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Abstract

In order to better understand the crustal shortening and orogenic uplift in the north-
eastern margin of the Tibetan Plateau, as well as the geothermal resource effects
formed during this process, we used ModEM software to perform 3D MT imaging

on broadband magnetotelluric survey points deployed at 710 points in the Gonghe
Basin and its surrounding areas. The resistivity model suggests that the Gonghe Basin
exhibits a low-high-low overall electrical structure, with high conductivity widely
distributed in the middle and lower crust. The resistivity model also reveals a significant
discontinuity between high and low resistivity blocks at various depths in the upper
and middle crust. These discontinuities are align with the faults observed on the sur-
face related to strong crustal fluctuations, which are connected to high conduc-

tors in the middle and upper crust. Using empirical formulas for high-temperature
and high-pressure testing of granite, it is estimated that the melting volume of these
high conductors ranges from 3 to 43%, demonstrating good "plasticity". These high
conductors can act as detachment layers for crustal shortening and deformation
during the expansion of the Tibetan Plateau towards the northeast edge and can
continuously conduct heat energy upwards, creating a high thermal background

in the Gonghe Basin.

Keywords: Tibetan Plateau, Gonghe Basin, Magnetotelluric, 3D inversion, Melting,
Structure, Geothermal

Introduction

Approximately 50 Ma ago, the collision between the Indian Plate and the Eurasian
plate forced the uplift of the Tibetan Plateau. Since the collision, the tectonic shorten-
ing between the two plates has amounted to 2000 km (Clark and Royden 2000; Yuan
et al. 2013). This has led to severe crustal deformation (Tapponnier et al. 2001), result-
ing in the unique crustal structure and high geothermal background of the Tibetan Pla-
teau. Scholars have proposed various deformation mechanisms and dynamic models to
explain the uplift of the Tibetan Plateau (Clark and Royden 2000; Tapponnier et al. 2001;
Dewey and Burke 1973). Evidence from disciplines such as geophysics and deformation
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measurement (Shen et al. 2001; Wang et al. 2016a, 2013; Chen et al. 2004a; Liu et al.
2014; Sun et al. 2012) provides varying degrees of support for these deformation mecha-
nisms and dynamic hypotheses. However, a specific deformation model struggles to
account for the deformation of the entire Tibetan Plateau continent. Different regions
or blocks may predominantly exhibit one deformation mode, while also featuring other
deformation modes (Liu et al. 2014; Replumaz and Tapponnier 2003; Xu et al. 2010; Li
et al. 2021). The debate about the uplift and dynamic mechanism of the Tibetan Plateau
continues, and the unclear deep structure and process contribute to the ongoing con-
troversy over the formation mechanism, tectonic model, and deformation mode of the
Tibetan Plateau (Pan et al. 2020).

The Gonghe Basin is located at the junction of the Qinling—Qilian—Kunlun orogenic
belt on the northeastern margin of the Tibetan Plateau, where the original Tethys and
ancient Tethys systems overlap (Zhang et al. 2006; Yang et al. 2018). It records complex
tectonic, magmatic and metamorphism events, making it an ideal window for studying
the deformation model and tectonic evolution of the northeastern margin of the Tibetan
Plateau (Yun et al. 2020). The internal structure of the Earth, determined through geo-
physical methods, provides information most closely related to deep material migration,
crustal lithosphere deformation and deep dynamic processes (Lii et al. 2022), However,
the medium attributes in the crust and mantle, caused by the material migration and
tectonic deformation history in the Earth’s evolution process, are directly related to the
Geodynamics characteristics (Silver 1996). The seismic wide-angle reflection detec-
tion results show that the internal structure of the crust in the northeastern margin of
the Tibetan Plateau varies greatly across different geological tectonic blocks, with clear
low-velocity anomaly structures in the crust (Zhang et al. 2008). The tomographic inver-
sion results suggest widespread low P-wave velocity anomalies in the lower crust of the
northeastern margin of the Tibetan Plateau (Zhou et al. 2012). The velocity structure of
the crust and upper mantle exhibits significant lateral changes along the profile, and the
crustal thickness gradually increases southward in a stepped manner (Xue et al. 2003;
Pan et al. 2017). The average P-wave velocity in the lower crust and upper mantle is rela-
tively low (Guo et al. 2004), suggesting that crustal thickening may predominantly occur
in the middle and lower crust (Wang et al. 2014; Xiao and Gao 2017). The continuous
distribution of low-velocity layers in the middle and lower crust may be related to sub-
terranean melting (Xia et al. 2021). The results of magnetotelluric sounding in Tibetan
Plateau (Bai et al. 2010; Chen et al. 2004b; Sun et al. 2003; Wang et al. 2017; Wei et al.
2006; Xiao et al. 2013; Gao et al. 2018, 2020) also reveal high-conductivity layers with
varying depths and sizes in the crust of vast areas inside and on the margin of Tibetan
Plateau. These observations indicate that the material in the middle and lower crust of
these areas is weak in physical properties.

Deep geophysical explorations have shown that the crustal thickening on the north-
eastern edge of the Tibetan Plateau is characterized by low P-wave velocity and low
resistivity (Zhang et al. 2008; Zhou et al. 2012; Jia et al. 2019; Gao et al. 2018, 2020).
The Maduo-Gonghe deep reflection seismology results show that the bottom interface
of the upper crust (C1) is missing in the Gonghe Basin, and the apparent velocity of the
middle and lower crust is low, exhibiting velocity plastic deformation characteristics(Jia
et al. 2019). The western Gonghe Basin demonstrates clear characteristics of low density,



Yang et al. Geothermal Energy (2024) 12:6 Page 3 of 20

low-gravity anomaly, low velocity and low resistivity, indicating the presence of low-den-
sity materials with high conductivity in the lower crust (Gao et al. 2018, 2020; Zhang
et al. 2021). The inversion of the interface-based on aeromagnetism and gravity indicates
that the Gonghe Basin is located in the raised area of the Moho surface and the gradually
changing area of the Curie surface, and there is a clear coupling relationship between
these two interfaces and the distribution of geothermal flow (Zhao et al. 2020). In recent
years, multiple drilling wells (GRI, ZR2, GHO1) constructed in the Gonghe Basin have all
encountered high-temperature rock masses (Zhang et al. 2018a, 2019), with tempera-
tures above 180 °C at depths of 3000 m. The geothermal flow measurement based on
boreholes shows that the average geothermal flow in the Gonghe Basin is 102.2 mW/
m?, significantly higher than the average geothermal flow in mainland China of
60.4 mW/m ™ (Zhang et al. 2018a), indicating that the high geothermal flow background
in the Gonghe Basin is closely related to deep structures.

In recent years, many scholars have conducted geophysical exploration research on
the geothermal energy in the Gonghe Basin (Gao et al. 2020, 2018; Zhao et al. 2020;
Zhang et al. 2019, 2018b), focusing on the characteristics of geothermal flow (Zhang
et al. 2018a). These studies have achieved some understanding of the distribution of dry
hot rock masses and the potential of geothermal resources of dry hot rocks (Xu et al.
2018). However, consensus has not been reached regarding the reasons for the high heat
flow in the basin (Yan 2015; Tang et al. 2020; He et al. 2023). The reason for this discrep-
ancy is that the research methods employed in these studies were relatively narrow, and
the deep state of matter—closely related to the high thermal background of the Gonghe
Basin—has not been fully described, thereby limiting the evaluation, development and
utilization of geothermal resources in the Gonghe Basin.

Electromagnetic exploration plays a unique and important role in the investigation of
geothermal resource over the world (Pini et al. 2014; Patro 2017). On one hand, it can
reveal the correlation between the resistivity of underground media and key parameters
such as porosity, permeability, salinity, and temperature (Flores et al. 2022; Pavez et al.
2022). On the other hand, there are significant differences in the electrical resistivity of
different parts of geothermal systems, such as thermal channels, heat sources (Cheng
et al. 2022), thermal reservoirs, and cap rocks (Tan et al. 2021). Magnetotelluric (MT)
method is the most effective way to determine the heat source of deep high-temperature
geothermal systems (Gao et al. 2018). At present, MT have been widely used in volcanic
geothermal structure investigation (Miensopust et al. 2014; Hashimoto et al. 2019) and
hydrothermal fluid circulation (Amatyakula et al. 2016; Wang et al. 2023). Electromag-
netic data can also be used for geothermal field prediction (Spichak et al. 2011), geo-
thermal development and fracturing monitoring (Peacock et al. 2012; Abdelfettah et al.
2018; Darnet 2004; Darnet et al. 2020). These detection examples indicate that electro-
magnetic methods have shown good adaptability and effectiveness in the exploration of
geothermal resources, and are playing an increasingly important role.

In this study, to more comprehensively study the deep structure of the Gonghe Basin
and its geothermal resource effect, we utilized broadband frequency magnetotelluric
survey points covering the entire Gonghe Basin. We carry out a 3D MT imaging survey
of the middle and deep parts of the entire basin, discussed the characteristics of basin’s
electrical structure, and analyzed the typical electrical profile in combination with
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seismic wave velocity profile and gravity anomaly. Finally, based on the current under-
standing of high-temperature and high-pressure petrophysical experiments, we provide
some interpretations and discussions on the structure and state of matter of the middle
and deep parts of the Gonghe Basin.

Geological setting

Gonghe Basin is situated at the junction of Qinling—Qilian—Kunlun Orogenic belt
(Fig. 1a, b) (Shi and Zhang 1982; Zhang et al. 2004). Structurally, the Gonghe Basin is a
typical Cenozoic intermountain basin controlled by Kunlun Fault and Altyn Tagh Fault
(Feng et al. 2002) (Fig. 1a). Multiple secondary thrust strike-slip faults form the bound-
ary of the Gonghe Basin between these two primary strike-slip faults, with Qinghai Nan
Shan Fault as the boundary to the north, Ela Shan Fault to the west, Kunlun Fault to the
south, and Duohemao Fault to the east (Fig. 1b). These faults have played an important
role in shortening and uplifting the basin. In the basin, the Qinghai Nan Mount, Gonghe
Nan Mount and Wali Guan uplift belt (Fig. 2a) within the basin all resulted from tec-
tonic shortening deformation following the collision between India and Eurasia during
the Cenozoic era (Craddock et al. 2014), making them are of great significance in study-
ing the uplift model and tectonic evolution of the northeastern Tibetan Plateau (Su et al.
2017).

A digital elevation model (DEM) (Aster GDEM, http://datamirror.csdb.cn/admin/
datademMain.jsp) reveals the landscape structural characteristics of "two mountains
and one basin" in Gonghe Basin and its adjacent areas (Fig. 2). QHNS and GHNS in the
near NW direction enclose the Gonghe basin, aligning with the direction of NE-SW
principal stress in the basin (Craddock et al. 2014). GPS observations around the basin
also support this conclusion and provide more detailed deformation characteristics of
the basin. We selected the GPS velocity field of Ref. (Zheng et al. 2017) and set the GPS
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Fig. 1 Tectonic setting of Gonghe Basin and Tibetan Plateau. a Tectonic setting around the northeast Tibetan
plateau, which is marked by red rectangle in the inset map, b is marked by a blue rectangle and main faults
are represented by black dashed lines. b Regional geologic structures around Gonghe Basin (modified

from (Zhao et al. 2020)). Abbreviations: Kunlun Fault (KLF), North China Suture (NCS), Altyn Tagh Fault (AFT),
Ainimaging Auture Zone (ANMQ), Qinghai Nan Shan Fault (QHNFS), Duohemao Fault (DHMF), Elashan Fault
(ELSF), Shagou Fault (SGF), Xinjie Fault (XJF), Wayuxiang Fault (WY-GNF), Gonghe Nan Shan Fault (GHNSF),
Moganshan Fault (MGF). AA 'and BB'are two seismic survey lines, respectively, from (Jia et al. 2019) and
(Zhang et al. 2011)
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Fig. 2 Distribution map of GPS sites, earthquake and magnetotelluric survey points. a Distribution of
magnetotelluric survey points and earthquake events (1950-2021) around the study area. Earthquake events
are represented by white dots of different sizes according to magnitude. The earthquakes indicated by
purple dots are obtained from China Earthquake Administration catalog (downloaded from http://www.ceic.
ac.cn/), and beach balls represent focal mechanisms (downloaded from http://www.globalcmt.org). b GPS
displacement field in and around Gonghe Basin (with J0O03 GPS station as reference) and focal mechanism
solution of main earthquake events. The black dotted line is the fault, and the blue and white beach ball

is the focal mechanism solution. AA ‘and BB'are the same as Fig. 1. Abbreviation: Qinghai Nanshan Mount
(QHNS), Gonghe Nanshan Mount (GHNS)

observation station J003, located close to GHNS as the reference point to plot the veloc-
ity field of Gonghe Basin and other GPS stations around it (Fig. 2b). Overall, with J003 as
the center, the velocity vector converges to the basin from southwest to northeast. Near
QHNS and GHNS, the velocity vector converges in northeast and southwest directions,
with the direction of velocity vector is consistent with the direction of primary faults in
the area. The GPS velocity field results provide an intuitive picture of the current tec-
tonic deformation mode of SN shortening and EW extension deformation of Tibetan
Plateau. Deep dynamic causes of surface displacement and deformation, from the out-
side to the inside, are worthy of further study. To better understand the mechanism of
tectonic deformation, we deployed a magnetotelluric survey covering the entire basin
(Fig. 2a).

Observation and data processing

The broadband magnetotelluric survey was completed by the Geophysical and Geo-
chemical Exploration Institute of the Chinese Academy of Geological Sciences, the
Hydrological Environment and Geological Environment Survey Center of the Chinese
Academy of Geological Sciences, and the Chinese Academy of Geological Sciences in
2018-2021. In total, 710 survey points were studied using the Crystal Global Aether
(https://www.crystalglobegeo.com/) Instrument and Phoenix MTU-5A (http://www.
phoenix-geophysics.com) instrument. At each measuring point, two horizontal elec-
tric field components (Ex, Ey) and three magnetic field components (Hx, Hy, Hz) were
recorded over a time series of 20 h.

Data collected by MTU-5A and Aether were processed using prMT software (https://
www.crystalglobegeo.com/). The collected magnetotelluric time series was converted to
the frequency domain using standard robust algorithms (Egbert and Booker 1986) and
remote reference technology (Gamble et al. 1979). This allowed us to obtain impedance
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tensors and select the power spectrum for improved results during processing using
interactive methods. We then used MT Pioneer software (Chen et al. 2004b) to eliminate
high noise impedance tensors. Upon completion of the data standardization process, we
performed logarithmic interval resampling on all data, eventually obtaining the response
values of 59 frequency points within the frequency range of 320 Hz to 0.000461936 Hz.

To avoid electrical distortion caused by near-surface non-uniformity, we employed
the phase tensor decomposition technique proposed by Ref. (Caldwell et al. 2004). We
used different periods at each station in the basin to color the phase tensor ellipses
B (Fig. 3). At 80 Hz, the absolute values of the slope angle of most phase tensor ellip-
ses are less than 3, indicating that the shallow resistivity structure is more likely to be
1D or 2D. During the 1 s period, P in the basin is small, and the ellipse show no obvi-
ous directionality. However, in the vicinity of the basin—mountain transition zone and
in the mountainous regions, the p is significantly large, and the ellipse demonstrate clear
directionality, This suggests that these areas have a relatively more complex structure.
associated with periods greater than 100 s exhibit an overall slope value exceeding 3, and
tensor ellipses exhibit varied directions, implying increased complexity. Oblique analysis
indicates that the structure at the junction of the Gonghe Basin and the middle-to-deep
parts of the basin are likely three-dimensional. Therefore, 3D magnetotelluric sounding
inversion should be carried out in the Gonghe Basin.

3D Magnetotelluric inversion

We used the ModEM software package (Egbert and Kelbert 2012; Kelbert et al. 2014) to
invert the collected magnetotelluric data. When inverting, a 1.5 km by 1.5 km grid is used
in the horizontal direction, with six external expansion grids, 1.5 external expansion factors,
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Fig. 3 Skew values for different periods at each measurement point
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and 169 x 202 horizontal grids. The first layer depth in the vertical direction is 25 m, with a
layer thickness increasing factor of 1.11. Five external expansion grids, 1.5 external expan-
sion factors, and 60 external expansion grids we used. The bottom grid node is located at
609.56 km. Due to the lack of prior information, we used a uniform half space as the initial
model (Hill et al. 2015). We used a uniform half space resistivity model (50 Q. m, 100 Q.
m, and 500 Q. m, respectively) for trial calculations. Ultimately, a uniform half space of
100 Q.m was chosen as the initial model to invert the obtained resistivity structure as the
explanatory model, based on geological data and fitting difference distribution.

To improve the vertical resolution, we selected 59 frequencies within the range of
320 Hz—-0.000461936 Hz as the inversion period for the final resistivity model. In the inver-
sion, a 5% error lower limit was set for the Zxy and Zyx impedance components. After
113 iterations, the RMS decreased from 11.376 to 1.033. Figure 4 shows the fitting error
of the impedance tensor at each measurement point, with the vast majority of points hav-
ing a fitting error below 3%, indicating a good fit. A comparison of the measured data at
a frequency of 0.56 Hz with the inversion fitting data (Fig. 5) shows a good match of the
inversion resistivity and phase at each measurement point at 0.56 Hz with the observed
resistivity and phase, indicating that the overall inversion results are satisfactory.

To verify the reliability of high conductivity anomaly and high resistivity anomaly in
three-dimensional inversion resistivity model, we use a resistivity of 100 Q.m to replaces the
resistivity of the three abnormal blocks at four depths to understand how model changes
affect the final data fitting (Fig. 6). We used the parameter RMS 4,41, (%) to check how the
data fit changes, which is defined as follows (Garcia et al. 2015; Ye et al. 2018a):

RMS jpdate = %SROMSI x 100%,
where RMS,, is the RMS misfit value for the original preferred inversion model and
RMS, is that for the test model. By definition, a negative RMS;j,44 value indicates a
deterioration data fitting compared to the original preferred model, whereas a positive
RMS jpdaze value suggests a better data fitting.

98.8° 99.8° 100.8° 101.8°

36:5°

35.57

_—

0 1 2 3 4 )
Fig.4 3D inversion fitting error
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Fig. 5 Observations, fit values, and residuals of each measurement point at 0.56 Hz. a Resistivity of xy, b
resistivity of yx, ¢ phase of xy, d phase of yx

Figure 6 shows the RMS;;, 44z, values of MT measuring points in four sensitivity
tests. The model employed in three-dimensional inversion is to resets the resistivity
blocks in four depth ranges to 100 Q. m, respectively. These four depths are con-
tinuous on the initial model grid of 3D inversion, and their depth range is consistent
with the initial inversion network. Figure 6a—c shows the RMS;;,44z of most meas-
uring points is negative and significantly increases (>5%), indicating that the data
fitting is worse. However, the RMS;j,44s of most measuring points in Fig. 6d is small
and close to 0, suggesting that the data fitting is not sensitive to the test model. Fig-
ure 6¢ illustrates that the test model at the depth of 36.72 km fails to fit the observa-
tion data well, while Fig. 6d shows that the observation data are not sensitive to the
test model at the depth of 42.74 km. Therefore, we conclude that the three-dimen-
sional resistivity model shown in Fig. 6 is reliable at a depth of about 35 km.
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Fig. 6 RMS),4qe Of @ach magnetotelluric sounding station. a, b, ¢, d, respectively, represents the RMSypgate
value obtained by replacing the four adjacent layers of 24.75-28.23 km, 28.23-32.20 km, 32.20-36.72 km and
36.72-42.74 km in the resistivity model obtained by inversion with 100 Q resistivity value in each station

Interpretation and discussion

From the three-dimensional inversion resistivity slice (Fig. 7a—c), we can clearly see
the structural framework of Gonghe basin. The high conductivity corresponds to the
depression in Gonghe Basin (light blue and yellow). Due to the existence of loose sedi-
mentary layers, the resistivity in the basin is relatively low, whereas the mountains sur-
rounding the basin are electrically high. Notably, WLGSZ divides the basin into east and
west parts (Zhang et al. 2018Db).

Electrical structural characteristics of the Gonghe Basin

The resistivity at the basin mountain junction changes sharply, and the inferred
fault(D-® (Fig. 7e) has a good corresponding relationship with the surface fault (Fig. 1b).
The WLGSZ is generally characterized by high resistivity, extending from the shallow
surface to the middle and lower crust (Fig. 7b—e). Its western side is controlled by the
thrust strike-slip fault SGF and its east side is XJF. In the north, QHNSF is distributed
in NWW direction defining the northern boundary of the basin. The fault was formed
in Mesozoic era, and there is still strong activity in the Cenozoic era. A magnitude 6.4
earthquake occurred in 1990 (Figs. 2b and 9b). WY-GNF fault is a NW trending thrust
strike slip fault, which is still active in the Holocene (Zheng 1999) and has triggered
many earthquakes (Figs. 2b and 9b, c). In fact, after projecting the earthquake loca-
tions onto the resistivity profile, we found that earthquakes often occur near the contact
zone of high and low resistivity blocks (Fig. 9a, b, c). There is a coupling relationship
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Fig. 7 Horizontal slices of the 3D resistivity model for different depths: a 0.5 km, b 3 km, ¢ 5 km,d 10 km, e
15 km, f 20 km, g 25 km, h 30 km, i 35 km. The RMS misfit of the 3D resistivity model is 1.03, and the number
of iterations is 86. The white triangles in a represent magnetotelluric stations. The black solid lines depict
active faults (Wang et al. 2017). The faults D-® are the same as those in Fig. 1b. C1-C3 represent the three
conductive anomalous. Townships labeled in b include CK, Chaka; GD, Guide; SZY, Shazuyu; GH, Gonghe;
HK Heka; XH, Xinghai; ML, Mangla; GN, Guinan and TD, Tongde. The magnetotelluric Profiles ATA1'and B1B1’
in Ref. (Gao et al. 2020) is shown by the black dashed line in e. The solid arrows shown in f-h indicate the
possible direction of the lower crustal channel flow, inferred from this study. WLGSZ labeled in ¢ instead of
Waliguanshan uplift belt, GHNS instead of Gonghenanshan

between low resistivity and faults. These low resistivity zones may act as detachment
surfaces during geological movement. When stress is released, the geological body slides
along the fault, and earthquakes occur. Significant high-conductivity bodies (resistivity
less than 10 Q. m) are marked with C1, C2 and C3, respectively, on Fig. 7. The resistiv-
ity distribution obtained in this works is similar to Gao’s results (Gao et al. 2020), but
the high-conductivity scale we obtained along B1B1’ is smaller and the resistivity value
is higher than Gao. As the depth increase, C3 extends significantly to the east, C2 tilts
to the southeast, and is connected with C3 in depth, and continuously distributed at a
depth of 15-35 km (Figs. 7e—i and 8b). This corresponds to the results of seismic tomog-
raphy in this area. On the profile of the western Qinling orogenic belt along the Songpan
block, there is a continuous P-wave and S-wave low-velocity layer from west to east at
a depth of 15-40 km (Xiao and Gao 2017; Xia et al. 2021). Meanwhile, we note that this
high conductivity is connected with the high conductivity strip C1 at the north end of
the basin in the deep, indicating that the deep high conductivity material which exists in
the front of the mountain and becomes the heat source in the crust, may be extruded to
the north and blocked by QHNS. This understanding is consistent with the magnetotel-
luric survey results carried out by Ref. (Gao et al. 2018) in the basin. Correspondingly,
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there is recognition that there is a low-speed layer under the Gonghe Basin in the seis-
mic tomography of the section along the Songpan block to the Qilian orogenic belt (Xia
et al. 2021), and the thickness of this low-speed layer gradually narrows from south to
north and significantly thins before QHNS (Fig. 10a). This indicates that the deep crustal
material of the Tibetan Plateau moves weakly from south to north and may be blocked
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by QHNS. The results of Ref. (Jia et al. 2019) also confirmed that there is a low-velocity
layer extending northward in the crust and the middle crust beneath the Gonghe Basin
is missing (Fig. 10a).

In contrast, the WLGSZ shows high resistivity overall in the resistivity slice (Fig. 6b—i),
and extends to the middle and lower crust (30 km) in the vertical direction (Figs. 8 and
9), which is mainly reflected in the blocking of the eastward movement of materials in
the middle and upper crust, so that the eastward materials may flow deeper into the
West Qinling structural belt. The existence of low velocity and high-conductivity layers
indicates that granitization, melting and regional metamorphism are taking place in this
area (Feldman 1976). Many geotectonists believe that the low-velocity layer in the crust

is the detachment surface in the crust, while petrologists believe that it is the source
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Fig. 10 Comprehensive profile of resistivity, seismic wave velocity (Vp) and gravity anomaly. a Section p1,
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Gravity anomaly data are from Ref. (Hirt et al. 2013). Seismic wave velocity (Vp) AA ‘comes from Ref. (Jia et al.

2019), and BB'comes from Ref. (Zhang et al. 2011), their positions are shown in Fig. 2a. The Curie depth data
are from Ref. (Zhao et al. 2020)
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of granitic magma. In fact, the two are likely to be both (Feng et al. 2002). Although
the geophysical sections northward (along the Songpan Qilian direction) and eastward
(along the Songpan Qinling direction) on the northeastern margin of Tibetan Plateau
show that there are low-speed and high-conductivity layers in the crust, the deformation
and uplift modes in deep may be differences (Clark and Royden 2000; Ye et al. 2018a)
proposed a lower Crustal Channel Flow model to explain the topographic changes in the
eastern part of the Tibetan Plateau. Many geophysical investigations have found that the
lower crustal flow of the southeast branch squeezed into the Sichuan-Yunnan and Indo-
Chinese blocks in the form of channels and achieved good results (Liu et al. 2014; Bai
et al. 2010; Bao et al. 2015). The Qinling Mountains may be used as an extrusion chan-
nel for the flow of the other branch to the northeast. This study shows that the north-
ward direction of the Gonghe Basin is mainly controlled by deformation and uplift in
the crust, and there may be material flow in the crust in the eastward direction (Qinling
Mountains) (Fig. 1a).

Comprehensive geophysical profile characteristics

To more accurately describe the state of underground media, especially the thermal
state, which may be closely related to the high geothermal flow values in the Gonghe
Basin, we superimpose the seismic wave velocity profile onto the resistivity profile (p1/
p3 is the same as the position in Fig. 9). This is done in combination with the gravity
anomaly to analyze the underground state of matter.

The electrical profile in Fig. 10a shows that the middle and shallow parts of the Qieji
Sag and Guide Sag have low resistivity, which is corresponds to the thicker Cenozoic
loose sediments in the sag. The seismic wave velocity is also low. The low value of grav-
ity anomaly further indicates its low density. In contrast, the Qijia uplift and the Yellow
River uplift show high resistivity in the middle and shallow parts, which corresponds
to the Mesozoic strata and magmatic facies. The seismic waves velocities here are high,
and gravity anomaly also shows high values, indicating a medium relatively high density
causing gravity anomaly. We have delineated the high conductor on the profile using a
resistivity threshold of 10 ohms. Shallow high conductors are generally believed to be
related to Cenozoic sedimentation, while mid-deep low resistivity bodies may be related
to partial melting of the crust (Bai et al. 2010; Gao et al. 2018, 2020). Both resistivity
profiles indicate the presence of high-conductivity anomalous bodies deep within the
basin, represented by C1, C2, and C3, respectively. At depth, these high conductors are
distributed within a range of 15-35 km underground. Their centers align with the Curie
surface, indicating that demagnetization occurred in the underground medium at this
depth due to high temperature (Xiong et al. 2014). The longitudinal wave of seismic wave
shows a noticeable low-velocity layer along the northeast direction of the Gonghe Basin,
with the wave velocity decreases from 6.0 km/s to 5.9 km/s. Below Xinghai (Fig. 10a), the
wave velocity is even dips 5.8 km/s, potentially related to the northward and eastward
crustal material flow of the Tibetan Plateau (Ye et al. 2018b). Correspondingly, there is
a gap below the Gonghe Basin in the seismic wave velocity surface, indicating a missing
lower boundary of the upper crust (Jia et al. 2019). Partial melting and fluid flow often
cause low wave velocity anomalies (McKenzie et al. 2005; Priestley and Kenzie 2006),
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where the P-wave velocity decreases by 0.5% to 2% for every 100 ‘C increase in tempera-
ture (Goes et al. 2000).

Estimation of melting volume of high conductors in the middle and lower crust

The comprehensive geophysical exploration results show that there are low-speed, high-
conductivity and low-density materials under the Gonghe Basin. The geophysical infor-
mation observed on the surface is closely related to the deep material migration, crustal
lithosphere deformation and deep dynamic process state (Lii et al. 2022). Rock conduc-
tivity experiment shows that the main factors influencing the conductivity of deep crus-
tal rocks are temperature and pressure. When the rock nears melting temperature, the
conductivity will be several orders of magnitude higher than at room temperature (Ma
et al. 2005), causing dry rocks in the crust and upper mantle becoming more conductive.
The electrical structural characteristics of the crust and mantle largely depend on the
underground thermal state (Wei et al. 2006). Temperature is the main external factor
affecting the conductivity of minerals and rocks (Jones et al. 2009), and the relationship
between conductivity and temperature follows Arrhenius’ law, expressed as:

[(—E3+P X AV>]
o=opexp|| ——— ] |.
RT

In this formula, o is rock conductivity (S/m), og is conductivity pre-exponential fac-
tor (S/m), E, is activation energy (]), P is pressure (MPa), —E, + P x AV represents
activation volume. R is the gas constant (8.314 J/k), and T is absolute temperature (K).
Concerning the fitting coefficient of the formula, Ref. (Guo et al. 2018) rewritten the
Arrhenius empirical formula based on the parameters obtained from granite high-tem-
perature and high-pressure tests as follows:

4228.5((£83.2) — 354.7(£18.1)w + 693.6(+37.8)P
T .

logo = 3.205(£0.067) — 0.102(0.016)w —

In this formula, o represents electrical conductivity in S/m, T stands temperature in
K, P denotes pressure in GPa, and w is H20 content in wt %. According to the formula,
conductivity increases with a rise in both water content and temperature, and these two
physical quantities have the most significant influence (Fig. 11a). Moreover, the variation
in conductivity is closely linked to the melting volume of underground media. We have
used Hashin Shtrikman upper bound (Paul et al. 2000) to constrain conductivity and the
volume of melting. The expression is as follows:

3(1 —v2)(o2 — 01))

Oeffy =02 1 —
o ( 302-Y2(02 — 01)

where o.g; represents the effective conductivity of the rock mass with the volume frac-
tion of the melt, o9 and o7 are the conductivities of the host rock mass and molten rock
mass, respectively, and y; is the melt volume fraction.

We used the three high conductors in Fig. 10 to estimate the melting volume. C3, a
high conductor, is situated on the southern side of the Gonghe Basin near the Kunlun
Fault and is notably representativeness. We used the recorded temperature of 209 C at
the bottom of the GHO1 hole 4000 m (Zhang et al. 2021) as a reference for temperature
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constraints, calculating linearly. Hence, the medium’s temperature at a depth of 15 km is
approximately 750 ‘C, and the temperature at a depth of 20 km is about 1050 C.

From Fig. 10’s cross-section, we deduced that the average conductivity of C3 is about
1S/m, and the background conductivity is 0.0005S/m. We considered a temperature
range of 850 C-1050 “C, with a pressure of about 1Gpa, and a water content of about
6—9% (Guo et al. 2018). We calculated the changes in resistivity under these constraints
of water content and temperature. Given the typical H20O contents in crustal magma and
the applicable range of our electrical conductivity model, we set the upper limit of H,O
content of granitic melt was set at 9 wt %. From Fig. 10, we noted the average conductiv-
ity of C2 is approximately 0.14S/m, with the background conductivity is 0.0005S/m. C2
and C3 have similar depths, so we applied the same temperature and pressure condi-
tions are taken. The temperature and pressure of C1 are references from C3 but decrease
with depth, with pressure at 0.6 Gb and a temperature range of 550 ‘C~750 °C. The aver-
age conductivity of C1 is approximately 0.255/m, and the background conductivity is
0.0025S/m.

Figure 11 reveals that the melting volume of C3 high conductor varies between 3
and 16% within the water content constraint range. This is slightly lower than the
melting volume of other high conductors obtained under the Songpan Ganzi block by
magnetotelluric methods (4—21%) (Wang et al. 2016b; Unsworth et al. 2005; Wei et al.
2014). The melting volume of C2 high conductor varies greatly, about 15%—86%. The
melting volume of C1 is about 6%—-99%. In fact, the C2 and C3 has an approximate
burial depth, so the temperature and pressure conditions and water content should be
similar. If the temperature and pressure conditions remain unchanged and the high-
est temperature is 1050 ‘C, the melting volume of C3 is about 7%, and the melting
volume of C2 is about 43%. This suggests that the C2 high conductor in the southeast
of the basin may have more "fluidity", while the relative C3 exhibits "plasticity". Due
to its shallow burial depth, C1’s high conductivity may be more related to an increase
in water content. Therefore, considering the constraints of higher water content and
temperature, its melting volume is about 6%, similar to Ref. (Zhang et al. 2021)’s esti-
mation of 4% to 7% of the melting volume in the western part of the Gonghe Basin.
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The resistivity of underground media obtained by the magnetotelluric method in the
Gonghe basin is determined by several factors, with temperature and water content
are the decisive factors. Melt bodies are commonly present in the middle and lower
crust of the Gonghe Basin. These melt bodies serve as ductile sliding layers, providing
detachment for crustal shortening and deformation in the northeastern margin of the
Tibetan Plateau. Additionally, they act as natural heat sources transmitting heat to the
basin’s upper part, contributing to the current high geothermal background pattern of
the Gonghe basin.

Conclusions

Through three-dimensional imaging of magnetotelluric data from 710 measurement
points, we obtained a three-dimensional resistivity model for the entire Gonghe basin
and the southeastern region. This region is situated in the compression deforma-
tion zone of the northeastern edge of the Tibetan Plateau, possessing rich geothermal
resources. The study holds substantial significance for understanding the deformation,
uplift mechanism of the northeastern part of the Tibetan Plateau, and its impact geo-
thermal resource. The 3D inversion resistivity model reveals that high conductivity
bodies are widely distributed in the middle and deep parts of the Gonghe Basin. These
bodies are characterized by low wave velocity and low gravity anomaly when compared
through cross-sections. Based on high-temperature and high-pressure rock test results,
it is estimated that these high conductors likely have high temperatures and undergo
partial melting (3—43%). This phenomenon is a crucial factor contributing to the cur-
rent high geothermal background in the Gonghe basin as supported by multiple high-
temperature dry hot rock boreholes such as GR1 and GHO1. Additionally, we conducted
resistivity imaging of faults associated with surface topography changes in the Gonghe
basin. The findings showed that these faults played a significant role in the formation
of GHNS, WLGS, and QHNS during the expansion of the Tibetan Plateau towards the
northeast edge. At deep, these faults are connected to a high conductor in the middle
and upper crust, which can serve as a detachment layer for crustal shortening and defor-
mation. They also act as a heat source, transmitting heat upwards.
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