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The North China Craton (NCC) is a typical representative of the ancient destruction craton. Numerous studies have shown that
extensive destruction of the NCC occurred in the east, whereas the western part was only partially modified. The Bohai Bay Basin
is in the center of the destruction area in the eastern NCC. Chemical analyses were conducted on 122 hot spring samples taken
from the eastern NCC and the Ordos Basin. The δ2H and δ18O in water, δ13C in CO2, and

3He/4He and 4He/20Ne ratios in gases
were analyzed in combination with chemical analyses of water in the central and eastern NCC. The results showed an obvious
spatial variation in chemical and isotopic compositions of the geofluids in the NCC. The average temperature of spring water
in the Trans-North China Block (TNCB) and the Bohai Bay Basin was 80.74°C, far exceeding that of the Ordos Basin of
38.43°C. The average δD in the Eastern Block (EB) and the TNCB were −79.22‰ and −84.13‰, respectively. The He isotope
values in the eastern region (TNCB and EB) ranged from 0.01 to 2.52, and the rate of contribution of the mantle to He ranged
from 0 to 31.38%. δ13C ranged from −20.7 to −6.4‰ which indicated an organic origin. The chemical compositions of the
gases in the EB showed that N2 originated mainly from the atmosphere. The EB showed characteristics of a typical gas
subduction zone, whereas the TNCB was found to have relatively small mantle sources. The reservoir temperatures in the
Ordos Basin and the eastern NCC (EB and TNCB) calculated by the K-Mg temperature scale were 38.43°C and 80.74°C,
respectively. This study demonstrated clear spatial variation in the chemical and isotopic compositions of the geofluids in the
NCC, suggesting the presence of geofluids from the magmatic reservoir in the middle-lower crust and that active faults played
an important role in the transport of mantle-derived components from the mantle upwards.

1. Introduction

A craton is characterized by a thick lithospheric mantle, cold
geotherm, low density, and high viscosity, with these charac-
teristics providing protection from destruction by later geo-
logical processes [1]. Cratons are an important geological
unit on the surface of the Earth and cover ~50% of the area
of the continental crust [2]. The North China Craton
(NCC) is an ancient craton that has attracted much attention
due to its lithosphere showing signs of severe disturbance or
reactivation in some regions, resulting in significant losses or
modifications of the mantle root (e.g., [3–9]).

The application of the S-wave receiver function showed
that the eastern NCC has experienced extensive damage
and that thinning of the lithosphere in the east and central
parts of the NCC has exceeded that in the west by 60 to
100 km (Chen et al., 2009). Mineral inclusions in diamonds
originating from the kimberlite in the provinces of Shan-
dong and Liaoning, China, have indicated the existence of
a 200 km thick lithosphere 470Ma ago [10, 11]. In addition,
the mantle-derived inclusions in Cenozoic basalts indicate a
lithospheric thickness of 80–120 km [12]. Application of a
geothermal evolution model found that the lithosphere
experienced two thinning periods during the Cretaceous
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and Paleogene. The lithosphere experienced thinning
between the early Mesozoic to early Cretaceous, reducing
in thickness from 150 km to 51 km, following which it thick-
ened to ~80 km. The lithosphere experienced thinning again
during the middle and late Paleogene, reducing in thickness
to 48 km, consistent with the present thickness of the Bohai
Bay fault depression. Subsequently, lithosphere thickening
occurred once again, with the crust increasing in thickness
to 78 km [13]. The results of a thermal simulation model
indicated the presence of mantle heat flow of 24–
44mW·m−2 in the eastern NCC, which exceeded that of
21.2–24.5mW·m−2 in the western NCC [14].

The study of geothermal fluids can increase the under-
standing of the geological significance of geothermal genesis,
reservoir temperature, heating mechanism, circulation
depth, and supply source [15–18] and can also act as a basis
for exploring mantle-derived material and the shallow
response resulting from the geodynamic process of plate
subduction. The isotopic composition of gas is widely used
to study deep structural changes and the transport mecha-
nism in cratons (e.g., [19–24]).

Zhang et al. [25] analyzed the He and C isotope ratios of
hot spring gases in the TNCB within the NCC. By analyzing
the P-wave velocity and time-averaged fault slip rate, they
concluded that mantle volatiles are generated in the upwell-
ing asthenosphere, following which they rise through faults
and fractures in which permeabilities are controlled by slip
rates. In a study comparing the geochemical characteristics
of helium and CO2 in the cratonic and rift basins in China,
Dai et al. [26] determined that gas samples collected from
the cratonic basins have lower levels of CO2 and R/Ra ratios
than those from the rift basins. Gas samples in the rift basin
have been shown to have a larger range of variation in δ13

CCO2, implying the presence of stronger tectonic activities.
Xu et al. [27] determined that helium found in fluids col-
lected from the crust in Liaodong (EB) is derived from the
mantle and that active faults play an important role in trans-
ferring mantle-derived components to the surface in the
nonvolcanic regions.

However, there have been limited detailed studies of
mantle-derived components associated with the NCC
[27–29]. Therefore, a study on the spatial differences in fluid
chemistry and isotopic signatures of subduction zones and
their genesis would be significant.

The present study collected samples of geothermal gases
and water from the Ordos Basin, the TNCB, and the EB. The
chemical compositions of water and gas samples were mea-
sured. In addition, the δD and δ18O isotope compositions of
water samples were determined. The gases collected from
geothermal wells were analyzed for 3He/4He and 4He/20Ne
ratios and δ13C of CO2. The present study was aimed at
identifying the spatial variations in chemical and isotopic
compositions of geothermal wells in the NCC and at analyz-
ing the sources and genesis of these chemical characteristics.
The thermal reservoir temperature and the contribution of
mantle-derived helium were determined. The results of the
present study confirmed the presence of mantle-derived
components in the EB and TNCB gases due to magmatism
and active faults.

2. Geological Settings

The NCC consists of two main crustal blocks, namely, the
Western Block (WB) and the Eastern Block (EB). These
two crustal blocks are stitched together by the Trans-North
China Orogen (Figure 1(a)) [30]. The present study collected
gas samples from the TNCB and the EB of the NCC
(Figure 1), whereas geothermal water samples were collected
from within the NCC (Figure 2).

The Bohai Bay Basin in the EB of the NCC is an impor-
tant basin in China due to the presence of geothermal
resources, oil, and gas. The basin lies adjacent to the Jiaoliao
fault-uplift area in the east, the Liaohe Depression in the
north, the Jiyang Depression in the south, and the Huan-
ghua Depression in the west [32, 33]. The Bohai Bay Basin
is a rift basin superposed by coal-bearing basins of the
Meso-Cenozoic Carboniferous-Permian system lying on
the basement of the Mesoproterozoic, upper Proterozoic,
and Paleozoic cratons. The basin has experienced Indochina,
Yanshan, and Himalayan movements and is characterized
by active tectonic movements, numerous faults, and strong
volcanic activities [34–36]. The study area shows a complex
structure, the development of active faults, and frequent
earthquakes. The main direction of stress in the study area
is northeast-east, resulting in deep fault cuts [37]. Abundant
low/medium-temperature pore-type geothermal resources
and fractured bedrock occur in the region. Geothermal res-
ervoirs are mainly found in the upper and lower tertiary
sandstone reservoirs and particularly in Paleozoic and Prote-
rozoic carbonate reservoirs [15, 38].

The basin-range tectonic zone of Shanxi Province falls in
the North China orogenic belt. The BRPWB is characterized
by northeast-east to southwest-west active normal faults
with a dextral strike slip component due to its location on
the north end of the S-shaped rift system [25]. The region
has experienced many tectonic events and has a unique
basin and mountain alternate topography as well as the geo-
logical background of the extensional fault along the moun-
tains and within the basin. The counterclockwise movement
of the EB and the WB in the NCC since the Paleogene has
resulted in the formation of the basin-ridge structure [39]
in the Trans-North China Orogen. Cenozoic basalts con-
taining abundant mantle xenoliths were found in the out-
crops of the Yangyuan and Datong subbasins in the EB
[40, 41]. The age of geothermal water exposed at the junc-
tion of faults in the Yanhuai Basin was determined to be
30 ka, whereas the temperature of the reservoir was deter-
mined to be ~100°C. Mantle-derived helium was detected
in the fluids [42]. These findings suggest that intensive
magma activity and mantle-derived material recharge may
have occurred in the region.

The Ordos Basin is in central-northern China and is
associated with the inner-craton depression basin. The typi-
cal inland basin represents one of the most tectonically sta-
ble areas in China and has an area of over 250,000m2 [26].
The basin falls above and below the Archean granite and
lower Proterozoic greenschist in the North China block,
respectively. The southwest region of the basin contains
Paleozoic-Cenozoic sedimentary rocks with a thickness of
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>8 km [43]. Six secondary structures occur in the basin [26]:
(1) the Yishan slope, (2) the Tianhuan depression, (3) the
Yimeng uplift, (4) the Weibei uplift, (5) the Jin-West flexural
fold zone, and (6) the fault fold zone along the western mar-
gin. The basin has undergone multiple tectonic movements

with a stable internal structure. However, the overall uplift
has played a key role [44]. The Fuping block collided with
the Western Block at between 1.90 and 1.85Ga and sub-
ducted westward to form the North China orogenic belt,
accompanied by many magmatic events [45, 46]. The
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Figure 1: Distribution of gas samples collected from the North China Craton (NCC): (a) the subzones of the NCC, modified after Zhao et al.
[31]; (b) the geological map of the Eastern Block (EB) and the Trans-North China Block (TNCB) showing faults and topography.
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sedimentary source is complex and experienced thickening
in the basin after the Middle Proterozoic [47].

3. Methods

A total of 123 geothermal water samples were collected from
July to August 2016, consisting of 46 samples from the
TNCB and EB and 77 samples from the Ordos Basin.
Figures 1 and 2 show the sampling locations. Samples were
collected in HDPE bottles that had been sterilized by soaking
in ultrapure water for 24 h and then dried using ultrasonic
cleaning. Samples for the analysis of chemical compositions
and isotopes (H and O) were collected in 250mL and 2mL
HDPE bottles, respectively. All samples were filtered on-
site three times through a 0.45μm membrane filter. Prior
to sampling, the sample bottle was rinsed three times using
water from the sample source. Once the sample was col-
lected, the sample bottle was sealed with parafilm. Samples
for the analysis of major cations were acidified with ultra-
purified HNO3 (1mol L−1) to adjust pH to below 2. Filtered
unacidified samples were used for anion analysis. Tables 1
and 2 show the results of water chemistry and isotopic anal-
ysis, respectively.

The water temperatures of springs were measured using
a thermometer with an accuracy of 0.1°C. Water chemistry
analyses were performed in the Key Laboratory of Earth-
quake Prediction, Institute of Earthquake Science, China
Earthquake Administration, using a DionexICS-900 ion
chromatograph with an ion detection limit 0.1mgL−1. Cali-
bration for the analysis was achieved using standard samples
from the National Institute of Metrology, China. A mixed
solution of NaHCO3 and Na2CO3 was used as the anion elu-
ent, whereas a methane sulfonic acid solution was used as
the cationic eluent. The titration method with an error less
than 5% was used for analyzing CO3

2− and HCO3
−, phenol-

phthalein and methyl orange were used as indicators, and
the test error of the concentration of HCl was 0.08mol L−1.
Oxygen and hydrogen isotope analyses were performed in
the Water Isotope and Water-Rock Interaction Laboratory
at the Institute of Geology and Geophysics, Chinese Acad-
emy of Sciences, using a laser absorption water isotope spec-
trometer analyzer (L1102-I, Picarro) which used wavelength
scanning optical cavity ring-down spectroscopy (WS-CRDS)
technology. Analysis of δ18O and δD used the Vienna Stan-
dard Mean Ocean Water (V-SMOW) as the standard. The
analytical precision of δ18O and δD measurements was
±0.1‰ and ±0.5‰, respectively [37].

The quality of the constant elements of hot spring and
geothermal water was assessed using the ib value [48], with
the range of results within ±10%:

ib %½ � = ∑cations−∑anions
0:5 × ∑cations+∑anionsð Þ × 100: ð1Þ

A total of 26 gas samples were collected from TNCB and
EB. The gas samples were collected using the water displace-
ment method.

The present study used 500mL AR glass containers, with
the glass of the soda lime type containing a high portion of
alkali and alkaline earth oxides with a very low permeability
for helium [49]. The glass containers were initially immersed
in corresponding geothermal water. The bottles were filled
with spring water, following which funnels allowed displace-
ment of water with gas. After the gas reached two-thirds of
the volume of the bottle, each bottle was forcefully sealed
using a solid trapezoidal rubber plug and adhesive plaster
[50]. Samples were analyzed within 14 days after collection
to avoid the leakage of volatiles.

The chemical compositions of the gas sample were ana-
lyzed using a Finnigan MAT-271 mass spectrometer with
precision of ±0.1% at the Key Laboratory of Petroleum
Resources Research, Institute of Geology and Geophysics,
Chinese Academy of Sciences. The helium and neon iso-
topes of the gases were detected using a MM5400 mass spec-
trometer at the Institute of Geology and Geophysics,
Chinese Academy of Sciences. The carbon isotope was mea-
sured with the MAT-253 gas isotope mass spectrometer of
the Beijing Research Institute of Uranium Geology, with a
precision of ±0.1‰ [51].

Rc/Ra is the air-corrected 3He/4He ratio calculated using

Rc
Ra = R/Ra × Xð Þ − 1½ �

X − 1 , ð2Þ

X =
4He/20Ne
� �

measured
4He/20Ne
� �

air
× βNe
βHe

: ð3Þ

β is the Bunsen solubility coefficient, which represents
the volume of gas absorbed per volume of water at the mea-
sured temperature when the partial pressure of the gas is
1 atm [52], assuming a recharge temperature of 15°C. βNe/
βHe = 1:21 at 15°C. HeM is the mantle helium contribution
of the total helium contents using

Rc
Ra = R

Ra

� �
crust × 1 −HeMð Þ + R

Ra

� �
mantle × HeM: ð4Þ

According to [53], ðR/RaÞmantle = 8; according to [54],
ðR/RaÞcrust = 0:02.

4. Results

The average temperatures of spring water in the Bohai Bay
Basin, the TNCB, and the Ordos Basin were 55.0°C,
46.1°C, and 19.4°C, respectively. The geothermal water in
the Ordos Basin comprised natural hot springs or artesian
wells, and there are no data for the depth of wells. The gas
components in the geothermal water were mainly N2, O2,
Ar, CH4, and CO2. N2 was the predominant gas component
in all samples. The concentrations of heavier hydrocarbons,
H2S, SO2, and H2 fell below their respective detection limits.
The ranges of concentration of N2 and O2 of nitrogen-rich
hot springs were 69.42–98.52% and 0.07–18.57%, respec-
tively. The concentration of Ar ranged between 0.92 and
1.47%, similar to that of air. The concentration of CO2
ranged between 0.01 and 7.91%, which is some several
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Table 1: Sampling locations, water temperatures, isotopes (H and O), and reservoir temperatures in the Eastern block and the Trans-North
China Block of the North China Craton.

Well no.
Longitude

(°E)
Latitude
(°N)

Na+

(mg/L)
K+

(mg/L)
Mg2+

(mg/L)
Ca2+

(mg/L)
HCO3

−

(mg/L)
Cl−

(mg/L)
SO4

2−

(mg/L)
IB
(%)

TK‐Mg
(°C)

T
(°C)

δ18O
(‰)

δD
(‰)

Well
depth
(m)

Guanghegu 117.17 38.89 674.1 6.8 7.4 40.1 261.3 600.0 773.5 -3.9 60.9 51.0 -9.0 -71.7 —

Liyuantou 117.19 39.03 642.6 5.7 2.8 26.9 303.6 532.7 670.9 -3.7 67.8 56.7 -9.2 -72.3 —

Wanjia 117.33 38.83 585.7 57.0 7.1 33.1 449.6 663.8 334.0 -3.5 115.8 62.9 -8.7 -70.8 490

Longda 117.59 38.97 554.1 5.0 2.2 13.0 564.9 434.5 256.9 -2.2 67.6 50.5 -8.9 -71.2 1800

Quanshuiwan 117.33 39.29 306.1 2.3 0.9 5.8 626.4 119.8 15.1 -1.0 60.3 51.6 -9.2 -72.5 1500

Yongchuan 117.35 39.25 406.1 77.1 11.4 33.9 399.7 390.1 310.8 -2.1 117.7 81.2 -8.8 -71.5 3000

Xinli 117.79 39.28 144.5 1.1 0.2 6.1 314.9 21.7 33.6 -1.8 57.7 49.3 -9.6 -72.2 1000

Xiawucun 117.78 39.27 149.4 1.2 0.3 5.7 330.5 23.4 32.5 0.0 58.0 53.0 -9.5 -72.0 —

Luqiancun 117.78 39.29 110.6 1.3 0.1 5.0 284.4 13.6 10.4 -1.1 71.6 44.9 -9.6 -71.8 —

Zunhua 1 117.76 40.21 211.4 6.4 0.5 22.6 126.8 32.6 364.0 -1.1 91.0 46.1 -10.3 -74.0 —

Zunhua 2 117.76 40.21 198.7 6.2 0.3 17.8 99.9 33.4 333.0 -0.5 97.9 41.4 -10.3 -73.7 —

Xiyuan 118.06 39.34 179.2 0.9 0.8 11.0 292.1 31.5 130.1 0.0 41.6 40.2 -9.6 -71.2 —

Jidong 1 118.45 39.28 275.5 3.9 1.4 24.5 215.2 75.9 396.6 -1.1 67.0 46.4 -9.4 -71.5 —

Jidong 2 118.34 39.18 609.7 6.8 3.8 66.8 222.9 560.6 739.6 -3.9 68.3 50.5 -8.3 -70.8 1500

Caofeidian 118.68 39.16 321.7 2.2 0.5 17.2 522.3 122.0 143.6 -2.3 66.3 50.4 -9.2 -70.7 —

Xiangyunwan 118.98 39.18 630.3 4.1 1.3 4.0 1437.3 216.1 0.0 -1.9 69.3 56.3 -9.0 -70.8 1800

Changsheng 118.17 39.82 555.7 4.3 0.8 7.4 822.4 471.7 0.0 -2.7 76.6 62.9 -8.0 -69.4 1600

Baodiwang 4 117.34 39.55 198.8 50.6 6.9 38.8 384.3 92.9 163.2 -0.2 112.7 57.5 -9.7 -73.5 3000

Lizigu 117.34 39.52 220.2 56.3 7.2 34.8 384.3 124.4 177.9 -0.8 115.2 92.6 -9.1 -72.1 3000

Dijing 117.36 39.54 201.7 53.3 7.7 34.1 384.3 92.3 168.1 -0.4 112.6 82.2 -8.7 -71.2 —

Jixian 117.42 40.04 115.3 17.6 17.8 22.2 426.6 14.5 32.2 -0.8 72.5 27.5 -9.8 -69.3 —

Xinzhou 1 112.63 38.54 209.6 5.1 0.4 15.6 88.4 198.3 136.6 -0.9 89.8 46.3 -10.5 -77.3 —

Xinzhou 2 112.62 38.54 210.7 7.1 0.1 12.9 92.2 195.4 124.3 -0.4 111.2 56.9 -10.4 -77.1 —

Xinzhou 3 112.70 38.49 256.6 6.8 1.8 155.9 76.9 150.4 769.4 -3.1 77.1 46.0 -10.7 -80.3 —

Dingxiangtou 112.83 38.59 424.4 9.4 0.5 346.6 11.5 471.5 1510.1 -5.9 103.0 50.5 -11.3 -85.4 —

Yangouxiang 112.79 38.95 429.0 6.8 0.2 100.2 23.0 510.9 595.8 -4.0 108.5 40.3 -11.6 -87.0 —

Hunyuan 113.94 39.41 260.3 9.4 0.2 15.6 61.3 141.1 326.8 -1.5 114.4 63.8 -11.3 -88.2 —

Yanggao 1 113.82 40.42 109.9 5.2 2.4 18.1 165.2 64.1 56.2 0.6 67.5 39.6 -10.6 -79.7 172

Yanggao 2 113.82 40.42 114.6 4.2 2.5 14.4 153.7 63.6 62.2 0.9 62.1 39.7 -10.7 -81.6 203

Yanggao 3 113.82 40.41 87.1 4.6 3.4 19.3 149.9 38.2 44.1 1.2 60.5 45.9 -11.0 -81.6 —

Tianzhen 1 114.04 40.44 233.2 7.5 6.8 24.5 368.9 103.2 147.3 -0.2 63.9 43.8 -9.9 -80.5 504

Tianzhen 2 114.04 40.43 271.8 9.4 5.5 25.0 380.5 145.2 178.8 -0.8 71.7 42.8 -9.8 -81.5 100

Yuxian 114.44 39.80 46.5 3.6 40.5 72.5 361.2 26.5 81.1 0.2 31.1 11.4 -10.0 -74.5 —

Sanmafang 114.59 40.21 326.0 8.9 22.7 52.1 330.5 269.4 340.3 -1.8 54.6 39.4 -11.8 -88.5 180

Yangyuan 114.59 40.21 328.4 9.1 22.7 49.2 322.8 272.2 343.9 -1.9 55.1 39.1 -11.8 -88.6 —

Huailai 1 115.54 40.34 292.9 10.2 0.2 20.4 49.8 84.4 529.5 -2.3 121.6 75.0 -11.6 -89.3 —

Huailai 2 115.54 40.34 283.1 9.4 0.4 23.3 73.0 86.7 499.4 -1.9 104.3 47.2 -11.6 -88.0 —

Huailai 3 115.53 40.34 262.8 7.3 0.4 17.2 111.4 87.1 396.7 -1.1 98.4 47.2 -10.7 -83.2 288

Huailai 4 115.53 40.34 256.7 8.2 0.2 17.6 72.8 73.1 433.9 -2.4 109.7 66.0 -11.7 -88.8 500

Baimiaocun 115.40 40.66 179.9 3.8 2.0 12.6 134.5 34.2 238.4 -0.1 62.3 39.6 -11.5 -86.1 —

Dongwaikou 116.08 40.96 232.8 6.9 0.2 16.6 61.3 67.1 366.8 -1.5 109.9 56.0 -11.5 -87.6 —

Chicheng 115.74 40.90 203.0 8.2 0.8 32.4 115.3 29.0 403.5 -1.7 91.5 57.8 -12.0 -89.2 —

Shengshi 115.99 40.46 88.4 13.7 15.1 47.4 299.8 46.2 51.3 0.9 68.4 51.4 -11.5 -84.3 100

Songshan 115.82 40.51 143.6 2.8 0.2 9.6 57.3 35.6 177.2 -2.4 81.9 34.9 -11.9 -86.7 205

Wuliying 115.93 40.48 103.7 8.0 11.2 36.2 338.2 16.4 68.1 -0.5 59.8 29.3 -11.8 -86.0 553

Jinyu 115.97 40.48 85.5 13.0 15.2 46.8 299.8 44.4 48.4 0.8 67.2 42.8 -11.5 -84.2 —

Average 276.8 12.1 5.1 36.4 283.8 172.2 283.0 78.4

— represent natural hot springs and self-flowing wells or well depth being not available.
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orders of magnitude higher than that in air (0.03%). The
concentration of CH4 was low, ranging from 0 to 16.13%,
with that in all samples below 1%, except for those of the
Baodi, Lizigu, and Dijing springs.

The gas isotope data showed that the 4He/20Ne ratios
ranged from 3.11 to 1,647, far exceeding that of air of
0.318. The R/Ra values of 3He/4He ranged from 0.01 to
2.52, representing typical mixtures of a crust and mantle
source or radiogenic gas. The value of δ13C in the samples
ranged from −6.3‰ to −20.7‰.

5. Discussion

5.1. Helium and Neon Isotopes. Noble gases within the crust
originate from three main sources [55]: (1) the atmosphere,
introduced into the crust through groundwater recharge; (2)
the mantle, from regions of magmatic activity; and (3) gases
produced in the crust by the result of radioactive decay pro-
cesses. The helium and carbon isotope ratios are sensitive
tracers of gas sources due to varying gas isotope ratios
among the atmosphere, crust, and mantle [25]. Helium is
mainly derived from the atmosphere, crust, and mantle.
The mixture of crust and mantle sources can be determined
by the R/Ra ratio. The 3He/4He of atmospheric helium is
1:4 × 10−6, known as Ra [56]. Previous studies on the R/Ra
ratio of crustal helium provided slightly different but consis-
tent values. For example, Poreda et al. [57] obtained a crustal
R/Ra of 0.013–0.021, whereas Mamyrin and Tolstikhin [56]
found that the crustal Ra was generally <0.05. The R/Ra of
the mantle source generally exceeds 5; i.e., the R/Ra of
3He/4He is 7.9 [58], whereas White [59] obtained an R/Ra
of 8:8 ± 2:5 for the upper mantle and 5–50 for the lower
mantle. The R/Ra of the WZ13-1-1 natural gas well in the
rift basin of the East China Sea is 8.8, which is the maximum
Ra of any sedimentary basin in China [60, 61].

Table 3 shows the different ratios of 3He/4He. The G1,
G2, G3, G4, and G8 sampling points were characterized by
helium isotopes from the crust with a R/Ra < 0:1. These
sampling points were in the TNCB and close to the Ordos
Basin. Other sampling points located in EB and TNCB
showed different degrees of mantle-derived helium supply
(Figure 3), consistent with the results of Zhang et al. [25].

The mantle source contribution of helium isotopes in
gases of the hot springs ranged from 0 to 31.38%. The man-
tle source contributions of sampling locations G1, G2, G3,
and G8 were below 0.5%. Sample location G8 was close to
the Ordos Basin and represented a typical crustal source
gas, with no mantle source contribution (R/Ra = 0:01). The
sampling points G1, G2, and G3 s were in the Qicun geo-
thermal field in Shanxi Province (Figure 1(b)). The Qicun
geothermal field is in the Zhoushan fault-fold zone of
Hongtaoshan-I in the Shanxi block of the North China Plate
and is categorized as part of the plate interior thermal sys-
tem. The heat source is vertical heat transfer through the
crust, and the circulation of meteoric water occurs through
deep faults [62, 63]. The mantle source contributions of
sampling locations G6, G7, and G9 exceeded 10%, while
those of sampling locations G12, G13, and G14 were
30.15%, 25.31%, and 31.38%, respectively. G9 is in the Hou-

haoyao thermal field, characterized by developed fractures
and rock rupture, thus providing access and space for the
upwelling of mantle-derived material [64]. The sampling
locations G12, G13, and G14 are in the Yanhuai Basin
(Figure 1(b)). The regional geophysical data showed the
presence of typical crustal faults, magmatic activities, com-
plex structural patterns composed of shallow faults, and a
mantle transition zone in the lower part [65]. The hot spring
gases distributed in the central NCC indicated the presence
of mantle sources in the TNCB, which may be related to
crustal thinning in the region. A low-speed belt of 130 km
was noted at the junction between the northern North China
Basin and the Yanshan orogenic belt. This belt experienced
multiple periods of tectonic activities, thereby providing a
favorable channel for gas upwelling [66, 67]. The TNCB is
a typical continent-to-continent collision belt that was
formed by the collision between the EB and the WB at
~1.85 billion years ago. The rock unit in the region experi-
enced intense multistage deformations accompanied by
large-scale overthrusting and ductile shear [68]. Tectonic
activity, crustal thinning, and deep cut active faults provide
good conditions for mantle gas emission. The high 3He/4He
ratios (0.10–2.52 Ra) are associated with the injection of a
magmatic reservoir beneath the fault in the TNCB and EB,
and subduction of the Pacific Plate also results in higher
activity in the TNCB and EB [69].

Typical crustal sources of helium isotopes in hot spring
gases for sampling sites G1, G2, G3, G4, and G8 were dis-
tributed in the western EB, outside of the boundaries of
the Ordos Basin. The remaining 21 hot spring sampling
sites showed a mantle-derived gas supply, similar to the
spatial scope of the destruction of the Pacific Plate subduc-
tion to the east of the NCC (Figure 3(b)). This assertion
was further verified by Dai et al. [26] who found that
helium isotopes of gas in the Ordos Basin were character-
ized by low CO2 and low R/Ra values (<0.1) typical of the
craton basin [72, 73].

The spatial differentiation of gas isotope sources is not
accidental. Many fault basins were formed in the east
NCC during the Paleogene. This was accompanied by long
basalt eruptions and active magmatic activities. These events
facilitated the formation of oil in the east NCC [69]. Besides,
a low-velocity zone was observed at a depth of 70 km in
the east NCC [66] along with an obvious lithosphere-
asthenosphere boundary (LAB) [74]. These observations
confirm the presence of deep fluid activity in the eastern
NCC. The EB and the TNCB contain greater quantities of
mantle-derived gases and more direct channels. The thick-
ness of the lithosphere of the western Ordos Basin (80–
180 km) exceeds that of the EB and the TNCB, and an area
of thinning is evident to the east of the basin [75], character-
ized by less magmatic activity and a stable structure [7, 9].
The eastern NCC shows a higher heat flow compared to the
western part [76], which can be related to magma activity
during the late Mesozoic and thinning of the continental
lithosphere.

5.2. Gas Composition. The present study analyzed 16 hot
spring gas samples in the EB and TNCB (Table 3). All

6 Geofluids



Table 2: Sampling locations, water temperatures, reservoir temperatures, and chemical compositions in the Western block and the Trans-
North China Block of the North China Craton.

Well no.
Longitude

(°E)
Latitude
(°N)

Na+

(mg/L)
K+

(mg/L)
Mg2+

(mg/L)
Ca2+

(mg/L)
HCO3

-

(mg/L)
Cl-

(mg/L)
SO4

2-

(mg/L)
IB
(%)

TK‐Mg
(°C)

T
(°C)

Shangwangtai 106.96 34.56 189.1 5.3 1.4 37.8 169.0 34.0 399.0 -1.9 73.7 28.5

Qianchuan 107.15 34.64 34.7 7.2 22.6 71.9 637.0 11.2 21.1 2.1 50.2 14.8

Shuigouzhen 106.99 34.74 8.1 1.0 15.5 60.4 452.0 3.4 13.1 2.1 — 17.1

Shenjiazui 106.89 34.85 22.4 3.3 20.3 100.0 634.0 12.9 50.5 0.7 35.8 14.8

Chaijiawa 106.77 34.94 5.3 1.3 23.5 55.8 518.0 2.4 7.6 1.4 — 17.9

Shilitan 106.40 35.43 17.0 1.4 20.0 71.4 601.0 9.4 37.2 -1.8 — 10.2

Dayuanzi 106.39 35.46 53.2 2.4 50.0 98.3 645.0 21.2 257.2 -1.0 — 11.4

Fujianchang 106.68 35.53 20.4 1.7 21.4 58.8 455.0 5.7 34.6 3.3 — 12.2

Liuhu 106.67 35.55 134.2 5.9 44.2 61.8 660.0 77.9 223.3 0.3 39.5 18.5

Beishan 1 106.70 35.56 84.8 1.2 25.9 33.9 619.0 15.9 44.6 2.3 — 13.7

Beishan 2 106.68 35.56 138.5 1.2 50.9 36.1 809.0 23.4 183.4 1.1 — 12.9

Baiyunsi 2 106.24 35.60 29.6 1.5 34.7 66.3 508.0 3.7 151.1 -0.3 — 12.1

Baiyunsi 1 106.25 35.61 41.3 3.0 39.5 66.5 445.0 6.2 212.9 0.1 27.8 10.9

Baiyunsi 3 106.25 35.61 31.3 1.7 34.7 52.1 436.0 3.3 129.0 1.3 — 17.3

Dongshanpo 106.28 35.62 262.6 1.9 0.7 2.4 1219.0 23.4 4.5 -0.7 59.4 10.2

Anguo 1 106.57 35.62 148.8 6.0 45.0 64.5 713.0 77.7 235.0 0.5 39.6 22.3

Anguo 2 106.57 35.62 170.1 6.9 43.9 61.1 688.0 97.2 269.7 -0.2 42.6 24.4

Longde 106.13 35.62 68.8 1.8 37.2 60.3 746.0 18.9 101.1 -0.1 — 13.8

Hongjunquan 106.18 35.67 52.5 2.0 36.2 79.9 545.0 3.5 228.5 -0.7 — 10.2

Heshangpu 106.23 35.68 22.4 2.2 33.5 58.2 519.0 6.7 111.0 -1.2 — 11.7

Beilianchi 106.18 35.74 25.5 1.8 31.1 44.7 475.0 2.6 66.8 1.6 — 20.0

Lianchisi 106.18 35.74 23.7 1.3 24.5 38.8 420.0 2.4 50.4 1.3 — 16.7

Fuxiya 106.17 35.75 4.3 1.8 1.2 31.6 199.0 1.2 4.1 0.0 52.0 19.0

Hongtai 105.79 35.76 731.8 5.8 199.4 142.7 689.0 256.6 1754.9 2.5 25.3 13.0

Wangminjing 105.74 35.80 1020.9 9.2 3.2 18.3 606.0 357.6 1313.2 1.7 77.5 11.9

Pengyang 106.63 35.85 134.1 4.5 52.7 62.1 684.0 78.3 240.7 0.3 33.0 18.2

Xiangyang 106.40 35.95 618.9 2.1 0.7 0.0 1131.0 31.7 1002.4 -1.8 60.3 22.4

Choushuihe 3 106.06 36.01 6861.9 25.2 122.7 264.3 1006.0 5057.4 11260.7 -4.5 58.7 17.1

Xiaokou 2 106.08 36.01 19817.0 116.1 28.2 138.1 2580.0 7759.8 30847.2 -0.3 116.4 17.6

Xiaokou 1 106.08 36.02 24462.5 156.5 90.7 220.1 1508.0 11018.9 37317.9 -0.4 108.1 8.8

Chaigou 2 105.88 36.07 135.1 2.7 55.6 108.5 717.0 22.4 484.7 -1.6 — 9.0

Chaigou 105.89 36.08 108.5 2.4 53.2 72.4 632.0 13.8 297.8 1.4 — 12.9

Heiyanquan 105.88 36.08 94.5 2.5 46.6 82.9 731.0 14.9 280.3 -1.1 — 10.4

Choushuihe 1 106.04 36.13 50.7 3.0 63.0 101.0 857.0 6.6 264.3 -1.0 — 17.1

Choushuihe 2 106.17 36.14 8210.0 27.1 144.9 340.0 1095.0 6007.2 13942.9 -4.8 58.5 17.8

Hongyang 105.64 36.26 300.3 3.5 92.7 499.1 112.0 152.0 2580.0 -6.3 — 11.0

Zhengqi 105.96 36.45 901.4 5.6 204.3 279.7 145.0 1918.4 1420.9 -4.7 — 12.4

Xiaoshanquan 105.60 36.50 15.7 4.3 32.6 59.8 523.0 6.8 69.1 1.3 36.6 13.1

Shuangjing 106.25 36.59 3598.0 184.1 91.0 318.8 1581.0 — 9313.4 -3.0 112.7 25.1

Ganyanchi 105.23 36.67 622.1 6.8 107.0 11.0 1524.0 735.1 846.6 -8.4 34.0 16.2

Yaoxian 105.17 37.41 510.3 10.8 117.3 133.1 435.0 660.3 1064.6 -3.7 41.8 17.7

Shuitaocun 106.31 37.46 452.4 4.5 146.1 123.2 478.0 695.8 900.4 -3.0 — 13.9

Nitanjing 105.20 37.46 602.3 7.3 9.2 48.2 29.0 629.6 474.4 1.4 60.1 19.4

Nitanquan 105.20 37.46 867.2 5.4 35.6 28.5 608.0 404.7 1516.4 -4.0 39.9 15.8

Daquan 106.34 37.97 105.4 1.2 16.1 14.4 248.0 72.8 90.9 2.1 — 17.6

Miaoshan 1 105.85 38.03 273.9 5.5 45.0 58.6 540.0 267.6 337.6 -0.8 38.1 15.4

Miaoshan 2 105.86 38.03 258.3 5.5 43.5 56.7 561.0 246.2 317.8 -1.0 38.4 17.3
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samples were rich in N2 (69.42–98.52%). The content of N2
of the gas samples was characteristic of that of a medium-
low temperature hydrothermal system, such as the peninsula
craton in the heat field of central and western India, indicat-
ing low deep equilibrium temperatures [77]. The accumula-
tion of N2 may be due to thermal decomposition of organic
matter in sedimentary and metamorphic rocks [78].

The N2/Ar ratios in air, air-saturated water (ASW), and
groundwater were 84, 38, and 50, respectively [80–82]. The
results of the present study showed a strong correlation
between N2 and Ar (Figure 4). Plotting the results of gas
sample analysis showed two separated distributions. Gas
samples were distributed along the He-air trend line with
N2/Ar ratios approaching that of air of 84, suggesting that
N2 originated from the atmosphere and that aquifers were
recharged with meteoric water containing dissolved air.
Atmospheric precipitation is the main source of Ar in geo-

thermal gas [32]. Therefore, both Ar and N2 in hot spring
gas originated from the atmosphere.

The N2/He ratios of 11 samples showed regional varia-
tion of sources. As shown in Figure 2, the sampling locations
G1, G2, G3, and G4 showed crustal predominated gases,
consistent with the results of the helium-neon isotope
(Figure 5). The mantle source contribution of sampling loca-
tions G5, G6, G7, and G8 was significantly increased. These
gas sampling points were in the central TNCB. Simulta-
neously, the sampling locations G9, G11, and G15 contained
typical subduction zone gases. These sampling locations
were in the EB which experienced the highest degree of
destruction of the NCC. Arc-type gases are characterized
by a high N2 content, N2/Ar ratios > 200, and N2/He ratios
> 1,000. Mantle-derived gases are characterized by a low
N2 content and N2/He ratios < 200 [80]. Sample location
G15 is in the Bohai Bay Basin in the Huanghua Depression

Table 2: Continued.

Well no.
Longitude

(°E)
Latitude
(°N)

Na+

(mg/L)
K+

(mg/L)
Mg2+

(mg/L)
Ca2+

(mg/L)
HCO3

-

(mg/L)
Cl-

(mg/L)
SO4

2-

(mg/L)
IB
(%)

TK‐Mg
(°C)

T
(°C)

Hongshitou 1 105.67 38.76 116.2 2.7 41.9 68.0 334.0 174.2 186.9 -0.1 25.7 12.6

Hongshitou 2 105.68 38.77 160.7 5.0 34.1 58.1 425.0 148.2 238.6 -0.6 38.9 20.9

Dashuigou 106.15 38.89 16.2 2.0 14.2 68.4 346.0 13.3 59.9 2.0 29.7 12.8

Longquansi 106.28 38.96 53.6 2.8 19.5 53.4 358.0 52.8 105.5 -0.9 32.9 16.4

Jianquan 106.48 39.08 101.1 6.3 123.0 117.7 662.0 80.3 650.6 -1.0 31.1 18.4

Shitanjing 2 106.31 39.18 127.2 7.4 49.5 205.2 349.0 92.9 857.6 -4.1 42.8 23.9

Shitanjing 1 106.31 39.18 91.3 4.3 38.5 150.7 337.0 76.2 534.2 -2.6 34.9 13.5

Diyan 106.93 39.64 49.9 1.9 24.7 85.2 305.0 69.0 152.6 1.6 — 16.8

Subeigou 106.95 39.67 83.1 3.7 29.7 68.9 343.0 80.2 155.8 1.5 34.3 15.4

Qianligou 1 106.99 39.86 122.1 4.2 39.1 77.6 405.0 107.5 248.5 0.8 34.5 12.5

Qianligou 2 106.98 39.86 130.1 3.9 39.4 72.1 354.0 122.1 238.7 1.4 32.9 19.1

Dahuabei 109.41 40.73 9.7 2.2 9.5 68.0 426.0 9.3 37.1 -0.3 35.5 12.9

Hongqicun 109.33 40.73 15.4 1.9 16.6 80.6 514.0 13.6 34.7 1.0 27.2 11.4

Xishanzui 108.73 40.74 80.0 4.8 50.7 153.7 351.0 134.5 270.9 0.3 34.4 14.6

Aguimiao 106.42 40.74 50.0 3.5 27.5 62.3 379.0 48.2 109.5 0.7 34.0 15.1

Zhaoer 106.54 40.88 64.6 17.2 35.1 122.8 465.0 92.9 241.4 -0.4 64.2 19.2

Chendexi 106.53 40.88 71.6 29.8 37.4 126.8 454.0 125.4 248.3 -0.2 76.2 16.7

Shimen 106.56 40.88 75.5 13.4 42.8 99.9 443.0 81.6 303.4 -1.1 56.6 25.8

Chahangou 106.57 40.88 28.7 1.7 7.3 45.9 277.0 16.6 43.7 0.8 33.0 17.2

Buerdong 106.57 40.89 68.9 16.2 37.4 118.7 443.0 92.3 306.7 -0.8 62.1 27.8

Shaotoushan 109.14 41.12 69.5 2.6 59.1 61.5 589.0 56.2 165.6 1.9 — 17.3

Dongsheng 1 107.04 41.13 40.3 14.0 35.9 84.8 463.0 52.5 151.0 -0.1 59.4 13.3

Dongsheng 2 107.03 41.14 43.8 15.3 67.7 56.3 730.0 32.4 112.5 1.1 54.4 14.8

Xiliushu 107.93 41.28 42.4 2.2 15.6 58.8 401.0 19.1 73.1 0.1 30.8 14.7

Hulusitai 107.79 41.28 82.9 3.3 16.3 64.2 528.0 46.9 101.6 0.4 37.9 14.5

Yangguangcun 108.29 41.29 21.4 3.7 11.8 64.1 380.0 12.6 32.0 0.8 43.3 14.4

Xiremiao 2 108.66 41.54 51.0 2.1 28.5 86.4 658.0 40.1 78.8 0.7 — 23.7

Xiremiao 1 108.66 41.54 50.2 2.6 27.2 72.5 553.0 38.4 78.5 0.9 28.7 18.6

Xiremiao 3 108.66 41.54 44.4 1.6 28.3 69.8 572.0 35.7 75.0 0.0 — 16.5

Hailiutu 108.51 41.59 54.7 4.8 22.4 67.4 402.0 39.4 69.7 1.6 42.2 17.2

Average 965.7 11.1 45.3 92.0 589.3 505.0 1645.9 47.4

— represents spring water not suitable for a cation temperature scale.
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and Cangxian uplift area. This area has conditions that facil-
itate mantle degassing. The mantle source contributions of
the sampling points gradually increased from west to east
(Figure 3(b)), and the gas characteristics of the subduction
zone were observed in the EB (Figure 4).

5.3. Carbon Isotopes of CO2. CO2 in hot spring gas is gener-
ated by the organic or inorganic process. The formation of
CO2 through organic processes involves the decomposition
of organic matter and bacterial activities. Formation of
CO2 through inorganic processes involves magmatic activi-
ties in the mantle, thermal decomposition, and the dissolu-
tion of carbonate rocks [83]. The δ13C value is an effective
criterion to determine the source of carbon dioxide and
methane [84]. δ13C in CO2 for degassing of the upper man-
tle ranges from −8‰ to −4‰ [85, 86]. The values of δ13CCO2
with a magmatic origin range from −9.1‰ to 2‰ [87, 88].
δ13CCO2 in sedimentary basins is generally regulated by the
generation of organic hydrocarbon by thermal decomposition
and ranges from −15‰ to −25‰ [89]. δ13CCO2 of organic ori-
gin is generally lower than −10‰, while δ13CCO2 of inorganic
origin typically ranges from −8‰ to 3‰ [90].

Figure 6 shows the mixing of different sources. The δ13

CCO2 isotope showed a trend indicative of depositional genesis
of carbonates (dashed box). Carbonate rocks account for 80%
of the volume of sedimentary strata in the region and provide
a material source for carbon [37]. Only the δ13CCO2 of sam-
pling locations G22, G23, and G24 exceeded −10‰. These
sampling locations were in the central North China Plain
(EB). Meanwhile, the CO2 concentration of spring water was
relatively low, ranging from 0.01 to 7.91%. The CO2 concen-
trations of only sampling locations G22, G23, and G24
exceeded 2% (Table 3). Most organic carbon was observed in
the EB, and the δ13CCO2 value of sedimentary origin in the
EB was similar to that in the Ordos Basin (Figure 6).

The CO2 concentrations in the samples observed in the
present study were different from those of gas wells recorded
by Dai et al. [26] in the Ordos Basin of 0.02–8.87% with an
average of 1.86%. The maximum value and average CO2 con-
centrations in the Bohai Bay Basin far exceeded those in the
Ordos Basin, with an average value of >10%. This observation
could be attributed to the dissolution of CO2 in water being
promoted by the high temperature of geothermal water, leav-
ing behind only a small quantity of inorganic carbon.

Table 3: Chemical and isotopic compositions of hot spring gases in the Eastern block and the Trans-North China Block of the North China
Craton.

No. Sampling site
Longitude

(°E)
Latitude
(°N)

N2
(%)

O2
(%)

Ar
(%)

CO2
(%)

CH4
(%)

4He
(%)

4He/20Ne
R/
Ra

Rc/
Ra

HeM
(%)

δ13CPDB
(‰)

Tectonic
unit

G1 Qicun 112.62 38.54 96.44 0.60 1.43 0.03 0.03 1.47 319.36 0.04 0.04 0.24 -14.3 TNCB

G2 Duncun 112.70 38.49 95.72 0.85 1.38 0.13 — 1.92 734.05 0.03 0.03 0.12 -18.2 TNCB

G3 Tangtou 112.83 38.59 92.12 2.72 1.47 0.07 0.05 3.58 971.09 0.03 0.03 0.12 -17.5 TNCB

G4 Yangou 112.79 38.95 91.25 3.31 1.41 0.01 0.03 3.99 1647.60 0.07 0.07 0.62 -18.6 TNCB

G5 Hunyuan 113.94 39.41 96.79 1.19 1.45 0.01 0.10 0.46 188.65 0.62 0.62 7.51 -17.5 TNCB

G6 Shengshui 114.04 40.44 89.90 6.65 1.30 1.84 — 0.31 149.34 1.02 1.02 12.53 -15.0 TNCB

G7 Tianzhen 114.04 40.43 94.45 2.84 1.31 1.00 — 0.41 219.28 0.99 0.99 12.16 -14.5 TNCB

G8 Yangyuan 114.59 40.21 96.10 1.31 1.25 0.98 0.02 0.34 185.52 0.01 0.01 0 -15.4 TNCB

G9 Houhaoyao 115.54 40.34 88.33 9.35 1.31 0.01 0.91 0.09 202.85 0.96 0.96 11.78 -20.7 TNCB

G10 Dongwaikou 116.08 40.96 N.A. N.A. N.A. N.A. N.A. N.A. 135.54 0.49 0.49 5.88 -16.1 TNCB

G11 Tangquan 1 115.74 40.90 N.A. N.A. N.A. N.A. N.A. N.A. 85.42 0.42 0.42 4.99 -16.1 TNCB

G12 Shengshiyuan 115.99 40.46 N.A. N.A. N.A. N.A. N.A. N.A. 63.15 2.42 2.43 30.15 -12.7 TNCB

G13 Wuliying 115.93 40.48 N.A. N.A. N.A. N.A. N.A. N.A. 28.83 2.03 2.04 25.31 -14.2 TNCB

G14 Jinyu 115.97 40.48 N.A. N.A. N.A. N.A. N.A. N.A. 96.07 2.52 2.52 31.38 -13.1 TNCB

G15 Liyuantou 117.19 39.03 N.A. N.A. N.A. N.A. N.A. N.A. 155.30 0.27 0.27 3.12 -19.8 EB

G16 Xiawucun 117.78 39.27 N.A. N.A. N.A. N.A. N.A. N.A. 14.70 0.19 0.18 1.95 -20.6 EB

G17 Luqiancun 117.78 39.29 96.65 1.90 1.30 0.14 0.02 — 3.11 0.16 0.08 0.78 -20.7 EB

G18 Zunhua 117.76 40.21 98.52 0.07 1.28 0.05 0.01 0.08 41.81 0.42 0.42 4.97 -17.2 EB

G19 Jidong 118.34 39.18 N.A. N.A. N.A. N.A. N.A. N.A. 8.12 0.34 0.32 3.73 -18.0 EB

G20 Liuzan 118.68 39.16 N.A. N.A. N.A. N.A. N.A. N.A. 211.95 0.35 0.35 4.13 -17.4 EB

G21 Changsheng 118.17 39.82 N.A. N.A. N.A. N.A. N.A. N.A. 538.73 0.70 0.70 8.52 -17.2 EB

G22 Baodi 117.34 39.55 69.42 5.30 1.09 7.91 16.13 — 44.50 0.49 0.49 5.85 -9.3 EB

G23 Lizigu 117.34 39.52 74.55 18.57 1.05 2.19 3.60 — 17.80 0.47 0.46 5.54 -9.8 EB

G24 Dijing 117.36 39.54 73.88 17.20 0.92 5.55 2.45 — 85.63 0.48 0.48 5.74 -6.4 EB

G25 Jingdong 116.94 39.96 95.78 1.60 1.29 0.72 0.54 0.07 82.53 0.16 0.16 1.72 -14.4 EB

G26 Huashuiwan 116.50 40.18 97.19 0.13 1.21 1.74 0.03 — 20.65 0.54 0.53 6.44 -11.20 EB

“—” stands for contributions below 0.1%. N.A.: not analyzed. δ13C is the value of CO2 in the analyzed sample.
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Moreover, 3He/4He (R/Ra) showed that gas in the sam-
ple sites near the EB was of mantle origin. In contrast, the
gas component in the sample sites near the Ordos Basin
was of sedimentary origin (Figure 6).

5.4. Hydrogen and Oxygen Isotopes. Stable isotopes of hydro-
gen and oxygen can be used to identify the geothermal water
source, trace the circulation path, and analyze the geother-
mal reservoir environment [37, 92]. There are significant dif-
ferences in the hydrogen and oxygen isotopes among
geothermal water, groundwater, meteoric water, and mixed
water. The analysis of hydrogen and oxygen isotope ratios
of meteoric water samples at different latitudes globally has
shown that they all follow a linear relationship called the
global meteoric water line (GMWL): δD = 8δ18O + 10 [93].

The average values of δD and δ18O at the 46 sampling
points in the study area were −78.46‰ and −10.27‰,
respectively, and ranged from −77.26 to −69.27‰ and from
−10.45 to −8.04‰, respectively. As shown in Figure 7, when
plotting δD against δ18O, most of the hydrogen and oxygen
isotopes were distributed near the LMWL, indicating a

meteoric water source. The results indicated oxygen shifting,
with a maximum shift of 1.39 (G21).

Rocks are rich in oxygen (>40%) and poor in hydrogen
(less than 1%) [94]. Therefore, the occurrence of reactions
between water and rocks can result in an oxygen shift in
water, whereas δD remains largely stable. For example, the
water-rock interaction between atmospheric precipitation
and media containing carbonate water can enhance the δ18

O value of water [95]. A high temperature can promote
interactions between water and rock, thereby intensifying
the exchange of oxygen isotopes between geothermal water
and oxygen-enriched surrounding rock. The δD and δ18O
of Tianzhen 1 in the TNCB were −9.8‰ and −81.5‰,
whereas those of Tianzhen 2 were −9.9‰ and −80.5‰,
respectively. These results indicate that the exchange of oxy-
gen isotopes may occur in the presence of oxygen-rich rocks
in the quaternary sand-gravel aquifer of the Yanggao-
Tianzhen Basin [25]. The δ18O values span a wide range
(−10.3 to −8.0‰), and it is noteworthy that the samples all
plot to the right of the GMWL, with relatively uniform δD
values. By considering an average isotopic gradient of pre-
cipitation for China, it can be concluded from the H and
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O isotopes that probably the difference of δ18O is due to the
fact that the geothermal water is recharged from different
areas, the Taihangshan Range and Yan Shan Range NW of
Tianjin [96]. Meanwhile, δ13CCO2 in the EB is of carbonate
sedimentary origin (Figure 6), thereby facilitating oxygen
isotope exchange in water-rock reactions. The correspond-
ing δD and δ18O values of magmatic water are −20 ± 10‰
and 10 ± 2‰, respectively [97, 98]. In addition, the δD and
δ18O of the EB exceeded those of the WB (Figure 7), possibly
due to magmatism.

There were obvious spatial differences in δD between the
EB and TNCB. The average δD values of the EB and TNCB

were −79.2‰ and −84.1‰, respectively, significantly lower
than those in the area of destruction in the NCC. The δD
value can be used to derive the groundwater recharge depth
in the crust, which decreases with the depth [99]. The results
of reservoir temperature and δD indicated that the EB has
deeper groundwater circulation. Moreover, the contribution
of deep mantle heat flow in the eastern NCC exceeds that in
the western NCC [14]. This result may be related to active
underground magmatic activity in the eastern NCC, the
thinning of the crust, and the higher intensity of seismic
activity.

5.5. Reservoir Temperature in the NCC. Shallow geothermal
data are of great significance for describing thermal states
and revealing geodynamic processes of the continental litho-
sphere [100–102]. Since water-rock reactions are related to
temperature, the geochemical thermometer has been widely
used to estimate the final temperature of the water-rock bal-
ance in a reservoir [103]. Na-K-Mg trigonometry is usually
used to determine the degree of water-rock reaction balance
[104]. The Na-K-Mg trigonometry diagram is largely used to
study hydrothermal systems and can provide a basis for
chemical geothermometers [105].

The results of the present study showed that the geother-
mal water in the Ordos Basin was largely local equilibrium
water, whereas most of the geothermal water in the EB was
immature (Figure 8). The present study used the cation tem-
perature scale to calculate the reservoir temperature. The
prerequisite for using the temperature scale should be as fol-
lows: water should be in equilibrium, temperature should be
greater than 25°C, and the calculated reservoir temperature
should exceed the measured temperature when using the
thermometric scale to calculate the reservoir temperature
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of a hot spring. Although some spring water in the study
area does not apply to these temperature scales, there were
differences in the calculated reservoir temperature between
the EB and the WB, which are of reference significance.
The K-Mg thermometric scale [104] can indicate the
medium and low reservoir temperatures:

t°C = 4410
14:0 − logK2/Mg

− 273:15: ð5Þ

The results of the K-Mg thermometric scale showed that
the geothermal reservoir temperature of the WB ranged
from 25.3 to 116.4°C, with an average temperature of
38.4°C, whereas the geothermal reservoir temperature in
the EB and TNCB ranged from 31.1 to 112.6°C, with an
average of 80.7°C (Figure 2; Tables 1 and 2). The present
study used Inverse Distance Weighting (IDW) to analyze
the spatial distribution of reservoir temperature. The IDW
interpolation method is widely used in digital elevation
models (DEMs), meteorological and hydrological analysis,
and other fields due to its simplicity and convenient calcula-
tion [107].

The temperatures of hot springs in the WB ranged from
8.8 to 28.5°C, with an average of 16.1°C, whereas that in the
EB and TNCB ranged from 11.4 to 92.6°C, with an average
of 50.2°C (Tables 1 and 2).

Such regional differences are not accidental. The Ordos
Basin has a crust with a temperature that exceeds that of
the mantle and a mantle heat flow of 21.2–24.5mW·m−2

[108]. The EB has a thermal state of mantle temperature that
exceeds the temperature of the crust and a mantle heat flow
ranging between 30 and 140mW.m−2, with an average of
61:9 ± 14:8mW · m−2 (He et al., 2011). The heat flow in
the WB is related to a thicker lithosphere composed of con-
tinental blocks. In addition, the Cenozoic tectonic-thermal
activity in the WB is weaker than that in the EB [70]. This
can be attributed to the subduction of the Pacific Plate to
the EB area, resulting in a thinner lithosphere and higher
volcanic activity.

The inconsistency between measured temperatures and
reservoir temperatures of hot springs can be partially attrib-
uted to the difference in heat flow (Figure 9) between the EB
and the WB. Meanwhile, geothermal water circulation in the
eastern NCC occurs at a greater depth. Crustal circulation at
a greater depth is also a source of heat.

6. Conclusions

The TNCB and EB of the NCC provide paths for the emis-
sion of gas due to the presence of active faults. Continuous
upwelling of mantle-derived gas occurs in the asthenosphere
beneath the crust. The present study conducted a chemical
analysis of the hot springs and gas in the craton basin as well
as an isotope analysis in the EB and the TNCB, whereas a
chemical analysis of hot springs was conducted in the WB.
From the results of the present study, the following conclu-
sions could be made:
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(1) The compositions of helium-neon isotopes showed
that mantle sources contributed to isotope composi-
tions to different degrees in both the Bohai Bay Basin
(EB) and the basin-ridge tectonic area (TNCB).
There was a small mantle contribution of helium in
Xinzhou near the Taihang Mountain. Moreover,
the R/Ra of helium in most natural gas components
of the Ordos Basin indicated crustal sources

(2) Abundant N2 was noted in all hot springs in the east-
ern region, and the contribution of N2 from mantle
sources increased from west to east. Typical subduc-
tion zone gases were noted in the eastern region,
which remained exposed in the Huailai Basin. Ar
and N2 in the study area may be of the same origin.
The results of δ13CCO2 showed that CO2 in the gas in

the EB is of organic origin, whereas that in the high-
temperature geothermal area in some carbonate sed-
imentary layers was of inorganic origin

(3) The results of hydrogen and oxygen isotope analysis
showed that the geothermal water in the east of the
craton was meteoric water. δD increased gradually
from west to east, whereas the depth of groundwater
circulation increased. The temperatures of the ther-
mal reservoir and water calculated by the ion tem-
perature scale of the hot spring showed that the
temperature of the EB far exceeded that in the WB.

Hydrochemistry, gas composition, and isotope analysis
of hot springs in the NCC area can provide favorable evi-
dence for the development and utilization of geothermal
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fields. The results of the present study showed obvious spa-
tial differences in these attributes, which could be related
to tectonic conditions, magmatic activities, and active faults.
Mantle-derived helium was found in the hot spring gas of
the TNCB, consistent with the extent of Pacific Plate
subduction.
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