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ARTICLE INFO ABSTRACT

Editor: Dr Don Porcelli Fluid geochemistry in active fault zones has been proven to be sensitive to tectonic activity. The North China
Craton (NCC) has attracted much attention because of its complex and intense tectonic activity. In this study,
fluid geochemistry in the primary active fault zones in the NCC was investigated, including inference of its
tectonic activity. Stronger degassing from soil and springs has been observed in the northeastern Tibetan Plateau
(NETP) and the Zhang-Bo seismic zone (ZBSZ) than in the other seismic zones. Both geological soil gas and deep-
derived gas (crust- or mantle-derived gas) from springs were concentrated there. Also, a comprehensive analysis
has indicated that the development of new fractures might have occurred widely beneath the NETP and ZBSZ
because of the strong regional tectonic activity there. The *He/*He and *He/?°Ne of gas from the springs in the
ZBSZ suggest that the low-velocity zone 20- 40 km deep might be a magmatic intrusion derived from the mantle.
However, crust-derived gas accompanied with a negligible mantle-derived component has been detected in the
Diebu-Bailongjiang fault (DBF), the West Qinling fault (WQLF), and the Liupanshan fault (LPSF) in the NETP.
There, the occurrence of more new fractures was probable, in accordance with the obvious 580 shift of the water
from the springs in the fault zones. This suggests that a channel flow, also depicted by the low-velocity zone 20—
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40 km deep, could have formed within the crust and that the probable leading front reached the LPSF.

1. Introduction

The NCC was formed about 1.85 Ga ago and has attracted much
attention because of its dramatic tectonic activity and complex
geochemical characteristics of fluid trapped in the basement rocks and
degassing within the fault zones (Chen and Ai, 2009; Chen et al., 2018).
The NCC was destroyed in the Late Mesozoic subject to the combined
action of collision between the North China and Yangtze blocks and
subduction westward of the paleo-Pacific plate (Zhu et al., 2012), ac-
cording to numerous previous studies focusing on regional magmatism,
tectonic deformation and lithospheric structure (Zheng et al., 2009; Zhai
and Santosh, 2013), and became active and presented regional rotation
within the plate since the Early Cretaceous (Wu et al., 2005), which
contradicted the classical plate tectonic theory stating that the stability
was an inherent property of Craton (Perchuk et al., 2020). Additionally,
significant differences in lithospheric structure and tectonic activity
between the eastern and western segments of the NCC emerged after the
destruction of the NCC (Chen et al., 2014). Attributed to the weak
extensional deformation in the Early Cretaceous (Zhai and Liu, 2003;

* Corresponding authors.

Zhai, 2019), the western segment of the NCC presented a framework of
huge basins, where depression or fracture-depression occurred, and
volcanism and tectonic activity were not active there, indicating its
stability properties (Zhu et al., 2012), while the eastern segment was
active, where ductile tectonic deformation, crustal remelting, weak-
ening, thinning and extension, and low velocity within the lithosphere
were occurred extensively (Zheng et al., 2015). Its tectonic state was
variable (Zhao et al., 2017), volcanism with high-K calc-alkaline magma
was drastic there in the Early Cretaceous, while it quietened down in the
Cenozoic (Chen et al., 2005). Therefore, further implementation of
active state investigation for the NCC is needed, which could be of great
significance and essential for understanding and establishing a new
continental evolution theory.

Earth is an open system, and fluid release is a major means of
exchanging matter and energy at various depths (Tao, 2005). An active
fault system and its associated fracturing play a fundamental role in
deep fluids such as CO;, Rn, and He ascending toward the surface by
creating pathways that extend from the deep lithosphere to the earth's
surface. Deep fluids can migrate upward through those pathways
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Fig. 1. Regional map of the study area. (a) shows the geological setting and measuring sites in the study area, (b) shows the layout of soil gas survey line, con-
centration and flux measuring points, (c) shows the location of the study region in China. Earthquakes were recorded from 780 BCE to 2020 (http://news.ceic.ac.cn).

because of their enhanced permeability and porosity relative to
unfractured rock, and those fluids can carry specific geochemical in-
formation about the physicochemical evolution in the deep lithosphere
(Yuce et al., 2014; D'Alessandro et al., 2020; Chen et al., 2019; Zhang
et al., 2021).

Numerous field investigations have provided evidence that
observing the geochemical characteristics of fluid emissions from the
fault zone could be a potential proxy for investigation of physico-
chemical evolution in the lithosphere (Bedrosian et al., 2004; Faulkner
et al., 2010; Yuce et al., 2017), which has made a significant contribu-
tion to the evaluation of mineral resources and modeling of geothermal
water circulation (Pang et al., 2018), monitoring of geodynamic pro-
cesses, revealing hidden faults, monitoring fault activity (Bonforte et al.,
2013; Yuce et al., 2017; Yang et al., 2018), investigating strain accu-
mulation and tectonic destruction (Bonforte et al., 2013; Chen et al.,
2015), monitoring volcanic activity (Neri et al., 2016), monitoring
seismic activity (Martinelli and Tamburello, 2020), and earth degassing
investigation (Chen et al., 2018; Tamburello et al., 2018). Also, exten-
sive laboratory experiments have been conducted concerning gas
emission during rock failure and geochemical variations in the process
of water-rock interactions under crustal conditions (Koike et al., 2015;
Sun et al., 2016a). They have offered an experimental and physical basis
for monitoring characteristic geochemical variation in the tectonic zone,
which could provide information about the geodynamic processes in the

deep earth (Roeloffs, 1999; Girault et al., 2017).

Fluid geochemistry investigations had been widely implemented in
the Cratons to study the destruction, regional tectonic activities, and
mechanism of fluid genesis and transportation (Crossey et al., 2009;
Shen et al., 2013; Zhang et al., 2016; Muirhead et al., 2020). Combined
with isotope correlation diagrams, the noble gas isotopes in corundum
and peridotite xenoliths provided unique and important constraints for
comprehensive refertilization of lithospheric mantle in the eastern
North China Craton (He et al., 2011). Xu et al. (2014) determined that
the helium found in fluid collected from the crust in the Eastern Block
(EB) was derived from the mantle and that active fault acted as an
important pathway for mantle-derived ascending toward the surface in
the nonvolcanic regions. The gas geochemistry investigation confirmed
that deep fluid was active in the eastern NCC, and the degassing of
mantle-derived gas could be a widespread occurrence in the EB and
Trans-North China Orogen (TNCO) (Lu et al., 2021).

In this study, the distribution of geochemical characteristics of fluid
within the principal active fault zones in the NCC was investigated, and
the geochemical and geophysical effects of tectonic activity in faulted
areas of the NCC were discussed.

2. Geological setting

Archean Cratons are stable tectonic units characterized by a cold,
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Table 1
Statistical data on concentrations and fluxes of soil gas Rn and CO, from the
active fault zones in the NCC.

Parameter Zhang-Bo Ordos Northeastern The other
seismic basin Tibetan Plateau fault zones
zone

Profile number 40 5 23 32

Concentration 600 75 345 480

number

Flux number 160 20 92 128

Cgrn Mean (kBq 3.22— 1.60-

m-?) 3.80-37.89 8.35 4.67- 66.34 26.58
Frn Mean (mBq 10.25- 5.44— 9.07—-
.90- 140.
m2s7) 128.03 26.35 0.90-140.33 152.38
Cco2 Mean (%) 0.15- 2.24 (0)38_ 0.09- 1.60 0.08- 4.49
Fcoz Mean (g m™—2 71.00- 12.48-
a1 7.59-70.51 175.84 9.98- 53.79 254.69

old, and thick (approximately 200 km) lithospheric keel. They generally
exhibit a low heat flow and a lack of volcanism and large earthquakes
(King, 2005); examples include the Kaapvaal Craton, the North Amer-
ican Craton, and the Australian Craton. However, the NCC in eastern
Asia is an exception. Recent studies have suggested that the eastern NCC
had undergone significant lithospheric thinning and modification dur-
ing the Mesozoic Cenozoic period, which was deduced by examining the
physical and chemical properties of the subcontinental lithospheric
mantle (Chen and Ai, 2009). The tectonic setting in the area is complex
and comprises three grabens: the Linhe graben, the Yinchuan graben,
and the Fenwei graben, and two main blocks: the Ordos block and the
North China plain. It is a historically seismically active tectonic setting;
along the numerous active faults up to 2020, 114 great earthquakes
(with magnitudes of 6.0 to 8.5) occurred, 82 with magnitudes of 6.0 to
6.9, 23 of 7.0 to 7.9, and 9 of 8.0 to 8.5, respectively. These include the
Haiyuan earthquake (Mg = 8.5) in 1920 along the Haiyuan fault zone
and the Tangshan earthquake (Mg = 7.8) in 1976 along the Tangshan
fault zone, followed by four aftershocks with magnitudes >6.0 (Fig. 1).

3. Sampling and analytical methods

The concentration and flux of Rn and CO; in soil gas were measured
in the field along 100 profiles approximately perpendicular to the 52
faults (Fig. 1) from July to August 2018 and in May 2020. The measuring
sites along the profile were at intervals of 5 to 40 m. The site intervals
were 5 m near the fault scarps and gradually extended to the ends of the
survey line away from the fault scarp, with a maximum interval distance
of 40 m. The concentration measurement was taken at each measuring
site along the profile across the fracture zones, the total number of the
concentration measuring sites for each profile was 15, and the flux
measurements were taken at the measuring sites within the fracture
zones. The total number of flux measurement sites for each profile was 4.
In total, the numbers of Rn concentrations and fluxes data were 1500
and 400, respectively, the same as those of CO2 (Supplementary Data).

Soil gas Rn and CO, concentration measurements were taken by
inserting a stainless-steel sampling tube with a diameter of 3 cm into the
ground to a depth of 80 cm, which is fundamental for minimizing
meteorological effects (Iskandar et al., 2004; Fujiyoshi et al., 2006), Rn
and CO, fluxes were measured using a static closed chamber method.
The instrument included an inverted, circular accumulation, hemi-
spherical chamber with a volume of 1.68 x 102 m® and a radius of 0.2
m. The CO; concentration and flux were measured by a portable infrared
CO2 monitor (GXH-3010-E, Beijing HUAYUN Analytical Instrument Co.,
Ltd., Beijing, China). The detection limit and the measurement error of
the monitor were 0.01 vol% and + 2 vol%, respectively. The Rn con-
centration and flux measurements were taken in the field using a RAD 7
Rn detector (DURRIDGE, USA). Rn values were obtained 15 min after
measuring (the time necessary for reaching '®Po and 2?Rn nuclei
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equilibrium, approximately 5 times the half-life of 2!8Po). An inlet filter
and a molecular sieve were used to protect the detector from dust and
soil moisture. The detection limit and the measurement error of the RAD
7 were 14.8 Bq m~° and + 5%, respectively.

Gas samples were collected by placing a cylindroid glass bottle (500
ml in volume, 0.5 cm in thickness, made of soda-lime glass) upside
down. For spring gas sampling, the glass bottle was prefilled with spring
water attained from each sampling site and connected with a rubber
tube to an inverted funnel fully sunk into the spring (Zhang et al., 2016),
for the soil-gas well sampling, the glass bottle was pre-filled with satu-
rated brine and connected with a rubber tube to the outlet of the
apparatus. Gas released from the springs and soil gas wells went through
the tube and filled the soda-lime bottle by replacing the water inside,
which was then sealed with solid trapezoidal rubber plugs and adhesive
plaster on-site (Chen et al., 2020). Three duplicated gas samples were
collected from each spring sampling site, which was analyzed for
3He/*He, R/Ra, and *He/?°Ne, respectively; four duplicated gas samples
were collected from each soil gas sampling site, which was analyzed for
3He/4He, R/Ra, 4He/ZONe, 613Cc02, He and H; concentrations, respec-
tively, while two duplicated water samples were collected from each
spring sampling site, samples were filtered on site through a 0.45-pm
membrane filter before collection in HDPE bottles and sealed with
parafilm. The samples were analyzed in the Analytical Laboratory of the
Beijing Research Institute of Uranium Geology. The *He/*He (reported
asR/Ra,Ra=1.4 x 107%) and *He/?°Ne were determined by a VG5400
mass spectrometer, with uncertainties of +0.3 %o. The carbon isotope
513Cco2 (V-PDB) values were determined by the MAT 253 plus stable
isotope ratio mass spectrometer with uncertainties of £0.3 %o. The 8D
and 5'%0 compositions of the water samples were analyzed with a Pic-
arro L1102 mass spectrometer (Picarro, USA); the errors were 0.5 %o for
5D and 0.1 %o for 5'%0, respectively. The He and Hy concentrations of
soil gas were measured by an Agilent 3000 Micro GC with an error of
+5%.

4. Results

The statistical data on the concentrations and fluxes of Rn and CO5 in
soil gas from the main active fault zones are listed in Table 1. The spe-
cific data of the geochemical characteristic of soil gas are presented as
(Supplementary Data); the data on the geochemical characteristic of
springs within the active fault zones are listed in Table 2.

The mean concentrations of Rn in each soil gas survey line were in
the range of 1.60 to 66.34 kBqm 3. The mean fluxes of Rn in each soil
gas survey line were in the range of 0.90 t0152.38 mBq m 2 s 1. The
mean concentrations of CO; in each soil gas survey line ranged from
0.08 to 4.49%. The mean fluxes of CO5 ranged from 7.59 to 254.69 g
m2dL

According to the results calculated by the relative frequency histo-
gram method, >80% of the soil gas Rn concentration and flux values
were above the background values of the soil gas Rn concentration
(below 10.00 kBq m ) and flux (below 20 mBq m~2 s 1 in the NCC.
Furthermore, 57.6% of the soil gas CO4 concentration was above 0.5%,
and 70.1% of the soil gas CO; flux was above the background value of
soil gas CO; flux (below 20 g m~2d ™1 in North China (Li et al., 2018).

The ®He/*He and *He/?°Ne of the 18 spring gas samples were in the
ranges of 1.34 x 1078-7.80 x 1077 and 11- 3212, respectively, and the
8D and 580 ranged from —12.02 to —8.02 %o and —89.28 to —60.20 %o,
respectively (Table 2). The He and H; concentrations of the 15 soil gas
sampling sites were in the range of 7.30- 18.01 ppm and 0.77- 9.18
ppm, respectively, and the 613CCO2 (V-PDB), 3He/*He (R/Ra), and
“He/?*°Ne were in the ranges of —20.9 ~ —18.0 %o, 0.52— 1.02, and
0.28- 0.52, respectively (Supplementary Data).
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Table 2
Geochemical characteristics of springs within the active fault zones in the NCC.
Region Number  Spring  Longitude Latitude 5D (%)  8'®%0 3He/*He “He/*Ne R/ Re/ References
(°E) (°E) (%o) Ra Ra
1.10 x
No.01 QL 103.628 36.4552 —82.35 —-9.12 10-8 1048 0.01 0.01
1.03 x
No.02 SJ 106.253 36.587 —87.90 -9.19 107 841 0.07 0.07
7.21 x
No.03 SJ1 106.252 36.587 —80.71 —9.42 10-8 1611 0.05 0.05
9.89 x
No.04 CSH 106.04 36.131 —79.40 —9.80 108 15 0.07 0.05
312 x This study
No.05 XKH 106.082 36.019 —75.50 —-11.74 1'0,8 158 0.02 0.02
1.70 x
No.06 XKH1 106.083 36.018 —76.99 —-9.41 10-8 313 0.01 0.01
7.33 x
No.07 WM 106.991 34.737 —75.27 -9.39 107 25 0.02 0.07
1.41 x
No.08 ZMM 106.992 34.736 —74.50 —9.44 10-8 110 0.01 0.01
5.80 x
Northeastern Tibetan No.09 PL 106.661 35.543 - B 1077 - 0.4 - Wang and Zhang,
Pl .31 1991
ateau No.10 Qs 106.133 34.749 - - Z 03,8 * - 005 -
No.11 LT 109.174 34.363 —80.00 —9.70 :1;08,67 x - 0.28 -
No.12 MQ 108.641 34.343 —90.00 -7.50 ?5—98 x - 0.06 -
1.24 x
No.13 LTD 109.198 34.063 —99.00 —11.90 107 - 0.09 -
1.34 x
No.14 MXX 107.842 34.019 —82.00 —11.00 108 - 0.1 -
6.08 x Wang, 2008
No.15 QSWQ 106.121 34.752 - - 16,3 - 0.04 -
No.16 WS 104.824 34.679 - - ?;i x - 0.04 -
No.17 ™ 105.068 35.12 - - ?081; x - 0.02 -
No.18  JZ 105.48 34.375 - - :fi x - 003 -
8.86 x
No.19 HYTT 113.938 39.407 —89.00 —-11.28 107 188.65 0.62 0.62
2.79 x
No.20 YXNQ 114.441 39.8 —74.50 —10.50 10-6 284.9 1.95 1.95
1.07 x
No.21 SMF 114.588 40.209 —60.20 —8.02 10-8 185.52 0.2 0.2
1.34 x
No.22 HHY 115.543 40.336 —89.28 —11.60 108 202.85 0.96 0.96
6.84 x
No.23 DWKC 116.084 40.959 —87.60 —11.49 107 135.54 0.49 0.49
Zhang-Bo seismic zone 5.57 x This study
No.24 CCTQ 115.743 40.901 —89.17 —12.02 1'0,7 85.42 0.42 0.42
2.84 x
No.25 WLY 115.932 40.476 —85.98 -11.78 10-6 28.83 2.03 2.04
5.95 x
No.26 ZHTQ 117.761 40.206 —74.04 —10.32 107 41.81 0.42 0.42
6.84 x
No.27 BDWS 117.344 39.549 —73.48 —9.65 107 44.5 0.49 0.49
2.30 x
No.28 JDWQ 116.935 39.958 —78.88 —10.49 107 82.53 0.16 0.16
No.29 MSHL 105.854 38.028 —61.91 —-8.91 - - - -
No.30 XKH 106.082 36.019 —67.92 —9.34 - - - -
No.31 PLLH 106.671 35.547 —78.68 —-11.18 - - - -
No.32 QC 107.148 34.638 —61.91 —8.91 - - - -
No.33 SJzZ 106.992 34.737 —67.57 —9.64 - - - -
No.34 XY 106.404 35.945 —83.02 —-11.97 - - - -
No.35 DYZ 106.39 35.463 —64.98 —9.56 - - - -
No.36 HJQ 106.185 35.667 —72.81 —10.97 - - - -
The other seismic zone No.37 XSQ 105.602 36.504 —71.28 -10.61 - - - - This study
No.38 HTDD 105.787 35.755 —76.54 —10.08 - - - -
No.39 HYQ 105.878 36.083 —67.92 —-9.34 - - - -
No.40 SLT 106.401 35.425 —66.56 —9.86 - - - -
No.41 BYS 106.254 35.612 —-73.13 —11.56 - - - -
No.42 PY 106.629 35.849 —76.97 —-10.73 - - - -
No.43 LCS 106.181 35.74 —69.14 —-9.63 - - - -
No.44 CSH 106.039 36.133 —74.69 —10.90 - - - -
No.45 NTQ 105.201 37.463 —67.2 —8.57 - - - -

(continued on next page)
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Region Number  Spring  Longitude Latitude 3D (%)  5'%0 *He/*He ‘He/*Ne R/ Re/ References
(°E) (°E) (%o) Ra Ra
No.46 DQ 106.339 37.967 —68.13 —-8.97 - - - -
No.47 DSG 106.149 38.891 —68.59 —10.49 - - - -
No.48 LQS 106.277 38.962 —69.95 —9.41 - - - -
No.49 JQ 106.481 39.082 —83.27 —11.66 - - - -
No.50 QLG1 106.987 39.855 —69.00 —9.91 - - - -
No.51 HQC 109.333 40.731 —74.95 —11.28 - - - -
No.52 DHB 109.406 40.726 —75.89 —-11.36 - - - -
No.53 XSZ 108.733 40.739 —65.9 -9.19 - - - -
No.54 STS 109.135 41.118 —76.16 —10.16 - - - -
No.55 XRM 108.661 41.536 —63.70 —8.92 - - - -
No.56 YG 108.294 41.291 —67.54 —10.24 - - - -
No.57 XLS 107.928 41.284 —63.60 —9.12 - - - -
No.58 HLST 107.789 41.285 —58.28 -8.79 - - - -
No.59 DSMW 107.041 41.131 —67.39 —9.16 - - - -
No.60 ZCJ 113.369 40.284 —70.42 —9.38 - - - -
No.61 DXQ 113.015 38.423 —73.63 —-10.72 - - - -
No.62 MSJ 112.547 36.697 —72.90 -10.37 - - - -
No.63 XXJ 111.233 35.115 —71.88 —9.62 - - - -

n.d. stands for no data. R/R, is the measured *He/*He ratio divided by that of air (R, = 1.4 x 10-6). R¢/R, is the air-corrected SHe/*He ratio calculated using the
method: Re/Ry = [(R/Ra x X) -11/(X-1), X = [(*He/?°Ne) measured/(‘He/?°Ne),i] x Bne/Pue. P is the Bunsen solubility coefficient, which is the volume of gas absorbed
per volume of water at the measured temperature when the partial pressure of the gas is 1 atm (Weiss, 1971), the average atmospheric temperature during the gas

samples analysis was 15°C, and Pe/pre was 1.21 at 15°C.
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5. Discussion
5.1. Spatial distribution of gas geochemistry in the fault zones of the NCC

Among the 63 springs within the fault zones of the NCC, gas sampling
was achieved in only 28 springs distributed in the NETP and the ZBSZ.
Gas sampling was failed in the other seismic zone, where no visible gas
was found in the 35 springs. The 3He/*He ratios (R/Ra) of the gas
sampled in the 28 springs ranged from 0.01 to 2.03, which ranged from
0.01 to 0.40 in the 18 springs in the NETP, and from 0.16 to 2.03 in the
10 springs in the ZBSZ (Fig. 2). In addition, it was shown in the *He/*He
(R/Ra)-*He/?°Ne diagram that the points of the 8 springs in the NETP
were all distributed in the crust-derived component, while all of the
points of the 10 springs in the ZBSZ obviously jumped upward the
mantle-derived component (Fig. 3). Based on the spatial distribution of
the He/*He (R/Ra)-*He/?°Ne of gas samples from the 28 springs, it
could be roughly inferred that crust-derived gas dominated the gas from
the 8 springs in the NETP, while both crust-derived and mantle-derived
gas could be significant contributors for the gas from the 10 springs in
the ZBSZ.

In addition, high soil gas Rn and CO; emissions have been observed
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in active fault zones in the NETP and the ZBSZ (Figs. 4 and 5). The mean
Rn concentration and flux from the active fault zones in the NETP
(4.67- 66.34 kBq m 2 and 0.90- 140.33 mBq m 2 s™!) and the ZBSZ
(3.80- 37.89 kBq m~2 and 10.25- 152.38 mBq m~2 s_l) were much
higher than those in the other fault zones in the study area (1.60- 15.33
kBqm ™2 and 3.66- 49.82 mBq m~2s~!) and the Ordos basin (0.20- 8.35
kBq m~> and 0.10- 26.35 mBq m 2 s~!). The average values of Rn
concentration and flux in the NETP (23.55 kBqm > and 32.69 mBq m ™2
s 1) were 3.4 and 1.2 times as high as those in the other fault zones,
except for those in the ZBSZ, and 4.4 and 1.9 times as high as those in the
Ordos Basin. The average values of Rn concentration and flux in the
ZBSZ (13.18 kqu’3 and 47.64 mBq m 2s 1) were 1.9 and 1.7 times as
high as those in the other fault zones, except for those in the NETP, and
2.5 and 2.7 times as high as those in the Ordos basin (Table 1). Also, a
high CO5 concentration and flux were observed in the NETP and the
ZBSZ, although the high CO; concentration and flux were partially
distributed in the other fault zone and the Ordos Basin. In particular,
both concentrations and fluxes of Rn and CO; were high in the soil gas
profile ADL, where significant earthquakes occurred (http://news.ceic.

ac.cn), such as the Baotou Mg 6.4 earthquake in May 1996 and Mg 7.8
earthquake in 849 (Dong et al., 2018). Therefore, the high concentra-
tions and fluxes of Rn and CO in soil gas profile ADL might be attributed
to the relatively high crustal permeability likely induced by strong
seismic events (Chen et al., 2018).

The natural radioactive decay of 22°Ra is a unique source of soil gas
222Rn. Whereas soil gas CO, is derived from multiple sources, it pri-
marily originates from mantle degassing, carbonate metamorphism,
carbonated dissolution, the decomposition of organic matter, and soil
respiration (Caudron et al., 2012; Ramnarine et al., 2012). In the
§13Ccoy vs.1/COq diagram, the soil gas samples plotted within the
composition mixing range between the Deep (M + C) end-member and
biogenic end-member (Fig. 6), in accordance with the relatively high He
concentrations (7.30- 18.01 ppm) and strong relation between soil gas
CO- and He concentrations (Fig. 7), geological CO, could be inferred to
ascend toward the surface through the faults in the ZBSZ, which could
play a role as the carrier of geological Rn and transferred it to the
shallower soil gas. In the NETP, the He concentration of soil gas within
the fault zones reached up to 65.30 ppm (Zhou et al., 2011), in
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accordance with the strong relationship between soil gas CO5 and Rn
concentrations (Fig. 7), the geological source for soil gas within the fault
zones could also be inferred.

Therefore, it was apparent that the relatively high gas emissions from
the fault zones, including geological gas in the soil gas and deep-derived
gas (crust or mantle-derived gases) from springs, showed a concentrated
distribution in the NETP and the ZBSZ. It suggested that a particular
tectonic framework could be responsible for the coupled spatial distri-
bution of gas geochemistry in the fault zones of the NCC.

5.2. Tectonic framework in the NCC revealed by fluid geochemistry

Although a coupled concentrated distribution of the degassing for
geological soil gas and deep-derived gas (crust or mantle-derived gases)
from springs were observed within the fault zone in the NCC, pro-
nounced differences were still found between the isotopic ratios of gas
from the springs within the NETP and those within the ZBSZ, according
to the *He/*He (R/Ra) and *He/?°Ne of gas from the springs. It seemed
that abundant mantle-derived gas was degassing through the fault in the
ZBSZ, while a minute amount of mantle-derived gas was degassing in the
NETP (Fig. 3).

Previous research has suggested that the joint action of the India-

the reader is referred to the web version of this article.)

Eurasia collision and the Pacific subduction could be a significant fac-
tor that dominated the tectonic evolution in the NCC (Chen and Ai,
2009). Due to the remote action of the India-Eurasia collision, the Ti-
betan Plateau moved northeastward; that movement was withstood
when the Tibetan Plateau collided with the rigid Ordos block in the
northeastern corner of the Tibetan Plateau. Crust shortening and over
thrusting in the northeastern corner occurred (Lease et al., 2011),
resulting in strong tectonic compression in the NETP margin (Fig. 1).
Due to the continuous subduction and rollback of the Pacific plate,
lithosphere consumption and intense lithosphere regional extension
took place in the eastern NCC. This caused the eastward motion of the
North China plain (Zeng et al., 2016) and obvious GPS velocity differ-
ences between the North China plain and the Amurian block, resulting in
the strike-slip characteristic of the ZBSZ (Zhang et al., 2018; Wang and
Shen, 2019).

In fact, extensional tectonics have been verified to facilitate fracture
development, causing a stronger degassing in the normal fault zones
than the thrust and strike-slip faults (Tamburello et al., 2018). There-
fore, the degassing from the fault zones in the NETP and the ZBSZ should
be weaker than those in the other tectonic belts in the NCC. This could be
attributed to the widespread thrust and strike-slip faults in the NETP and
the dominant strike-slip in the ZBSZ, whereas normal faults dominate in
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the other tectonic belts (Fig. 1). Unexpectedly, relative to those in the
other tectonic belts, high soil gas Rn and CO, emissions were observed
(Figs. 4 and 5), and degassing in the springs only occurred in the NETP
and the ZBSZ (Figs. 4 and 5).

By coincidence, an abnormally high shear strain rate and the steepest
gradient of GPS horizontal velocity were also observed in the NETP and
the ZBSZ (Figs. 4 and 5), The abnormal regions were roughly consistent
with those where high geological soil gas (Rn, CO, and He) emission and
deep-derived gas (crust or mantle-derived gases) exhalation from
springs were observed (Figs. 2-5 and 7). Furthermore, it has been found
in previous simulation experiments that substantially enhanced gas
emissions from rocks could happen, when the differential stress on the
rocks exceeded their compressive strength, resulting in the development
of macroscopic fractures (new fracturing or an opening of preexisting
fractures), which provides new pathways for captive gas in the rocks
(Roeloffs, 1999; Girault et al., 2017). Therefore, based on the above
discussion, it could be inferred that fracture development in the deep
earth beneath the NETP and the ZBSZ might have occurred because of
the strong regional tectonic activity there, leading to enhanced gas
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exhalation from the rocks in the deep earth. That might in turn have led
to more gas emissions and a larger contribution of geological soil gas and
deep-derived gas from springs in the NETP and the ZBSZ than those in
the other seismic zones (Figs. 2-7).

In addition, the low-velocity zones 20— 40 km depth were outlined
beneath both the NETP and the ZBSZ (Wang et al., 2009; Zhao et al.,
2021). In the ZBSZ where strike-slip and normal deep faults dominate
the tectonic zone, the low-velocity zone was sketchily outlined as a
mantle-derived intrusion into the crust by geophysical research (Huang
and Zhao, 2005; Wang et al., 2009; Wu et al., 2021), in coordination
with the abundant mantle-derived gas observed in the springs along the
faults in the ZBSZ in this study, the mantle-derived intrusion into the
crust beneath the ZBSZ could be further confirmed, and mantle-derived
gas trapped within the intrusion could have ascended toward the surface
through deep faults in the ZBSZ. Also, the development of new fractures
within the fault zone could have facilitated the migration of trapped
mantle-derived gas in the ZBSZ (Fig. 8b). Meanwhile, the low-velocity
zone beneath the NETP was proven by various geophysical means to
be a channel flow (Royden et al., 1997; Clark and Royden, 2000),
flowing eastward along the decollement plane (Jiang et al., 2014; Du
et al., 2018), which were intersected by deep-cut DBF, WQLF, and LPSF
(Fig. 8a). In addition, larger magnitudes of 5'%0 shift for water samples
in the NETP than those in the ZBSZ have been observed (Fig. 9). It is
recognized that rocks are rich in oxygen (>40%) and poor in hydrogen
(<1%) (Craig, 1961), the occurrence of reactions between water and
rocks can result in an oxygen shift in water, whereas 6D remains largely
stable (Skelton et al., 2014). Therefore, the obvious §'0 shift could be
additional evidence for more new fractures in the NETP than in the
ZBSZ, on the basis that enhanced water-rock interaction on the new
surface of rocks could increase 580 shift (Chen et al., 2015). That could
indicate that more new fractures occurred in the NETP than that in the
7ZBSZ, and more pathways for gas propagation were created there,
subject to the more substantial compressional deformation, and higher
shear strain in the NETP (Figs. 4 and 5), the alternative distribution of
high-resistivity and low-resistivity beneath the NETP also implied that
the crust was highly broken in the NETP (Zhan et al., 2017). Although
more new fractures have been proved to be developed in the NETP than
those in the ZBSZ, negligible mantle-derived gas was detected in springs
in these faults (Fig. 2), which suggested that the low-velocity zone
beneath the NETP could be purely crust-derived. Thus, our research
suggested that the channel flow beneath the NETP might form within the
crust, with the probable leading front reaching the LPSF (Fig. 8a), where
an indeterminate image for the channel flow had been shown (Zhao
et al., 2021).

(b) @ Zhang-Bo seismic zone
2.04
°
1.5+
) B
° e
AL °
1.0 o
. e
0.7 Y=0.10X-0.44
o R =066
0.5 e
e -9
é¢ ° °® °
0.04— S .

12 15

He concentration (ppm)

18 21

Fig. 7. Relation between soil gas concentrations in the NCC. (a): Rn and CO, concentrations in the NCC. (b) He and CO, concentrations in the ZBSZ.



Z. Chen et al.

Deep (km)

3.0 32 34 4.6 4.8 5.0

Deep (km)

| —— RN /
2.7 33 39 45 5 vs(ms)

Chemical Geology 609 (2022) 121048

Soil gas

Inorganic gas from rock
Crust-derived fluid
Mantle-derived fluid
Spring

Active fault

IRER R

Surface crack

Fig. 8. Conceptual model for the difference of gas geochemistry between the NETP and the ZBSZ. (a) Conceptual model for the NETP. (b) Conceptual model for the
ZBSZ. (The low-velocity zones are according to Wang et al., 2009 and Zhao et al., 2021; the fault zones are according to Jiang and Zhang, 2012 and Du et al., 2018.)

® Zhang-Bo seismic zone St
The other seismic zone N7
. . x " ”~
-40-1 @ Northeastern seismic zone ﬁ'Oﬁ ;-:\0 ,\\’q\\
A P 2007 qxY
RUY 70 ,h(,t?O
EW 2% 6
™3 Qf .’-,'"
e D L
a.” 1

-60+ e -
£ g’ ©
& [@3 '(55
= A 58§
8 05T g0

P T
-80- 7 0.c0 Qg
P O;’ - °
I .o e ® °
-
I/ (ot
100+ L
1 M 1 h T N T
-12 10 o -8 -6
670 (%0)

Fig. 9. 8D versus 5!°0 of water samples from the springs in the study area.
GMWL stands for global meteoric water line: 8D = 8 §'80 + 10 (Craig, 1961);
NETP stands for local meteoric water line in the NETP: 8D = 7.22 §'%0 + 5.50
(Sun et al., 2016b); ZBSZ stands for local meteoric water line in the ZBSZ: 8D =
7.46 8'%0 + 0.90 (Liu et al., 2010).

6. Conclusions

By means of a comprehensive analysis of the distribution of
geochemical characteristics of fluids and geophysical characteristics
within the principal active fault zones in the NCC, three conclusions can
be summarized as follows:

(1) Obvious high Rn and slightly high CO, and He emissions were
observed in active fault zones in the NETP, which is dominated by strong

compression and thrust faults, and in the ZBSZ, which is dominated by
regional extension and strike-slip fault, while Rn and COy emissions
were higher than those in the other tectonic belts with dominant ex-
tensions and normal faults in the NCC. It goes against previous research
proposed that gas emissions in extensional tectonics and normal faults
could be stronger than those in compression tectonics, thrust faults, and
strike-slip faults.

(2) It was apparent that relatively high gas emissions from fault
zones, including geological gas in soil gas and deep-derived gas (crust or
mantle-derived gases) from springs, showed a concentrated distribution
in the NETP and the ZBSZ. Also, an abnormally high shear strain rate and
the steepest gradient of GPS horizontal velocity were both observed in
the NETP and the ZBSZ. This suggests that fractures in the deep earth
beneath the NETP and the ZBSZ might have developed under the strong
regional tectonic activity there. This might have resulted in greater
contributions of geological soil gas and deep-derived gas from springs in
the NETP and the ZBSZ than those presented in the other seismic zones.

(3) The comprehensive analysis confirmed the mantle-derived
intrusion into the crust beneath the ZBSZ, and the development of
new fractures within the fault zone could have facilitated the migration
of trapped mantle-derived gas in the ZBSZ. However, the channel flow
beneath the NETP, shown by the low-velocity zone 20 to 40 km deep,
intersected by deep-cut faults, could have formed within the crust, since
negligible mantle-derived gas was detected in the springs in the NETP,
even if more new fractures have been proved to be developed there.

(4) Based on the distribution of the geochemical characteristics of the
fluid within the principal active fault zones in the NCC, it could be
inferred that stronger regional tectonic activity might have occurred in
the NETP and the ZBSZ than the other seismic zones, which suggested
that more attention should be paid to the potential of future seismo-
genesis in the NETP and ZBSZ, and gas geochemistry could be a pref-
erential method for monitoring regional tectonic and seismic activity.
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