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Geothermal energy has attracted increasing attention worldwide due to its abundant reserves, stability, and sustainability. Based
on the survey of geothermal resources in the Yanqing-Huailai Basin, this paper conducts comprehensive data study, demonstrates
geothermal distribution and multiscale characteristics, and constructs the geothermal mechanism and conceptual model to
promote regional geothermal energy development and utilization. Our study proposes to characterize geothermal reservoirs
using geophysical data ranging from the representative geothermal field scale to the basin scale. Hydrochemical samples were
also collected. According to the results of multiscale analysis and interpretation, combined with field geological and geothermal
investigations, it is concluded that the Dahaituo pluton is composed of acid granite and monzonite granite, with low gravity
and high magnetic anomaly. Its intrusion and development are responsible for the local geothermal anomaly. Multiscale
analysis and source depth estimation of potential field data and MT profile interpretation were carried out. The regional
thermal structure and reservoir characteristics were demonstrated from the deep to the shallow. In addition, according to the
regional geological background and geophysical interpretation, a three-dimensional geological model is constructed to
characterize the distribution law and genetic mechanism of geothermal anomalies. The study shows that strong Cenozoic
tectonic movement and the intrusion and development of rock mass are the main factors causing local geothermal anomaly.
The development of regional deep and major faults and extensional structures, as well as the channels and space formed by the
breaking of rocks at the intersection of faults, provides advantageous conditions for the upwelling, migration, and convergence
of geothermal fluids. The recharge of surface water in the intermountain basin and thermal convection drive the circulation of
the geothermal system.

1. Introduction

The city of Zhangjiakou, located in north China and north-
west of Beijing, will be one of the host cities of the Olympic
Winter Games 2022. The exploration and exploitation of geo-
thermal energy are one of the necessary approaches to low-
carbon and green Olympics. The study area covers the middle

part of Zhangjiakou city geographically, and in the division of
the tectonic unit, the Yanqing-Huailai basin (YHB) is
included. In the basin, abundant geothermal resources were
discovered and field survey was carried out for mechanism
research of geothermal anomaly and further exploitation.
According to the survey and research results, tens of
geothermal anomalies are discovered and their distribution
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is concentrated around villages like Houhaoyao, Wanyao,
and Xijiabao. The hot springs and geothermal boreholes
have a medium and low temperature from 25°C to 89°C,
and the corresponding depth is usually less than 500 meters
[1-3]. In addition, the YHB situates in the structural conver-
gence position of the northeastern part of the Fenhe-Weihe
graben and the northwestern part of the Zhangjiakou-
Penglai fault zone (ZPF) [4], which causes fault activities
and frequent earthquakes. The development and occurrence
of earthquakes might be related to the distribution of geo-
thermal manifestation [5-7]. In the process of infiltration
and deep circulation of atmospheric precipitation and sur-
face water, the temperature will increase due to the influence
of geothermal warming and residual heat of magma. The
rock is broken, and the tensional pinnate structure is devel-
oped at the intersection of faults, which forms the enrich-
ment zone and upwelling channel of geothermal fluid [3, 8].

The field survey work aiming at geothermal energy and
earthquake occurrence in the YHB during passed decades
has accumulated abundant data and materials. However,
the lack of intensive study and understanding of geothermal
anomaly restricted the development and utilization in the
region. It is recognized that the reservoir in YHB includes
Archaean gneiss, Jixianian dolomite, and Yanshanian gran-
ite principally but the spatial distribution of reservoirs and
information in a deeper position have formed yet. The for-
mation mechanism and key controlling factors remain
ambiguous [1-3, 9]. The undulation of the Curie isothermal
surface, as a result of the combined effect of convection, local
radioactive heating effect, and upper mantle thermal radia-
tion, is closely related to deep thermal events [10, 11]. Itis nec-
essary to further shed light on the indicating the significance
of the Curie surface depth (CSD), which generally was calcu-
lated from regional magnetic data with susceptibility interface
inversion approaches [12, 13]. Besides, magnetotelluric (MT)
and seismic profiles were frequently used for geothermal and
earthquake study in the YHB area to obtain deep information
[2, 14, 15] but the lack of potential field application and
integrated interpretation could not satisfy the need of com-
prehensive understanding and three-dimensional modelling
of a regional geothermal reservoir [16-18].

In this paper, regional gravity and aeromagnetic data are
interpreted with wavelet multiscale analysis and fast imaging
methods. The resistivity inversion cross-section of MT data,
CSD data, geothermal gradient, and terrestrial heat flow sta-
tistics is collected and involved in the integrated interpreta-
tion for the geothermal mechanism and three-dimensional
model. With the advantage of high vertical resolution, MT
profile data is primarily used to depict the characteristics
of strata and properties of faults. Anomaly separation of
potential field data is an essential step before the inversion
and interpretation of geological targets. Data observed on a
measurement plane with various altitudes have different def-
initions and in result reflect the characteristics of geological
targets with coarse to fine scales and deep to shallow depth
[19, 20]. In our study, the potential field data are decom-
posed into multilayers, and on each layer, the horizontal dis-
tribution of faults, reservoir, and intrusive bodies is
delineated. The depth of the source that causes the anomaly
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would be estimated with a regularized downward continua-
tion method [21], and in the process, resistivity inversion
cross-section provides a priori information constraints. The
data of temperature and heat flow play a key role in analyz-
ing regional geothermal geological conditions and determin-
ing the geothermal objective area [11, 22, 23].

The scheme of integrated interpretation with multisource
and multiscale geophysical data is proposed in our study. On
the basis, the deep genesis of the geothermal anomaly would
be revealed and the local geothermal reservoir in the YHB is
characterized. At last, a conceptual geothermal mechanism
model is built for a better understanding.

2. Geological, Structural, and
Geothermal Settings

2.1. Tectonic Structure. The study area is located in the
overlapping compound position of the western part of the
Yanshan intraplate orogenic belt and the northeastern
boundary of the Fenhe-Weihe Graben (FWG) system, the
northern part of the Sino-Korean quasi platform [4]. The
Yanshan intraplate orogenic belt experienced intense struc-
tural deformation, magmatic and volcanic activity, and
synorogenic sedimentation during the Jurassic-Cretaceous
Yanshan Movement (Figure 1(a)). In addition, the FWG sys-
tem has gradually formed since the Tertiary and it appears as
a strongly active seismic zone. The upper mantle material in
the graben system is uplifted, and the crust tends to be
stretched. The development of the graben system controls
the formation of the YHB, and at the same time, the struc-
tural pattern of the study area before the Cenozoic has been
greatly modified [24]. The tensional environment and active
Cenozoic tectonic movement are attributed to the formation
of regional geothermal manifestations.

2.2. Strata. According to the regional geological survey report
and boreholes in the surrounding mountainous areas and the
basin, all strata from the Archean to the Cenozoic were dis-
covered except for the Lower Paleozoic, Upper Ordovician,
Upper Paleozoic Silurian, Devonian, and Carboniferous-
Permian [25]. Most part of the study area is covered by Qua-
ternary strata. The sedimentary thickness is generally tens of
meters and the thick part could be up to 150-700 meters [3].
Neogene strata was developed and complete, including
Miocene and Pliocene. Sandy conglomerate and sandpaper
clay are interbedded, with no exposure on the surface. The
Cretaceous system is absent in this area, and the Jurassic is
widely distributed throughout the region, with a main lithol-
ogy of sandstone, conglomerate, tuff, and andesite. The expo-
sure of the Triassic strata is not widespread. Archaean is
mainly distributed in the Pangjiapu, Mayukou, Tumu, Hou-
haoyao areas, etc. It is a set of metamorphic rock series
formed by mid-deep-deep regional metamorphism [26].

2.3. Geological Structure. Following the formation of the
Mesozoic NNE-NE trending main fault system in the vast
areas of eastern China, a large number of NW-NWW com-
pressional (or compression-shear) and associated tensional
and tension-shear fault systems have developed since the
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FIGURE 1: Geological structure diagram of the study area. (a) Tectonic structure and (b) geological map of the study area.

Cenozoic. It forms the NW-NWW faulted tectonic system
[27-29]. Among them, the Zhangjiakou-Penglai fault zone
(ZPF) penetrates the Cenozoic Bohai Bay Basin, the North
China Craton basement, and the Mesozoic Yanshan Oro-
genic Belt along the NWW direction and has played a key
role in controlling the deposition, magmatic activity, and
tectonic development of different evolution stages on both
sides of it [30]. Frequent earthquakes in the recent years
indicate that ZPF remains seismically active, and focal
mechanism solutions suggest that its slip vector is sinistral
[31-33]. The main faults and the information of their prop-
erty and activity are listed in Table 1. Under this structural
background, the Late Cenozoic in the Zhangjiakou area
underwent multistage extensional structural deformation
and developed a series of intermountain fault basins, such
as the Yanqing-Fanshan Basin (YFB), Huailai-Zhuolu Basin
(HZB), and Zhangjiakou-Xuanhua Basin (ZXB).

Geological structures have an obvious controlling effect
on the distribution of geothermal manifestations (hot
springs and geothermal boreholes) according to our survey
statistics. For instance, the Houhaoyao geothermal field is
bounded by five faults [3]. The NW direction fault lying in
the middle part plays a major role in thermal control, and

to its southwest side, an intersection of faults along the
NEE and NNE directions causes rock disintegration and
development of plume-like fractures. The fracture zone is
advantageous to the formation of geothermal water gather-
ing and upwelling.

2.4. Magmatic Rock. The study area is part of the
Daxinganling-Tajhangshan structural magma belt and the
magmatic activity is strong. The main activity era is Meso-
zoic, and the strong period happened in the middle and late
Mesozoic. The magmatic rock mass formed during this
period has the characteristics of large scale, wide distribu-
tion, diverse shapes, and significant mineralization. It was
mainly produced in the shape of rock foundation, rock
strain, rock wall, rock branch, lava blanket, and rock sheet
with different scales. The magma intrusion and volcanic
eruption are controlled by the Dahenan-Chicheng deep fault
(F, in Figure 1(b)) spreading from NE to NNE.

2.5. Hydrogeological Condition. The study area belongs to
the intermountain basin and piedmont zone, where an insu-
lar or half-insular fracture zone geothermal reservoir with
linear and banding distribution is developed. The types of
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TaBLE 1: Main faults and the activity in YHB [34].

Name of fault Length (km) Property Era Strike  Inclination Dip angle (°)
Sangganhe 32 Normal fault  Early Pleistocene & Medio-Pleistocene Nearly EW N 70
Sunjiagou-Hougou 20 Normal fault  Early Pleistocene & Medio-Pleistocene ~ NNW SW 75
North margin of YFB 102 Normal slip fault Epipleistocene & Holocene NE SE 50-80
North margin of HZB 58 Normal slip fault Epipleistocene & Holocene NE SE 50-75
Tumu-Huangtuyao 21 Normal fault Epipleistocene & Holocene NW SW 60-90
Xinbaoan-Shacheng 86 Normal slip fault Epipleistocene & Holocene NWW SW/NE 50-75
Jinjiabao 10 Normal fault Epipleistocene & Holocene Nearly SN w 65-70
Shizhuang 20 Normal slip fault Early Pleistocene & Medio-Pleistocene NW NE 60-80
f/illzlzilr?;;)% " 115 Normal slip fault Epipleistocene & Holocene NE-NNE SE 60-80
Yanhecheng-Zijingguan 115 Normal fault  Early Pleistocene & Medio-Pleistocene NE-NNE SE 50-75

groundwater in the study area are divided into interstitial
water in loose rocks, karst water, and bedrock fracture water
according to water-bearing media. Interstitial water distrib-
utes along the lower reaches of Sanggan River, where advan-
tageous water-proof layers are scarcely produced and gravel
is exposed on the surface [3]. The aquifers are mostly an
exoteric single-layer structure with strong permeability. Pre-
cipitate water and surface runoff vertically infiltrate into the
ground through sand and gravel, and mix the water from
mountains along the basin margin and river to recharge
the runoff area for groundwater. Geothermal water circu-
lates up generally through deep faults and occurs in fault
zones and fracture developing zones. The upper part of the
bedrock reservoir is covered by the Quaternary stratum,
which constitutes the caprock of the bedrock reservoir and
has the effect of heat accumulation and preservation for geo-
thermal water. Meanwhile, the groundwater in the Quater-
nary sand and gravel layer is heated by thermal conduction
to form the Quaternary geothermal reservoir.

2.6. Geothermal Field. The geothermal gradient distribution
in the study area is controlled by the geological structure
pattern of the unevenness. The relatively high temperature
zone is consistent with the structural uplift zone. The cap-
rock geothermal gradient in the Houhaoyao area is greater
than 3.5°C/100 m and could reach 4.0~5.0°C/100 m or more
locally [3]. Vertically, it is mainly controlled by the lithology
of the formation and the geothermal gradient of rocks with
high thermal conductivity is smaller. Therefore, the geother-
mal gradient of the Cenozoic is generally greater than that of
the underlying bedrock. Terrestrial heat flow is a compre-
hensive thermal parameter, which can reflect the thermal
state of a region than basic geothermal parameters (such as
temperature and geothermal gradient) more accurately.
With regard to the study area, it has the characteristics of a
higher value in the transition zone between the mountain
and the plain and the Cenozoic graben than in the mountain
area [7, 22]. The statistical data are listed in Table 2.

3. Materials and Methods

3.1. Geophysical Properties. Geophysical properties of rocks
in the study area are measured and collected (Table 3, figures

in the bracket denote the number of rock samples). The sta-
tistics play a role of geophysical interpretation foundation,
and from Table 3, it could be discovered that distinct differ-
ences in physical properties between different strata exist. It
is worth noting that the crust of the YFB and HZB is a com-
monly high- and low-velocity alternate structure according
to seismic imaging. The middle-upper crust undergoes
velocity reversal frequently, and there is a high-dip fault
zone extending to the Moho surface. This may be regarded
as a deep sign of the gestation of earthquake geothermal
anomalies in this area.

3.2. Data Preparation

3.2.1. Gravity Data. Satellite gravity data is from the new
global marine gravity model from CryoSat-2 and Jason-1,
that is, S&S Global Anomaly V29.1 downloaded at https://
topex.ucsd.edu/cgi-bin/get_data.cgi. The gridding interval
is 1/ x 1'. Regional gravity data has a resolution of 2 km x
(I ~2)km and provides the information of strata and fault
distribution in the three-dimensional space, while aeromag-
netic anomaly is mainly used to demonstrate the character-
istics of intrusive rock mass, which was speculated to
contribute to the local geothermal anomaly.

3.2.2. Magnetic Data. The aeromagnetic data covers an area
of Xuanhua and Huailai with grid point intervals of 0.5 km
x 0.5km. The data were collected by a fixed-wing aircraft
flown at an average altitude of 500 meters, and the total
anomaly has been reduced to a pole. The magnetic measure-
ment program was carried out by the Hebei Institute of Geo-
logical Survey in 2016 aiming at exploring and assessing the
mineral resources. Linear geological structures and high-
and low-anomaly zones are demonstrated with the total field
data to interpret prospective provinces and mineral plays.

3.2.3. Magnetotelluric Data. The MT profile was acquired
and interpreted by Jilin University and has been published
[2]. On their basis, we modify and reinterpret the profile to
obtain a more explicit understanding on the resistivity struc-
ture and the controlling effect of low-resistivity anomaly
over the formation of regional geothermal energy. In our
field survey, the information of the temperature, depth to
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TABLE 2: Terrestrial heat flow data of the YHB and the adjacent areas [7].

Geothermal gradient

Thermal conductivity Terrestrial heat flow

No. Location X (m) Y (m) (°C/100 m) (W/m"C) (mW/m?)
1 Fanshan 536914 4448125 0.71 3.85 27
2 Fanshan 536896 4451826 1.38 2.43 34
3 Chicheng 569597 4531185 1.44 2.65 35
4 Chicheng 542268 4505527 1.43 2.75 39
5 Xuanhua 513340 4491261 2.45 2.1 46
6 Xuanhua 511738 4492554 2.42 2.22 46
7 Xuanhua 513412 4490459 2.41 2.12 51
8 Yanging 607533 4474715 1.64 3.29 51
9 Xuanhua 514613 4489875 2.04 2.64 54
10 Xuanhua 489485 4508777 2.26 2.71 55
11 Xuanhua 514613 4489752 2.16 2.57 56
12 Yuxian 458344 4420513 3.5 1.64 57
13 Yanqging 606092 4476546 1.99 2.85 57
14 Xiahuayuan 521625 4481995 4.17 1.32 60
15 Xijahuayuan 523292 4483635 2.2 2.72 61
16 Yuxian 459063 4417271 3.5 1.75 61
17 Beijing 626824 4421330 1.75 4.16 61
18 Beijing 622549 4421260 1.95 3.96 77
19 Beijing 623974 4421283 1.94 4.33 84
TaBLE 3: Stratal property statistics in the study area.
Grouping Strata gjgrig})’ Magnze:i i%ii;ﬁ;lblhty Remzzrjlrer;tlr(r)li%/e;/l[z)anon Resistivity (2-m)
, , Quaternary 1.669 (210) 84.1 (202) 21.9 (202) 96 (10)
Cenozoic deposits
Neogene 2.558 (284) 60.7 (58) 28.8 (58) 532 (48)
Pyroclastic deposits Jurassic 2.522 (2116) 458.1 (682) 198.2 (679) 378 (325)
Cambrian 2.678 (564) 3.5 (75) 0.61 (88) 4416 (89)
_ Qingbaikouan 2.664 (104) 3.7 (60) 0.4 (61) 12503 (53)
Carbonate deposits e
Jixianian 2.740 (748) 4.0 (62) 0.41 (148) 4955 (148)
Changchengian  2.671 (1004) 3.8 (204) 0.6 (254) 2911 (248)
) Intrusive rock 2.663 (769) 677.6 (228) 98.4 (229) 1714 (160)
Archaeozoic .
Gneiss 2.695 (1020) 1374.0 (316) 230.7 (315) 1535 (194)

water table, strata of hot springs, and geothermal wells was
collected. In addition, physical properties of rocks, geother-
mal gradient, and terrestrial heat flow data [3, 7, 22] were
gathered into the integrated interpretation.

3.2.4. Geochemical Testing Results. Since the temperature of
groundwater in the study area varies from 12.4°C to
82.0°C, its spatial distribution shows a decreasing trend cen-
tered on the Houhaoyao and Xijiabao geothermal field. In
order to better distinguish the geochemical characteristics
of geothermal fluids, all samples are classified by tempera-
ture as high temperature (>45°C), medium temperature
(25-45°C), and low temperature (<25°C). We analyze the
hydrogeochemical parameters of the samples according to

the abovementioned classification. The range of high-
temperature geothermal water samples is 45-82°C, and the
average value is 54.53°C. Sampling sites are dominantly
located in the central area of the Houhaoyao and Xijiabao
field. Testing parameters are counted and summarized in
Table 4.

3.3. Multiscale Analysis of Potential Field Data. The nonuni-
form density distribution exists in the crust and upper man-
tle, which is related not only to the composition but also to
the internal temperature variations in the lithosphere. The
density of the lithosphere in north China is significantly
nonuniform in both the horizontal and vertical directions
and exhibits a notable segment-wise spatial distribution
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TaBLE 4: Hydrogeochemical compositions of collected samples in the study area.
Parameters High T Medium T Low T Water reservoir River
T (°C) 54.43 +£2.08 3501+1.3 17.15£0.91 25.5+0.1 31.00
pH 8.34+0.07 8.17 £0.05 7.95+0.1 8.4+0.11 7.41
Eh (mV) -90.2+£9.5 -58.02+8.91 -58.77 £18.93 —10.97 £ 34.65 —58.00
TDS (mg/L) 688.29 £35.27 508.33 £28.13 436.12+£27.02 862.67 £19.95 734.00
8180, (%0) ~11.55+0.1 ~11.06 +0.11 ~10.31+0.15 ~3.33+£0.09 ~7.10
0" Hgmons (%0) -86.99+0.8 ~83.06 +0.86 ~77.39 £1.05 -37.57+0.35 -57.20
F~ (mg/L) 8.06 £0.36 3.54+0.54 2.5+£0.48 1.09+£0.21 1.10
Cl” (mg/L) 69.51+3.71 46.29+3.75 35.95+4.88 185.67 +2.33 129.00
0,2 (mg/L) 326+ 17.96 209.5 + 18.42 114.34+ 16.16 228.67 +11.7 204.00
Na® (mg/L) 213.21 £10.22 116.64 £ 12.08 94.18 £13.36 189.67 £ 6.06 128.00
K" (mg/L) 5.38+0.63 3.66 £ 0.55 2.56 £0.37 13.03+0.12 12.00
Mg2+ (mg/L) 1.94+£0.43 15.19 £2.59 18.83 £2.15 61.03+£0.9 46.40
Ca®t (mg/L) 25.14 £3.02 41.24+£5.49 38.29+3.78 35.77+£0.18 69.10
HCO;™ (mg/L) 67.46 +7.62 126.84 £ 11.81 208.41 £11.48 272.67 £8.17 281.00
H,Si0; (mg/L) 67.04 + 3.63 44.89£2.91 31.3+3.07 7.15+0.05 44.90

pattern. Two tectonic units, namely, the Taihangshan tec-
tonic zone and the FWG, constitute a gravity gradient tran-
sition zone striking the NNE direction, which traverses the
YHB and produces a significant difference in the density dis-
tribution on the two sides [35]. On this basis, satellite gravity
anomaly provides an approach and window to analyze the
density inhomogeneity in the lithosphere. It is obvious to
discover high values along the NE direction and low values
along the NW direction in the gravity map (Figure 2); the
trends were considered as a combined effect of FWG and
ZPF. Besides, the study area lies at the margin of Yan Moun-
tain and North China plane to the southeast. The variations
of anomaly correspond to the gravity gradient transition
zone, where deep and major faults develop and the crustal
movements are usually intensive. The conditions would pro-
vide a favorable geothermal background.

Due to a greater cover area, regional gravity and mag-
netic potential field data provide a fast and low-cost
approach to explore and interpret the geological targets in
a three-dimensional space. However, as the comprehensive
effect of anomalous sources with different scales and depth,
anomaly separation is an essential procedure in the interpre-
tation of potential field data. The multiscale analysis method
used in this paper is based on discrete wavelet decomposi-
tion (DWD) with basis function Daubechies on 4~6 layers
[36]. Multiscale analysis could be regarded as an anomaly
separation method in the potential field. It is commonly
realized with discrete wavelet decomposition and recon-
struction. For a data matrix M(x, ), the expression of a
2D discrete wavelet transform is as follows [37, 38]:

2/-1 J-1 2/-1
M(x,y) = Z Cjo;k,l¢j0;k,l(x’y) +ZZ Z d};k,l‘//};k,z(x))’)’
k=I=0 7 j=0 k=I=0

(1)

where ¢ and y are scaling and wavelet function, respectively,
and ¢ and d denote scaling and wavelet coeflicient, respec-
tively. Parameter ] defines the decomposition layer, and on
each layer, i = h, v, d are the subband wavelet coeflicients in
the horizontal, vertical, and diagonal directions, respectively.
Equation (1) transforms potential field data into coarser and
finer contents, which could be reconstructed to low- and
high- frequency signals. The process is similar to data filter-
ing and anomalies with a varied scale are separated.

In this paper, the structure of the sedimentary basin
refers to the transverse density and magnetic susceptibility
inhomogeneity of different depth levels and the scales of
potential field anomalies are dependent upon sizes of the
sources located in different depths which vary accordingly
[39]. Based on the geological characteristics of the YHB,
we inversed the potential field perturbation corresponding
to the three sets of strata that covered the major part of the
basin. Daubechies wavelet is applied into the data decompo-
sition and reconstruction with the advantages of orthogonal-
ity, compact support, and approximate symmetry [38].
Gravity and magnetic anomalies on each scale represent
the response of sources at different depths as inverse relation
exists between the scale and the frequency. It is not necessary
to set the range of depth related to anomalies at each scale,
and besides, the interpretation and inversion are applied
without depth weighting. The method could improve the
resolution in the depth direction effectively and provide
more detailed deep information.

Furthermore, two regional gravity profiles are drawn in
Figure 2 to study the vertical distribution of strata and faults
using 2.5D inversion. It should be noted that the profile data
is extracted from regional gravity instead of satellite gravity.
Figure 3(a) presents a profile striking near the SN direction
and passes through a couple of faults striking the NE,
NNE, and NW directions. It is obvious that the Quaternary
Fanshan Basin and Zhuolu Basin are controlled by normal

Downloaded from http://pubs.geoscienceworld.org/gsallithosphere/article-pdf/doi/10.2113/2022/2299247/5629102/2299247 .pdf

bv auest



Lithosphere

I:I Study area City
,-~>?| Yan-Huai /| Regional
"=~ Ibasin gravity profile|

",
*Zhangjiakou ,.
O)

4650000

4600000

4550000

4500000

Northing (m)

4450000

4400000
e

\.
’5
- [ )
500000

4350000

400000 450000 550000

600000

Grav (mGal)
170

160
150
140
130
120
110
100
90
80
70
60
- 50
- 40
- 30
20
. 10
0
- -10
20
-30
-40
-50

650000 700000 750000 800000

Easting (m)

FIGURE 2: Satellite gravity anomaly of north China.

deep faults at the south and north ends. At the south end of
the Fanshan Basin, a rock mass developed and it is believed
to form during the period of the Yanshan Movement.
Figure 3(b) shows the inversion result of the profile BB'.
The profile strikes 45°, and the Taohua-Nuanquan Basin is
a Cenozoic monoclinic basin controlled by the Yuxian-
Yanqing Fault, whose northwestern part descended and
deposited a huge thickness of Quaternary sediment. The
Zhuolu Quaternary Rift Basin developed in the central part
and is a Cenozoic faulted basin, and the northwest side is
controlled by secondary normal faults. The southwestern
end is twisted by the Xiahuayuan Major Fault and is sepa-
rated from the southern depression.

3.4. Downward Continuation Imaging and Depth Estimation.
Stable downward continuation is a promising technique for
estimating the depth of sources. Based on the filter curve in
the wave number domain, we developed a new depth estima-
tion method using the Chebyshev-Padé approximation func-
tion. The method was published [21, 40] and utilized
successfully in the interpretation of potential field data.

The potential field data at different observation altitudes
can be denoted using the continuation operation in the fre-
quency domain as

Ty(w, @y AR) = 1 T (w,, @), (2)

where T}, and T are the data at two observation planes sep-
arated by a vertical distance Ah, w,, w,, and w, which denote
wavenumbers in x, y, and radial directions. To overcome the
instability of downward continuation calculation, mathe-
matical approximation functions could be used, and among
the methods, exp (Ahw,) can be approximated by

Chebyshev-Padé approximation as

$(we @, Ah)
2 3
_ o, _ 09196+ 0.5667Ahw, + 0.1467 (Ahw,)” +0.01627 (Ahw, ) '
0.9194 - 0.3528Ahw, +0.0403 (Ahaw, )?

(3)

In our application, a simple low-pass filter was used to
improve the Chebyshev-Padé to converge to zero and the
downward continuation method was used to calculate the
depth directly. In addition, to improve the convergence of
the Chebyshev-Padé method, a novel depth parameter is pro-
vided to improve the upward continuation operator as follows:

T (@, 0, 4h) =) T (0, w,), (4)

in which the negative sign denotes upward continuation calcu-
lation. Therefore, the applied depth estimation method is
described as
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Ty (@ @, Ah) = P $(w,, 0, A T (0, @,). (5)

3.5. Integrated Interpretation. The potential field data are
decomposed and reconstructed on four layers with the wavelet
multiscale analysis method introduced in Section 3.2. The
anomalous field on each layer denotes the distribution of
density or magnetic inhomogeneity at different depths.
Figures 4(a) and 4(b) represent the results of aeromagnetic
and Bouguer gravity anomaly, respectively, and from them,
the information of the thickness of strata, penetration depth
of faults, and the scale of rock mass could be extracted. What
is mentionable is that gravity anomaly reveals more detailed
information than magnetic data on most layers in the study
area. Gravity data contains evidently more features associated
with tectonic units, faults, and strata (Figure 3), while mag-
netic data reflects the spatial distribution of magmatic rock
and metamorphic rock more clearly according to Table 2.
Additionally, the temperature measurements of field survey
points are superimposed, which provides an approach to eval-
uate the relations between geothermal anomaly and potential
field features. In order to demonstrate the residual density
inhomogeneity of the upper crust in the three-dimensional
space, a fast-imaging method based on downward continua-
tion of potential field data is applied [21]. A set of three-
dimensional data visualization patterns, including face render,
contour line, and contour surface, is utilized, and the result is
shown in Figure 5.

Magnetotelluric sounding data was collected along the
profile starts from nearby the Houhaoyao geothermal field
to the northwest and has a length of 80 km. Figure 6(a) is
the apparent resistivity inversion result, and the interpreta-
tion depth reaches the asthenosphere. Based on the geophys-
ical statistics in Table 2, the apparently layered resistivity
structure could be identified. The first layer, above 2 km, cor-
responds to the sedimentary cover, which functions as ther-
mal insulation. The high-resistivity layer is inferred to the
basement composed of carbonate deposits and Archean
gneiss. The third layer, under 25km, is mainly characterized
by a high conductor extending to a depth of 100 km, with a
resistivity value of 3~30 Q-m [2]. The inversion result of the
MT profile shows that the high-conductivity anomaly has a
fair deep root, which penetrates the lithospheric mantle
and connects with the asthenosphere. There may be an
upwelling of mantle-derived material in this area, which
could be one of the controlled factors of regional geothermal
anomaly [15].

In Figure 6(b), it is clear to see that the uplift of CSD
spreads a majority part of the YHB and the peak appears
near Zhuolu. Three main factors that affect the depth in
the inner crust are roughly as follows: local geothermal gra-
dient, the composition of the titanomagnetite in the crust,
and the internal temperature changes with the hydrostatic
pressure [11]. Among the abovementioned factors, the tem-
perature in the crust has the greatest influence. Therefore,
the undulation of CSD reflects the distribution of the
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temperature field in the deep crust and it appears to be
the shallowest interface in analyzing the thermal structure
of the lithosphere. The CSD in the study area also shows a
block-like structure between the uplift and the depression,
with a depth range of 19~29km. Although its undulation
is affected by thermal conduction of the Moho interface,
it is more importantly controlled by the thermal convec-
tion of the crustal fracture. In terms of morphology, it
does not correspond to the geological tectonic unit each
to each.

Figure 6(c) shows the CSD along the MT profile, and
it is obvious to see that the trend is in accord with thermal
upwelling. It is demonstrated that the survey points with high
temperature around the Houhaoyao and Xijiabao area corre-
spond to a significant gradient zone of CSD, where obvious
geothermal anomaly, stress reduction, and energy release
are discovered. In MT cross-section, it is also clear to see
the low-resistivity thermal upwelling migrates to the shal-
lower part of the crust. Under the combined action of this
thermal upwelling and the deep faults, geothermal anomaly
could be tracked.

In Figure 7, the piper diagram shows that the hydrochemi-
cal type presents various distributions. The hydrochemical
characteristics of surface water show that the ion content is
similar, Mg** is much higher than that of groundwater, and
the hydrochemical type is NaeMg-CleHCO,0SO,. Compared
with reservoir samples, river water samples are closer to
groundwater in the piper diagram, indicating that its chemical
characteristics may be affected by groundwater recharge to
some extent. The hydrochemical analysis of the temperature-
based groups, the distribution characteristics of TDS, and
various ion contents can infer that the geothermal water
undergoes deep circulation and is mixed with shallower cold
water.

From the diagram in Figure 8, cold groundwater samples
are close to dolomite and high-temperature water samples
approach anhydrite. Additionally, the ratio of Ca/SO, in
the high-temperature samples is less than 1 and it is also
smaller than those of the low-temperature and medium-
temperature groundwater. Combined with the significantly
low content of Mg®" in high-temperature geothermal water,
it is speculated that Ca ion concentration is greatly reduced
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due to the precipitation of minerals such as carbonate and 4. Results and Discussion

dolomite. The conclusion is consistent with the observed

carbonate precipitation and alteration of geothermal water  4.1. Gravity and Magnetic. The results in Figure 4 indicate
that is prevalent. that the deep and shallow subanomalies reveal the relation
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with ancient fluid active zones. The negative density distur-
bances inversed from the shallow subanomaly are mainly
caused by Mesozoic fluid active zones, whereas the negative
density disturbances form the deep subanomalies are mainly
correlated with Paleozoic fluid active zones. The position of
Dahaituo rock mass corresponds to low gravity and high
magnetic anomaly. In Figure 4(a), the geothermal anomaly
is distributed at the ends of the intrusive rock mass and
dyke, so the formation is inferred to be related to magmatic
activity. In Figure 4(b), the geothermal manifestation with
higher temperature shows that it is commonly distributed
along the gravity gradient belt, showing the correlation with
basin margin faults. Combining gravity and magnetic infor-
mation, it would be found that the distribution of geother-
mal anomaly shows obvious regularity.

At the four layers in Figure 4(b), the geothermal anom-
aly corresponds to gravity values from —100~-110 mGal,
which denote the underground source with a specific resid-

ual density and could be interpreted as geothermal reservoir
qualitatively. To further demonstrate the three-dimensional
characteristics of this geological target, the 3D fast imaging
of gravity data using regularized downward continuation is
calculated and shown in Figure 5. The regularity in
Figure 4 and the spatial feature of geothermal reservoir are
integrated to build a 3D geothermal geological model.

4.2. MT and Thermal Structure. In Figure 6(a), the resistivity
feature of interest is the high-conductivity body and it was
indicated to be an upwelling of the mantle-derived material
in this area [41, 42]. The electrical structure shows that the
heat carried by the thermal upwelling would be transferred
to the surface passing through the high-resistivity basement.
Accordingly, the deep faults and their secondary faults and
rock fracture zone could provide the migration channel.
So, the two aspects constitute the main controlling factors
of geothermal manifestation.
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For the CSD in Figure 6(b), Houhaoyao and Xijiabao
geothermal fields are both located along the CSD gradient
belt (Figure 9(b)). At a depth of more than 10km in the
crust, blocks on both sides of the belt may have a tempera-
ture difference of 100 to 200°C [11]. The produced thermal
stress might drive deep fluid to migrate from the deep part
to the shallower along the crustal major fault. The mecha-
nism is in accord with the electrical structure.

Based on the abovementioned analysis, the temperature
survey points and temperature distribution contours in the
study area are combined with the CSD and geological infor-
mation such as strata, fractures, and rock masses obtained
from geophysical data is integrated to estimate the depth of
the geothermal reservoir (Figure 9(c)).

4.3. Hydrogeochemical. According to the hydrochemical
characteristics of the geothermal field, the water is domi-
nated by a SO,-Na type and is rich in fluorine (F7) and sol-
uble silicate (H,SiO5). The presence of SO,*” ions is formed
by the dissolved water of H,S in the deep part, and the
presence of F~ is caused by the influence of magma or
hydrothermal fluid on hot water. Soluble metasilicic acid
is generally considered to be related to the migration of
SiO, in magma. The abovementioned information indicates
that the formation of underground geothermal water is
related to the hydrothermal activity caused by the deep
magma source.

4.4. Discussions. According to the differences in structural
causes and thermal transfer pattern, hydrothermal geother-
mal resources can be divided into two types: sedimentary
basin conduction and uplift-mountain convection. Conduc-
tive geothermal resources in sedimentary basins are mostly
developed in plains and intermountain basins. The heat in
the deep crust is continuously transferred upwards mainly
through the conduction of the stratum. Convection-type
geothermal resources in the uplifted mountain area take
convection as the main heat conduction pattern, and a large
number of developed faults in the mountain area create
advantageous conditions for hot water convection. Our
study shows that the geothermal type in this area could be
uplift-mountain convection typically.

The Houhaoyao geothermal field is a typical one devel-
oped in the graben basin. It is located on the northwest side
of the NE Dahenan-Chicheng Fault (F,) and the NNE
Yuxian-Yanqing Fault (F;) and the north side of an anti-
cline. The geological structure in the geothermal field is
complex, and most of the faults are concealed. The NW
trending fault in the central part is the main thermal-
controlling fault. Due to the influence of NE trending and
NNE trending faults, rocks are broken at the intersection
and tensional plume-like structural fissures are developed,
forming a geothermal water enrichment zone and upwelling
channel. The distribution of the high-temperature zone is
consistent with fault strike [3]. The strata from old to new
are Archean gneiss, Proterozoic Changchengian system
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marine sediments, Mesozoic Jurassic sintered tuff, and
Cenozoic thick sediments.

The upper reservoir of geothermal fields in the study
area is shallow and acts as a channel for the release of deep
thermal energy, which is formed by the conduction of hot
water from the deep part to the medium. The previous spec-
ulations about the geothermal source of underground hot
water include residual heat of magmatic rock, heat of geo-
thermal gradient accumulation, heat of radioactive element
disintegration, and mechanical heat of neotectonic move-
ment [43]. The test results of the radioactive heat generation
rate (RHGR) of rocks show that RHGR of gneiss, granite,
and porphyritic granite in the study area is 0.694 uW/m?,
5459 uW/m>, and 5.785uW/m>, respectively. The heat
source in the study area should not be dominated by the
residual heat of the magmatic rocks, but by the heat conduc-
tion and temperature increase of the earth.

According to the geothermal geological simulation
results of the Houhaoyao-Xijiabao area, referring to the
regional geothermal geological background and existing
self-heating geological data, the geothermal origin mecha-
nism map of the Houhaoyao-Xijiabao area is drawn, as
shown in Figure 10. As can be seen, the Houhaoyao geother-

mal field is located in the Yuxian-Yanqing Deep Fault (F,)
zone. According to the results of geophysical exploration in
2019, there is a north-northwest-trending fault (F,) passing
through the geothermal field. From the perspective of its for-
mation and hot water movement mechanism, a shallow
thermal storage is a shallow pore-type thermal storage
formed by hot water flowing from the deep thermal storage
to the Cenozoic stratum along deep faults and mixing with
cold water for heat exchange. A deep heat storage is the basis
and prerequisite of the shallow heat storage and is the source
of the shallow heat storage. A shallow heat storage is the heat
energy release channel and hot water discharge channel of
the deep heat storage. The geothermal fluid is rich in metasi-
licic acid and fluorine and has a high salinity, indicating that
the geothermal water dissolves a large amount of rock and
soil components in the deep high-temperature and strong-
pressure environment. Compared to those of Xijiabao, the
metasilicic acid and fluorine contents of the Houhaoyao geo-
thermal field are higher. Accordingly, the fluid circulation
depth is deeper and the possible rock mass lies in the envi-
ronment with higher temperature and stronger pressure.
Through the analysis of the geothermal geological model
in the key research area, it is supposed that the Houhaoyao-
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Xijiabao geothermal field is formed under a ternary thermal
accumulation mechanism. One is the conduction of deep
heat flow, and the second one is the accumulation of thermal
refraction effect on the shallow uplift area. The last one is the
accumulation of groundwater convective heat, including con-
vective accumulation of the thermal conduction fracture or
contact belt of rock mass and groundwater migration. To be
specific, the atmospheric precipitation in the Houhaoyao-
Xijjiabao area infiltrates into the ground from Lang Mountain
and Laojun Mountain. In the process of deep circulation, it
accepts the conduction and thermal accumulation of the
deep heat flow and then flows through the thermal conduc-
tion fracture zone or the rock contact zone. In the bedrock
fissure reservoir, it receives convection thermal accumulation
during the migration process. Part of the hot water upwells
and connects with the shallow aquifer and mixes with cold
water for heat exchange, forming a shallow pore-type reser-
voir. In the raised area of the bedrock, it also accepts the heat
refraction effect due to the high thermal conductivity.

The overall objective of our survey and study is to make
full use of regional geothermal energy. The total amount of
exploitable geothermal resources in the study area is abun-
dant, and the flow rate is considerable. Water temperature
ranges from 25°C to 90°C. However, the conventional
exploitation way of irrigation and bathing might cause waste
and pollution. On the basis of the geothermal accumulation
mechanism and distribution characteristics, geothermal
resources with higher quality would be discovered hopefully.

The knowledge of the geothermal system could attribute to
the development of a cascade exploitation route with high
efficiency and sustainability.

5. Conclusions

Hydrothermal settings are common in tectonically active
continental regions, where active faulting and fracturing
provide possible pathways for the circulation and convection
of geothermal fluids. The deposition and alteration of geo-
thermal fluids and the newly formed mineral associations
are generally considered to be produced under the action
of medium- and low-temperature hydrothermal fluids, indi-
cating that the thermal fields in the region are related to the
residual heat of deep rock mass or thermal upwelling. The
geothermal reservoir model recovered from potential field
data and MT profile reveals the three-dimensional image
of a hydrothermal system in the YHB. The model delineates
reservoir characteristics and fault-controlled circulation of
geothermal fluids. It offers new insights into migration pro-
cesses of geothermal fluids in graben and fault zones. The
results of this paper furthermore represent an improved
mapping of the convecting geothermal system that forms
under the impact of both neotectonic movement and mag-
matic intrusions. Exploitation and utilization of this renew-
able energy resource is currently increasing and could
contribute to a low-carbon sustainable energy mix for the
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fast-growing green economies and carbon reduction strategy
of China.
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