Simplified geothermal-geological map of western Sichuan (modified after Tang et al. [24]) and the corresponding distributions of
the RHPR data for the granitoids. JSS: Jinsha suture; GZ-LTS: Garze-Litang suture; XSHF: Xianshui River fault; LMSF: Longmenshan fault.

3. Data and Calculation Methods

The RHPR(A), which represents the heat generation capacity
of the decay of the radiogenic isotopes (***Th, ***U, >**U, and
9K} in the rocks, can be determined as follows [33]:

A=0.01p(9.52C, +2.56Cyy, + 3.48C), (1)

where p is the density of granitic rock (g/cm’), and is
assigned to be a commonly used value of 2.7 g/cm” in this
study [34]. C,, Cyy, and Cy are the concentrations of ura-
nium, thorium, and potassium (ppm, ppm, and %), respec-
tively. To characterize the detailed distribution of the
RHPRs of the granitoids, the major and trace element data
for the main granitic plutons were collected, including the
SiO,, K,O, Th, and U contents. The whole-rock major and
trace element analyses were commonly conducted via X-ray
fluorescence spectrometry (XRF) and inductively coupled
plasma-mass spectroscopy (ICP-MS), respectively. To obtain
the K content, the K,O content was multiplied to a coeflicient
of 0.83, which was calculated from the molar masses of K and
O [12]. Similar studies have been carried out in regions such

as the Gonghe Basin in China [12], the Sierras de Cérdoba in
Argentina [35], and the Fennoscandian Shield in Finland
[36]. A total of 548 sets of data were collected for the RHPR
determination, the locations of which are shown in
Figure 2. Figure 2 shows that the collected data almost
completely cover the main granitic plutons in the study area.
Table 1 presents the contents of the radiogenic isotopes and
the RHPRs of the main granitic plutons in western Sichuan
calculated using Equation (1). As is shown, there are rela-
tively large variations in the Th, U, and K contents, which
range from 3 to 99.3 ppm, from 0.79 to 32.2 ppm, and from
0.15 to 6.09 wt%, respectively. In contrast, the SiO, content
have a relative narrow range of 53.1-79.7 wt%.

To further determine the magnitude of the radioactive
production per year of the intrusive rock bodies, it was
assumed that each intrusion was characterized by a cylindri-
cal root and its volume could be calculated by multiplying
the actual outcrop area by the thickness of the root [35,
37]. Then, the radioactive heat reservoirs were estimated as
follows:

Q=AxpxSxHx10"x107°, (2)
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where Q is the heat produced per year (J/a), A is the RHPR
of the granitic rocks (¢J/g-a), S is the granitic outcrop surface
area (km?), and H is the vertical thickness of the intrusion
(km). Due to the absence of studies on the entire geometry
or the vertical extension of the granitic intrusions, a uniform
thickness of 13 km was specified for each intrusion, which is
similar to the thickness of the radioactively enriched layer
suggested by Wang [38]. The RHPR of each intrusion was
considered to be uniform; therefore, the vertical variation
in the RHPR, which may be caused by fractionation, was
not considered in this study, as the works of Zhou et al. [37].

4. Results and Discussion

4.1. RHPR Variations. The determined RHPRs of the gra-
nitic rocks in the western Sichuan area are shown in
Figure 3. The studied granitoids are characterized by a rather
wide range of RHPR values, ranging from 0.52 to 10.86 yW/
m®. The statistical data indicate that the RHPRs of 363 gra-
nitic rocks, accounting for 66.2% of all the samples, lie
between 1 and 4 yW/m>. The arithmetic mean value for all
of the rocks was calculated to be 3.74 + 2.15 yW/m®, which
is 1.87 times the average crustal value (2.04 + 1.83 yW/m’,
[39]). Based on the complied RHPR data for granitic rocks
worldwide, Artemieva et al. [34] concluded that, although
there is no systematic correlation between the type of granite
and the RHPR, A-type (anorogenic) granites are the most
radioactive (ie., 3.57 + 1.72uW/m’ for Precambrian gran-
ites and 2.23 +0.81 yW/m® for Phanerozoic granites). Due
to the commonly absent of the information on granite types
in compiled literature, it is very difficult to examine the
RHPR patterns associated with different types of granites
in the study area. In general, the RHPR values of the granitic
rocks in western Sichuan obtained in this study are higher
than the average RHPR value of global Mesozoic-Cenozoic
granites (3.09 + 1.62yW/m>, [34]) and that of the most
radioactive A-type granites. The relatively high RHPRs
indicate the enrichment of radioactive elements. In addi-
tion, the RHPRs of the granites in western Sichuan are
also substantially higher than those in the Gonghe Basin
(3.20+£1.07 yW/m3, [12]) in the northeastern Qinghai-
Tibet Plateau and in Tibet (3.2+1.5yW/m’ and 2.6 +
1.6uW/m® in southern and northern Tibet, respectively
[40]). Additionally, the RHPR comparison presented in
Table 2 suggests that the RHPR values in the study area
are comparable with or even higher than those in several
typical high-temperature geothermal areas, e.g., the Haba-
nero high-temperature geothermal area in Australia.

The relationships between the RHPR and the concentra-
tions of SiO, and radioelements are shown in Figures 4(a)-
4(d). In general, U, Th, and K are large-ion lithophile ele-
ments and have an affinity toward the higher SiO, content
[35]. This may be the reason for the roughly normal rela-
tionship between the RHPR values and SiO, contents
(Figure 4(a)). This means that the granitic plutons with
higher SiO, contents always possess higher concentrations
of radiogenic elements and therefore have higher RHPR
values. According to the data, the RHPR values increase
from 1.48 uW/m’ to 10.12uW/m> as the SiO, content
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FIGURE 3: Frequency histogram of the RHPR data for the granitic
rocks in western Sichuan.

increases from 53.7% to 78.68%. However, not all of the rock
samples conform to this behavior. As is shown in
Figure 4(a), for SiO, contents of 72-80%, the RHPRs are
characterized by a wide fluctuation from about 1 yW/m" to
11 uW/m>. In addition, the rock sample with maximum
SiO, content (79.68%) has a low RHPR of only 1.15 yW/m>.
This phenomenon was also observed in the studies of Pleita-
vino et al. [35], Veikkolainen and Kukkonen [36], and Slag-
stad [44]. According to Kukkonen and Lahtinen [45], the
reason for this phenomenon is that the U- and Th-bearing
accessory minerals may start to replenish the remaining melts
in the evolved magmas (>70% SiO,), and the amount of heat
producing elements incorporated into the melt fraction
varies due to the different source compositions, melting
temperatures, melt segregation rates, and environments.
Consequently, a high RHPR scatter can be observed in the
high-SiO, melts. In Figures 4(b)-4(d), the RHPR roughly
increases for higher Th, U, and K contents. However, com-
pared with Th and U (Figures 4(b)-4(c)), the relationship
between the RHPR and the K content exhibits significant
scatter (Figure 4(d)), which is consistent with the previous
data reported by Pleitavino et al. [35] and Zhang et al.
[12]. In terms of the relative proportions of the total heat
production, the average heat contributions of U and Th are
39.3% and 49.7%, respectively, whereas the heat contribu-
tion of K only accounts for 11% (Figure 5).

The Th/U ratio is a useful parameter for the characteri-
zation of granitic rocks [34], and it can be used to reflect
source variations due to the fact that this ratio does not
change significantly during partial melting [46]. Taylor and
McLennan [47] reported that the upper crust, middle crust,
and lower crust are characterized by Th/U ratios of 3.8, 4.9,
and 6.0, respectively. According to the conclusion of Arte-
mieva et al. [34], the Th/U ratio exhibits a subtle decrease
from early Proterozoic to Paleozoic granites, and the min-
imum value (~2.78) occurs in the Archean granites. The
global average Th/U ratio value is estimated to be 4.75 +
4.27 [34]. The study area is characterized by very high
Th/U ratios of 0.23-30.76, with a mean value of 6.02 +
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TaBLE 2: RHPR comparison of the granitoids in typical high-temperature geothermal fields worldwide.

3
Location Areas Time RHPR(pW/m?) Reference
Ranges Means + SD
China Western Sichuan Cenozoic-Triassic 0.52~10.86 3.74+2.15 This study
China Qiabugia Triassic 1.17~5.81 3.20+1.07 [12]
Australia Habanero Carboniferous 7 ~10 — [13]
France Soultz Hercynian >7 (maximum) — [14]
Bavaria Franconian Basin Hercynian 4-6 [41]
Portugal Beiras Hercynian — 5.5 [42]
England Cornwall Permian 45~5 — [43]
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FIGURE 4: Plots of RHPR versus the (a) SiO,, (b) U, (c) Th, and (d) K contents for the granitic rocks.
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FIGURE 6: (a) Frequency histogram of the Th/U ratio of the granitic rocks and (b) the average Th/U ratio of each granitic pluton in western
Sichuan. 1-Zheduoshan; 2-Daocheng; 3-Jiajika; 4-Hagala; 5-Queershan; 6-Xizengqgionglong; 7-Rongyicuo; 8-Luocuoren; 9-Gelie;
10-Yongjie; 11-Lizexi; 12-Taiyanghe; 13-Xiasai; 14-Laojungou; 15-Mengtonggou; 16-Maerkang; 17-Songlingk0u; 18-Niuxingou; 19-Manai;
20-Siguniang; 21-Xilizai; 22-Menggu; 23-Dongcuo; 24-Tagong; 25-Yanggong; 26-Maoergai; 27-Linong-Beiwu; 28-Maxionggou;
29-Cuojiaoma; 30-Sucuoma; 31-Ajisenduo; 32-Jiaduocuo; 33-Luomo; 34-Dingtianzhu; 35-Rihaizi; 36-Cilincuo; 37-Cuomolong; and
38-Xiuwacu.

4.63 (Figure 6(a)). If the Th/U ratio is assumed to follow a excluded, which may be attributed to a different mecha-
normal distribution as suggested by Artemieva et al. [34],  nism of granitic magma generation compared to the nor-
the calculated average Th/U ratio is 4.92+2.4 when the  mal distribution [34]. The anomalously high Th/U ratios
tail beyond ca. 1o (ca. 4.6) of the normal distribution is of the Gelie and Taiyanghe plutons (Figure 6(b)) are due
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v quest



10

Lithosphere

Radiogenic heat production (uW/m?)

0 2 4 6 8 10
L | L | 1 L 1 L |
Xiuwacu — 1 T —
Cilincuo 4LHP MHP [ I —— HHP
Maxionggou ——T A
Siguniang — [ — L
Xiasai ~ T
Gelie 4 |
Luocuoren — A A Y o N— |
Rongyicuo — - I — |
Queershan l | | A
Hagala - O S— — |
Zheduoshan — e — T —=l |
Cuomolong | ——
Xilizai A 1
Taiyanghe — A b—rT1T——
Riluku ~ — =T
Dingtianzhu |
Luomo | —— |
Jiaduocuo HO
Ajinsenduo — HT
Sucuoma 4 |————— @R T e——
Cuojiama H3 A
Liaong-Beiwu — —1T—B—— Awa A
Maoergai | A Q1
Yanggong & HI=—
Tagong —eTr=
Dongcuo s T A A4
Menggu + =
Manai 1=
Niuxingou _———
Songlingkou 1=
Maerkang ——Tr—
Mengtonggou — HETT——— T |
Laojungou H——T—=—
Lizexi H A 0.25 pe{Fentile O.75](Percentile
Yongjie H—T13—
Xizenggionglong — H—T=— A l_lj:}__|
Jiajika — ——n A L5IQR  Mean 1.5IQR
Daocheng 1T A

FiGure 7: Boxplots of the RHPRs of the different granitic intrusions in western Sichuan, showing the mean values and interquartile

(25-75%) ranges.

to lower U concentrations (Table 1). The possible reasons
for this are different source compositions and later meta-
somatic processes [48].

Figure 7 and Table 1 display the RHPR variations of the
main granitic intrusions in the western Sichuan region. As
can be seen, the RHPRs of the various invasions differ
greatly, which may be connected to the occurrences of the
different magmatic events. It can be clearly seen from
Figure 8 that the average RHPR values of the granitic rocks
formed in the Cenozoic and Cretaceous exceed SyW/mS,
whereas the Jurassic and Triassic granites are characterized
by relatively low average RHPR values of 2.41 +0.7 yW/m’
and 2.73+1.17 uyW/m’, respectively. As was proposed by
Pleitavino et al. [35], the differences in the RHPRs of granitic
rocks formed under different magmatic events may be due
to the different origins and tectonic settings, which would
affect their chemical compositions and the concentrations
of the radioactive elements, as well as their radioactive heat
generating capacities. Additionally, the chemical alterations

caused by processes such as metamorphism, metasomatism,
and weathering after magma generation can also affect the
concentrations of the radioactive elements [12]. Mccay and
Younger [49] subdivided granites into three categories
according to their RHPRs: high heat production (HHP)
granites with RHPRs of greater than 5 #W/m’, marginal heat
production (MHP) granites with RHPRs of 3-5 4W/m?, and
low heat production (LHP) granites with RHPRs of less than
3 uW/m®. Following this classification scheme, the Cenozoic
Zheduoshan and Gelie intrusions, the Cretaceous Hagala,
Rongyicuo, Luocuoren, and Xiasai plutons, the Jurassic
Queershan pluton, and the Triassic Siguniang, Maxionggou,
Cilincuo, and Xiuwacu plutons are HHP granites (Figure 7).
The MMP granites include the Taiyanghe, Xilizai, and
Cuomolong plutons. The remaining plutons are LHP gran-
ites. Among these plutons, the Rongyicuo pluton has the
highest average RHPR value of 7.52 + 2.81 uW/m® (N = 5),
whereas the Jiaduocuo pluton possess the lowest average
RHPR value of 1.45+0.14 ,uW/m3 (N=4).
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4.2. Heat Contribution to the High-Temperature Geothermal
Resources. During the formation of high-temperature geo-
thermal resources (or systems), the heat source is particu-
larly important [50]. Based on research on the genesis of
the high-temperature geothermal systems conducted by
Zhang et al. [51], a magma chamber, radiogenic heat gener-
ated by the decay of the radioactive elements, and anoma-
lously high-mantle heat flow are the most common heat
sources. Although the granitic rocks are extensively distrib-
uted in western Sichuan (Figure 2), their impacts on the for-
mation of the geothermal resources have not yet received
sufficient attention. Thus, the main goal of this section is
to analyze the role of the heat production of the widely dis-
tributed granitoids in this area in detail based on the RHPRs
as discussed. To achieve this, the heat reservoirs of the gra-
nitic plutons and the vertical crustal heat flow distribution
are investigated.

4.2.1. Heat Reservoirs of the Granitoids. Using Equation (2),
the magnitudes of the radioactive heat production per year
of the main intrusions were calculated. Table 3 presents
the main characteristic parameters of each pluton. The
results show that the majority of the heat reservoirs of the
granitic plutons are less than 100 x 10" J/a. Among the 38
main plutons, 25 have heat reservoirs of less than 50 x 10"
J/a, and five possess heat reservoirs of 50-100 x 103 J/a.
The Dongcuo pluton has the largest heat reservoir of
382.88 x 1013 J/a, and it is characterized by a mean RHPR
of 273uW/m’ and an outcrop area of ~3329km’
(Table 3). From the relationship between the heat reservoirs
and RHPRs, as well as the outcrop areas (Figure 9), the heat
reservoir generally increases as the mean RHPR and the out-
crop surface increase. However, not all of the plutons follow

11

this trend. For example, the mean RHPR of the Rongyicuo
pluton is the largest, but its heat reservoir is not the highest.
Similar situations also encountered in other batholiths, e.g.,
the Cuojiaoma pluton, which has a moderate mean RHPR
but the second largest heat reservoir. These interesting rela-
tionships have also been noted by Rollin [52], Mccay and
Younger [49] and Pleitavino et al. [35].

4.2.2. Crustal Heat Flow Distribution. Terrestrial heat flow is
one of the most important signals for geothermal resources
[38, 53]. High-temperature geothermal resource occurrence
areas are always characterized by anomalous heat flow
values. The most obvious evidence of this relationship is that
the four global high-temperature geothermal resource belts
are all characterized by high heat flow anomalies [54, 55].
The terrestrial heat flow (mW/m?), which is commonly
obtained via continuous steady-state borehole temperature
logs and thermophysical parameter tests, consists of two
components, namely, the radiogenic heat production from
the crustal layer (Q,) and the heat loss from the Earth’s man-
tle (Q,,) [39]. Therefore, establishing a crustal heat flow dis-
tribution model and assessing the crustal heat flow
components is the basis of determining the heat composi-
tion and thus understanding the heat source of a geothermal
system.

To study the vertical heat flow distribution within the
crust, a one-dimensional crustal stratigraphic column model
was constructed based on the crustal seismic velocity struc-
ture of the Zhubalong-Zhizhong profile obtained via the
deep seismic sounding conducted by Wang et al. [56].
Figure 10 shows the constructed crustal framework, which
is 61km thick and consists of four sections: (a) a 13km-
thick upper crustal layer, (b) a 9 km-thick low-velocity zone
(LVZ), (c) an 8km-thick middle crustal layer, and (d) a
31 km-thick lower crust. In the process of generating the
crustal heat flow distribution, the RHPR distribution of each
subcrustal layer is necessary. To characterize the vertical dis-
tribution of the RHPR, three models have been commonly
utilized in previous studies, i.e., (a) constant heat production
A, over depth b (representing the thickness of the radioac-
tively enriched layer), (b) linearly decreasing heat produc-
tion over depth 2b, and (c) exponentially decreasing heat
production from a surface value of A, with an 1/e fold length
scale of b [57]. In this study, the RHPRs of the middle and
lower crust were both assumed to follow the constant model,
whereas the exponential model was specified for the upper
crust [39]. For the surface value of A, in the upper crust,
the average RHPR value determined in Section 4.1 was
employed. For the middle and lower crust, the RHPRs were
estimated in the first approximation using the empirical
relationship between the RHPR and the compressional seis-
mic velocity proposed by Rybach and Buntebarth [58], i.e.,
In* = 13.7-2.17 x V,. Before converting the V, into the
RHPR value, the in situ V,, needs to be corrected to labora-
tory conditions of 20°C and 200 MPa [59].

In the Zhubalong-Zhizhong seismic profile, an LVZ
with an average thickness of 9km is present in the crustal
domain in the study area [59]. Additionally, a low-
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TaBLE 3: The estimated heat reservoirs of the main granitic plutons in western Sichuan.
Intrusions Mean 1:3\ Mean Q, Heat tigservoir Intrusions Mean 13& Mean Q, Heat Egservoir
(uW/m®) (wWigly) (10 Jly) (UW/m’) (Wigly) (10 Jly)
Zheduoshan 5.00 60.16 178.37 Hagala 6.94 83.52 105.76
Queershan 5.78 69.53 174.25 Rongyicuo 7.52 90.53 47.49
Luocuoren 6.52 78.44 113.31 Gelie 5.03 60.5 138.38
Xiasai 5.78 69.51 12.46 Siguniang 5.20 62.58 70.98
Maxionggou 5.52 66.37 22.69 Cilincuo 6.82 82.09 84.18
Xiuwacu 7.32 88.06 88.16 Taiyanghe 3.69 44.34 11.64
Xilizai 3.13 37.64 22.59 Cuomolong 3.35 40.17 17.74
Daocheng 2.74 32.94 75.42 Jiajika 1.66 19.88 0.93
Xizenggionglong 1.79 21.39 4.55 Yongjie 2.05 24.59 23.70
Lizexi 2.01 24.16 2.89 Laojungou 2.76 33.14 43.01
Mengtonggou 2.83 33.97 22.09 Maerkang 2.51 30.09 34.50
Songlingkou 1.93 23.10 1.49 Niuxingou 2.82 33.81 16.96
Manai 2.00 24.01 11.06 Menggu 2.27 27.23 21.76
Dongcuo 2.73 32.77 382.88 Tagong 2.22 26.64 10.32
Yanggong 2.07 24.82 63.52 Maoergai 1.88 22.57 14.13
Linong-Beiwu 2.77 33.29 5.87 Cuojiaoma 2.37 28.46 229.31
Sucuoma 2.83 33.95 2.73 Ajinsenduo 2.38 28.61 6.78
Jiaduocuo 1.45 17.42 26.88 Luomo 1.88 22.58 3.87
Dingtianzhu 2.54 30.54 19.68 Riluku 2.87 34.46 89.87
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FIGURE 9: Plots of the heat reservoirs vs. the mean RHPR and outcrop area for the granitic plutons in western Sichuan.

resistivity zone (LRZ) with a magnitude of several to tens of
ohm m was consistently detected by Sun et al. [60] at a sim-
ilar depth as the LVZ. Wang et al. [56] attributed the coinci-
dence of the LVZ and LRZ beneath the study area to
overpressurized hydrous fluids or partial melting. In fact,
such interpretation is universally accepted in analyses of
geophysical profiles in the Qinghai-Tibet Plateau, such as
in wide-angle reflection/refraction seismic exploration,
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receiver function, seismic tomography, and magnetotelluric
profiles [61]. Following the aforementioned viewpoint, the
LVZ in the crust may act as an additional magma heat
source expect for the crustal radioactive heat source and
mantle heat source. A similar situation has been also
encountered in many other high-temperature geothermal
systems. For instance, Zhang et al. [12] concluded that the
magmatic heat contributed by the partial melting zone at
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depths of 15-35km beneath the Qiabuqia hot dry rock
(HDR) field in the Gonghe Basin is an important additional
heat source.

In light of the aforementioned circumstance, two cases
are considered in the following calculation process. In the
first case, assuming that the magma chamber exists at the
depth range of LVZ, the entire crustal heat flow can be deter-
mined by adding the radiogenic heat contributions of the
upper, middle, and lower crustal layers. This case represents
the minimum crustal heat flow. In the second case, the LVZ
is assumed to be the normal middle crustal stratum, and
thus, the radiogenic heat component generated by the LVZ
can be roughly estimated by using the RHPR value of the
middle crust. Therefore, the entire crustal heat flow is deter-
mined by adding the amounts of radiogenic heat of all of the
crustal sections, which may represent the maximum crustal
heat flow. The calculated heat flows of the subcrustal layers
are demonstrated in Figure 10. As is shown, the radiogenic
heat is dominated by the upper crustal section, which is
about 30.6 mW/m”. The middle crust contributes a gross
heat flow of 7mW/m” and 14.9mW/m” in cases 1 and 2,
respectively. The larger thickness of the lower crust leads
to a larger amount of radiogenic heat of 10.7mW/m?’ In
total, the entire crustal section in western Sichuan generates
a heat flow of 48.3-56.2mW/m” due to radioactive decay in
the crustal rocks.

4.2.3. Implications for the Heat Source and Origin of the
High-Temperature Geothermal Resources. The heat reser-
voirs of the main granitic plutons, as well as the crustal heat
flow partitioning, have been investigated in detail. This sec-
tion aims at revealing the role of the granitoids in the forma-
tion of the high-temperature geothermal resources in the
study area. The first task was to determine the regional back-
ground heat flow in western Sichuan. However, there are no
available measured terrestrial heat flow data for western
Sichuan (Figure 1) according to the latest heat flow data
compilation for the Chinese mainland completed in 2016
by Jiang et al. [62]. The main reason for this may be the
extreme high-altitude conditions of the study area. Thence,
it was difficult to accurately obtain the background heat flow
value. Given its special location (i.e., the eastern Himalayan
syntax) and the strong tectonic activity, western Sichuan

has been regarded as an area characterized with a high ther-
mal state [62, 63].

Due to the large limitations and relatively huge cost of
measuring the heat flow using the traditional method, sev-
eral indirect methods have been employed to estimate the
heat flow values in recent years. The Curie point depth,
which reflects the bottom of the magnetic sources, has been
proven to be a useful parameter for estimating the tempera-
ture at depth, especially in regions where no borehole tem-
perature logs are available. The feasibility of estimating the
surface heat flow and deep thermal structure using Curie
point depth data has already been discussed in many studies
[64-67]. Based on Curie depth data and the concentrations
of the radioactive elements, Tang et al. [68] estimated the
heat flow in the southeastern Tibetan Plateau, which is
shown in Figure 11. It is obvious that the entire southeastern
Tibetan Plateau is characterized by a high heat flow in the
southwestern region, and low heat flow in the northeastern
region. According to Tang et al. [68], the estimated heat flow
varies from 44mW/m’ to 108 mW/m? with an average
value of 75 mW/m>. Western Sichuan, which is the transi-
tion zone between the high and low heat flow areas, has
relatively high heat flow values. The Batang, Litang,
Kangding, Garze, Xiangcheng, and Daocheng geothermal
areas in western Sichuan are all characterized by heat
flows of greater than 70 mW/m?, and the heat flow is even
close to 100 mW/m? in some typical areas according to the
heat flow distribution map (Figure 11). Thus, the regional
background heat flow in western Sichuan can be reason-
ably set as 75-85mW/m? which is approximately consis-
tent with Figure 11.

Based on the crustal heat flow and the regional back-
ground heat flow in western Sichuan, the thermal contribu-
tion of the granitoids to the formation of the high-
temperature geothermal resources was roughly determined.
According to the results, the radiogenic heat generated by
the crustal rocks contributes nearly half of the surface heat
flow. According to the crustal heat flow partitioning, the
heat contribution of the upper crust is very large, accounting
for 54.4-62.9% of the total crustal heat flow. In other words,
the radioactive heat generated by the widely distributed
granitoids in western Sichuan is an important heat source
for the abundant high-temperature geothermal resources.
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FIGURre 11: Distribution of the estimated heat flow in the southeastern Tibetan Plateau (revised from Tang et al. [68]).

The relatively large heat flow contributed by the widely dis-
tributed granitoids is due to two aspects, i.e., the relatively
high RHPRs and the thickened radioactively enriched layer.
The former was discussed in Section 4.1. The thickened
radioactively enriched layer, which is ~10km in the stable
Craton region [38], may be related to the crustal thickening
(~61km) in the study area caused by the collision between
the Indian and European plates. Such a high crustal heat
flow generated by the thickened crust is also a necessary fac-
tor for the formation of the HDR geothermal resources in
the Gonghe Basin, northeastern Tibetan Plateau [12].
Based on the aforementioned analysis, the important
role of the granitoids in the formation of the high-
temperature geothermal resources in western Sichuan is
fully emphasized. Based on previous studies on the heat
source and genesis mechanism, the results of this study actu-
ally reveal that the high-temperature geothermal resources
in western Sichuan are characterized by multiple heat

sources, and the geothermal anomaly is related to the com-
bined thermal contributions of all of the heat sources. This
finding is consistent with the knowledge obtained in a study
of HDR resources [51]. Hence, to obtain an in-depth under-
standing of the origin of geothermal resources (especially
high-temperature geothermal resources), it is necessary to
determine all of the heat sources and to reveal the corre-
sponding heat contribution of each heat resource, which is
by no means an easy task yet.

5. Conclusions

The major conclusions of this study are summarized as
follows.

(1) Through the systematic compilation of the geochem-
ical concentrations of the main granitic intrusions in
western Sichuan, a total of 548 RHPR values were
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obtained, which represent the first batch of RHPR
data for the study area. The statistical data demon-
strate that the average concentrations of the heat-
producing elements U, Th, and K in the granitic rocks
are 6.09 +5.22 ppm, 26.74 + 16.78 ppm, and 3.51 =
0.82%, respectively. In addition, the average Th/U
ratio of all of the granitic plutons is 6.02 + 4.63

(2) The widely distributed granitic plutons in western
Sichuan are characterized by a relatively broad range
of heat production values, 0.52-10.86 uW/m">. The
arithmetic mean for all of the plutons was calculated
to be 3.74 +2.15yW/m®, which is higher than that
of global Mesozoic—Cenozoic granites. The average
heat contributions of the U, Th, and K to the total
heat production are 39.3%, 49.7%, and 11%,
respectively

(3) The heat reservoirs of the granitic batholiths are
jointly controlled by the RHPR and outcrop area.
In general, the capacity to store heat increases as
the RHPR and outcrop surface increase. The Dong-
cuo pluton, which has an average RHPR of
2.73uW/m’, possess the largest heat reservoir of
382.88 x 10" J/a in the study area

(4) Based on the stratigraphic structure interpreted from
the deep seismic sounding profile in western
Sichuan, the crustal heat flow was estimated to be
48.3-56.2 mW/m?, among which the heat flow con-
tribution is dominated by the upper crust. The large
contribution (nearly half) of the crustal heat flow to
the regional background heat flow indicates that the
radiogenic heat from the granitoids is an important
heat source for the thermal anomaly and thus for
the high-temperature geothermal resources in the
study area

This study focused on the widely distributed granitoids
in western Sichuan, which is one of the areas rich in high-
temperature geothermal resources in China, and the thermal
contribution of the granitoids to the formation of the high-
temperature geothermal resources was investigated. The
results of this study highlight that the granitoids serve as
an important heat source. The results of this study provide
an important supplement to the existing research on the
heat source and genesis of the high-temperature geothermal
resources conducted using various geochemical and geo-
physical methods. Combined with the previous results, this
study indicates that western Sichuan is characterized by
multiple heat sources. However, fundamental geothermal
investigations in this area remain scarce, including the
high-quality heat flow determinations and thermal structure
studies. The lack of these key data makes it difficult to quan-
titatively assess the heat contribution of each heat source,
hindering the obtainment of an in-depth understanding of
the origin of the high-temperature geothermal resources.
In future studies, more efforts should be made to increase
basic knowledge and investigations, such as borehole-
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temperature logs, thermophysical parameter tests, heat flow
determination, and deep thermal regime analysis.
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