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The detection of the depth and temperature of deep geothermal reservoirs suffers great
uncertainty if it is completed using the simple combination of traditional geophysical and
geochemical methods. Given this, this study investigated the combined utilization of
multiple methods including the multi-information joint detection using the controlled source
audio frequency magnetotellurics (CSAMT) method and geothermometers in the Qutan
geothermal field. First, the reservoir temperature and the depth of geothermal water
circulation in the geothermal field were estimated using the geochemical method.
Afterward, the relationship between the CSAMT resistivity and temperature of strata
was explored through borehole temperature measurement. Based on this, the depth and
temperature of geothermal reservoirs in the geothermal field were estimated again.
According to the comprehensive analysis and comparison of the thermal reservoir
temperatures and depths obtained using the two methods, the shallow reservoirs in
the Qutan geothermal field have a top burial depth of approximately 423 m, a thickness of
about 300 m, a temperature of about 79°C, and a fluid circulation depth of about 1959 m.

Keywords: CSAMT, geothermometer, borehole temperature measurement, geothermal reservoir temperature,
geothermal reservoir depth

INTRODUCTION

Geothermal resources are greatly potential clean energy with zero carbon emissions (Long et al.,
2021; Long et al,, 2022). Usually, these geothermal reservoirs are buried deep in the ground, and it is
difficult to predict their depth, thickness, and temperature. Accurately determining these
characteristics of thermal reservoirs in advance can greatly increase the rate of drilling and
reduce the extraction costs of geothermal resources. At present, geophysical methods such as
CSAMT that are used to detect formation depth and thickness cannot directly reflect the distribution
of reservoir temperature (Wu et al., 2012; Hu et al., 2013). Although geothermometers and other
geochemical methods can be used to calculate the temperatures of deep geothermal reservoirs
through inversion, they are difficult to determine the burial depth of geothermal reservoirs (Zhou
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et al, 2008; Huang et al., 2017). However, the two different types
of methods can be used in combination to detect the depths and
temperatures of geothermal reservoirs with improved accuracy
(Wang et al., 2020).

CSAMT is a method commonly used in geothermal
exploration (Li et al, 2016; Cao et al., 2018; Cui et al., 2018;
Dong et al, 2018). It can be used to investigate shallow
geothermal reservoirs at depths of less than 2000 m (Aykag,
et al,, 2015; Basokur et al,, 1997). In comparison with other
electromagnetic methods such as high-density resistivity and
transient electromagnetics, CSAMT 1is better suited for
identifying deep strata, electrical anomalies, and geothermal
reservoir depth (Pellerin et al., 1996; Xiong and Mao 2005;
Wu et al., 2014). Remarkable achievements have been made in
the relationship between CSAMT and formation temperature.
Former Soviet scientist I.A. Cheremensky (1982) revised the
general variation law between formation temperature and
formation resistivity and established a corresponding
expression. The study of Meng Yinsheng et al. (2011)
indicated that formation resistivity is closely related to
groundwater salinity and temperature and that formation
resistivity is significantly affected by the changes in
temperature when the groundwater salinity is low. Based on
these findings, they developed the CSAMT resistivity-
temperature method, by which they successively determined
the geothermal reservoir temperature of a geothermal field in
Beijing through inversion. Meng Yinsheng et al. (2010) used the
resistivity-temperature method and obtained the temperature of
deep geothermal resources through the inversion using CSAMT
resistivity. The obtained temperature was roughly consistent with
the measured temperature of geothermal wells. Therefore, the
resistivity-temperature method can improve the exploration
accuracy of deep geothermal reservoirs.

In actual exploration, the temperature of thermal reservoirs is
usually predicted using geophysical detection combined with
geothermometers to improve the detection accuracy of
geothermal reservoir characteristics (Yan et al, 2018).
Geothermometers, generally including cationic
geothermometers and silica geothermometers, are widely used
in the estimation of geothermal reservoir temperature
(Giggenbach et al., 1994; Zhang et al, 2015; Ba et al., 2018).
Barcelona et al. (2019) estimated the temperature of the Gollette
geothermal field using cation geothermometers, and the estimates
were consistent with the results obtained using multiple mineral
equilibrium diagrams. Xu et al. (2019) considered silica
geothermometers more suitable for the estimation of
geothermal reservoir temperature than the silica-enthalpy
mixing model and used them to estimate the temperature of
the Xi’an geothermal field. Sun et al. (2015) used the SiO,
solubility curve to determine the minerals in a solution that
controlled the SiO, concentration and further -effectively
estimated the geothermal reservoir temperature. By using the
Na-K-Mg ternary diagram, Zhao et al. (2018) demonstrated that
the geothermal water in Batang had not reached the ionic
equilibrium state and revealed the formation water salinity,
both of which play an important role in further study of the
relationship between formation resistivity and temperature.

Inversion of the Temperature and Depth of Geothermal Reservoirs

Taking into consideration the findings of previous research on
the subject, this study further investigated the formation
resistivity-temperature method. Firstly, the geothermal
reservoir temperature and the depth of geothermal water
circulation were estimated using a geochemical method. Then,
the relationship between the CSAMT resistivity and temperature
of geothermal reservoirs was explored using the borehole
temperature measurement. Finally, the depth and temperature
of the geothermal reservoirs in the Qutan geothermal field were
estimated. As the results presented in this paper suggest, this
method can improve the detection accuracy of geothermal
reservoirs.

GEOLOGICAL SETTING

The Jinggang Mountains are located in the northern part of
the South China Fold Belt. They border the Cathaysia and
Yangtze plates, are next to the Shaoxing-Jiangshan-Pingxiang
fault zone in the north, and are connected to the Ganjiang
fault zone in the east (Figure 1). The Qutan geothermal field
lies in the southwestern part of the Jinggang Mountains. Over
time, the Qutan area has formed a complicated geological
structure pattern, which consists of the following four types of
structures according to their main distribution directions,
namely NE-trending structures, NS-trending structures,
NEE-trending structures, and NS-trending structures. Of
them, the NE-trending structures are the most developed.
They are dominated by the Huang’ao fault, which extends
northeastward and is 50-400 m wide. A silicified fractured
zone has developed in the Huang’ao fault and constantly
narrows from southwest to northeast.

The western part of the study area is composed of Caledonian
and Yanshanian granites. Ordovician and Cambrian slates and
sandstones mainly comprise the eastern and southern parts. Part
of the area is composed of Quaternary clays and sandy gravels.
Because of the diversity of lithologic characteristics, the resistivity
of rocks in this area greatly differs (Table 1). The Quaternary
clays and sandy gravels in the study area have low resistivity,
which is about 20-80(Qm. The Ordovician-Cambrian
metamorphic sandstones have average resistivity of about
1,136 Om and a the resistivity range of 928-1,345 Q m. The
biotite granites have average resistivity of 4,267 QO m, which
greatly differs from that of metamorphic sandstones. However,
their resistivity varies in a wider range of 563-7,971 Q m. The
silicified zone has the highest average resistivity of 16,674 Q m,
and its range of variation is even wider than those of the
abovementioned rocks. The resistivity of the various rocks is
significantly different from that of the silicified zone. This
difference is conducive to the detection of fault structures and
provides a basis for determining the geothermal reservoir
locations.

Relevant content has been added according to this
comment. Bedrock fissure water is dominant in the Qutan
area, with water-bearing rocks consisting of clastic rocks,
epimetamorphic rocks, and granites. Bedrock fissure water
in this area is primarily recharged by atmospheric
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FIGURE 1 | Geological sketch and borehole layout of the Qutan area in Jinggangshan. (A) is derived from the literature (Wang et al., 2013). (B) belongs to the local
large-scale geological map.

TABLE 1 | List of physical properties of rock specimens.

Lithologic Characters Sample Number Average Resistivity/ 2-m Variation Range/ 2-m Temperature/°C
Clays and sandy gravels - 50 20-80 23
Granites 30 4,267 563-7,971 23
Silicified zone 30 16,674 6,451-26,896 23
Metamorphic sandstones 31 1,136 928-1,345 23
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FIGURE 2 | CSAMT data processing flow.

precipitation or laterally recharged by bedrock fissures. It is
exposed in the form of springs or discharged to the ground
surface in the form of undercurrents. The bedrock fissure
water has hydrochemical facies of mainly HCO;-K + Na
type, pH of less than 7, and salinity of 70-120 mg/L.
Therefore, it is freshwater.

Geothermal wells are described as follows (Figure 1).
Representative geothermal wells in the study area include ZK2
and ZK5. The two wells are close to each other and slightly differ
in strata. The lithology revealed by well ZK2 includes brownish-
yellow gravel layer, grayish-white and brownish-yellow coarse-
grained biotite granites, gray and light gray siliceous breccias, and
grayish-black metamorphic sandstones from top to bottom. The
lithology revealed by well ZK2 provides an important scientific
basis for the CSAMT results.

No hot spring is exposed in the Jinggangshan area. The
complex geological structures in this area create difficulties for
the detection of geothermal reservoirs. The geothermal
exploration in the Qutan area has also undergone a long
process, until wells ZK3, ZK5, and ZK6 at the intersections of
the Huangao fault and the NW-trending fault revealed
geothermal water with a temperature of 38-42 C (Figure 1).
These three wells have a depth of 377.85, 446, and 450.2 m,
respectively. This discovery lays a foundation for the geothermal
surveys in Qutan and even the Jinggangshan area.

METHODOLOGY
CSAMT
The GDP-32 controllable source audio magnetotelluric

acquisition system produced by the ZONGE company of the
United States was adopted for CSAMT sounding in this study. It
had an effective acquisition frequency of 0.125-8,192 Hz and an
exploration depth of 1,500 m. The CSAMT data processing
process is shown in Figure 2. First, conduct smoothing and

Inversion of the Temperature and Depth of Geothermal Reservoirs

interpolation of mutation data under constraints of adjacent
measuring points. Second, conduct static displacement
correction and topographic correction based on the known
geological data, sections, and topographic relief and establish a
primary model using appropriate inversion parameters selected.
Finally, adopt a smooth inversion program to reduce the errors
caused by initial parameters that were artificially set by referring
to one-dimensional resistivity inversion. Since CSAMT is
restricted by the transmitting power, near-field effect tends to
occur. Therefore, man-machine interaction was adopted in the
data processing in this study.

Two CSAMT survey lines (ie., L1 and L2) were deployed in
the study area and each of them had a length of 5 km. A total of
102 measuring points were set, with an interval of 50 m. L1, which
ran parallel to the Huangao fault, was mainly used to detect the
distribution of Yanshanian granites and their surrounding
secondary faults. L2, which ran vertically along the Huangao
fault, was primarily used to explore the distribution of the
Huangao fault and Yanshanian granites and their surrounding
secondary faults (Figure 1).

Sample Collection and Analysis

Relevant content has been added according to this comment.
Geothermal water samples were obtained from previous
literature. They were divided into two groups numbered ZK2
and ZK5. Samples for total chemical analysis were collected using
2.5 L plastic bottles. The total chemical analysis of water samples
was completed as per GB/T8538-2008 Methods for Examination
of Drinking Natural Mineral Water at the Nanchang Supervision
Testing Center for Mineral Resources, the Ministry of Land and
Resources.

In terms of lithology, the study area mainly shows the
distribution of granites, metamorphic sandstones, and well-
developed silicification zones, for each of which at least 30
samples of physical properties were studied (Table 1). The
resistivity was measured using instrument Sample Core IP
Tester (SCIP) produced by the Canadian manufacturer
Instrumentation GDD Inc. The resolution and accuracy
were 1uV and 0.2%, respectively for the voltage
measurement, were 1nA and 0.2%, respectively for the
current measurement, and were 1nV/V and 0.3%,
respectively for the polarizability measurement. Spot checks
were conducted for 91 samples. The samples that were
repeatedly measured in spot checks accounted for 4.8% of
the total samples, with a relative error of resistivity of 6.4%.
Therefore, the measurement in this study met the
requirements of DD 2006-03 Technical Regulations for
Physical Property Investigation of Rocks.

Estimation of Geothermal Reservoir

Temperature

Water-Rock Equilibrium State

The Na-K-Mg ternary diagram is used to determine the
equilibrium state of geothermal water, namely fully
equilibrated waters, partially equilibrated water, and immature
water (Fahrurrozie et al.,, 2015). It can be used to assess the
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equilibrium state between geothermal water and its surrounding
rock and predict the mixing trend of them. This study adopted the
Na-K-Mg ternary diagram to determine the equilibrium state and
the salinity of geothermal water, thus laying a foundation for
development of the resistivity-temperature method and
geothermometers.

The Na-K-Mg ternary diagram is mainly based on two chemical
reactions (Shi et al, 2019): namely (1) NaAlSi;Og+K' =
KalSi;Og+Na" and (2) 2.8 KAISi;Os+1.6H,0 + Mg”* = 0.8 mica
+0.2 chlorite +5.4Si0,+2K*. When the reactions (1) and (2) reach
the water-rock equilibrium state, Na* and K+concentrations remain
stable. When the local geothermal water flows upward to the ground
surface, the temperature of the geothermal water decreases, the
equilibrium state is broken, and Na” and K" concentrations enter an
equilibrated state. When a new equilibrium state is reached, Na* and
K" are partially balanced.

Resistivity-Temperature Method

Massive previous studies have found that temperature changes
have a significant influence on formation resistivity (Du, 2011).
The general variation between rock resistivity and rock
temperature can be expressed by the following equation.

p, = po/ 1+ a(T —20)] (1)

where p, is the resistivity when the formation temperature is
20 °C, and it is considered the approximate initial value of
formation resistivity; p, is the resistivity when the formation
temperature is T°C, and it is the surveyed resistivity; a is the
rock temperature coefficient, which is usually set at 0.02 and is
actually determined using drilling data.

The expression of the geothermal reservoir temperature can be
obtained by transforming Eq. 1 into the following.

T=20+(py/p,—1)/a ©)

Formation resistivity can be obtained through inversion using
the CSAMT sounding results. Strata can be divided into multiple
areas using existing drilling data. After setting the initial
resistivity values of various areas and the rock temperature
coefficient, the temperature of geothermal reservoirs can be
calculated using Eq. 2.

Geothermometers
Geothermometers can be used to assess the temperature of a
deep geothermal reservoir using an empirical formula
representing the relationship between the contents of some
chemical components in geothermal fluids and the deep
reservoir temperature. The general principle of a
geothermometer is as follows. Some chemical components
in deep geothermal fluid reach a dissolution equilibrium
state with surrounding rocks. During the upwelling of
geothermal water, the temperature of geothermal water
decreases but the chemical composition of geothermal water
remains almost unchanged (Yan, et al,, 2019).

In this study, the Na-K-Mg ternary diagram was used to exclude
cation geothermometers. Then, the chalcedony geothermometer was
selected according to the SiO, dissolution curve.

Inversion of the Temperature and Depth of Geothermal Reservoirs

The dissolution of SiO, is mainly controlled by quartz,
chalcedony, and amorphous silica. The SiO, dissolution curve
can be used to determine the minerals that control the SiO,
content of a solution, which serves as a basis for the selection of
quartz or chalcedony geothermometers. Using this method, this
study concluded that the SiO, content of the geothermal water in
the Qutan area is mainly controlled by chalcedony. Therefore, it is
suitable to select chalcedony geothermometers to estimate the
geothermal reservoir temperature in the Qutan area. The formula
applied in chalcedony geothermometers is Eq. 3.

1032

=—F——--273.15 3
4.69 — lg (CSiOZ) ( )

where T is the estimated geothermal reservoir temperature (°C)
and Cgjp, is the mass concentration of SiO, in water (mg/l).
The formula of SiO, content is Eq. 4.

Csio, = Msio, X Cu,sio, | M,sios 4)

where Cgjo, and Cpy,sio, represent the concentrations of $iO, and
H,SiO;, respectively, in geothermal water (mg/l); Mgo, is the
relative molecular mass of SiO,, which is 60; and My,sio, is the
relative molecular mass of H,SiOs, which is 78.

Circulation Depth Calculation

At present, the commonly used methods for calculating the depth
of geothermal fluid circulation include the formula method (Gan
et al, 2019) and the isotope method. Since the temperature
measurement curves of the study area were collected in this
study, the authors used the formula method to calculate the depth
of geothermal water circulation. The formula for depth of
geothermal water circulation is Eq. 5.

Z=G(T,-To) +Z (5)

where Z is the depth of geothermal water circulation (m); G is the
geothermal degree (i.e., the reciprocal of geothermal gradient;
m/°C); T, is the geothermal reservoir temperature ("C); T is the
annual average temperature in the study area (°C), and Zj is the
depth of the constant temperature zone (m).

RESULTS AND DISCUSSIONS

Analyses of CSAMT Inversion Sections

Two CSAMT survey lines were deployed in the study area,
namely L1 and L2 (Figure 1). The two lines are perpendicular
to each other, and their intersection is located in the Qutan
geothermal field, where four geothermal wells were drilled,
namely, ZK1, ZK2, ZK4, and ZK5. Integrated interpretations
were carried out for the two survey lines based on the two-
dimensional inversion results of resistivity and frequency, as
well as existing drilling data. The sections obtained from the
two-dimensional integrated interpretation of the two lines are
shown in Figures 3, 4. Figures 3, 4 show the NE- and SW-
trending underground lithologic distribution and local
structures in the Qutan geothermal field, respectively, in
order to further reveal the distribution of strata and
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FIGURE 3 | CSAMT integrated interpretation section of survey line L1. 1-Ordovician; 2-Lower Ordovician-Cambrian; 3-Quaternary; 4-Granite; 5-inferred
secondary fault; 6-inferred geothermal reservoir; 7-borehole; 8-inferred contact zone.
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FIGURE 4 | CSAMT integrated interpretation section of survey line L2. 1-Granite; 2-Lower Ordovician-Cambrian; 3-Quaternary; 4-inferred Huangao fault; 5-
inferred secondary fault; 6-inferred geothermal reservoir; 7-borehole; 8-inferred contact zone.

underground structures in the study area. Overall, the study  distributed, and the secondary faults are distributed in a
area shows simple rock masses, and the deep bedrock and  staggered manner.

surrounding rocks are roughly dominated by granites and The CSAMT integrated interpretation section of survey line L1
metamorphic sandstones. The Huangao fault is noticeably  is a simple two-layer geoelectric structure (Figure 3). The low
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resistivity bodies on the ground surface along this section are
inferred to be the Quaternary overlying layer and weathered layer.
In the shallow part, faults are relatively developed and prominent
high resistivity strata are distributed in the southwest. The high
resistivity strata in the shallow part are inferred to be composed of
Ordovician granites. The deep medium-high resistivity of
2,500-30,000 0 m is induced by complete and dense
Cambrian- Ordovician metamorphic sandstones, slates, and
granites. In addition, this section shows apparent vertical
zoning. The resistivity of points with low numbers (0-100)
determined through inversion is greater than 1,500 Q m, and
the corresponding high resistivity bodies are inferred to be
granites. The low resistivity areas in the middle part of points
with high numbers (100-3,000) are speculated to be composed of
carbonaceous slates and metamorphic sandstones. The
surrounding areas of points Nos. 50-100, 400-450, 700-750,
and 950 show a low resistance zone. The electrical characteristics
on both sides of the low resistance zone show a distinct boundary
and clear characteristics of an anomaly zone, which is inferred to
comprise secondary faults F6, F7, F8, and F9.

Deep rock masses in the study area serve as geothermal sources,
and the secondary faults are the rising channels of geothermal
water. It can be inferred that the geothermal reservoirs in the study
area lie in the low resistance area of points Nos. 350-800, which
corresponds to an elevation of —200 to —500 m.

The CSAMT integrated interpretation section of survey line L2 is
also a simple two-layer geoelectric structure (Figure 4). The high
resistivity bodies at points with small numbers (-50-1,000) are
inferred to be composed of granites. The low resistance area of
points with high numbers (1,000-2,100) is inferred to consist of
carbonaceous slates or metamorphic sandstones. The deep high
resistance area is composed of granites, with resistivity of
2,500-100,000 Q) m. Intensive gradient anomaly zones occur near
points Nos. 650-700, 1,000, 1,350, and 1,800. They show distinct
characteristics and are inferred to be secondary faults F2, F4, F5, and
Huangao fault F3. Points Nos. 800-2000 correspond to two low
resistance area at the elevation of -100 to -400 m. This area is
composed of broken rocks, enjoys favorable aquiferous conditions,
and thereby is inferred to be a favorable part of geothermal reservoirs.

The following conclusions can be drawn from the analysis of
the above two sections and existing drilling data.

(1) The faults in the study area primarily consist of the Huangao
fault and multiple parallel secondary faults.

(2) Low-resistivity traps occur at the intersections of faults, and
the overlying metamorphic sandstones and granites provide
moderate thermal insulation conditions. The Huangao fault
and multiple secondary faults are interlaced, providing water
channels for the accumulation of geothermal reservoirs.
Therefore, it can be inferred that fault intersections are
favorable positions for the accumulation of geothermal
IeServoirs.

(3) The geothermal reservoirs revealed by the CSAMT integrated
interpretation section of L1 have a top burial depth of 430 m and
a thickness of about 280 m. The geothermal reservoirs revealed by
the CSAMT integrated interpretation section of L2 have a top
burial depth of t 415m and a thickness of about 320 m. The

Inversion of the Temperature and Depth of Geothermal Reservoirs

horizontal projection centers of the geothermal reservoirs
revealed by the two sections are only 300 m apart. Therefore,
the burial depth and thickness of the geothermal reservoirs in the
Qutan area can be considered the average depth and thickness of
the geothermal reservoirs revealed by the two sections. That is, the
shallow geothermal reservoirs in the Qutan area determined by
CSAMT have a burial depth of 423 m and a thickness of 300 m.

Estimation of Geothermal Reservoir

Temperature

Hydrogeochemical Characteristics of Geothermal
Water

The salinity of geothermal water is closely related to the water-rock
equilibrium state. The water-rock equilibrium state indicates
stronger water-rock interactions and higher salinity of geothermal
water compared to the non-equilibrium state. The Na-K-Mg ternary
diagram is an effective tool for determining the water-rock
equilibrium. Table 2 shows the chemical analysis results of
geothermal water from wells ZK2 and ZK5 (Yang et al, 2018).
The salinity of geothermal water from ZK2 and ZKS5 is 233.05 mg/L
and 283.57 mg/L, respectively. The Na-K-Mg ternary diagram in
Figure 5 shows that the sodium and potassium feldspars in the
geothermal water from both wells are in the area of unequilibrated
water, indicating that the geothermal water in both wells is in the
primary stage of water-rock interactions and has not yet reached an
equilibrium state.

Calculating Geothermal Reservoir Temperature
Through Inversion of Resistivity

The resistivity of geothermal reservoirs mainly depends on the
lithology, porosity, —groundwater salinity, and ambient
temperature of strata. For a geothermal field with a small
exploration scope, it can be assumed that the lithology, porosity,
and groundwater salinity of the deep strata remain unchanged. In
this case, the resistivity of the geothermal reservoirs is only related to
temperature and the broken degree of formation (Zhang et al., 2011).
With an increase in temperature, the density and viscosity of
groundwater decrease and the solubility of groundwater increases.
As a result, the salinity and ionic activity of groundwater increase
and the resistivity of groundwater decreases. Therefore, the
increasingly high temperature indicates increasingly low resistivity
for the same fractured zone. Overall, the resistivity of geothermal
reservoirs contains information about the broken degree of
formation and the temperature and salinity of groundwater.

The formation resistivity is closely related to groundwater
salinity and temperature. Deng et al. (2000) determined the
relationships between the resistivity of water-bearing rock
samples, temperature, and the salinity of aqueous solution
through experiments (Figure 6). According to Figure 6A,
under the same temperature, the resistivity of water-bearing
rock samples decreases with an increase in the salinity of the
aqueous solution. However, when the salinity of the aqueous
solution reaches a certain value, the increase in the salinity of the
aqueous solution has an increasingly weak influence on the
resistivity of water-bearing rock samples. Under the same
salinity of the aqueous solution, the resistivity of water-bearing
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TABLE 2 | Results of chemical analysis of the geothermal water in wells ZK2 and ZK5.

Analyzed ltem ZK2 mg-L™! ZK5 mg - L' Analyzed ltem ZK2 mg - L' ZK5 mg- L'
p(B*)/(mg-L™") p(B*)/(mg-L™")
Na* 21.35 18.65 HoSiO3 73.84 74.90
K* 3.70 4.29 Free CO, 14.65 10.31
Mg* 1.26 0.65 pH 8.2 7.9
Ca®* 23.81 20.66 Mn 0.046 0.048
Fe?* 0.00 0.00 Cu 0.001 <0.001
I~ 3.43 6.54 Total Cr 0.002 0.002
S0, 10.00 15.00 Ba 0.016 0.006
HCO3™ 105.17 140.22 Li 0.178 0.182
COz% 0.00 0.00 Ni 0.002 <0.001
F- 7.00 8.60 Mo 0.006 0.005
NO3~ 0.50 1.00 TDS 233.02 283.57

Na“/1000

0.00 % 1.00

—<+— Giggenbach (1988)
—— Fournier (1991)

. 1.00 ¥ Y - >-0.00
K'/100 0.00 0.25 0.50 0.75 100 Sqrt(Mg?")
FIGURE 5 | Na-K-Mg ternary diagram.
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FIGURE 6 | Relationship curves of the resistivity of water-bearing rock samples, temperature, and the salinity of aqueous solution. (A) is the relationship curves of
temperature and resistivity of water-bearing rock sample under different salinity of aqueous solution. (B) is the relationship curves of the resistivity of aqueous solution and
the resistivity of water-bearing rock samples at different temperatures.
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FIGURE 7 | CSAMT integrated interpretation section of survey line L1 and its regions.

rock samples decreases with an increase in temperature.
However, when the temperature reaches a certain value, the
increase in the temperature has an increasingly weak influence
on the resistivity of water-bearing rock samples.

As Figure 6B shows, under the same resistivity of the aqueous
solution, the resistivity of water-bearing rock samples decreases
significantly with an increase in temperature. The Na-K-Mg
ternary diagram (Figure 5) and Table 2 indicate unequilibrated
geothermal water and low water-rock interactions in the study area.
Therefore, the groundwater salinity is also low. The salinity values
fall in the area where formation resistivity is sensitive to temperature
change. Therefore, the formation resistivity in the study area is
significantly affected by temperature change.

The formation lithology and groundwater salinity in different
regions show complex changes. Therefore, the resistivity-
temperature calculation results are difficult to compare
between different regions. To obtain an accurate temperature
distribution of a geothermal field, it is necessary to select a small-
scale fault zone to conduct the geothermal exploration. Assuming
that the study area has the same geological conditions and similar
groundwater salinity, the resistivity-temperature calculation
method was used for geological interpretation.

For the inversion of geothermal reservoir temperature using
resistivity, it is necessary to understand the lithological
distribution along sections and the initial and surveyed
resistivity of lithological layers. The L1 and L2 sections
(Figures 3, 4) reveal that the strata in the study area include
the Quaternary and weathered crusts and Cambrian-Ordovician
metamorphic sandstones and granites from young to old ages.
The L1 and L2 sections can be divided into three regions (I-III)
according to lithological differences. Specifically, region I is
composed of Quaternary sandy gravels and weathered crusts,
weathered crustregion II consists of metamorphic sandstones,
and region IIT is comprised of granites (Figures 7, 8).

As shown in the list of the physical properties of rock
specimens (Table 1), the initial formation resistivity (p0) at
23 °C is as follows: Quaternary and weathered crust: 50 Q m;
metamorphic sandstones: 1,136 O m, and granites: 4,267 Q m.

The rock temperature coefficient (a) was set at 0.04 based on
available borehole temperature. In practical applications, the
initial resistivity of a region tends to be set at the average
resistivity of the region’s various partitions. For regions where
the resistivity gradually increases with an increase in depth, their
initial resistivity at different depths is calculated using the linear
interpolation method in order to eliminate the influence of depth
change. The initial resistivity of other regions are is at the average
resistivity of various portions and is appropriately adjusted based
on existing rock resistivity and borehole temperatures. Based on
the resistivity obtained through the CSAMT inversion of survey
lines L1 and L2, initial resistivity, and temperatures obtained by
applying Eq. 2, the temperature sections of L1 and L2 survey lines
were obtained using the geology software Surfer (Figures 9, 10).

As shown in Figure 9, the shallow surface of the temperature section
of L1 shows high temperature, which is caused by the Quaternary and
weathered crust according to the CSAMT integrated interpretation
section of L1. The temperatures near points Nos. 400, 600, and 1,100 are
high and continue deep downward, for which the possible reasons are
as follows. These points are located near faults F7, F8, and F9. Therefore,
they have broken rocks and high water content. Correspondingly, the
resistivity decreases, and the temperature increases at these points,
which conforms to the resistivity-temperature method. Two high-
temperature zones exist in areas with surface point nos. of 400-800 at
elevations of 0-800 m. One zone has a temperature of 120-160°C,
which is greatly different from the bottom temperature of well ZK5
(36.7°C). This great difference possibly results from the low resistivity
caused by faults and the intense surface water seepage. The other high-
temperature zone has a temperature of 70-80°C, which is higher than
the bottom temperature of well ZK5. The possible reason for this
difference is the relatively low resistivity caused by relatively
broken rocks.

As seen in Figure 10, the temperature anomalies reflect a
noticeable geothermal reservoir structure, and the temperatures
near fault fracture zones show high values. Points Nos.
800-2000, which correspond to an elevation of —200 to —400
m, show high temperatures (160-200°C). This result is
consistent with low resistivity revealed by the CSAMT
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integrated interpretation section of L2. However, this high  temperatures. Therefore, this section is not suitable for
temperature is quite different from the bottom temperature  obtaining geothermal reservoir temperatures through the
of well ZK2 (35.6°C), which is likely affected by faults and  inversion of resistivity.

surface water infiltration. Banded high temperatures are present

near Points Nos. 1,000 and 1,400. They are formed by faults F4 ~ Geothermometers

and F5 revealed by the CSAMT integrated interpretation section At present, the most commonly used geothermometers include
of L2. The deep part of the L2 line temperature profile shows  sodium-potassium geothermometers, quartz geothermometers,
overall temperature of 0-40°C. This occurs because the area is  and chalcedony geothermometers (Arnérsson et al., 1983). Each
close to the deep granite area, resulting in a higher resistivity of ~ type of thermometer is applicable to specific conditions. For
2000-4,000, which leads to a decrease in the calculated  example, because the geothermal water in the study area is
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SiO, is generally not affected by the formation and volatile and ZK4.

component loss of other ions and complexes. As the heat flow
cools, the precipitation rate of SiO, in the heat flow decreases, but
the SiO, content of the heat flow can still indicate that of deep
geothermal fluids (Xu and Guo, 2009).

The solubility curve of SiO, can qualitatively determine the
controlling minerals of SiO, dissolution in geothermal water,
which allows for selecting appropriate geothermometers. Using

the solubility curve of SiO,, this study determined that the
chalcedony geothermometers are suitable for the Qutan area.
The temperatures measured using chalcedony geothermometers
were basically consistent with the estimates of geothermal
reservoir temperature obtained by resistivity inversion.

Frontiers in Earth Science | www.frontiersin.org

11

May 2022 | Volume 10 | Article 858748


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Zhao et al.

The dissolution of SiO, in water is mainly controlled by
quartz, chalcedony, and amorphous SiO, (Ellis, 1979).
Figure 11 reflects the primary minerals that affect the
dissolution of SiO, in geothermal water and thus can be
used to estimate the reservoir temperature. According to
this figure, the geothermal water is mostly concentrated
near the chalcedony line, indicating that chalcedony plays a
role in controlling the dissolution of SiO, in geothermal water.
Therefore, chalcedony may be the optimal mineral for
assessing the reservoir temperature. According to Table 2,
the contents of H,SiO; in geothermal water of wells ZK2 and
ZKS5 are 73.8 mg/l and 74.9 mgl/l, respectively. According to
Eq. 4, the concentrations of SiO, in the geothermal water of
wells ZK2 and ZK5 are 56.9 mg/l and 57.7 mgl/l, respectively.
As calculated using the chalcedony geothermometer equation,
the geothermal reservoir temperatures of wells ZK2 and ZK5
are 78 and 79°C, respectively. These temperatures are basically
consistent with the geothermal reservoir temperature
estimated by the resistivity-temperature method (70-80°C),
indicating that the inversion of geothermal reservoir
temperature using resistivity is feasible.

Depth of Geothermal Water Circulation

The depth of geothermal water circulation refers to the vertical
distance from the ground surface to the bottom plate of the
aquiclude of deep geothermal fluids. It reflects the update speed
of geothermal resources and can be used as a reference for
determining the recharge-runoff-discharge characteristics of
groundwater systems. In the Qutan area, the geothermal fluids
tend to be warmed by deep heat sources during deep circulation
(Long et al., 2019), and the geothermal water temperature is directly
proportional to the circulation depth.

At present, the geothermal water circulation formula is
commonly used to calculate the depth of geothermal fluid
circulation (Mohammadi et al., 2010). The average annual
temperature in the study area is 15°C. According to the
temperature measurement curves with good linear
characteristics of wells ZK1, ZK2, and ZK4 (Figure 12), the
Qutan geothermal field has an average geothermal gradient of
about 3.3 °C/100 m and an average geothermal degree of
30.3 m/°C. Meanwhile, the depth of the constant
temperature zone was set at 20m (Wang et al., 2015).
Based on these data and the abovementioned data such as
the geothermal reservoir temperature of 79°C, the depth of
geothermal water circulation was determined to be 1959 m.
This depth differs greatly from the top burial depth (423 m) of
the Qutan shallow geothermal reservoirs obtained by the
analysis of CSAMT integrated integration sections. This
finding indicates that CSAMT is primarily suitable for the
exploration of shallow geothermal reservoirs, while the
geothermal water circulation formula can be applied to the
exploration of deep geothermal reservoirs in general.

Inversion of the Temperature and Depth of Geothermal Reservoirs

CONCLUSION

1) As shown by the geothermal reservoir characteristics revealed
by CSAMT and geochemical characteristics of geothermal
fluids, the Qutan geothermal field is located at the intersection
of multiple faults and has a complex geological structure and
intense granite intrusion. As a deep fault, the Huangao fault
intersects several secondary faults, resulting in convenient
geothermal water migration. Moreover, the geothermal water
migration may also be accompanied by the heat flow
generated by the decay of radioactive elements in granites.
The shallow geothermal reservoirs in the Qutan geothermal
field have a top burial depth of 423 m, a thickness of about
300 m, a geothermal reservoir temperature of about 79°C, and
a geothermal water circulation depth of 1959 m.

2) In a small-scale fault zone in the geothermal field exploration,
the inversion of geothermal reservoir temperature using
CSAMT resistivity can better determine the distribution of
the formation temperature field. The results of this method are
roughly consistent with the borehole temperature
measurement results and the estimates of chalcedony
geothermometers, indicating that the inversion of
geothermal reservoir temperature using resistivity is feasible.

OUTLOOK

This study further verified the reliability of the inversion of
geothermal reservoir temperature using CSAMT resistivity
by investigating and analyzing the intrinsic relationships
between hydrogeochemical and geophysical explorations
and using geothermal well temperature measurements.
Geophysical and geochemical explorations have both
played an important role in geothermal exploration.
However, the limitations of using a single exploration
method are increasingly noticeable, and any single
exploration method or the simple combination of
exploration methods has great uncertainty in the
exploration of the temperature and depth of geothermal
reservoirs. Exploring the intrinsic connections between
various methods and accordingly extracting the implicit
stratigraphic  information have become important
directions for future research.

Formation lithology and groundwater salinity show
complex changes and may greatly differ between different
regions. It is difficult to conduct correlation and comparative
analyses on the resistivity-temperature calculation results of
different regions. To obtain the accurate distribution of
geothermal field temperature, it is necessary to further
study the selection of parameters used in the resistivity-
temperature calculation formula under different geological
conditions. This will also improve the operability of the
resistivity-temperature calculation formula.
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