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Abstract: It is common sense that a deeper well implies higher temperature in the exploration of deep geothermal
resources, especially with hot dry rock (HDR) geothermal resources, which are generally exploited in terms of enhanced
geothermal systems (EGS). However, temperature is always different even at the same depth in the upper crust due to
different heat sources. This paper summarizes the heat sources and classifies them into two types and five sub-types: crust-
origin (partial melting, non-magma-generated tectonic events and radiogenic heat production), and mantle-origin (magma
and heat conducted from the mantle). A review of global EGS sites is presented related to the five sub-types of heat sources.
According to our new catalog, 71% of EGS sites host mantle-origin heat sources. The temperature logging curves indicate
that EGS sites which host mantle-origin magma heat sources have the highest temperature. Therefore, high heat flow (>100
mW/m?) regions with mantle-origin magma heat sources should be highlighted for the future exploration of EGS. The
principle to identify the heat source is elucidated by applying geophysical and geochemical methods including noble gas
isotope geochemistry and lithospheric thermal structure analysis. This analytical work will be helpful for the future

exploration and assessment of HDR geothermal resources.
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1 Introduction

Geothermal energy emanates from the interior of the
earth. The heat source is mainly composed of residual
mantle heat and the radiogenic heat in the crust (Wang,
2015). It has the advantages of great amount, constancy
and cleanliness. Its utilization is almost carbon dioxide
(CO,) emission-free, which makes it very popular in the
new era to access the target to peak CO,emissions and
achieve carbon neutrality. Actually, in the past 20 years,
global geothermal power generation and direct use have
developed very fast, with the installed global capacity
reaching 15950.46 MWe and 107727 MWt in 2019
(Huttrer, 2020; Lund and Toth, 2020).

With the increment of total geothermal energy
consumption, large-scale geothermal fields are more and
more used. Meanwhile, deeper geothermal energy is
gradually targeted, with deep hot dry rock (HDR)
geothermal resources regarded as the future of geothermal
energy. It is estimated that in the USA, the extractable
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portion of HDR geothermal energy exceeds 200,000
exajoules (EJ) or about 2,000 times the annual
consumption of primary energy in the USA in 2005
(Tester et al., 2006), whereas in China, the extractable
portion is more than 410,000 EJ or about 4,400 times the
consumption of primary energy in China in 2010 (Wang et
al., 2012a). Naturally, the question emerges for the
exploitation of HDR geothermal energy, where is it and
how is the heat accumulated?

Generally, scientists think that it will be hot enough or
there will be HDR geothermal energy as long as we drill
deeply enough. However, the depth is constrained by the
economics, and thus, we have to find economical HDR
geothermal reservoirs at shallow depth. At the same depth,
we should find a higher temperature region. The success in
exploiting high-temperature HDR geothermal energy
depends on a comprehensive understanding of the
geological structures (Huang and Liu, 2010; Moeck, 2014;
Tomac and Sauter, 2018; Jolie et al., 2021). Therefore, all
factors from the geological viewpoint should be attached
importance, including heat sources, heat flow patterns,
fractures and faults, fluid flow patterns and properties of
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geological formations (Jolie et al., 2021). In the early stage
of HDR geothermal energy exploration, heat sources and
heat flow pattern should first be identified because they
help in targeting the high-temperature zone. In addition,
the rock types should be considered, keeping in mind that
geothermal reservoirs can be hosted in multiple rock types
with different thermal properties. Finally, faults also play a
key role in the transportation of fluid and heat (Kong et
al., 2020b; Pan et al., 2021), and many high-temperature
geothermal systems reside in fault interaction zones (Jolie
et al., 2021). Among all the above-mentioned factors, heat
sources have a fundamental influence on the distribution
of subsurface temperature, whether the geothermal system
has high-temperature or not. For example, most of the
high-temperature geothermal systems are located in
volcanic provinces, since magmatism is an efficient way
to transfer heat (Jolie et al., 2021). Therefore, the
identification of heat sources is a crucial step in the
exploration of HDR geothermal energy. In other words,
the regions that have excellent heat sources should be
highlighted, and the primary scientific question turns to
look for the heat sources.

In the past 40 years of HDR exploration, more than 30
HDR or enhanced geothermal systems (EGS) projects
have been done within a depth less than 5 km and
temperature between 150°C and 400°C (Breede et al.,
2013; Kumari and Ranjith, 2019). Nevertheless, at least to
our knowledge, no publications have systematically
discussed the heat sources of HDR, and, instead, most
attention has been paid to the technological issues in
hydraulic fracturing.

Previous work has focussed on the cataloging of
geothermal play types based on geologic controls. For
example, Moeck (2014) divided the geothermal play into
two types: convection-dominated, and conduction
dominated; he further created sub-catalogs based on the
existence of a magma heat source. In addition, this and
other work reviewed the heat sources that might contribute
to a typical geothermal field (Moeck, 2014; Wang, 2015),
all of which led us to the idea of making a new catalog on
HDR geothermal systems based on heat sources.

In this work, we will classify heat sources into two
types (with 5 sub-types) and attribute the known HDR/
EGS projects to the heat sources. Then we will discuss
how to identify the heat source to provide a reference for
the future exploration of HDR geothermal resources.

2 Catalog based on Heat Sources

The common heat sources on the earth are magma,
radiogenic heat production, volcanos, tectonic events, etc.,
but these sources are sometimes ‘concept-crossed’, which
makes it difficult to make a classification. A new catalog
should be clear and easy to use, providing new help for the
exploration of HDR geothermal resources. Actually,
different heat sources always have different behaviors
affecting the heat transfer and thus have different
temperature logging curves.

We correlated five typical borehole temperature logging
curves from global EGS projects with different heat
sources, as shown in Fig. 1. The graph shows that the
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Fig. 1. Temperature logging curves of EGS projects with dif-
ferent heat sources at the typical sites of Soultz (Tenzer et al.,
2010), Desert Peak (Robertson-Tait et al., 2005), Gonghe
(Zhang, 2019), Northwest Geysers (Garcia et al., 2012), and
Cooper Basin (Hogarth and Bour, 2015).

Northwest Geysers EGS project in the USA with a mantle-
origin magmatic heat source has a sudden change of
temperature (Garcia et al., 2012); the Cooper Basin EGS
project in the central Australia, with a heat source from
radiogenic heat production illustrates a typical conductive
feature of an oblique line (Hogarth and Bour, 2015); the
Gonghe EGS project in NE Qinghai-Tibet (e.g. Zhang et
al., 2018), has a similar conductive feature but with a
sudden change of temperature, with heat sources from
partial melting in the crust, radiogenic heat production and
heat conducted from the mantle (Zhang, 2019; Kong et al.,
2020a); the Desert Peak EGS project in the Nevada, USA,
with a major heat source of tectonic events, shows a
typical convective feature of a low temperature gradient in
the geothermal reservoir (Robertson-Tait et al., 2005); and
the Soultz EGS project in France has a major heat source
conducted from the mantle and the radiogenic heat
production has a lower temperature gradient than other
projects (Tenzer et al., 2010). This means that a catalog
based on heat sources can help us understand the heat
transfer processes and provide guidance for future
exploration and resources assessment of HDR.

Therefore, in contrast to a previous catalog based on the
geological control (e.g., Moeck, 2014), we make one
catalog based only on heat sources. The two major types
of heat sources are crust-origin and mantle-origin. We
present sub-types below.

2.1 Crust-origin
This type includes three sub-types of partial melting,
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non-magma-generated tectonic events, and radiogenic heat
production (Fig. 2).

2.1.1 Partial melting

Magma is the molten rock beneath the earth’s crust.
While most of the magma stays in the mantle, some can
also be generated in the crust by the friction induced by
tectonic events, including isothermal decompression after
plate collision, crustal deformation, and large fault activity
(Fig. 2a). The heat can be conducted from the magma/
partial melting to an upper reservoir to form HDR
geothermal resources that might be exploited. As heat
conduction declines with time, the magma’s magnitude,
temperature, depth, and formation time become the most
important parameters to identify whether it will serve as
the heat source of geothermal resources.

2.1.2 Non-magma-generated tectonic events

Some tectonic events do not generate enough heat to
form magma or even partial melting (Fig. 2b), but still
contribute to the formation of geothermal energy. The
younger and stronger the tectonic event, the more
contribution will be done. However, these kinds of friction
always contribute little to the total heat budget.

2.1.3 Radiogenic heat production

Heat can be generated by the decay of radioactive
isotopes, including uranium, thorium, potassium, and their
daughter nuclides (Fig. 2c). These isotopes are enriched in
the upper crust, especially in granitic rocks. This is one of
the reasons that most HDR geothermal resources are
extracted from granite (see Table 1).

2.2 Mantle-origin
This type is further classified into two sub-types of
magma based on heat conducted from the mantle (Fig. 3).
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2.2.1 Magma

Magma can be found in various settings, including plate
collision zones, subduction zones, continental rift zones,
mid-ocean ridges, and hotspots (Fig. 3a). Following the
ascent of the magma, it might feed a volcano to be
extruded as lava, solidify underground to form an
intrusion, or stay as hot spots reaching shallower depth
(McBirney and Noyes, 1979). All the magmas mentioned
earlier might heat the rock around them. As with the
magma heat source in the crust, the magnitude,
temperature, depth, and formation time of the magma are
very important parameters in determining the heat
resource amount. That is why the heat conducted from a
Cenozoic volcano is attached importance, whereas the
older volcanos are generally considered to contribute little
heat now to modern geothermal reservoirs.

2.2.2 Heat conducted from the mantle

In some of the rift systems or basins, there are no
magma intrusion events that contribute to the heat
accumulation, and even the faults are too old to generate
the heat. However, the geothermal resources are still there
due to the thin crust or low Moho surface, where the heat
can be conducted from the mantle (Fig. 3b).

3 Global EGS Projects Attributed to the Heat Source
Catalog

The EGS is an artificial system to explore the
geothermal energy from an HDR or low permeability
reservoir. While the HDR geothermal resources with no
fluid circulation or hydrothermal alteration events are
quite few, we instead archive here the EGS worldwide and
differentiate them based on the heat sources catalog built
in this work.

A total of 35 EGS projects around the world were
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Fig. 2. Crust-origin heat sources: (a) partial melting; (b) non-magma-generated tectonic events; (c) radiogenic heat production.
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Fig. 3. Mantle-origin heat sources: (a) magma mantle plume and Cenozoic volcano; (b) non-magma heat conducted from the

mantle.
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considered and classified to create the new catalog, as
shown in Fig. 4. We collect the heat flow, reservoir
temperature, well depth, rock type and heat source data at
each EGS site, and add them to our new catalog system
(Table 1). It is already known that all EGS projects have
heat sources of radiogenic heat production in the crust and
heat conducted from the mantle, but these sources may
contribute little to the total heat budget. Thus, we only list
the important or major heat sources when assigning them
for each project. Because each project could have several
major heat sources, we sequence them by order of heat
contribution. For example, at the Nesjavellir site in Iceland
(Flévenz and Saemundsson, 1993), the mantle-origin
magma is the most important heat source, with the other
major source being radiogenic heat production. Thus, in
Table 1, we list them in the order of mantle-origin magma
and radiogenic heat production.

Using statistics from the 35 projects, there are nine host

crust-origin heat source (1 partial melting; 5 non-magma-
generated tectonic events; and 3 radiogenic heat
production), 25 host mantle-origin heat source (11
magma; 14 non-magma heat conducted from the mantle),
and one was not determined due to lack of data. The 25
major reservoirs are granite, and the rest are sandstone and
metamorphic rocks.

4 Implications for Hot Dry Rock Exploration

The most important target is to identify potential HDR
sites based on analysis of heat sources. Differences in the
heat sources might lead to different ways in geological,
geophysical and geochemical exploration. In addition, heat
source identification is very helpful in geodynamic
research. So, where should the HDR target be? And how
to identify the heat sources? In this section, we will try to
answer these questions.

Table 1 Catalog with statistics of 35 enhanced geothermal systems worldwide

Reservoir
. Heat flow Well Heat
No. EGS site Country (mW, /mz) tem]()f(r;;ture depth (m) Rock type source Reference
1 Cooper Basin Australia 100 242-278 4421 Granite 3 Majer et al., 2007; Hogarth and Bour, 2015;
2 Paralana Australia 100 171 4003 Metasediments, granite 3 Petratherm, 2012
3 Altheim Austria \ 106 2165-2306 Limestone 2,3, 5 Pernecker and Ruhland, 1996
4 Yilan China 108.8 \ \ Shale and sandstone 4,3 Chan etal., 2018; Fuchs, 2021
5 Gonghe China 102.2 180 2886 Granite 1, 3,2 Zhang, 2019
. Kappelmeyer, 1967; Gable, 1980; Lucazeau et
6 Soultz France 190-167 165 5093 Granite 53 al., 1991: Tester et al., 2006
7 Bouillante France 100101 250-260 1000-2500 Volcanic lavas and tuffs 4,3 Dertini etal, 2006; Manga etal,, 2012;
Raguenel et al., 2019;
Genesys Germany 77 160 3900 Bunter sandstone 5,3 Zimmermann et al., 2009
Hannover
9 GroB Schénebeck ~Germany 75 145 4309 Sandm’i‘slzzgizndesmc 5,3 Norden et al., 2008; Zimmermann et al., 2009
10 Mauerstetten Germany 64 130 4545 Limestone 5,3 Cermak, 1979; Schrage et al., 2012
11 Bruchsal Germany 110 123 1874-2542 Bunter sandstone 5,3 KIT, 2013; Genter et al, 2016
12 Landau Germany  111-139 159 3170-3300 Gramt:;gg?t’s;‘::es and 5 3 Cermak, 1979; Lacirignola and Blanc, 2013
13 Insheim Germany \ 165 3600-3800 Sandstone, granite 5,3 Breedeetal., 2013
14 Neustadt Glewe  Germany 52 99 2320 Sandstone 5,3 Stober, 2011; Fuchs, 2021
15 Unterhaching Germany 75 123 3350-3580 Limestone 5,3 Cermak, 1979; Wolfgramm, 2007
16 Genesys Germany 73.77 150 3800 Sandstone 5.3 Schrage et al., 2012; Jung et al., 2019; Fuchs,
Horstberg 2021
17 Bad Urach Germany 86 143-170 3334-4445 Gneiss \  Tenzer et al., 2000
18  Rittershoffen Germany \ \ \ \ 53
19 Nesjavellir Iceland 159-170 \ \ \ 4,3 Flovenz and Saemundsson, 1993
20 Lardarello Ttaly 242-574 300-350 25004000 Metamorphic rocks 4,3 Boldizsar, 1963; Minissale, 1991
21 Hijiori Japan 11232 12?5; 190 1805-1910 Granodiorite 4,3 Sasaki, 1998
22 Ogachi Japan 120-140 60-228  400-1100 Granodiorite 4,3 Kaiedaetal., 2010
23 Pohong South Korea ~ 90-100 140 \ Granodiorite 5,3 Leeetal,2011
24 Fjallbacka Sweden <65 16 70-500 Granite 5 Portier et al., 2007
25 St. Gallen Switzerland \ 130-150 4450 Malm, shell limestone 2,5 Omodeo-Salé et al., 2020; Fuchs, 2021
26 Basel Switzerland 80-100 190-200 5000 Granite 5,3 Ladner and Héring, 2009
27 Rosemanowes UK 120 79-100  2000-2600 Granite 3 Tester etal., 2006
28 Berlin USA \ 183 2000-2380 Volcanic rocks 4,3 Monterrosa and Santos, 2013
29 Coso USA 83-196 >300  2430-2956 Diorite granodiorite granite 4,3 Combs, 1980; Rose et al., 2014
30 Desert Peak USA 422 179-196 1067 Volcanic arrl(()icxlzlsetamorphlc 2.3.5 2Bé:;czkwell and Richards, 2004; Chabora et al.,
31 Newberry USA 2214 315 3066 Volcanic rocks 4,3 Fittermann, 1988; Blackwell and Richards, 2004
32 NW Geysers USA 150 ~400 3396 Metasedimentary rocks 4,3 Romero et al., 1995; Garcia et al., 2012
33 Fenton Hill USA 130-200 200-327 2932-4390 Crystalline rock 4,3 Brown, 2009
34 Raft River USA 150 140 \ Granite 2,3 Bradford et al., 2013; Fuchs, 2021
35 Bradys Hot USA 99-247 \ \ Rhyolite, metamorphic '3 ‘5 g1,k well and Richards, 2004
Spring substrate

Heat source 1-5 = crustal partial melting, non-magma-generated tectonic events, radiogenic heat production, mantle-origin magma, and heat conducted from the

mantle, respectively
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Fig. 4. EGS projects on the global heat flow map (EGS sites are marked by different colors to show their heat source).

Heat flow map modified from Lucazeau (2019).

4.1 Finding the HDR target

Based on the new catalog, we can find that most (71%)
of the EGS projects have dominant heat sources of mantle-
origin plus radiogenic heat production. And, as mentioned,
EGS projects with a heat source of magma in the mantle
have the highest temperature. Therefore, the primary type
for EGS exploration is magma in the mantle domain type.
For this type, the exploration target should focus on the
magma’s magnitude, temperature, depth, and formation
time. For example, Northwest Geysers in California, one
of the successful EGS sites, has a major heat source of
mantle-origin magma. The temperature of the magma
chamber is higher than 700°C, and the depth to the top of
the magma chamber is 5000 m (Peacock et al., 2019). This
high-quality heat source is the key point for implementing
successful EGS projects, but it should be noted that there
might be exceptions: the regions near the Cenozoic
volcanos can have lower temperatures than expected. For
example, in the Changbaishan volcano of northeastern
China, the geo-temperature at a depth of 4000 m is less
than 150°C where the Cenozoic volcano exists (Pang et
al., 2020). The secondary target type is the crust-origin
heat source system. The exploration target should pay
attention to thick crust with high radiogenic heat
production rate. Nevertheless, from the experience of
previous successful EGS projects, it is hard to conduct
hydraulic stimulation at EGS sites with a major heat
source of radiogenic heat production because of the thick
crust. In comparison, EGS projects with large-scale faults
in rift systems (e.g., Soultz, Desert Peak, and Geysers) are
usually successful.

The index of heat flow data, temperature gradient, and
heat production rate should be highlighted in the
exploration of HDR. Considering together Fig. 4 and
Table 1, we can find that:

(1) All EGS projects have a heat flow over 52 mW/m?,

and 83% of them are higher than 100 mW/m?;

(2) EGS projects with a mantle-origin magma heat
source are mainly located in the Circum-Pacific and
Atlantic mid-ocean ridge geothermal belts. This type has
high heat flow from 83 to 574 mW/m” and most of them
are higher than 100 mW/m?;

(3) EGS projects with a major heat source of heat
conducted from the mantle are distributed on the boundary
of a plate; exactly, they are located in the Rhineland
graben and Sweden. This type has heat flow from 52 to
190 mW/m?, and many are less than 100 mW/m?;

(4) EGS sites with major heat source generated from
tectonic events are also on the edge of plates, but have a
higher heat flow than 99 mW/m?;

(5) EGS sites that host major heat sources of radiogenic
heat production are all inside a ]é)late, and their heat flows
are between 100 and 120 mW/m~;

(6) Only the Gonghe Basin hosts a crustal partial
melting heat source with heat flow of 102.2 mW/m?
which is derived from the unique tectonic events of the
Tibet Plateau.

Therefore, heat flow with values higher than 100 mW/
m? should especially be focused upon. Further, as most of
the EGS reservoirs are granites, such kinds of reservoirs
should be given prime attention.

4.2 Identification of the heat source

Heat sources can be identified based on many methods,
including geophysical, geochemical and geological
technologies. In terms of the heat source catalog in this
paper, we briefly introduce the geophysical and
geochemical methods, with more attention to noble gas
geochemistry and lithospheric thermal structure analysis,
which can lead to the identification of the crust or mantle
origin. All methods will be introduced with cases from the
EGS projects in section 3.
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4.2.1 Geophysical methods

Geophysical investigations play an important role in
advancing our understanding of the lithospheric
transformation, crustal and mantle structure (Le Pape et
al., 2012; Gao et al., 2013, 2020a, b; Zhang et al., 2020).
Generally, geophysical investigations are often used to
identify magma heat source in the exploration of
geothermal resources (Huang et al., 2015; Gao et al,
2020a, b; Pan et al., 2021). It should be noted that a better
understanding of geological structure helps to interpret
geophysical data. Herein, we summarize briefly the
geophysical features of magma heat sources.

The low resistivity and low-velocity zones detected by
geophysical methods are usually interpreted as magma
chamber, partial melt zone, aqueous fluid and crustal shear
zones (Wei et al., 2001; Hacker et al., 2014; Huang et al.,
2015; Wang et al., 2016; Gao et al., 2020b). For example,
Gao et al. (2020b) interpreted the low resistivity zones (<3
Q-m) in the middle crust of the Gonghe Basin as partial
melt zones. Huang et al. (2015) interpreted the low
velocity zones (>5% P-wave velocity reduction) beneath
Yellowstone National Park as magma reservoirs.
Furthermore, the melt fraction can be estimated using a
resistivity model and P-wave and S-wave velocity models
(Le Pape et al., 2012; Huang et al., 2015; Gao et al.,
2020b). It should be noted that limits of resistivities and
velocities to constrain magma heat sources are variable in
different regions. Therefore, we should integrate
geological and geochemical evidence to make
comprehensive conclusions.

4.2.2 Geochemical methods

Volcanic rocks and entrained xenoliths can provide
important information about the thermal regime of the
crust and upper mantle (Wang et al., 2012b, 2016). Wang
et al. (2016) calculated zircon saturation temperatures for
magmatic rocks in central and northern Tibet and
interpreted the Songpan—Ganzi—central Kunlun rhyolites
as being generated by dehydration partial melting of the
middle to lower crust at depths of 16—50 km during 9.0—
1.5 Ma.

Fluids play a key role in the transportation of heat and
mass (Menzies et al., 2014; Jiang et al., 2018; Pan et al.,
2021) and provide important information on the heat
sources and genesis of geothermal systems (Guo, 2012;
Jiang et al., 2019b; Kong et al., 2020b; Pan et al., 2021).
The input of magmatic fluids can influence the
geochemistry of geothermal fluids in high-temperature
geothermal systems with magma heat sources (Guo, 2012,
2020; Guo et al., 2019; Pan et al., 2021). Generally, these
geothermal fluids often have high Cl, trace elements, such
as B, As, Li, Rb, and Cs concentrations as in e.g.,
Yangbajing, Tengchong Rehai and Yellowstone National
Park (Truesdell and Fournier, 1976; Guo, 2012, 2020; Guo
et al., 2019), and H, 0 isotope values due to the effects
of magmatic volatiles (Liu et al., 2019; Pan et al., 2021).

Noble gas isotope geochemistry can provide heat source
analysis by revealing deep fluid origin. As a noble gas,
helium is an excellent natural tracer for fluid migration
and identifying mantle-derived volatiles (Hoke et al.,
2000; Klemperer et al., 2013). Moreover, gas isotopic

compositions (e.g., *He/*He) respond quickly to tectonic
and magmatic processes (Sano et al., 2014; Zhang et al.,
2021). "He is mainly produced within the mantle and is
associated with mantle heat flux, while “He, which is a
decay product of U and Th, is mainly concentrated in the
continental crust (O’Nions and Oxburgh, 1988). The
SHe/*He ratio of the crust and mantle is 0.02 Ra and 8 Ra,
respectively (Ra is the atmospheric *He/*He ratio = 1.382
x 107% Sano and Wakita, 1985). Thus, helium isotopes
can provide evidence for determining the heat flux, which
is mainly generated from the crust or mantle. We
considered the noble gas isotopes data from the Gonghe
Basin and Geysers Basin to illustrate the apylication of He
isotopes; these data are shown in Table 2. “He/*’Ne ratios
are used to estimate the content of air contamination; we
plotted all gas samples in a *He/*He vs. *He/*’Ne diagram
(Fig. 5). As shown in Fig. 5 and Table 2, the He ratios of
all samples in the Gonghe Basin range from 0.01 Ra to
0.18 Ra, indicating that the helium in this basin is mainly
from a crustal source. The mantle magmatic ‘He
signatures have largely been obliterated because they
account for no more than 5%, implying that the heat is
primarily from the crust. However, the He ratios of gas
samples in the Geysers Basin range from 6.7 Ra to 9.5 Ra,
indicating that the helium there is mainly from a mantle
source. Therefore, the heat in the Geysers Basin was
mainly generated from the mantle together with other
evidence.

4.2.3 Lithospheric thermal structure analysis

Lithospheric thermal structure refers to the ratio of heat
flow in the crust (¢.) and mantle (¢.,), as well as the
temperature distribution of the lithosphere (Blackwell,
1971; Rudnick et al., 1998). Terrestrial heat flow (gq)
reflects the combination of heat within the crust and
mantle, and thus, is a key parameter to estimate the
lithospheric thermal structure (Balling, 1995; Davies and
Davies, 2010; Zhang et al., 2018; Jiang et al., 2019a; Feng
et al., 2019). Based on Fourier’s Law, terrestrial heat flow
can be calculated by the following equation (Roy et al.,
2008):

or
fr— k—
1%z

where k kis the thermal conductivity of rock samples, 7 is
temperature, and Z is depth.

Therefore, terrestrial heat flow can be determined from
the continuous borehole temperature logs and rocks
thermal conductivity data (Zhang et al., 2018). Taking the
Gonghe Basin as an example, we introduce the principle
of lithospheric thermal structure analysis for heat source
identification. Based on the temperature logging results,
the average temperature gradient of the basement granite
from the Gonghe Basin (41.5 °C/km) is obtained (Zhang
et al., 2018). With thermal conductivity values at the same
depth (2.21-3.03 W/(m-'K)), terrestrial heat flow can be
calculated (Zhang, 2019). The average heat flow of the
Gonghe Basin is 102.2 mW/m? (Zhang et al., 2018, 2020).
Based on the average heat flow, the lithospheric thermal
structures of the Gonghe Basin were revealed by the
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Fig. 5. Principles of noble gas isotope geochemistry in identi-
fying the heat sources, with examples from the Gonghe Basin
and Geysers Basin.

Table 2 Measured chemical parameters of noble gases in
the Gonghe Basin and Geysers Basin

Sample Sites *He/*"Ne R/Ra References
29 0.041
2.34 0.180
Gonghe 44991 0018 Pan et al., 2021
103.08 0.027
2.3 6.9
Gevsers 28 9.5 Torgerson and
4 29 8.8 Jenkins, 1982
498 6.7
Depth (km) Stratigraphic column model
0 , BB mW/m’*
1ok ’ 33 mW/m’ )
J |
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20— |
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Fig. 6. Lithospheric thermal structure analysis: the contri-
butions of heat production (mW/m?) from individual heat
source to the terrestrial heat flow in the Gonghe Basin
(modified after Zhang et al., 2020 and Pan et al., 2021).

crustal heat flow (¢.) and mantle heat flow (¢g,). The g, and
¢m values are calculated by the ‘stripped-back’ method based
on the surface heat flow, radiogenic heat production rate and
thickness of crustal layering (Majorowicz, 1979). The heat
production of the crustal sections is 48.3 mW/m?” which
accounts for 47.3% of the terrestrial heat flow. Furthermore,
by applying terrestrial heat flow analysis, Zhang et al. (2020)
suggested that the regional mantle heat flow was 27 mW/m?.
The sum of the heat production of the crust and the mantle
heat flow is 75.3 mW/m?® which is not matched by the
average heat flow of the Gonghe Basin (102.2 mW/m?).
Thus, there should be an additional heat source, which is
approximately 27 mW/m® (Zhang et al, 2020) and
confirmed by the geochemical and geophysical data as
partial melting, as shown in Fig. 6 (Zhang et al., 2020; Pan et
al., 2021).

5 Conclusions

We made a new catalog of 35 global Enhanced
Geothermal Systems based on two major heat source types
of crust-origin and mantle-origin. The former type
includes three sub-types of partial melting, non-magma-
generated tectonic events, and radiogenic heat production,
whereas the latter type includes two sub-types of magma
and heat conducted from the mantle. From this
classification perspective, we find that 25 EGS projects
host mantle-origin heat sources, while only nine EGS
projects host crust-origin heat sources among the total
EGS projects.

EGS projects with a heat source of magma in the mantle
have the highest temperature and high heat flow
background, and thus, this heat source type should be
regarded as the primary highlight for exploration and
development. Then for the crustal heat source region, high
radiogenic heat production rate and recent tectonic events
turn out to be very important in searching for an
exploitation target.

Finally, we have shown how to identify the heat sources
based on geophysical and geochemical methods, including
noble gas isotope geochemistry and lithospheric thermal
structure analysis.

The new catalog is clear and easy to be used and will be
helpful in the future exploration and resources assessment
of HDR geothermal resources.
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