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Abstract 

A Curie surface indicates the distribution of the thermal fields underground, providing a clear marker for the thermo-
dynamic effect in the crust and mantle. In this paper, based on a geomagnetic field model (NGDC-720) and aeromag-
netic data, we use power spectrum analysis of magnetic anomalies to estimate the Curie surface in Yunnan Province, 
China, and its adjacent areas. By combining the distribution of the Curie surface with regional heat flow, the geo-
thermal gradient, crustal wave velocity ratio anomalies, high-conductivity layer anomalies, and the Moho surface, we 
reveal the connection between the undulation of the magnetic basement and the crustal structures. The results indi-
cate that the uplift and depression of the Curie surface in the research area are distinct. The Curie surface is approxi-
mately inversely correlated to the surface heat flow. The Lijiang-Jianchuan-Baoshan-Tengchong and Jianchuan- Chux-
iong- Kunming-Yuxi zones are two Curie surface uplift zones, and their crust-mantle heat flows are relatively high. The 
Curie surface uplift zone along the Lijiang-Xiaojinhe fault and Red River fault is consistent with the heading direction 
of the fault zone and is partially in agreement with the eastward mass flow of the Tibetan Plateau. The Curie surface 
uplift zone is consistent with the high wave velocity ratio and high-conductivity layer anomaly region of the crust. The 
depth of the Curie surface is less than the depth of the Moho surface.
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Introduction
The Earth’s lithospheric magnetic field originates from 
the magnetism of rocks in the crust and upper mantle 
with a temperature lower than the Curie point (approxi-
mately 580  °C). Due to the difference in the magnetiza-
tion characteristics of rocks and tectonic evolution, the 
lithospheric magnetic field carries important information 
about the composition of the crustal matter and tectonic 
evolution (Gao et al. 2013; Thébault et al. 2010; Xu 2009).

A Curie point isothermal surface (called a Curie sur-
face) is created by ferromagnetic minerals in crustal 
rocks becoming a paramagnetic interface when the 

temperature reaches the Curie point. A Curie surface is 
not only the lower interface of the magnetic crustal thick-
ness but also an important thermodynamic interface 
inside the Earth. The Curie surface varies from region 
to region, mainly depending on the regional geology, the 
geothermal flow, and the mineral content in rock (Bilim 
et  al. 2016; Gao et  al. 2019; İbrahim et  al. 2005; Manea 
and Manea 2011; Salazar et  al. 2017; Yury et  al. 2018). 
Studies of the Curie surface can reflect the deep struc-
tures of a magnetic substance and improve the under-
standing of regional geological tectonics and evolution 
(Rajaram et al. 2009). In addition, the Curie surface can 
provide valuable insight into the assessment of geother-
mal energy, oil, gas, and mineral resources, as well as 
the exploration of seismic origin (Nyabeze and Gwavava 
2016; Utada et al. 2000; Zhang et al. 2017).
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Estimating the Curie surface is mainly based on geo-
thermal and magnetic field methods (Eppelbaum and 
Pilchin 2006; Hamed and Nabi 2012). The geothermal 
method is based on geothermal data of terrestrial heat 
flow, geothermal gradients, and thermal conductivity. Its 
disadvantage is that it cannot directly measure the geo-
thermal parameters at a relatively large depth (Gao et al. 
2017, 2018; Tanaka et  al. 1999). There are many factors 
that affect the depth of a Curie surface, including the 
surface heat flow, the geothermal gradient, the rock heat 
generation rate, mantle heat flow, fault activity, and the 
composition of rock physical properties. However, regard-
less of how the aforementioned parameters change, the 
undulation of the magnetic interface is always reflected 
in the magnetic anomaly data. Therefore, the most com-
mon and easily obtained aeromagnetic anomaly or satel-
lite magnetic anomaly data are usually used to calculate 
the Curie surface (Rajaram et al. 2009; Ravat et al. 2007).

The traditional computation method of the Curie sur-
face uses aeromagnetic measurement data. However, 
these data are susceptible to various sources of errors, 
such as navigational and/or altimetric mislocation and 
the improper removal of regional and external fields. If 
regional fields are not removed properly and consist-
ently from individual surveys, it will be difficult to com-
pile a unitive and high-quality magnetic anomaly map 
of a large area. Aeromagnetic surveys are often flown at 
relatively low heights; thus, the magnetic fields caused by 
the surface sources suppress the signals coming from the 
deep crust (Abramova et  al. 2013). This suggests that a 
well-built and statistically validated model (e.g., NGDC-
720-v3) is better for studying the deep basement (e.g., 
estimating a lower boundary of the magnetic layer in the 
crust) than aeromagnetic data compiled from different 
sources (Arnaiz-Rodríguez and Orihuela 2013; Gao et al. 
2015a).

Since the 1980s, the application of satellite magnetic 
survey data to estimate the Curie surface has substan-
tially progressed (Mayhew 1982; Purucker et  al. 1998; 
Purucker and Clark 2011). Based on the equivalent mag-
netic dipole method, Maule et  al. (2005) used the lith-
ospheric magnetic field model of the CHAMP satellite 
magnetic surveys (MF3 and MF5) to calculate the depth 
of the Curie surface for Australia, Antarctica, and Green-
land, as well as estimate the density of the terrestrial 
heat flow. Rajaram et  al. (2009) used the MF5 model to 
calculate the distribution of the Curie surface under the 
Indian subcontinent, which has the same variation trend 
as the Curie surface obtained using aeromagnetic anom-
aly data and agrees with the tectonic trend of the main 
geotectonic units of the Indian subcontinent. The satel-
lite magnetic anomaly is a long-wavelength anomaly and 
reflects the magnetic distribution for the rocks on the 

top of the lower crust and upper mantle. Therefore, we 
can only give the large-scale variation trend for a Curie 
surface estimated using the satellite magnetic anomaly 
because it does not reflect the undulating features of the 
local Curie surface. With progress in satellite magnetic 
survey and data processing techniques, the application of 
a high-order magnetic field model constructed using sat-
ellite, aviation, ocean, and ground surface magnetic sur-
vey data has recently provided very good estimates of the 
Curie surface (Arnaiz-Rodríguez and Orihuela 2013; Gao 
et al. 2015b, c; Salazar et al. 2017).

Yunnan Province and its adjacent area are located 
on the southeastern Tibetan Plateau, and the region is 
a marginal zone for the convergence and interaction 
between the Eurasian and Indian plates (Fig.  1) (Chang 
et al. 2015; Xu et al. 2013; Xue et al. 2017). In this region, 
the geological structure is complicated, and the trans-
verse inhomogeneity of the medium is strong. Moreover, 
intense earthquakes have frequently occurred. Studies on 
earthquakes, telluric electromagnetic sounding, and sur-
face heat flow indicate that the low crustal wave veloc-
ity layer, high-conductivity layer, high wave velocity ratio 
and high heat flow region are universally present in the 
Yunnan area (Hu et al. 2018; Wang et al. 2017; Wen et al. 
2019). The characteristics of the crustal layer revealed by 
these geophysical methods are all related to the crustal 
thermal state. Investigations into the connection between 
the undulation of the Curie surface and crustal structures 
are important for an in-depth understanding of the geo-
logical tectonics and geodynamic process, as well as for 
an exploration of seismic origin (Manea and Manea 2011; 
Ravat et al. 2007; Saada 2016).

In this paper, according to the magnetic field model 
called NGDC-720 established by combining data from 
satellite, marine, aeromagnetic, and ground magnetic sur-
veys (Maus et al. 2009; Maus 2010a, b), we calculate the 
Curie surface in Yunnan Province and its adjacent areas. 
Then, the relationship between the undulation of the mag-
netic basement and the crustal structures is elucidated, 
followed by a discussion of the terrestrial heat flow, geo-
thermal gradient, Moho surface, crustal high-conductivity 
layer, and seismic wave velocity ratio anomalies.

Research background
Yunnan Province and its adjacent area are located at the 
composite site of the Tethys-Himalaya tectonic domain 
and coastal Pacific tectonic domain. It is a frontier zone 
and a deep mass flow zone for the northeast-trending 
collisional extrusion of the Indian plate and Eurasian 
continent (Fig.  1) (She and Fu 2019; Xu et  al. 2013). 
From the perspective of plate tectonics, due to the col-
lision of the nearly SN-trending subducting Indian plate 
and Eurasian continent, the northern side of the Tibetan 
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Plateau is blocked by the Siberian platform. On the one 
hand, the crust of the plateau became thicker to absorb 
the strong compression action in the north–south direc-
tion. On the other hand, the crust exhibited a mass flow 
channel in the east–west direction (Burchfiel and Wang 
2003; Schoenbohm et al. 2006). In addition, the Sichuan 
Basin acted as a high strength block and obstructed the 
mass flow. Therefore, the eastward mass flow diverges 
toward the northeast and southeast directions. The 
research area is located in the southeastern region of the 
plateau that incorporates the important southeastward 
mass flow of the plateau. This area is key for investigating 

intracontinental deformation caused by the Indian-Eura-
sian plate collision and the dynamic process.

The intense orogeny and large-scale strike-slip fault 
activity make the geological structure in the research area 
very complicated, i.e., the complicated tectonic pattern of 
the Cenozoic orogenic zones in western Yunnan and San-
jiang and the central Yunnan subsidence basin. The deep 
large faults, including the Nujiang fault  (F1), Lancangjiang 
fault  (F2), Lijiang-Xiaojinhe fault  (F3), Red River fault  (F4), 
Xiaojiang fault  (F5), Kangding-Yiliang-Shuicheng fault  (F6) 
and Mile-Shizong-Shuicheng fault  (F7) from west to east, 
intertwine in the research area (Bai et  al. 2010). These 

Fig. 1 Topography and tectonics of Yunnan Province, China and its adjacent areas. The small map in the top right corner is modified from 
Gao et al. (2018). TC—Tengchong block, BS—Baoshan block, SM—Simao Block, MY—Middle Yunnan Block, EY—Eastern Yunnan Block, 
SC—South China Block.  F1—Nujiang Fault,  F2—Lancangjiang Fault,  F3—Lijiang–Xiaojinhe Fault,  F4—Red River Fault,  F5—Xiaojiang Fault,  F6—
Kangding-Yiliang-Shuicheng Fault,  F7—Mile–Shizong–Shuicheng Fault
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fault zones divide the tectonic units of the Yunnan area 
into the Tengchong block, Baoshan block, Simao block, 
Middle Yunnan block, and Eastern Yunnan block (Bai 
et al. 2010; Wang and Li 2015; Wen et al. 2017).

The Middle Yunnan block (also known as rhombic 
block) is confined by the Lijiang-Xiaojinhe fault  (F3), Red 
River fault  (F4), and Xiaojiang fault  (F5), representing the 
main part of the southeast extrusion of the Tibetan Pla-
teau. Its crustal deformation is mainly controlled by the 
boundary fault zone (Chen et al. 2000; Wang and Burch-
fiel 2000; Wang and Li 2015). The main structures of the 
Nujian(F1), Lancangjiang  (F2), and Red River  (F4) fault 
zones in western Yunnan are nearly south-north trend-
ing. This area is considered to be an important channel 
for the eastern flow of material on the Tibetan Plateau 
(Guan et  al. 2004; Replumaz and Tapponnler 2003; Shi 
et al. 2015). Belonging to the Bomi-Tengchong fold sys-
tem, the Tengchong block is a Cenozoic active volcanic 
area and is also a part of the Tengchong-Longling seismic 
belt (Wang et al. 2002). Located between the Nujiang  (F1) 
and Lancangjiang  (F2) faults, the Baoshan block narrows 
gradually from south to north. The Simao block between 
the Lancangjiang fault  (F2) and Red River fault  (F4) is a 
continuation of the northern part of the Indosinian 
block. The irregular boundary shape is related to Ceno-
zoic deformation and transformation (Leloup et al. 1995). 
The eastern part of the Xiaojiang fault  (F5) belongs to the 
Eastern Yunnan block, which is mainly influenced by the 
activity of the Xiaojiang fault  (F5) zone (Chen et al. 2013; 
Wang and Li 2015).

The research area is part of the southern segment of the 
southern and northern seismic zones of mainland China. 
Due to the influence of dual dynamic actions, including 
the eastward subduction of the Indian plate along the 
Yunnan-Burma arc and the lateral compression of the 
Tibetan Plateau block, intense earthquakes have been 
frequent; the internal seismic activity of this region is 
one of the strongest in mainland China (Zhang, 2013). 
The focal depth of most earthquakes is in the range of 
5–25 km, which is in the range of the upper and middle 
crusts. Studies on earthquakes and gravitational anoma-
lies indicate that near 28° N along the southeastern part 
of the Tibetan Plateau, the velocity of seismic waves is 
abnormal, and the crustal density has different character-
istics (Lou and Wang 2005; Shen et al. 2015).

The area west of the Lancangjiang fault  (F2) in western 
Yunnan Province is part of the Himalayan high geother-
mal zone, and it belongs to the subduction zone of the 
Myanmar-Andaman plate. It has the characteristics of an 
arc-type high geothermal zone and is a modern volcanic 
geothermal region with very active geological tecton-
ics (Hemant and Mitchell 2009). In particular, the Teng-
chong area, which has the most intense new tectonic 

movement, is also one of the regions with modern vol-
canic activity in China. The research area has many 
observation sites of heat flow because many studies of 
earthquakes and geothermal resources have been per-
formed in this area.

There are previous studies on the Curie surface of Yun-
nan Province and its adjacent areas. Shen et  al. (1986) 
used aeromagnetic data to estimate the Curie point depth 
in the area of the Kangdian continental rift valley belt. 
Xiong et  al. (2014, 2016) presented a map of the depth 
of the Curie surface in mainland China and analyzed the 
distribution characteristics of the magnetic basement. 
Although these studies cover the research area, the range 
of these studies is too large, and the measurements only 
reflect the rough trend of changes in the Curie surface. 
It is difficult to meticulously describe the undulation 
features of the Curie surface and its connection to the 
regional tectonics.

Since the 1980s, to study the geodynamic mechanism 
and strong continental seismic background in Yunnan 
Province and its adjacent areas, extensive geophysical 
observations and research of earthquake, gravity, and tel-
luric electromagnetic soundings have been conducted. 
Seismological exploration has revealed a stratified struc-
ture, seismic wave velocity anomaly, and Poisson’s ratio 
distribution of the crust (Wang et  al. 2002; Xue et  al. 
2017). The gravity method has been used to characterize 
the gravitational anomaly and nonuniformity character-
istics of the crustal density (Lou and Wang 2005; Shen 
et al. 2015). The telluric electromagnetic sounding profile 
has shown that the lower crust in this region is mainly 
a low-resistance layer (Bai et al. 2010; Cheng et al. 2015; 
Wang et  al. 2017). Generally, studies on geology, earth-
quakes, and crustal layer in this region have been very 
thorough, but studies that use a magnetic anomaly to 
estimate the Curie surface are still very insufficient. The 
aforementioned research results of geophysical methods 
provide useful reference information for investigating 
the Curie surface, lithospheric thermal state, and crustal 
structures.

Data and method
Magnetic data
According to the theory of the geomagnetic field poten-
tial function, the geomagnetic potential can be expressed 
as a spherical harmonic series:

where r, λ, and θ are radius, longitude, and lati-
tude, respectively, a is the average radius of the Earth 

(1)
U(r, θ , �) = a

N
∑

n=1

n
∑

m=0

(a

r

)

n+1

(gmn cosm�

+ hmn sinm�)Pm
n (cos θ),
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(6371.2 km), Pm
n (cos θ) are the Schmidt quasi-normalized 

associated Legendre functions of degree n and order m, 
gmn  and hmn  are spherical harmonic coefficients, and N is 
a truncation level. The geomagnetic potential function 
is differentiated in the spherical coordinate system to 
obtain 3 rectangular coordinate components of the geo-
magnetic field in the north direction X, the east direction 
Y, and the vertical direction Z, and the total geomagnetic 
field intensity F =

√
X2 + Y 2 + Z2 . In the spherical 

harmonic series of the geomagnetic field, the part with 
spherical harmonic orders n ≤ 15 is the core magnetic 
field, and that with n ≥ 16 is mainly the crustal magnetic 
field (Thébault et al. 2010).

In this paper, we use the NGDC-720 model to calculate 
the magnetic anomalies of the crust. In the calculation 
of the total crustal magnetic field intensity ΔF using the 
POMME-6.2 model, the total magnetic field F of orders 

n = 1–720 and the core main magnetic field Fm of orders 
n = 1–15 are calculated, and then, the core main mag-
netic field is subtracted from the total magnetic field to 
obtain the difference (ΔF = F − Fm), which is the crustal 
magnetic field ΔF.

To compare the difference between the crustal mag-
netic fields calculated by the model and the aeromag-
netic anomalies, we digitize and expand the data in the 
1:5,000,000 magnetic anomaly map of aviation in China 
and the adjacent sea area at an altitude of 1 km compiled 
by the China National Land and Resources Aeronautical 
Geophysical Exploration Remote Sensing Center in 2004 
to obtain the distribution of the aeromagnetic anomalies 
on the ground surface (Fig. 2b). We can see from Fig. 2 
that although there are some differences at certain sites, 
the distribution trends of the strong and weak anoma-
lies are consistent. Due to the limitation of national 

Fig. 2 Crustal magnetic anomaly of the total intensity ΔF from a NGDC-720 model, b reduction-to-pole magnetic field of ΔF, c aeromagnetic 
anomalies and d reduction-to-pole aeromagnetic anomalies
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boundaries, there are blanks present in the aeromagnetic 
data in the region beyond the border of China. In addi-
tion, the aeromagnetic data are measured at low altitude, 
and the magnetic anomaly generated by the shallow 
magnetic body suppresses the information about the 
magnetic field generated by the deep magnetic source. 
Consequently, the study of the distribution of the deep 
magnetic basement through aeromagnetic anomalies 
is limited. Thus, we use a high-order geomagnetic field 
model constructed using satellite, ground surface, ocean, 
and aeromagnetic data. Through unified spatiotemporal 
processing, we can calculate the magnetic anomaly at 
different layers from the ground surface to the height of 
the satellite. Therefore, in this paper, we use the magnetic 
anomalies calculated with the NGDC-720 model to esti-
mate the Curie surface.

In the geomagnetic measurements, due to the influ-
ence of inclined magnetization, there could be a shift in 
the characteristic location of a magnetic anomaly. This 
shift could cause some difficulty in determining the spa-
tial location, morphology, and distribution range for the 
magnetic geological body and explaining the magnetic 
anomaly. For the convenience of interpreting the mag-
netic survey data and to directly reflect the information 
of the spatial location and morphology for a magnetic 
geological body, the inclined magnetization is converted 
to the vertical magnetization (Arkani-Hamed 2007). In 
this paper, we adopt the differential reduction-to-pole 
method with variable geomagnetic inclination to convert 
the magnetic anomalies over the entire region (Cooper 
and Cowan 2005; Lu et  al. 2003). This method applies 
perturbations in the space domain. Using a Taylor series 
expansion,

where  RTPmean is the dataset reduced to the pole using 
the average field inclination and declination of the area, 
Δinc is the difference between the inclination at a given 
point and the average inclination, and Δdec is computed 
similarly. The derivatives are computed in the space 
domain by differencing. Figure  2b, d shows the anom-
aly maps of the reduction-to-pole magnetic field of ΔF 
on the ground surface from NGDC-720 and from the 
aeromagnetic anomalies, respectively. A comparison of 
Fig. 2a, b shows that the magnetic anomaly distribution 
shapes are obviously different before and after the reduc-
tion to the pole. The most obvious change is that there is 
a positive and negative magnetic anomaly border clearly 

(2)

RTPvar =RTPmean +�inc
∂RTP

∂inc
+ 0.5�inc2

∂2RTI

∂inc2

+�dec
∂RTP

∂dec
+ 0.5�dec2

∂2RTP

∂dec2
+ · · · ,

shown between the Longmenshan and Lijiang-Xiaojinhe 
fault  (F3) zones after reduction to the pole (Fig.  2b). In 
the following, we focus on the magnetic anomaly features 
after the reduction to the pole.

The distribution of the magnetic anomalies in the 
research area has obvious zoning characteristics (Fig.  2). 
The Lijiang-Xiaojinhe fault  (F3) and Red River fault  (F4) are 
the positive–negative boundaries of the magnetic anomaly. 
The Kangding-Yiliang-Shuicheng fault  (F6) and Mile-Shi-
zong-Shuicheng fault  (F7) are the boundaries of the strong 
and weak transition zones. These four faults are the rhom-
boid block boundaries. The distribution of the magnetic 
anomaly in the rhomboid block is complicated, in which 
positive and negative magnetic anomalies appear alter-
nately. In the region outside the rhomboid block, especially 
the region to the west of the Lijiang-Xiaojinhe fault  (F3) 
and Red River fault  (F4), the magnetic anomaly is relatively 
weak. Along the region near the Red River fault  (F4) zone, 
there is a distribution of positive and negative magnetic 
anomalies in a banded zone, which extends to the south-
east until the northern region of Vietnam (Hechi area). The 
heading direction of the fault zone is consistent with the 
heading direction of the magnetic anomaly. In addition, if 
we divide according to the structure of seismic activity, the 
eastern boundary of the Sichuan-Yunnan rhomboid block 
is usually bordered by the Anning River, Zamuhe fault, and 
Xiaojiang fault  (F5) (Kan et al. 1986; Wu et al. 2013). How-
ever, the abnormal distribution of ΔF indicates that there 
is no obvious change in the magnetic anomaly on both 
sides of the Xiaojiang fault  (F5). The region with a relatively 
strong magnetic anomaly expands to the east of the Xiao-
jiang fault  (F5) and is roughly bordered by the Kangding-
Yiliang-Shuicheng fault  (F6) and Mile-Shizong-Shuicheng 
fault  (F7).

Calculation of the Curie isothermal surface
In this paper, we adopt the power spectrum analysis of 
magnetic anomalies to estimate the depth of the Curie 
surface (Maden 2010; Saibi et al. 2015; Tanaka et al. 1999). 
Suppose that the magnetic body infinitely extends in the 
horizontal direction. Its vertical depth of burial is very 
small relative to the horizontal extension scale. The mag-
netization intensity M(x, y) is a random function of the 
horizontal directions x and y. The power spectrum of the 
total magnetic field Φ�T

(

kx, ky
)

 can be expressed as fol-
lows (Bhattacharyya and Leu 1975):

where ΦM is the power density spectrum of magnetiza-
tion intensity, and kx and ky are wavenumbers in the x and 
y directions, respectively.

(3)Φ�T

(

kx, ky
)

= ΦM

(

kx, ky
)′
F
(

kx, ky
)

,
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where Cm is the constant of proportionality, Θm and Θf 
are the magnetization direction factor and geomagnetic 
field direction factor, respectively, and Zt and Zb are the 
depths of burial for the upper surface and the lower sur-
face of magnetic substance, respectively. For the various 
terms in the reduced equation, note that except for the 
two terms |Θm|2 |Θf|2 , all terms exhibit radial symmetry, 
and the radial average of Θm and Θf is constant. If M(x, y) 
is a random function, ΦM

(

kx, ky
)

 is also constant. After 
the appropriate simplification and when the wavelength 
is smaller than twice the thickness of the magnetic layer, 
we can obtain an approximate expression of Eq. (4):

where D is constant. Moreover, Eq. (4) can be written as

where C is constant. For the long-wavelength segment, 
Eq. (6) can be written as

where 2d is the thickness of the magnetic body, and 
Eq. (7) can be expressed as

where D is constant. According to Eqs. (5) and (8), by fit-
ting the slope of a straight line, we can estimate the depth 
 Zt of the magnetic layer top surface and central depth  Z0, 
and the depth Zb of the magnetic layer bottom surface 
is Zb = 2Z0 − Zt. The depth of the magnetic layer bottom 
surface obtained by the aforementioned method reflects 
the average Curie point depth.

Because a shallow-source magnetic anomaly body 
can generate a local magnetic anomaly with a relatively 
high abnormal value and relatively high frequency, it can 
cover the deep geological information to some extent. 
To suppress the shallow-source magnetic anomaly while 
emphasizing the deep information, we extend the mag-
netic anomaly on the ground surface upward and com-
pare and analyze the distribution form and decay rate of 
the magnetic anomaly at different heights. We select the 
data of the height layer with slow attenuation of the mag-
netic anomaly and a steady distribution pattern to calcu-
late the Curie isothermal surface. In this paper, we select 

(4)

F
(

kx, ky
)

= 4π2C2
m|Θm|2|Θf|2e−2|k|Zt ×

[

1− e−|k| (Zb−Zt)
]2
,

(5)ln[Φ�T (|K |)1/2] = ln B−|K | Zt,

(6)
Φ�T (|K |)1/2 = C e−2|k|Z0

(

e−|k| (Zt−Z0)−e−|k| (Zb−Z0)
)

,

(7)
Φ�T (|K |)1/2 = C e

−2|k|Z0

(

e
−|k|(−d)−e

−|k|(d)
)

≈ C e
−|k|Z02

∣

∣k
∣

∣d,

(8)ln
{[

Φ△T (|K |)1/2
]

/ |K |
}

= lnD− |K | Z0,

the magnetic anomaly at a height extending upward for 
15 km to calculate the depth of the Curie surface.

In the calculation process, we first divide the research 
area into windows of equal size. The size of the window 
should be at least 4–6 times the depth of the Curie sur-
face (Dimitriadis et  al. 1987; Nwobgo, 1998). There-
fore, we select the size of the window to be 1.28° × 1.28° 
(approximately 140 × 140  km). We adopt an overlapped 
sliding window to calculate the entire region, and two 
adjacent windows are overlapped by 50%. In addition, 
to increase the abnormal information of the boundary 
region, we expand the range by 2° in the actual calcula-
tion, i.e., the range of the magnetic anomaly data is 19° 
N–31° N, 96° E–108° E to estimate the depth of the Curie 
surface. Using Eqs.  (5) and (8), we calculate the ampli-
tude spectrum of every window and the ratio between 
the amplitude spectrum and wavenumber to obtain an 
estimation value for the buried depth Zt of the magnetic 
body top surface and the buried depth Z0 of the central 
point. Therefore, we obtain the depth of the Curie surface 
Zb (Fig. 3a). The histogram in Fig. 3a shows the statistical 
distribution for the depth of the Curie isothermal surface.

To assess the geometry of the Curie surface obtained 
from the NGDC-720 model, we use the aeromagnetic 
anomalies in Fig. 2d to calculate the Curie surface. First, 
to eliminate the influence of shallow magnetic source 
bodies, the aeromagnetic anomalies were extended 
upwards to 15 km above the ground surface by multiply-
ing by an upward prolongation factor in the frequency 
domain (Li et  al. 2009). Second, the Curie surface was 
calculated with the aeromagnetic anomalies using the 
same method as that for the calculation of the Curie sur-
face with the magnetic anomalies from the NGDC-720 
model (Fig. 3b). Figure 3a, b shows that the Curie surface 
obtained by the two methods is very close.

We can see from Fig.  3a that the distributions of the 
Curie surface estimated with the model and aeromag-
netic anomaly are essentially consistent. Two uplift 
zones with relatively shallow Curie surfaces are located 
from Lijiang-Jianchuan-Baoshan to Tengchong and from 
Jianchuan-Chuxiong to Kunming-Yuxi. In particular, the 
shallowest location of the Curie surface in the Tengchong 
volcanic geothermal region with the most intense new 
tectonic movement is at 20.8 km. The distribution direc-
tion of the Curie surface uplift zone has a corresponding 
relationship with the deep large fault zone. For example, 
the uplift zone of the Curie surface is near the Lijiang-
Xiaojinhe fault  (F3), Nujiang fault  (F1), and Red River 
fault  (F4) zones. Previous studies have indicated that 
these fault zones are relatively deep (Zhang 2013), and 
they even penetrate the crust to reach the upper mantle 
and become a pathway for the upwelling of hot material.
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Volcanic activity and earthquakes cause the changes of 
crustal geomagnetic field (Utada et al. 2011). The Teng-
chong block is a Cenozoic active volcanic area. Signifi-
cant earthquakes (Ms ≥ 6.0) have occurred more than 
once in this area. Therefore, the fluctuations of the Curie 
surface were caused by changes in the crustal magnetic 
field of approximately 20  nT beneath the Tengchong 
block.

Results and discussion
Curie surface and thermal structure
Comparison with measured heat flow values
Since the 1980s, many borehole observations of ter-
restrial heat flow in the research area have been per-
formed. Based on the collection of terrestrial heat flow 
data in this area of China (Hu et al. 2000, 2001; Jiang et al. 
2016; Wang and Huang 1988; Wang et al. 1990) and the 
measurement data presented by Yuan et  al. (2006), we 
collected the observation values of heat flow, the geo-
thermal gradient, and thermal conductivity for 97 meas-
urement sites in the research area. The locations of the 
measurement sites of heat flow are mainly distributed 
in the regions of Kunming, Dali, Lijiang, and Tengchong 
(Fig.  3). It is insufficient to accurately determinate the 
temperature distribution over the study region because 
the measurement of the heat flow is sparse and uneven. 
Thus, this limitation prevents us from understanding 
the lithospheric thermal state in such an important area. 
Because the magnetic anomalies cover most of the study 
region, the Curie surface can reflect the characteristics 
of the transverse change in the thermal structure in the 

research area and enrich our understanding of the crus-
tal thermal state. On the one hand, it can overcome the 
problems of the uneven distribution of measurement 
sites for heat flow and the disturbance of heat flow gen-
erated by the water circulation. On the other hand, it 
can reveal the characteristics of the thermal state in the 
regions without a heat flow value.

Differences are computed using the Krige method 
(Oliver 1990) and the polynomial smoothing process for 
the heat flow and thermal conductivity. The distribution 
of the surface heat flow and thermal conductivity are 
shown in Fig. 4. The heat flow value ranges from 20.8 to 
118.0 mW/m2. The average heat flow value is 67.5 mW/
m2, which is higher than the average heat flow value of 
65 mW/m2 for the global continent and higher than the 
average heat flow value of 63 mW/m2 for mainland China 
as a whole (Hu et al. 2001). Because the Tengchong block 
is a Cenozoic active volcanic area, the highest heat flow 
(118 mW/m2) is observed in the area. The low heat flow 
is observed in the Sichuan Basin, which is located in the 
northeastern part of our study region. The reason may be 
that the area is situated in the Sichuan Basin.

The research area has high geothermal characteristics, 
and the lateral variation in the heat flow distribution is 
relatively large. The measured heat flow data are meshed 
for further analysis. Generally, the heat flow is relatively 
high in the western orogenic zone and exhibits a wave-
like decrease from west to east (Xiang and Zhou 2000). 
The high heat flow region has a banded distribution 
(Fig. 4a). The Lijiang-Jianchuan-Baoshan-Tengchong and 
Jianchuan-Dali-Chuxiong-Kunming-Yuxi anomalies in 

Fig. 3 Depth of the Curie surface. a from NGDC-720 model; b from aeromagnetic anomaly. Red points are the measurement sites of the surface 
heat flow
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the western orogenic zone are two high heat flow zones. 
The intense tectonic activity causes these deep large fault 
zones to have high geothermal characteristics. Figure 4b 
shows the distribution of the measured thermal con-
ductivity. We can see that the distribution pattern of the 
surface heat flow and thermal conductivity does not pro-
portionally change, indicating the complexity of the ther-
mal tectonics in the research area.

Although the distribution of the surface heat flow is 
not uniform, we can clearly see that the magnitude of the 
heat flow value is comparable to the undulation of the 
Curie surface (Figs. 3, 4). To quantitatively compare the 
relationship between the heat flow and the Curie surface, 
Table  1 lists the magnetic anomaly, Curie point depth, 
wave velocity ratio, and crustal thickness value at loca-
tions where the heat flow value is greater than 80 mW/
m2 (Deng et al. 2014). In the regions of Tengchong, Kun-
ming, and Jianchuan with high heat flow, the Curie sur-
face is relatively shallow (depth is less than 24 km). In the 
regions of Eastern Yunnan and Simao with low heat flow, 

the Curie surface is relatively deep. In some regions of the 
world, there is an obvious inverse correlation between 
the Curie surface and terrestrial heat flow (Bilim et  al. 
2016; Saada 2016). In the research area of this paper, the 
undulation of the Curie surface and the surface heat flow 
also have a similar inverse correlation, although it is not 
obvious. This could be caused by the uneven distribution 
of the heat flow measurement sites.

We extract the Curie point depth at the heat flow 
measurement sites and plot a scatter diagram for the 
heat flow and Curie point depth (Fig.  5a). We can see 
that there is no linear correlation between the Curie 
point and heat flow, and the corresponding relation-
ship is scattered. However, as the Curie point depth 
increases, the heat flow decreases gradually. This result 
indicates that there are many factors that influence the 
Curie surface and terrestrial heat flow.

A previous study indicated that the orogenic zone 
and active tectonic belt often exhibit negative magnetic 
anomalies or weak magnetic anomalies, and the blocks 

Fig. 4 Distribution of a surface heat flow and b thermal conductivity

Table 1 Contrast terrestrial heat flow and magnetic anomalies

No. Name Longitude (°E) Latitude (°N) qs (mW/m2) ΔF/nT CDP/km Crustal 
thickness H/km

Velocity 
ratio Vp/Vs

1 Tengchong 98.48 25.03 118.0 14.0 23.6 35.7 1.81

2 Kunming 102.80 25.67 112.3 11.1 23.7 44.0 1.77

3 Jianchuan 99.83 26.43 98.5 − 23.9 23.9 46.1 1.82

4 Yanyuan 101.17 27.33 89.3 − 19.8 23.9 53.4 1.80

5 Chuxiong 100.20 25.57 82.9 8.1 24.5 41.8 1.75

6 Dali 100.33 25.65 103.4 15.6 24.7 42.5 1.74

7 Miyi 102.00 26.78 90.0 − 3.2 24.7 49.1 1.71

8 Eshan 102.17 24.15 98.1 − 23.3 24.9 38.9 1.71
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with stable tectonics exhibit positive magnetic anoma-
lies (Xu 2009). The magnetic anomalies in the research 
area range from − 203 to 136  nT. We can see from 
Table  1 that in the regions of Tengchong, Jianchuan, 
and Kunming, which have Curie surface uplift and rela-
tively high heat flow values, the magnetic anomalies 
are either negative or in the strong and weak transi-
tion zone. These regions are located at the intersection 
of several major terraces of the Eurasian plate, Indian 
subcontinent, and Pacific plate, where tectonic activity 
is strong (Schoenbohm et  al. 2006; Wang et  al. 2002), 
forming the nearly north-east-trending Cenozoic oro-
genic belt. The lithospheric thermal state has been 
affected and controlled by the tectonic extrusion action 
on the southeastern margin of the Tibetan Plateau since 
the Cenozoic period, which could be one reason for the 
relatively weak magnetic anomalies.

There are many factors that affect the depth of the 
Curie surface, including the surface heat flow, geother-
mic gradient, rock heat generation rate, mantle heat 
flow, fault activity, and physical properties and compo-
sitions of rocks (Bilim et  al. 2016; Salazar et  al. 2017). 
To further understand the relationship between the 
surface heat flow (qs) and depth of the Curie point (Zb), 
we consider a one-dimensional (1-D) steady-state heat 
conduction model, in which the Curie surface and heat 
flow value are inversely correlated (Li et al. 2013; Sper-
anza et al. 2016; Wang and Li 2015). The formula is as 
follows:

(9)

qs = k
TC − T0

Zb − Z0
+ h2rH0

e−zb/hr − e−z0/hr

Zb − Z0
+ hrH0e

−z0/hr

where qs is the surface heat flow, Zb is the Curie point 
depth, k is the coefficient of thermal conductivity (also 
called the thermal conductivity), H0 is the heat genera-
tion rate of surface radioactivity, hr is the thermal char-
acteristic depth (hr is the characteristic drop-off of heat 
production), T0 is the temperature at elevation Z0 above 
the ground surface, and Tc is the Curie temperature. We 
assume that T0 = 10  °C (note that 10  °C is the annual 
average temperature in our study region), Tc = 580 °C (for 
the magnetic layer, the Curie temperature (Tc) within the 
continental region is approximately 580  °C), and Z0 = 0. 
H0 and hr are taken as 2.0 μW/m3 and 10.0 km, respec-
tively (Speranza et  al. 2016). The calculated theoretical 
curves of qs − Zb when k = 1–5, according to Eq.  (9), are 
shown in Fig.  5a (solid line). The heat flow values at all 
measurement sites are in the range of k < 5. The thermal 
conductivity corresponding to the average heat flow value 
is between the theoretical lines of k = 2.5 and 3.0  W/
(m°C). The average thermal conductivity value meas-
ured by surface drilling is 2.88 W/(m°C) (Table 2),which 
is between the theoretical lines of the 1-D heat conduc-
tion model. Prior studies have indicated that the average 
thermal conductivity in different areas is different, but 
it generally ranges from 2.0 to 3.0  W/(m°C). For exam-
ple, the average thermal conductivity is 2.5  W/(m°C) in 
Southeast Asia (Tanaka et al. 1999), 3.0 W/(m°C) in the 
North American continent (Wang and Li 2015), and 
2.18 W/(m°C) in the Po Plain (northern Italy) (Speranza 
et al. 2016).

By using Eq. (7), the distribution of the terrestrial heat 
flow calculated using the average coefficient of thermal 
conductivity k = 2.88  W/(m°C), as shown in Fig.  5b. In 

Fig. 5 a Scatter plot of the Curie surface and surface heat flow value, and the curves corresponding to k = 1–5 in Fig. are the theoretical curves of 
the heat flow and Curie surface calculated using the 1-D heat conduction model. b Heat flow distribution at the Curie point depth estimated using 
the 1-D heat conduction model (coefficient of thermal conductivity k = 2.88)
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Table 2 Measured data of  heat flow  (qs) and  the  thermal 
conductivity (K)

No. Longitude (°E) Latitude (°N) qs (mW/m2) K W/(m°C)

1 98.48 25.03 118.1 2.99

2 102.80 25.07 112.3 2.06

3 102.80 25.07 107.3 4.43

4 100.33 25.65 103.4 4.60

5 102.80 25.07 102.6 4.43

6 102.00 26.78 98.9 3.62

7 99.83 26.43 98.5 4.15

8 102.80 25.07 97.7 6.16

9 99.98 26.77 97.1 3.36

10 102.50 25.02 96.7 5.73

11 102.70 25.03 95.5 2.08

12 102.17 24.15 92.1 3.38

13 101.17 27.33 89.3 5.23

14 98.50 24.98 88.8 1.71

15 100.23 25.62 87.5 3.61

16 102.67 25.02 86.6 2.29

17 102.17 24.25 85.8 4.27

18 102.00 26.78 84.1 3.17

19 101.57 25.03 82.9 2.48

20 101.57 25.03 82.7 3.42

21 102.47 25.18 80.9 2.38

22 101.50 25.05 80.2 3.09

23 102.72 25.03 80.1 6.16

24 102.72 25.03 78.1 3.15

25 102.62 24.90 77.9 4.26

26 98.62 24.40 77.2 3.14

27 98.58 24.38 76.9 3.39

28 102.70 25.05 76.3 2.29

29 102.22 28.27 75.9 4.35

30 98.58 24.38 73.7 3.27

31 101.53 25.03 72.9 2.71

32 102.70 25.05 71.5 2.43

33 99.45 25.45 70.8 1.71

34 102.73 25.03 70.8 2.41

35 102.70 25.05 69.8 2.41

36 102.73 25.03 69.8 2.41

37 101.53 25.03 69.5 2.40

38 103.38 23.33 68.8 2.93

39 101.62 24.10 68.0 2.98

40 102.73 25.03 67.7 2.66

41 101.38 25.88 67.6 3.07

42 102.17 24.33 67.0 4.18

43 100.20 25.57 66.3 3.41

44 103.92 24.83 66.2 4.38

45 99.72 22.82 66.0 2.62

46 100.20 25.57 65.6 3.41

47 102.00 26.72 64.4 2.59

48 101.97 26.20 64.1 3.35

49 101.15 23.13 63.2 2.93

Table 2 (continued)

No. Longitude (°E) Latitude (°N) qs (mW/m2) K W/(m°C)

50 105.42 28.55 61.5 2.93

51 99.92 22.52 61.3 3.72

52 102.00 26.72 59.3 2.99

53 101.97 26.70 58.5 2.63

54 105.38 28.78 58.1 2.84

55 103.42 23.37 57.4 /

56 100.32 26.92 55.3 2.79

57 102.13 27.90 55.1 2.11

58 105.18 28.58 51.5 3.00

59 101.98 26.70 50.6 2.42

60 103.95 24.80 48.3 6.67

61 101.07 23.08 43.0 2.33

62 105.02 28.90 40.7 2.85

63 101.57 26.78 39.0 3.53

64 100.75 21.98 37.7 1.43

65 101.52 26.73 36.0 2.32

66 104.95 28.68 32.6 3.00

67 101.77 26.62 27.4 2.34

68 104.57 27.67 63.6 2.93

69 103.77 24.20 60.3 2.50

70 103.83 24.60 59.8 2.50

71 104.13 24.58 58.8 2.30

72 103.42 23.37 57.4 1.70

73 105.50 26.48 56.9 1.67

74 104.45 24.83 56.0 2.30

75 103.00 23.67 54.6 1.88

76 105.30 27.23 54.0 3.14

77 101.53 25.25 52.6 1.67

78 104.90 27.55 51.6 4.19

79 105.67 28.47 50.8 2.50

80 105.37 25.33 49.9 2.50

81 105.83 28.50 47.5 3.77

82 103.00 25.83 46.5 1.47

83 104.25 24.50 45.8 2.09

84 104.22 24.50 45.0 2.71

85 105.93 26.27 36.0 2.93

86 100.67 23.50 77.3 1.07

87 100.67 23.50 63.8 1.07

88 104.42 23.37 50.9 2.50

89 102.75 24.97 53.5 2.50

90 100.70 25.83 20.8 2.09

91 101.75 26.30 39.5 2.50

92 105.37 25.87 49.9 2.50

93 105.60 26.48 54.4 1.67

94 104.42 28.92 60.9 2.93

95 104.38 28.90 71.6 2.09

96 104.58 28.15 43.2 2.09

97 105.37 28.97 70.5 2.09
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comparison with the heat flow measured on the ground 
surface (Fig.  4a), the distribution pattern is essentially 
consistent, while only the values are different. The first 
possible reason for this difference is that the observa-
tion data are not sufficiently uniform. The second possi-
ble reason is that there are many influencing factors, and 
the actual coefficients of thermal conductivity in differ-
ent regions are largely different (Fig.  4b). We use a 1-D 
heat conduction model and predict the average coeffi-
cient of thermal conductivity. Although this calculation is 
not sufficiently objective, it still can reflect the trend in 
the changes. The corresponding relationship between qs 
and  Zb in the research area is scattered, which indicates 
that the 1-D thermal conductivity model cannot com-
pletely explain the relationship between the Curie sur-
face and surface heat flow. The relationship likely needs 
to include other thermal conversion mechanisms, such as 
thermal convection, to explain the scattering relationship 
between the heat flow and Curie surface (Tanaka et  al. 
1999).

Comparison between the Curie surface and geothermal 
gradient
According to the Curie–Weiss Law, we can use the depth 
of the Curie surface estimated by the magnetic anomaly 
to calculate the heat flow gradient ΔT = T/Zb (Maden 
2010; Saibi et al. 2015), where ΔT is the geothermal gra-
dient and T is the Curie point temperature. We assume 
the temperature of the Curie point to be T = 580  °C to 
obtain the geothermal gradient in the research area 
(Fig.  6a). We can see that Lijiang-Jianchuan-Baoshan-
Tengchong and Jianchuan-Chuxiong-Kunming-Yuxi are 
two obvious geothermal gradient zones, similar to that 
shown in Fig.  4a. This result indicates that applying the 

Curie surface retrieved from a magnetic anomaly to infer 
the distribution of the geothermal gradient can provide 
the basic trend of the crustal thermal structure.

We extract the Curie point depth at the location of a 
measured geothermal gradient and generate a scatter 
plot for the geothermal gradient and depth of the Curie 
surface (Fig. 6b). We can see that there is no simple lin-
ear relationship between them. However, as the depth of 
the Curie surface increases, there is a significant change 
in the geothermal gradient. When the depth of the Curie 
surface is greater than 25  km, the geothermal gradi-
ent is smaller than or near the average (26.8  °C/km). In 
the region where the Curie point depth is smaller than 
25  km, the variation range of the geothermal gradient 
is relatively large, which is likely because more factors 
influence the geothermal gradient in the shallow-layer 
medium than in the deep-layer medium.

Curie surface and crustal structures
Curie surface and Moho surface
The depth of the Curie surface is the lower interface of 
the crustal magnetic rock and reflects the thermal state 
of the lithosphere. The Moho surface mainly reflects 
the discontinuous interface of the lithospheric density, 
which can be retrieved from a seismic wave. Based on the 
equivalent source hypothesis, Langston (1979) separated 
the receiver function from the long-period teleseismic 
body wave. Owens et al. (1984) extended it to broadband 
recording and obtained the broadband receiver function. 
The receiver function is the time series of the converted 
wave arrival time from the velocity discontinuity in the 
receiving area below the station. Because of the easy 
extraction, stability, and high resolution of the receiver 
function, this method has been widely used to study the 

Fig. 6 a Geothermal gradient retrieved from the Curie surface, and b distributed scatter plot for the measured geothermal gradient and depth of 
the Curie surface
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velocity structure of the crust and upper mantle (Xu et al. 
2013; Zhang et  al. 2015). Based on the far seismic data 
(Ms ≥ 6.0, during July 2007 to July 2008) derived from 
the 46 broadband seismic stations in our study region, 
Deng et  al. (2014) extracted the P-wave receiver func-
tion beneath the stations and calculated the depth of the 
Moho surface. The result is shown in Fig.  7b. We can 
see that the change in the depth of the Moho surface is 
relatively large. It changes from 30 km in the southwest 
region to 55 km in the northwest region, and the magni-
tude of the change exceeds 25 km (Kan et al. 1986). Com-
paring the Curie surface and Moho surface (Fig. 7), it can 
see that the depth of the Curie surface is less than that of 
the Moho surface.

To compare the relationship between the Curie and 
Moho surfaces and the distribution of earthquakes, the 
earthquakes (Ms ≥ 6.0) in the study area since 1970 are 
plotted in Fig. 7a, b. The seismic data are from the China 
Seismic Network Center (CSN) earthquake catalog 
(http://data.earth quake .cn). The accuracy of the earth-
quake locations is less than 10  km. The focal depths of 
the earthquakes vary from 5 to 33  km, with an average 
of 16  km. Compared with the Curie and Moho depths 
(Fig. 7), the distribution of earthquakes is mainly located 
in the area of the transitional cascade zone of the Curie 
surface, and the focal depth is less than the Moho depth. 
This phenomenon can be observed in the Tengchong 
block, Middle Yunnan block, and Lijiang-Xiaojinhe fault 
 (F3) zone. The crust’s brittle-ductile transition tempera-
ture is generally 300–600 °C (i.e., 5–25 km depth) (Zhao 
et  al. 2011). The upper, middle, and lower crusts in an 
area with strong earthquakes are in brittle, brittle-ductile, 
and ductile states, respectively (Hao et  al. 1982; Zhou 

et al. 1997). Under the effect of regional stress, the lower 
crust cannot withstand very high differential stress and 
cannot store very high elastic strain. As a result, there are 
few strong earthquakes in the lower crust. In contrast, 
the lower crust transfers tectonic stress to the brittle rock 
masses in the middle and upper crust, concentrating the 
differential stress and accumulating strain energy. There-
fore, the strong earthquakes in southeastern Tibet mainly 
occurred in the Curie surface uplift areas in the middle 
and upper crust.

Figure  8 shows the distribution of the difference 
between the depth of the Moho surface and the depth of 
the Curie surface. We can see that the difference between 
the Curie surface and Moho surface is less than 10 km in 
the region south of approximately 25° latitude, whereas 
the difference is relatively large in the northern region, 
and the maximum exceeds 30 km. These results are simi-
lar to the results in the Alps, where the depth of the Curie 
surface is shallower than the depth of the Moho surface 
by 20-40 km (Speranza et al. 2016). Studies on the rela-
tionship between the Curie surface and Moho surface 
have indicated that the depth of the Curie surface in a 
marine area is greater than that of the Moho surface. It 
is different in a continental area. In some areas, the depth 
of the Curie surface is smaller than that of the Moho sur-
face, while their variation trend in some areas is consist-
ent (Speranza et al. 2016; Wang and Li 2015; Wasilewski 
and Mayhew 1992). These results indicate that the depths 
of the Curie surface and Moho surface are related to the 
regional structural environment and that there is no uni-
fied relationship between them.

The Curie surface is not a fixed geological interface, 
although it appears to have connections with some 

Fig. 7 Depth of the Curie surface (a) and Moho surface (b) in the research area, as well as the focal depths of the earthquakes with Ms ≥ 6.0 in the 
study region (b is modified from Deng et al. (2014))

http://data.earthquake.cn
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interfaces. It is generally located on the crustal seismic 
wave velocity discontinuities. The calculation results in 
many regions have indicated that the Curie surface is 
mostly located near the Conrad discontinuity, while it 
is sometimes in the mantle. Artificial seismic sounding 
experiments indicate that in most seismograms of the 
Yunnan area, the reflection seismic phase Pc inside the 
crust is relatively clear, and the depth of the correspond-
ing discontinuity surface (Conrad interface) varies in 

the range of 20-30 km (Wang et al. 2002). Therefore, the 
depth of the Curie surface in the research area is com-
parable to the Conrad interface, and their relationship 
needs to be further studied.

According to Table  1, the latitude of the Tengchong, 
Dali, Chuxiong, and Kunming regions with relatively 
large heat flow values in the research area is near 25° N. 
To further understand the characteristics of the trans-
verse variation in the Curie surface, terrestrial heat flow, 
and the depth of the Moho surface, we plot a cross-sec-
tion of the magnetic anomalies, terrestrial heat flow, and 
depths of the Curie surface and Moho surface on the 25° 
N profile (Fig. 9). We can see that the high-value region of 
terrestrial heat flow is the Tengchong area and Kunming 
area of western Yunnan. A wave-like decrease occurs 
from west to east, and the change in the heat flow is close 
to the variation trend of the magnetic anomalies. The 
Curie surface and surface heat flow are partially inversely 
correlated. For instance, there is an obvious correlation 
present to the west of 102° E, although the correlation is 
not obvious to the east. There is no corresponding rela-
tionship between the Curie surface and change in crustal 
thickness. Studies in some other areas have indicated that 
there is an obvious correlation between the Curie sur-
face and crustal thickness (Arnaiz-Rodríguez et al. 2013; 
Wasilewski and Mayhew 1992). These results together 
indicate that the corresponding relationship between 

Fig. 8 Differences in the depths of the Curie surface and Moho 
surface. The positive value indicate that the depth of Curie surface 
less the depth of Moho surface

Fig. 9 Magnetic anomaly, crustal thickness, depth of the Curie surface, and terrestrial heat flow on the cross section at 25° N
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them is controlled by regional tectonics, and it cannot be 
explained by a unified pattern.

There is a close connection between the undulation of 
the Curie surface and crust-mantle heat flow. According 
to the relationship between the seismic wave velocity vP 
and heat generation rate (Zhou et al. 1997), measurement 
values of the terrestrial heat flow and data of the radio-
active heat generation rate, Wang et  al. (1990) studied 
the crust-mantle thermal state of the Yunnan area. The 
results indicated that the Tengchong block, Yanyuan Liji-
ang continental margin depression (Lijiang- Jianchuan 
area), and Kangdian ancient uplift (Kunming area) are 
three high geothermal tectonic units. Their crust-mantle 
heat flow ratios are 1.52, 1.04, and 1.23, respectively, and 
the corresponding temperatures of the Moho surface are 
1088 °C, 1015 °C, and 945 °C. The crust-mantle heat flow 
ratio and temperature of these Moho surfaces are much 
larger than in other regions. These regions are the Curie 
surface uplift regions in this paper.

Curie surface and wave velocity ratio anomalies
The corresponding relationship between the seismic 
wave velocity Vp anomalies and the undulation of the 
Curie surface has been confirmed in some regions (Bilim 
et al. 2016; Speranza et al. 2016). If there is a fluid or melt 
present inside the crust, the crustal material is subject to 
partial melting or is located in a shatter belt, which could 
speed up the attenuation velocity of the seismic wave and 
cause the wave velocity ratio to be higher than in the sur-
rounding areas. The crust in the research area is mainly 
a low-velocity layer, and the change in the wave velocity 
ratio is relatively large. A low-velocity anomaly has strati-
fied and partitioned features (Wang et al. 2002; Xu et al. 
2013). In this paper, we discuss the relationship of the 
wave velocity ratio with the Curie surface of the crust and 
crustal heat flow.

In the research area, many scholars have used the 
receiver function method to study the crustal wave 
velocity ratio (Vp/Vs) and Poisson’s ratio (Deng et  al. 
2014; Zha and Lei 2013; Zhang et  al. 2015). Although 
different values of Vp/Vs have been obtained by dif-
ferent researchers, the variation trends are consist-
ent. The wave velocity ratio data given by Deng et  al. 
(2014) are interpolated to obtain the distribution of the 
average crustal wave velocity ratio (Vp/Vs) in Yunnan 
Province and its adjacent areas (Fig.  10). By compar-
ing the crustal wave velocity ratio and Curie surface 
(Figs. 3, 10), we can see that the low-velocity anomaly 
region and the distribution of the Curie surface are 
comparable in some regions. In the adjacent regions 
of Xichang, Jianchuan, Tengchong, and Chuxiong with 
relatively high wave velocity ratios, the Curie surface 
is relatively shallow. In the region to the east of the 

Xiaojiang fault  (F5), to the west of the Red River fault 
 (F4), and near the Lancangjiang fault  (F2) where the 
wave velocity ratio is relatively low, the Curie surface is 
relatively deep.

The wave velocity ratio in the research area is distrib-
uted in the range of 1.6–1.95, and the average is 1.74. 
Table 1 lists the wave velocity ratio values at the meas-
urement sites with relatively high terrestrial heat flow 
values. By comparing Fig.  10 and Table  1, we can see 
that the wave velocity ratios at the measurement sites 
with high heat flow are not extremely large, and the 
extremely large values are instead located in the strong 
and weak transition zone of the high wave velocity ratio 
anomalous zone. This feature is consistent with the 
results for places in the North Euboean Gulf, Greece, 
the Alps and Po Plain (northern Italy), and western 
Turkey along the coastline of the Mediterranean (Bilim 
et al. 2016; Speranza et al. 2016). The relatively high Vp/
Vs values likely imply an enhancement in the magne-
sium-iron content in the material composition of the 
lower crust, and its formation and evolution process 
could be related to the activity of the mantle material 
rich in magnesium-iron (Xu et al. 2005). Another pos-
sible explanation is that the high wave velocity ratio 
anomalies are likely caused by the partial melting of the 
lower crust due to the high temperature of the top of 
the upper mantle (Li et al. 2009).

We can see from Fig. 10 that the region near Xichang 
has a relatively large wave velocity ratio. Deep geophysi-
cal exploration indicates that the area between Xichang 
and Panzhihua was once considered to be an ancient 
rift. Although there is still a dispute regarding the exist-
ence of an ancient rift valley, the low wave velocity, low 
resistivity, and high heat flow in this region are objec-
tive facts (Teng 1994). The intersecting fault activi-
ties and the factors of rift tension, fluid intrusion, and 

Fig. 10 Distribution of the crustal wave velocity ratio in the research 
area
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deposition filling are all reasons for the generation of 
this low-velocity anomaly inside the crust. These facts 
and the distribution of Cenozoic alkaline magmatic 
rock and rare metals all reflect the tectonic characteris-
tics of the heat flow channels for the crust-mantle ther-
mal exchange (Xu et al. 2013).

Curie surface and crustal high‑conductivity layer
Over the past 30 years, many scholars have successively 
developed multiple telluric electromagnetic sounding 
profiles in the research area to study the geodynamic 
mechanism and tectonic environment for strong earth-
quakes  in Yunnan Province and its adjacent area (Bai 
et al. 2010; Li et al. 2014; Shen et al. 2015; Sun et al. 1989; 
Wang et al. 2017). The results indicate that there is gen-
eral development of a high-conductivity layer (namely, a 
low-resistance layer) in the crust of the research area, and 
its depth is roughly equivalent to the low-velocity layer in 
the crust. The depth of burial and thickness are slightly 
different for the low-resistance layers of different blocks. 
For instance, in the Tengchong block, Jianchuan-Eryuan, 
and the Yuxi-Kunming area located between the Xiaoji-
ang fault  (F5) and the Red River fault  (F4), the thickness 
of the high-conductivity layer in the middle and lower 
crust is approximately 10 km, and the depth of the burial 
is slightly different at different places (Chang et al. 2015; 
Yu et al. 2017). In particular, the high-conductivity layer 
with an underground buried depth of 3–20  km and a 
thickness of 10–17 km inside the crust of the Tengchong 
block could be a reflection of the deep magmatic capsule. 
Based on a comparison with the depth of the Curie sur-
face (Fig. 3), the Curie surface is in the high-conductivity 
layer, and the correlation between them needs to be fur-
ther studied.

Another feature of the electrical structure in the 
research area is that the upper-mantle high-conductivity 
layer is present in some regions. It is generally believed 
that the upper-mantle high-conductivity layer is the 
consequence of partial melting, and its depth of burial 
has some connection to the thermal state and activity of 
the lithosphere (Sun et  al. 1989). According to existing 
data, there are three upper-mantle uplift zones present 
in the research area: The first zone is the upper-mantle 
high-conductivity layer uplift zone with the Tengchong 
volcanic zone as the center, whose central burial depth 
is approximately 60  km. The second zone is the uplift 
zone with Jianchuan-Heqing as the center, and the depth 
of burial for the upper-mantle high-conductivity layer is 
approximately 70  km and is gently inclined to all areas 
around it. The third zone is the Panxi rift region (Xichang 
area in Fig.  10); the depth of burial for the upper-man-
tle high-conductivity layer in the rift zone is 80–90 km, 
and it gradually increases toward the east and west side 

to 100–140 km. The three regions are consistent with the 
Curie surface uplift zone (Fig. 3). In general, the uplift of 
the upper-mantle high-conductivity layer and Curie sur-
face uplift zone mutually corroborate each other, which 
means that the modern crustal tectonic movement has 
been intense in these regions.

The telluric electromagnetic sounding of Bai et  al. 
(2010) in the eastern Himalayan tectonic junction and 
surrounding areas determined that two enormous low-
resistivity anomaly zones of the middle and lower crusts 
are present on the Tibetan Plateau. The theoretical cal-
culation suggests that these zones are two weak mass 
flow channels of the middle and lower crust. One extends 
eastward from the Lhasa block along the Yarlung Zangbo 
suture zone, surrounds the eastern Himalayan tectonic 
junction, then turns south, and finally passes through the 
Tengchong volcano; the other extends eastward from the 
Qiangtang terrace along the Jinshajiang fault zone and 
Xianshuihe fault zone, turns south on the western margin 
of the Sichuan Basin, and eventually passes through the 
rhomboid block between the Xiaojiang fault  (F5) and Red 
River fault  (F4).

According to the distribution of the magnetic anomaly 
and characteristics of the heading direction (Fig. 2), the 
weak magnetic field or negative magnetic anomaly of 
the Cenozoic orogenic belt in western Sichuan and San-
jiang is approximately an arc distribution that extends 
all the way to the Tengchong area, and it corresponds 
to the first mass flow channel. However, through the 
mass flow channel between the Xiaojiang fault and Red 
River fault  (F4) zone, the distribution of the magnetic 
anomaly on the ground surface has mainly a clump 
shape but does not show the abnormal characteristics 
related to the second mass flow channel. From the per-
spective of the Curie surface (Fig. 3) and terrestrial heat 
flow (Fig. 5), the Curie surface uplift zone of the Yunnan 
Province and its adjacent area is mainly in the Lijiang-
Jianchuan-Baoshan-Tengchong zone, which is the same 
as the heading direction of the weak magnetic anomaly. 
This is essentially consistent with the first mass flow 
channel given by the telluric electromagnetic sounding. 
However, the other Curie surface uplift zone is along the 
northern side of the Red River fault  (F4) zone and south 
of the rhomboid (Middle Yunnan) block, roughly in the 
Jianchuan-Dali-Kunming-Yuxi zone, which is consider-
ably different from the second mass flow channel.

Conclusions
The distribution of magnetic anomalies has obvious 
regional characteristics. The magnetic anomalies in the 
Sanjiang and western Yunnan orogenic belts to the west 
of the Lijiang-Xiaojinhe  (F3) and Red River fault  (F4) 
zones are relatively weak. The anomalies of the rhomboid 
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block are relatively strong, and there is a clear positive–
negative magnetic anomaly zone along the Red River 
fault  (F4) zone. Lijiang-Jianchuan-Baoshan-Tengchong 
and Jianchuan-Dali-Chuxiong-Kunming are two Curie 
surface uplift zones, and the heat flow is relatively high. 
As a deep fault, the Red River fault  (F4) zone may pen-
etrate the crust to reach the upper mantle and become 
a channel for the upwelling of thermal substance. Thus, 
beneath the fault, the Curie surface is an uplift zone. The 
Curie surface is approximately inversely correlated with 
the magnitude of the heat flow value.

The Curie surface is above the Moho surface in the 
study region. The Curie surface uplift zone is consistent 
with a crustal high-conductivity layer, and it is also par-
tially in agreement with the eastern mass flow channel 
of the Tibetan Plateau. There is a correlation between 
the Curie surface and crustal wave velocity ratio. The 
deep Curie surface corresponds to the high crustal 
wave velocity ratio, while the shallow Curie surface cor-
responds to the low wave velocity ratio.

The Curie surface calculated using the magnetic 
anomaly covers most of the research area, and it can 
reflect the characteristics of the transverse changes in 
the thermal structure of the research area and enrich or 
understanding of the crustal thermal state, especially in 
areas without heat flow information.
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