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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;
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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,


http://news.ceic.ac.cn

i

h

Lrp{qm.

(%]
=
=
©
=
Q
=
Q.
72}
£
e 2 0 o0 v ool
TR Rl
< 2t —
= o A=
g.&.g 88 ED
REL g8 R ED
238588 B
S oSS g
= =
E %oz 830
TS o= BD—
mdmﬂhma
- = Q =
PEEREEE-EE
- e U O
A bd
=l AR -
WH&O%HSW
v g
S & oo
o
o
=

sphpdi

3
d thH

PD(

1h
n

I

arjd|
inkcl

d .
iq peplad] WHi

Rk

e/
ic 'I

i
b

J

‘I“ ‘ “ “ ‘ “| “‘ ‘ ‘| “ “ ‘ ‘ “ -
b ag gxicept]py

e Mefdzdi

P yT bal] ahf £her

ing



Chemical Geology 609 (2022) 121048

Table 2
Geochemical characteristics of springs within the active fault zones in the NCC.
Region Number  Spring  Longitude Latitude 3D (%)  8'®0 3He/*He “He/*Ne R/ Re/ References
(°E) (°E) (%o) Ra Ra

1.10 x

o. 1 QL 103.628 36.4552 —82.35 —-9.12 10-8 1048 0.01 0.01
1.03 x

0. 2 SJ 106.253 36.587 —87.90 -9.19 107 841 0.07 0.07
7.21 x

o. 3 SJ1 106.252 36.587 —80.71 —9.42 10-8 1611 0.05 0.05

o. 4 CSH 106.04 36.131 —79.40 —9.80 ?:,QSX 15 0.07 0.05
312 x This study

o. XKH 106.082 36.019 —75.50 —-11.74 1'0,8 158 0.02 0.02
1.70 x

o. XKH1 106.083 36.018 —76.99 —-9.41 10-8 313 0.01 0.01
7.33 x

o. WM 106.991 34.737 —75.27 -9.39 107 25 0.02 0.07
1.41 x

o. ZMM 106.992 34.736 —74.50 —9.44 10-8 110 0.01 0.01
5.80 x

ortheastern Tibetan o PL 106.661 35.543 - - 1077 T
Plateau
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Fig. 4. Soil gas degassing features in the NCC. In particular: (a) Rn concentration and shear strain; (b) Rn flux and shear strain; (c) CO, concentration and shear
strain; (d) CO; flux and shear strain. Shear strain data are according to Zhang et al. [2018] and Wang and Shen [2019]. The yellow zone is the ZBSZ, the blue zone is
the NETP. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

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
kBq m ™ 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
3'3Ccop vs.1/CO, 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 CO2 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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Fig. . The soil gas degassing features in the NCC. In particular: (a) Rn concentration and GPS velocity; (b) Rn flux and GPS velocity; (c) CO, concentration and GPS
velocity; (d) CO flux and GPS velocity. GPS velocity data are according to Zhang et al. [2018] and Wang and Shen [2019]. The yellow zone is the ZBSZ, the blue zone
is the NETP. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

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-

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



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

Chemical Geology 609 (2022) 121048
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Fig. . 3D versus 3'%0 of water samples from the springs in the study area.
GMWL stands for global meteoric water line: 3D = 8 3*80 + 10 (Craig, 1961);
NETP stands for local meteoric water line in the NETP: 8D = 7.22 3'%0 + 5.50
(Sun et al., 2016b); ZBSZ stands for local meteoric water line in the ZBSZ: dD =
7.46 8'%0 + 0.90 (Liu et al., 2010).

. 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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