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Studying the flow path of geothermal water in geothermal fields is an important basis for the
scientific development and management of geothermal resources. However, due to the
influence of engineering volume, economic benefits and demand, it is very difficult to fully
grasp the flow path of deep geothermal water in large areas. The use of hydrogeochemical
tracers to determine the flow path of geothermal water is a scientific and effective research
method. In order to accurately describe the flow path of carbonate geothermal water in the
Xiong’an New Area and its surrounding areas, this study systematically analyzed the e,
180, and °H data of carbonate and Cenozoic sandstone geothermal water, Quaternary
groundwater, as well as mountain spring water of the study area. Based on these resullts,
we can conclude that 1) The '“C, d, and 80 values are favourable clues for indicating the
circulating runoff conditions and runoff paths of geothermal water. 2) The salinity of the
Xushui-Wenan and Lilan transfer zone are <3g/l, the '*C values are lower than
25000 years, the d value is higher, and the phenomenon of “'80 drift” is weak, all
these indicating the dominant flow path of carbonate geothermal water, featured by
relative lower temperature. 3) The salinity of karst geothermal water in the southwest of
Gaoyang low uplift, Rongcheng uplift and Niutuozhen uplift is > 3 g/l, the '*C values are
higher than 40,000 years, the d value is lower, and the phenomenon of “'80 drift” is
obvious, all these indicating that the tectonic sites are the convergence areas of regional
karst geothermal water, featured by relative high temperature. 4) The hydrochemical
indicators combined with previous carbonate groundwater flow field indicate that the
recharge of carbonate geothermal water in the Xiong’an New Area may not only drive from
the western Taihang Mountains, but also along the Xushui-Wenan transfer zone and the
Lilan fault, with the recharge of carbonate groundwater from the Cangxian uplift from east
to west. By further identifying and defining the dominant flow path and supply direction of
carbonate geothermal water in the Xiong’an New Area and surrounding areas, it provides
strong support for the scientific development of regional carbonate geothermal water.

Keywords: Xiong’an New Area, carbonate thermal reservoir, '*C dating, D-O isotope, geothermal water flow path,
development and utilization
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INTRODUCTION

At present, the studies on flow path of underground water are
mainly focused on shallow depth by tracer agent and/or
hydrogeochemistry (Hu et al., 2019; Wang et al., 2020). Based
on these methods, the recharge, runoff, and discharge of
underground water are revealed (Solder et al., 2020; Smerdon
and Gardner 2022). Meanwhile, determining the flow path of
geothermal water is also important for revealing the genesis of
geothermal fields. It is a prerequisite for the scientific
development and management of geothermal resources.
However, it is difficult for a deep thermal reservoir to establish
a large-scale systematic pressure monitoring network to obtained
the flow path. Carbonate geothermal reservoir is a main type for
that of North China (Chen, 1988). The geothermal water in the
carbonate reservoir of North China are charactered by obvious
hydrogeochemical zoning, which has positive response
characteristics and important indicators for the dynamic
zoning of geothermal water (Zhang et al, 2015). Hence, it is
reasonable to use the difference in hydrogeochemical
characteristics of geothermal water with the help of geological
conditions such as the documented flow field of geothermal water
and geotectonics to accurately determine the flow path of
geothermal water. This helps to clarify the origin and
formation mechanism of groundwater. Since Craig (1961) first
determined the hydrogen and oxygen isotope standard and
proposed the 8D-'®0 linear equation for atmospheric
precipitation to study the origin and formation of
groundwater, researchers have used hydrogen and oxygen
isotopes to study groundwater (Rets et al., 2017), the origin of
geothermal water and the influencing factors of its formation (Ma
et al., 2008; Zhang et al., 2010; Chatterjee et al., 2019). Great
progress has been made using the main ions and stable isotopes of
geothermal water to evaluate its flow path (Sun et al., 2016; Avsar
and Altuntas, 2017; Mcgibbon et al., 2018) and the potential of
geothermal resources (Luo et al, 2017). 4C is suitable for
studying the migration mechanism of deep geothermal water
as it has a half-life of 5730 + 40 a (Wang and Zhu, 2001). It has
provided great application effects in terms of age, composition,
and flow direction of geothermal water (Wang et al., 2013; Hao
et al.,, 2020).

The Niutuozhen and Rongcheng large-scale geothermal fields in
Xiong'an New Area have a long history of development due to the
shallow thermal reservoir depth of carbonate rocks (Chen et al.,
1982). These are well-known carbonate geothermal fields in China.
Previous studies on the detection of deep bedrock thermal reservoirs
and new formations in this area have made great progress (Wang
et al,, 2018; Wu et al,, 2018). In particular, the Chinese Academy of
Geological Sciences has made progress in exploration of deep
carbonate geothermal resources in the Gaoyang low uplift of
Xiong'an New Area. In 2020, it discovered the highest
temperature geothermal well in the North China Basin with a
wellhead temperature of 123.4°C (Wang et al, 2021). With
regard to the mechanism of the bedrock uplift (buried hill type)
geothermal field in the North China Basin, it is thought that the
geothermal anomaly is a result of the redistribution of the relatively
uniform heat flow from the deep crust to the surface during the
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FIGURE 1 | Structural location of the Xiongan New Area in Jizhong
Depression.

upward conduction process (Chen, 1988; Chen, 1992). Pang et al.
(2017) established a “dual heat accumulation” model of the
Niutuozhen geothermal field, and noted that the abundant
geothermal resources in Xiong’an New Area are formed under
the dual mechanism of “rock thermal conductivity” and “basin-
scale groundwater circulation.” Wang et al. (2021) found that the
carbonate geothermal water flow field influences the buried hill
geothermal field in the Xiong’an New Area. Previous studies have
concluded that carbonate geothermal water in Xiongan New Area
drives from the western Taihang Mountains. After infiltration of
these water, it migrated from west to east along the deep carbonate
strata. Then after heated by deep circulation, the water upwelled
along the deep and large faults and discharged into the Niutuozhen
uplift and Rongcheng uplift in Xiong’an New Area. For areas besides
the Taihang Mountains, there is no clear understanding of whether
the carbonate geothermal water in the Xiong’an New Area comes
from other sources. This need established through the research on
the flow path of the carbonate geothermal water in the Xiongan New
Area and surrounding areas.

In this study, we tested and collected "*C dating and 8D-8'%0
isotopic data in and around Xiong'an New Area. We also
acquired other data such as the regional geological structure
and carbonate geothermal water flow field. These data allowed
us to clarify the Xiong’an New Area and its surrounding
carbonate geothermal water flow path. This research provides
geological support for the scientific and rational development and
utilization of regional carbonate geothermal water.
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GEOTHERMAL GEOLOGICAL
BACKGROUND

Geological Structure

The Xiong’an New Area is located in the central and western part of
the Jizhong Depression in the Bohai Bay Basin. The Jizhong
Depression is mainly composed of secondary tilting blocks, skip-
shaped depressions, and buried hill structural units formed by a series
of normal faults or reverse normal faults under Mesozoic extrusion
and Cenozoic extension. The Rongcheng Uplift, Niutuozhen Uplift,
Gaoyang Low Uplift, and Lixian Slope involved in Xiong’an New
Area are located in the central uplift belt of the Jizhong Depression,
while the Xushui Depression and Baoding Depression are located in
the western depression belt, and the Bazhou Depression and Raoyang
Depression are located in the eastern depression belt (Figure 1). In
addition, there is the NWW-SEE-trending Xushui-Wenan structural
transformation belt in the middle of the Jizhong Depression, which is
the first-level structural transformation belt in the Jizhong
Depression. This structural transformation belt divides the Jizhong
Depression into a southern area and a northern area, and hence, the
adjacent depressions on both sides are different in structural style and
deformation strength.

Stratum and Major Thermal Reservoir

From bottom to top, the main strata in the study area are Archean,
Great Wall System, Jixian System, Neogene, Quaternary, and
Paleogene in depressions and low uplifts. The main thermal
reservoir in the study area is the Wumishan Formation of the
Jixian System, followed by the Gaozhuang Formation, and between
them is a thin layer of Yangzhuang Formation.

(1) Geothermal resources in the Wumishan formation of Jixian
system

The geothermal resources of the Wuzhishan Formation are
mainly composed of dolomite and are widely distributed in
Xiongan New Area. The buried depth of the Wuzhishan
Formation in the Rongcheng Uplift ranges from 600 to 2400 m,
and from 530 to 2400 m in the Niutuozhen Uplift ranges. At the top
of the Gaoyang Low Uplift and along the Yanling Buried Hills in the
northern part of the Lixian Slope, the top buried depth ranges from
3000 to 3500 m and the deep top buried depth ranges from 3500 to
4000 m or deeper. The thickness of the geothermal resources of the
Wouzhishan Formation is approximately 1000-1400 m. That is
slightly thinner at the axis of the Rongcheng Uplift and relatively
thicker around it, with an overall relatively uniform distribution and
an average value of 19% for the reservoir-thickness ratio. The
porosity of the rocks is generally less than 6.0%, with a
maximum porosity of 22.4% and an average porosity of 3.39%.
The permeability distribution ranges from 0.01 to 1000 mD and
above, is mainly between 0.01 and 100 mD (87.8%) (Dai et al,, 2019).

(2) The geothermal resources in the Gaoyuzhuang formation of
Jixian system

Surrounding the study area, a few wells have been drilled into
the Gaoyuzhuang Formation of the Jixian System. The top depth
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of the exposed geothermal resources of the Gaoxiangzhuang
Formation ranges from 1425 to 3600m, with a thickness
generally greater than 1000 m. The lithology consists mainly of
grey dolomite intercalated with muddy dolomite and siliceous
dolomite, containing flint agglomerates or bands. The porosity is
2-6% and the permeability is 0.1-160 mD. The formation
temperature is generally 75-95°C. The water vyield is
approximately 45-80 m’/h and TDS is approximately 3000 mg/L.
The burial depth of the Jixian System in the subduction zone of
the Xushui-Wenan tectonic transformation belt in the study area is
2500-3500 m. The burial depth of the bedrock in the depressions is
mostly above 4000 m and can reach approximately 5000 m outside
the study area. The maximum burial depth of the bedrock in the
Raoyang Depression is over 6500 m, and the maximum burial depth
of the bedrock in the Baxian Depression is over 10000 m. The
Xushui-Wen’an tectonic transformation belt is an indicator of fluid
(oil and gas) transport in the Raoyang and Baxian Depressions on
both sides and contributes to fluid (hydrocarbon) accumulation.

SAMPLE COLLECTION AND TESTING

Sample Collection

In this study, 92 samples of '*C, D (deuterium), and '*O isotopes
were taken in and around Xiong'an New Area (Figure 2), including
33 carbonate geothermal waters in the Jixian System, 52 sandstone
geothermal waters in the Neogene, 3 bedrock spring waters in
Taithang Mountain, and 4 samples of Quaternary shallow
groundwater. In addition, 30 previous test results of '*C, D, and
'%0 isotopes were collected, including 6 geothermal waters from
Neogene sandstone and 24 geothermal waters from carbonate rock.

Test Method for Samples

The isotope test analysis was done by Beta Analytic Inc. of the
United States, and the results were obtained on Dissolved Inorganic
Carbon (DIC). The DIC extraction process was to inject sample water
into an acid bath attached to the evacuated collection line. This
procedure reduced the pH to <1, and the evolved CO, was dried with
methanol slush and collected in liquid nitrogen. CO, was then
graphitized on the cobalt as a target for Accelerator Mass
Spectrometry (AMS) manufacturing in a hydrogen atmosphere.
The results were obtained on the DIC and are reported both as a
fraction of modern (F*C). Reported radiocarbon results are relative to
NIST SRM-4990C. Reported deuterium and oxygen isotopes (8D and
8'80) are reported relative to Vyjow- Measurements were performed
using gas-bench Isotope Ratio Mass Spectrometry (IRMS).

Correction of '*C Age for Geothermal Water
'C dating is one of the most important and reliable methods for
groundwater dating, and is widely used for groundwater with age
changed from 1 to 35 ka. Since geothermal water contain dissolved
inorganic carbon and deep inorganic “dead carbon”, showing totally
different features with groundwater. It is necessary to correct the
apparent '*C age obtained by test. Based on previous experience in
'C age correction of groundwater in North China, methods of
chemical dilution correction model based on chemical balance
(Tarmers model) and an isotope mixing model based on H4c
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FIGURE 2 | Samples of geothermal water isotopes and isotope dating contours of carbonate geothermal water in the study area.

mass balance (Pearson model) were applied in this study (Ingerson
and Person, 1964; Tarmers, 1967). According to the corrected results,
the result of “Pearson model” has a larger error, while that of the
“Tarmers model” is close to the apparent age of '*C. Therefore, the
“C age calculated by the “Tarmers model” are adopted
(Supplementary Table S1). The "“C apparent age is directly used
for the mountain spring water and shallow groundwater. As previous
geothermal water, if there are measured data of §'°C and "*C, use the
“Pearson model” to recalibrate, and then use statistical methods, and
use the original “Pearson model” to correct the results without
measured data. The average proportional relationship between the
results of geothermal water “Tarmers model” and “Pearson model” of
Niutuozhen geothermal water, divided by “Pearson model”
correction result by 0.77 as “Pearson model” correction age; if it
cannot be corrected, "*C apparent age is directly used.

RESULT

Flow Conditions of Geothermal Water
Figure 2 and Supplementary Table S1 show that the area of the
carbonate geothermal water with great '“C age in the Jizhong

Depression and its surroundings is located in the center of
Gaoyang Low Uplift, Rongcheng Uplift, and segment of
Niutuozhen uplift. There areas are featured with the '*C
age>40000 years. This may be caused by the relatively closed
hydrodynamic conditions insides the bugle as the Rongcheng
uplift and the Niutuozhen uplift are surrounded by the thicker
depressions in the Cenozoic, while the long Gaoyang and low
uplifts are bounded by the Baoding and Raoyang depressions.
The '*C age of carbonate geothermal water in Cangxian uplift is
mostly lower than 25000 years, and as the distance from the
Yanshan Uplift increases from north to south, the *C age of
carbonate geothermal water gradually increases. This is because
although the Cangxian uplift is closer to the interior of the Bohai
Bay Basin, there is no deep Cenozoic sag between the north of the
Cangxian uplift and the Yanshan groundwater recharge area, so
that the groundwater in the Yanshan recharge area can follow the
karst-developed Cangxian uplift. The long drive from north to
south makes the '*C age of carbonate geothermal water in the
Cangxian uplift at a relatively low level as a whole. Although the
Daxing Uplift in Beijing is farther from the mountainous area
than the Beijing Depression, its '*C age of carbonate geothermal
water (approximately 20000 years) is smaller than that of the
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Beijing Depression (>30000 years). This shows that the recharge
conditions of carbonate geothermal water in the uplift area are
better than those in the depression area. The '*C age of the
carbonate geothermal water in the Fengheying Low Uplift in
Beijing is 33300 years (sample No. 36), indicating that the low
uplift carbonate geothermal water with a relatively sealed
hydrogeological environment is also poorly recharged.

Regarding the uplift area, the geothermal water age of
carbonate rocks near the deep and large faults of the edge of
the uplift is generally younger than that of the interior segment.
For example, the '*C age of the carbonate geothermal water at
point 40 near the fault on the eastern margin of the Cangxian
uplift is 8000 years, which is much less than the '*C age
(24000 years) at point 39, that is farther from the marginal
fault. The geothermal water circular and alternate conditions
in the deep fault belt appear to be better than those in the inner
part of the uplift where faults are not developed.

As showed in Figure 2, the '“C values of carbonate geothermal
water in Xushui-wenan, Lilan, and Wuji transfer zones are
relatively lower (20000-25000 years). The '*C ages of the
carbonate geothermal water at point 47 and 48 near the Lilan
transfer zone in the northeastern edge of Niutuozhen Uplift range
from 16200 to 22400 years, which is significantly less than that of
the carbonate geothermal water in the southwestern Niutuozhen
Uplift and Rongcheng Uplift (>40000 years). The '*C age of
geothermal water from northeast to southwest increases
gradually, indicating that carbonate geothermal water may
flow from northeast to southwest. The '*C age of carbonate
geothermal water in the Xushui-Wenan  structural
transformation belt between the Rongcheng Uplift-Niutuozhen
Uplift and the Gaoyang Low Uplift is relatively low
(23800-24800), obvious lower than the uplift segment of north
and south, indicating that the circular and alternate conditions of
geothermal water in the Wenan structural transformation belt
with developed faulted structures are relatively great. It also
shows that it may be the dominant flow channel for regional
karst geothermal water. The '*C age of carbonate geothermal
water in the Wuji structural transformation zone is
15700-22900 years, which is significantly lower than the that
in the northern Gaoyang low uplift. This shows that the fault
structure in the structural transformation zone in the region is
dense, the fractured karst is relatively developed, and the
circulation and alternating conditions of geothermal water are
relatively good, which is the dominant channel for the flow of
regional karst geothermal water, so the groundwater age is
relatively low. Compared with the age of the geothermal water
in the upper Cenozoic, carbonate geothermal water presents,
different characteristics are showed in different structural parts.
For example, the Neogene Guantao Formation geothermal water
in the Xushui-Anxin structural belt is generally
30000-40000 years old, which is 0.5-15000 years older than
the carbonate geothermal water in the lower part. The
carbonate rock geothermal water at point 41, located in the
southwest of Tianjin, is 6000 to 15000 years younger than the
Neogene Guantao Formation geothermal water above it. The
carbonate rock geothermal water in the Gaoyang low uplift and
the Neogene Guantao Formation geothermal water in the upper
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part are featured by the same age, about 40000 years old. This is
also in the area with relatively good circulation conditions, which
is the dominant channel for the flow of regional karst
geothermal water.

D-'80 Isotopic Characteristics and
Indication for Geothermal Water Flow

Conditions

Figure 3 shows the 8D and 8'0 plots of regional surface water,
Quaternary shallow groundwater, and Taihang Mountain spring
water. Obviously, all points located near the global meteoric water
line (8D = 88'%0 + 10; Craig, 1961), Tianjin meteoric water line
(8D =7.78"%0 + 8.7; Deng et al., 2012), and northern Shandong
meteoric water line (8D = 7.58'%0 + 5.4; Yang et al., 2009), and
slightly drifting to the right. This indicates that the recharge
source of regional shallow groundwater is meteoric water and is
affected by evaporation to a certain extent.

The Cenozoic geothermal water in the Gaoyang Low Uplift is
relatively close to the meteoric water line because its thermal
reservoir is mainly the shallow buried Neogene Guantao
Formation. The Cenozoic geothermal water in the Baoding
Depression, which close to the Taihang Mountain recharge
area, is farther away from the meteoric water line. This is
because the thermal reservoir temperature of the Guantao
Formation in Baoding Depression is relatively low, and part of
the deep thermal reservoir of Paleogene Dongying Formation and
Shahejie Formation is used. This also indicates that the deeper the
geothermal water is, the older it is.

Asaresult of water-rock interaction, the values of '*0 in water
often increases, which is called “'*0 drift” The degree of '*O drift
can reflect the residence time and metamorphic degree of water in
the aquifer. As shown in Figure 3, compared with Cenozoic
geothermal water, the “’*0 drift” phenomenon of carbonate
geothermal water is more obvious. The temperature of
carbonate rock geothermal reservoir in the study area is lower
than 200°C, and no obvious oxygen isotope fractionation can be
produced. This may be caused by isotopic exchange between
carbonate geothermal water and oxygen-bearing host rocks
(carbonate or silicate) over a long geological history. The '*O
drift phenomenon of carbonate geothermal water in Rongcheng,
Niutuozhen, and Gaoyang Uplift is more obvious than that in
Cangxian Uplift, while the '®O drift phenomenon of carbonate
geothermal water in the northern Cangxian Uplift is more
obvious than that in the southern Cangxian Uplift. This
indicates that the farther away from the recharge area, the
worse the circular and alternate conditions and the more
obvious the '|0O drift phenomenon. There is no deep
depression in the northern Cangxian Uplift, which can directly
receive the mountainous recharge, and the circular and alternate
conditions are great. Therefore, the phenomenon of '*0O drift of
the carbonate geothermal water in the northern Cangxian Uplift
is not obvious. Similarly, the “'*O drift” phenomenon of
carbonate geothermal water in the Xushui-Wenan transfer
zone is obviously weaker than that in the Niutuozhen uplift
and the Gaoyang low uplift, indicating that the carbonate thermal
storage occurs in this structural transformation zone. The
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FIGURE 3 | Characteristics and relationship of 8D-8'%0 of geothermal water in Xiong’an New Area and its surroundings.

circulation and alternating conditions of geothermal water are
better.

To facilitate the comparison of the difference in meteoric
water in different regions, Dansgaard (1964) proposed the
concept of the deuterium excess parameter (d) and defined it
as d = 8D — 88'%0. The d values are equivalent to the intercept
values when the slope of meteoric water (8D/80) in the area is
8. An important feature of the d parameter is that it is not affected
by seasons, altitudes, and other factors in the same area, and is
only directly related to the length of its residence time in the
aquifer (Yin et al., 2001). It is therefore suitable for studying the
circular and alternate conditions and deterioration degree of
geothermal water. Parameter d can be used as a measure of
the degree of '*0 isotope exchange in the water-rock interactions.
The smaller the values of d, the more sealed the hydrogeological
environment, the slower the groundwater runoff speed, the longer
the water residence time in the aquifer, and the higher the degree
of water metamorphism.

The d values of carbonate geothermal water in the southern
Cangxian Uplift and Xushui-wenan transfer zone are higher,
whereas those of Rongcheng and Niutuozhen Uplift are relatively
low (0 to -10), except the higher d values of carbonate geothermal
water in the northern part of Cangxian uplift (Figure 4). In
addition, the phenomenon of '*0 drift is relatively apparent,
indicating that the carbonate geothermal water in these areas has
poor circular and alternate conditions, long residence time in the
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aquifer, and a strong metamorphic degree. The parameter d of the
Gaoyang Uplift is the smallest and the '*O drift is the most
distinct, indicating that the geothermal water in the Gaoyang

Frontiers in Earth Science | www.frontiersin.org 6

April 2022 | Volume 10 | Article 782273


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

Zhang et al.

Xiong'an, Geothermal Water Flow Path

—7

24(km)

_—Ning13 & N\
p _@Anguo = O
i /\
Bo20 & /
; ~— /!
~ei o | 2
Zn 8 Z \/Ze //©Xianxian
OMﬁﬁ/ /:7// y
©).. 507 ¢ / A
Shijiazhuang (\’gzllnxclmn ..
)
o 02407 v I~
~70 /// : |‘ | | /(,\I r\\| |r>|
5 [ Xiong’an  Hydroisopiestic Inferred hydroisopiestic Flow directi
Zhagsin [/ s gt T
L 1
il . B o |
ONingjin ) Confluent zone of Border fault ~ Water drill hole

© Beijing

© Langfang
® Guan /
@Yongqing
ONiu16 e
g
iy ©@Tianjin

karstic water

FIGURE 5 | Contour map of piezometric level of buried hill in the Jizhong Depression [according to Yan and Yu (2000)].

Uplift has circular and alternate conditions, long residence time in
the aquifer, and a strong metamorphic degree. At the same time,
the '®0 drift is distinct due to the large buried depth of the
carbonate reservoir, high temperature of the water, and obvious
'®0 exchange between water and rock under the high-temperature
conditions in the Gaoyang Uplift (Craig, 1966). This is consistent
with the occurrence of geothermal water indicated by the '*C age
and the 8D-8"%0 characteristics of geothermal water. That is the
high d values of geothermal water in the northern Cangxian uplift
and the Xushui-Wenan transition zone are the structural parts with
better conditions for the alternation of regional carbonate
geothermal water circulation.

DISCUSSION

Decades of geothermal water exploitation history and the
influence of oilfield fluid exploitation as well as injection
activities have caused significant changes in the basement
geothermal water hydrodynamic field of the Xiong'an New
Area. The current geothermal water hydrodynamic field no
longer reflects the bedrock geothermal water recharge, runoff,
and drainage conditions present in the natural state. Therefore,
this study used the earlier bedrock geothermal water

hydrodynamic field characteristics (Yan and Yu, 2000) to
illustrate the bedrock geothermal water recharge, runoff, and
drainage conditions in the study area.

The bedrock geothermal water in the Jizhong Depression is
mainly recharged by Taihang Mountains in the west and Yanshan
Mountains in the north (Figure 5). The groundwater level of the
bedrock in the Xushui-Wenan structural transformation belt is
slightly higher than that of the uplift areas on both of the north
and south sides. This may be due to a series of NWW-SEE faults in
the Xushui-Wenan structural transformation belt connecting the
piedmont faults in the eastern foothills of the Taihang Mountains,
making it easier to recharge groundwater from the piedmont of the
Taithang Mountains along the Xushui-Wenan structural
transformation belt. The Cangxian Uplift is connected to the
Yanshan Mountain towards the northeast. The relatively shallow
buried carbonate thermal reservoir developed many karst fissures
and the recharge conditions are better. As a result, the groundwater
level of the bedrock of the Cangxian Uplift is significantly higher
than that of the Jizhong Depression on the west, which enables the
bedrock groundwater of the Cangxian Uplift to flow westward.

A large number of 4C, D (deuterium), and '*0 isotopes of
carbonate geothermal water around Xiong’an New Area were
tested. This compensated for the lack of distribution and quantity
of carbonate geothermal wells and the unclear groundwater flow
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field modified by the disturbances caused by human exploitation.
However, there are rare understand on the flow path of
geothermal water. Local artificial exploitation definitely has
not fundamentally changed the flow field morphology of
regional karst geothermal water. Using the good indicators of
C, D, and '®0 isotopes, the flow path of karst geothermal water
in Xiong’an New Area and its surroundings can be accurately
inferred.

The karst geothermal water in Xiong’an New Area and its
surroundings is mainly recharged by the Taihang Mountains in
the west and the Yanshan Mountains in the north. Figure 5 shows
that the recharge mainly comes from the northwest, west,
southwest, and northeast. However, since the maximum
thickness of the Cenozoic in the Baxian Depression, Raoyang
Depression, and Baoding Depression on both sides of the uplift of
Niutuozhen, Rongcheng, and Gaoyang can reach 6000-10000 m,
it is difficult to charge karst geothermal water in shallow buried
uplift areas for carbonate groundwater deeply buried under the
great thickness of the Cenozoic. The most likely recharge path is
the relatively shallow buried area of the bedrock at the edge of the
depression. The Xushui-Wenan structural transformation belt,
which is located between The Xushui Depression-Rongcheng
Uplift-Niutuozhen Uplift-Baxian Depression-Wen’an Slope and
Baoding Depression-Gaoyang Uplift-Raoyang Depression, is

characterized by dense structural development and a relatively
shallow bedrock burial depth (approximately 4000-5000 m). The
buried depth of bedrock is 1000-3000 m, which is shallower than
that of the depression on both sides. Karst is still relatively
developed in the carbonate strata at this depth, which can
form the dominant flow channel of karst geothermal water.
The karst hydraulic pressure and deuterium excess parameter
d values in the Xushui-Wenan structural transformation belt
between Rongcheng and Gaoyang is significantly higher than that
of the uplift areas on both sides (Figures 6, 7, Supplementary
Table S1). The "*C age and salinity of geothermal water are
significantly lower than those of the bulge areas on both sides.
According to the carbonate geothermal wells constructed in the
past 2years, the water temperature of the D19 and D21
geothermal wells located in the Xushui-Wenan structural
transformation belt is significantly lower than that of the D34
and D35 geothermal wells with similar well depths outside the
Xushui-Wenan structural transformation belt (about 30-40°C
lower). This indicates that the Xushui-Wenan structural
transformation belt is the dominant flow channel of regional
karst geothermal water, which is conducive to the recharge of
karst water from the Tajhang mountains in the west and can
receive the recharge from the Cangxian uplift in the east.
Therefore, geothermal water has a low degree of
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metamorphism, low '“C age and salinity, and relatively low
temperature.

In addition, a small structural transformation belt also
developed between the Wugqing Depression-Yangcun Slope
and Baxian Depression-Wenan Slope. This structural
transformation belt is distributed along the NWW-trending
Lilan fault (Yao, 2014), and the bedrock burial depth is
relatively shallow (approximately 4000-5000 m) (Wang, 2020).
Karst is well developed in the carbonate strata, and it has
conditions allowing it to form the dominant flow channel of
karst geothermal water. The '*C ages of the carbonate geothermal
water at point 47 and 48 in the northeast of Niutuozhen uplift are
16200-22400 years old, which is significantly younger than the
'C ages of the carbonate geothermal water in the southwest of
the Niutuozhen Uplift and Rongcheng Uplift (>40000 years).
However, the d values are significantly higher than the latter.

This indicates that the karst geothermal water may flow from
northeast to southwest. The Lilan transfer zone between Wuqing
Depression-Yangcun Slope and Baxian Depression-Wenan Slope
may be the dominant flow channel of another regional karst
geothermal water recharge from Cangxian uplift to the west. The
'C age of carbonate geothermal water in the northern Cangxian
uplift is relatively low, the hydrochemical type is CLHCO3-Na or
Cl:SO4-Na type, and the salinity is low, appearing characteristics
of closer to the recharge area (Figure 7).

CONCLUSION

The *C age, deuterium excess parameter (d), and the '*O drift
phenomenon are good indicators of the circulating runoff
conditions and runoff path of geothermal water. Geothermal
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water flow conditions are good in sections with low '*C age and
salinity, high d values, and weak '*O drift phenomenon,
corresponding to the dominant recharge channel for carbonate
geothermal water.

The '*C dating, '*0, and *H data of carbonate geothermal
water, Cenozoic sandstone geothermal water, quaternary
groundwater, and mountain springs in Xiongan New Area and
surroundings and the analysis of regional carbonate groundwater
flow field and structural conditions, indicated that the dominant
flow paths and main recharge channels of regional carbonate
geothermal water are as follows. 1) The karst geothermal water in
the Xiong’an New Area and its surroundings is mainly recharged
by the Taihang Mountains in the west and the Yanshan
Mountains in the north. The Xushui-Wenan structural
transformation belt is the dominant flow channel for the
regional karst geothermal water, which is conducive to the
recharge of karst water from the Taihang Mountains in the
west and also receives recharge from the Cangxian uplift in
the east. 2) The northeastern part of the Niutuozhen Uplift
may receive the recharge of carbonate geothermal water from
Cangxian uplift in the east through the Lilan transfer zone. 3) For
the southwest of Gaoyang low Uplift, Rongcheng and Niutuozhen
Uplift, the "*C age >40000, the d is low, and the phenomenon of
“180 drift” is obvious, indicating that these structural parts are the
convergence areas of regional karst geothermal water.

Through the identification and definition of the dominant
flow path and recharge direction of carbonate geothermal water
in Xiong’an New Area and its surrounding areas, a clearer basis
for discriminating the flow field and temperature of carbonate
geothermal water is obtained. All these studies provide
geothermal geology for scientific development carbonate
geothermal energy.

The "C values of carbonate geothermal water in the southwest
of Gaoyang low uplift, Rongcheng uplift, and Niutuozhen uplift is
lower than 0.44 pmc, and the '*C age of carbonate rock
geothermal water can only be determined to be > 40000 years
old, which cannot be accurately determined. Therefore, when
estimating the age of groundwater >40000 years, groundwater
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