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A B S T R A C T   

The Tibetan Plateau is growing by both vertical uplift and horizontal extension. It is a continuing debate how the 
Tibetan Plateau interacts with its surrounding plates and blocks. Due to intense tectonic activity, which produced 
catastrophic earthquakes, the tectonic zone between the northeast margin of the horizontal extending Tibetan 
Plateau and the stable Ordos Block has garnered considerable interest. This study investigated the spatial dis
tribution of gas geochemical anomalies (e.g., high flux of CO2 in correspondence of the main faults) at regional 
scale together with the seismic tomography in correspondence of this tectonic zone with the aim to figure out the 
domain of convergent boundary between the Ordos block and Tibetan plateau, and trace the tectonic discon
tinuities which are able to transfer fluids through the crustal layers between the two main geological units. From 
northwest to southeast, obvious difference of spatial distributions of geochemical and geophysical features in the 
tectonic zone between the northeast margin of the Tibetan Plateau and the Ordos Block is inferred. The northeast 
area (Zone A) is dominated by thrust and strike-slip faults with clear velocity boundary underneath, where low 
crack density (ε), saturation rate (ξ) and Poisson’ ratio (σ) in the middle-lower crust coincided with the low 
values of heat flow and CO2 emissions, tectonic compression and regional locked-fault can be inducements. The 
southeast area (Zone C) is dominated by extensional tectonics with roughly E-W fast-velocity direction (FVD) of 
P-wave azimuthal anisotropy, where high permeability and porosity can be deduced from crustal high ε, ξ and 
relatively high σ anomalies, resulting in high heat flow, CO2 concentrations and fluxes at the surface, and pre
dominantly crustal-derived gases. The intermediate area (Zone B) also dominated by thrust and strike-slip faults 
is an extraordinary zone, where intensely locked-fault were clearly revealed, while the predominant anisotropic 
FVDs in the middle crust changed obviously, more contribution of shallow gas component was detected, and CO2 
flux, heat flow, and regional ε, ξ, and σ in the upper crust were higher, compared with those in Zone A, which 
indicated the regional crushing fragmentation underneath Zone B. The adopted multidisciplinary approach 
demonstrated that Zone B is the convergent boundary between the Tibetan Plateau and the Ordos Block.   

1. Introduction 

The tectonic discontinuities are regions of enhanced porosity and 
permeability and play a fundamental role in ascending of fluids through 
the Earth’s interior (Ingebritsen and Gleeson, 2017). Therefore, the 
tectonic zone with strong gas emissions represents effective site for 
reconstructing regional geodynamic process and monitoring tectonic 
activity beneath the surface (e.g., Chiarabba and Chiodini, 2013; Car
acausi and Sulli, 2019; Randazzo et al., 2021). Furthermore, numerous 

field investigations had provided several lines of evidence that the fluid 
geochemistry and gas emissions within a fault zone can provide 
important constraints for. Revealing hidden faults, tectonic stress 
accumulation, and seismic activity (Baubron et al., 2002; Ciotoli et al., 
1998; Caracausi et al., 2005; Caracausi et al., 2013; Caracausi and Sulli, 
2019; Chen et al., 2019; Fu et al., 2017; Vannoli et al., 2021). 

Since its onset approximately 55 million years ago, the India-Eurasia 
collision has created the Tibetan Plateau, with a crustal shortening 
higher than 2000 km (Molnar et al., 1993; Aitchison et al., 2008). Far- 
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field effects of the continental collision between India and Eurasia 
continue beyond Tibet into central China, including the Ordos Block. 
The narrow tectonic contact zone between the Tibetan Plateau and the 
Ordos Block has drawn significant attention owing to its dramatic tec
tonic deformation (Tian et al., 2021). Numerous geophysical in
vestigations have been implemented to study the tectonic pattern and 
evolution of the lower crustal ductile flow beneath the tectonic zone (e. 

g., Cheng et al., 2016; Klemperer, 2006; Royden et al., 2008; Zhao et al., 
2021). Previous regional seismic anisotropy studies had provided 
important information of this ductile deformation associated with tec
tonic stress in the crust (e.g., Huang et al., 2017; Li et al., 2011; Sun and 
Zhao, 2020). Furthermore, regional fluid geochemistry investigation has 
been performed in the tectonic zone (Li et al., 2017; Sun et al., 2016; 
Wang and Zhang, 1991; Wang, 2008; Xu, 2014; Zhang, 2016). However, 

Fig. 1. Regional map of the tectonic contact zone 
between the Tibetan Plateau and the Ordos Block. 
Inset shows the location of the study area in China. 
Purple dashed lines represent the locations of the 
seismic velocity profiles (a–c), and blue rectangle 
frames divide the study area into three zones (A–C). 
The red triangle is heat flow value (http://chfdb. 
xyz/). White circle is soil gas measuring profile in 
this study. The green diamond is the thermal spring 
in this study. The cyan diamond is the thermal 
spring from previous studies (Wang and Zhang, 
1991; Wang, 2008; Xu, 2014; Zhang, 2016; Li et al., 
2017; Zhang et al., 2019b). The MS 8.5 Haiyuan 
earthquake was from https://data.earthquake.cn. 
The heat flow map was from Jiang et al. (2019). The 
block boundary was from Deng et al. (2003). The 
faults were from Xu et al. (2016) and Rong et al. 
(2020). F1: the Haiyuan fault zone, F2: the Liupan
shan fault zone, F3: the Qinling north fault zone. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   

Table 1 
Heat flow values in the study area (http://chfdb.xyz/).  

Zone Number Longitude (◦E) Latitude (◦E) Heat flow value Group Number Longitude (◦E) Latitude (◦E) Heat flow value 

(mW m− 2) (mW m− 2) 

Zone A 

No.01 106.615 38.245 64.0 

Zone C 

No.26 109.233 34.367 96.0 
No.02 106.674 37.411 54.9 No.27 108.719 34.365 71.9 
No.03 104.700 36.700 73.0 No.28 108.693 34.358 80.2 
No.04 105.100 36.500 58.5 No.29 108.700 34.350 73.0 

Zone B 

No.05 105.740 35.802 64.6 No.30 108.699 34.342 71.2 
No.06 106.650 35.400 69.0 No.31 108.668 34.340 73.9 
No.07 106.667 35.400 69.0 No.32 108.719 34.340 68.5 
No.08 106.662 35.397 59.0 No.33 108.702 34.327 88.6 
No.09 106.913 35.248 50.7 No.34 108.647 34.323 72.0 
No.10 106.638 35.236 41.6 No.35 108.933 34.300 63.6 
No.11 106.614 35.236 43.3 No.36 108.713 34.297 59.5 
No.12 106.587 35.177 43.3 No.37 108.941 34.293 63.6 
No.13 106.983 35.167 44.5 No.38 108.933 34.267 64.0 
No.14 107.106 35.074 80.9 No.39 108.200 34.264 77.0 
No.15 107.100 35.067 66.0 No.40 108.965 34.221 81.7 

Zone C 

No.16 108.961 34.615 67.2 No.41 108.950 34.217 68.0 
No.17 109.491 34.538 62.5 No.42 108.200 34.167 61.0 
No.18 109.393 34.506 64.6 No.43 108.197 34.164 69.0 
No.19 109.483 34.475 66.5 No.44 108.501 34.158 67.4 
No.20 109.483 34.450 67.0 No.45 108.500 34.158 71.6 
No.21 108.724 34.384 76.5 No.46 108.500 34.150 67.0 
No.22 108.713 34.373 72.0 No.47 108.500 34.151 67.4 
No.23 108.730 34.371 64.1 No.48 108.900 34.117 68.0 
No.24 108.726 34.370 73.4 No.49 108.895 34.114 75.6 
No.25 109.234 34.369 97.7 No.50 108.693 34.064 77.5  
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no coupled investigation has so far been carried out to reveal the 
possible links between gas geochemical characteristics and geophysical 
parameters of the tectonic zone, which is an urgent question for un
derstanding the tectonic development of the Tibetan plateau surround
ing and the seismicity in the tectonic zone (Ordos block vs. Tibetan 
Plateau). 

In this study, we investigated the spatial distribution of the fluid 
geochemical feature, heat flow and the coupled seismic anisotropic 
image in the tectonic zone between the northeast margin of the Tibetan 
Plateau and the Ordos Block. Based on the results, we identified the 
convergent boundary between the Tibetan Plateau and the Ordos Block 
and its tectonic feature. 

2. Geological setting 

2.1. Tectonics 

Since ~55 Ma, the convergence of the Indian and Eurasian plates has 
resulted in shortening and deformation of the latter, with the 
compressive stress transmitted to the northeast margin of the Tibetan 
Plateau and blocked by the Ordos Block (Burchfiel et al., 1991; Yin and 
Harrison, 2000). The interaction between the Tibetan Plateau and the 
Ordos Block controls the seismic activity at regional scale along deep- 
seated faults (e.g., Yin et al., 2002; Kusky et al., 2016; Lei and Zhao, 
2016). 

Based on the tectonic settings, and regional stress states, the study 
area is divided into three zones (A–C) (Fig. 1; Liu et al., 2008; Wang 
et al., 2011; Zhang et al., 2019a; Rong et al., 2020). Zone A is an arc 
tectonic belt located between the Tibetan Plateau, Alxa Block and Ordos 
Block (Fig. S1). Subjected to the continued tectonic compression, several 
thrust arcuate faults were formed which converge southward and 
diverge northward (Burchfiel et al., 1991; Sun et al., 2016; Zhan et al., 
2017). Zone B marks the convergent boundary between the Tibetan 
Plateau and the Ordos Block (Fig. S2). It covers the Liupanshan fault 
zone, a narrow zone with clustered strike-slip faults in the compressional 
tectonic stress environment (Chai et al., 2003; Cheng et al., 2016; Tian 
et al., 2021). Zone C overlays the Weihe basin (Fig. S3), an extensional 

rift system including several normal faults (Wang, 2008; Zhang et al., 
2019a; Zhang et al., 2019b). 

According to available catalogues, there have been 49 mainshocks of 
magnitude 6 or above within this tectonic zone since 1970 (Chai et al., 
2003). The heat flow pattern of the tectonic zone is heterogenous, with 
values ranging from 41.6 to 97.7 mW m− 2 (Table 1), Zone B shows 
higher values than A and C (Fig. 1), which is mostly a result of Meso- 
Cenozoic tectonic activity (Jiang et al., 2019). 

3. Methodology 

3.1. Gas measurements and sampling 

The concentrations and fluxes of CO2 in soil gas were measured in the 
field along 26 profiles approximately perpendicular to the strike direc
tion of the faults (Fig. 1, Table 2). Sampling sites along the profiles were 
at intervals of 5–40 m (5 m near fault scarps and lengthening gradually 
to the ends of the survey line away from fault scarps). Flux measure
ments were performed at sampling sites within fracture zones; the total 
number of flux measurements per profile was 2–4. In total, we optimized 
508 concentration and 92 flux measurements for both CO2 soil gas. 

CO2 concentration was performed by inserting a stainless-steel 
sampling tube with a diameter of 3 cm into the ground to a depth of 
80 cm; reaching this depth is important for minimizing meteorological 
effects (Hou et al., 1994). The sampling tube was connected to the CO2 
monitor using a rubber tube. The CO2 concentration value was obtained 
when the concentration value on the LCD screen became invariable for 
about 20 s. CO2 fluxes were measured using the static closed chamber 
method; the instrument included an inverted circular accumulation 
hemispherical chamber with a volume of 1.68 × 10− 2 m3 and a radius of 
0.2 m. The CO2 concentrations and fluxes were measured by a portable 
infrared CO2 monitor (GXH-3010-E for CO2 concentration) with a 
detection limit of 0.01 vol%, respectively. An inlet filter and molecular 
sieve were used to protect the detector from dust and soil moisture. 

Bubbling spring gas samples were collected in cylindroid glass bot
tles (500-ml volume, made of soda-lime glass with a 0.5-cm thickness) to 
measure the helium isotopic ratios (3He/4He, reported as R/Ra where R 

Table 2 
Statistical parameters of soil gas CO2 concentration and flux in the study area.  

Zone Number Profile Longitude Latitude Fault CO2 concentration (vol%) CO2 Flux (g m− 2d− 1) 

(◦E) (◦E) Mean Max Min Mean Max Min 

Zone A 

No.01 GGL 104.192 37.426 Guanguanling fault 0.09 0.19 0.06 9.98 10.84 9.13 
No.02 CEG 105.578 36.518 

Haiyuan fault 

0.67 1.37 0.15 36.21 49.26 24.83 
No.03 WJ 105.316 36.656 0.15 0.30 0.10 14.51 22.78 5.18 
No.04 SQ 104.684 36.898 0.17 0.66 0.07 11.30 30.23 – 
No.05 ST 104.056 37.073 0.15 0.20 0.10 17.30 24.83 10.68 
No.06 STC 106.279 37.441 

Luoshan–Niushoushan fault 
0.22 0.31 0.12 22.99 23.90 22.08 

No.07 LMG 105.760 38.130 0.09 0.11 0.07 14.51 16.19 12.84 
No.08 SJG 105.661 37.200 

Xiangshan–Tianjingshan fault 
0.18 0.24 0.13 13.64 15.15 12.14 

No.09 LBG 105.229 37.373 0.19 0.32 0.13 22.99 36.66 9.32 
No.10 WSH 105.930 37.322 Yantongshan fault 0.11 0.13 0.09 18.22 18.67 17.76 

Zone B 

No.11 BD 106.886 34.756 Guguan–Baoji fault 0.93 1.60 0.63 52.45 103.30 27.03 
No.12 DJ 106.674 34.945 

Liupanshan eastern piedmont fault 

2.60 5.40 0.10 45.50 63.97 23.43 
No.13 LD 106.469 35.232 1.14 2.65 0.24 15.03 39.27 – 
No.14 XX 106.420 35.327 1.11 2.25 0.37 36.42 57.65 – 
No.15 SLGY 106.365 35.394 1.06 2.13 0.18 38.47 70.41 16.83 
No.16 DZC 106.290 35.498 1.36 2.62 0.44 42.53 54.97 27.64 
No.17 LPC 106.235 35.697 1.46 3.97 0.16 16.70 19.42 13.03 
No.18 YLC 106.222 35.763 1.52 5.98 0.45 17.65 27.28 8.52 
No.19 HJZ 106.213 35.899 0.88 2.91 0.23 37.29 44.70 23.69 
No.20 SYZ 106.151 35.989 0.45 1.28 0.17 53.79 72.21 27.99 
No.21 DY 107.497 34.542 

Longxian–Qishan–Mazhao fault 
0.54 1.00 0.33 52.76 94.75 – 

No.22 NZ 107.200 34.698 0.90 1.77 0.07 43.47 71.03 30.09 

Zone C 

No.23 WHC 110.121 34.553 Huashan piedmont fault 0.84 1.60 0.46 110.73 162.26 69.21 
No.24 LT 109.374 34.375 Lishan piedmont fault 0.76 1.76 0.30 254.69 414.21 166.91 
No.25 XP 108.553 34.312 Weihe fault 1.30 3.32 0.55 172.14 202.93 128.60 
No.26 QX 108.248 34.550 Yidian–Qianxian–Meiyuan fault 0.47 0.89 0.20 90.36 124.19 48.87 

“-” means no data. 
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is the 3He/4He in the gas sample and Ra is the He isotopic signature in 
atmosphere), the 4He/20Ne ratios and the δ13CCO2 values in free gases, 
the helium diffusion in this type of glass bottle had been proved to be 
negligible (Chen et al., 2019). In this study, 8 springs were sampled and 
8 bottles of spring gas were collected from each sampling spring site in 
September 2018; other data were indexed from published articles 
(Table 3). The methods for gas sampling are reported in (Zhou et al., 
2015). 

3.2. Laboratory analysis 

The 3He/4He (reported as R/Ra, Ra = 1.4 × 10− 6, Sano and Wakita, 
1985) and 4He/20Ne were determined using a MM5400 mass spec
trometer, with uncertainties of ±3‰, in the Analytical Laboratory of the 
Beijing Research Institute of Uranium Geology. The minimum heat 
blanks of the MM5400 mass spectrometer are 1.10 × 10− 14 (mol) for 4He 
and 1.82 × 10− 14 (mol) for 20Ne, respectively (Ye et al., 2007). The 
δ13CCO2 values of the gas samples were analyzed with uncertainties of 
±0.3 ‰ at the Key Laboratory of Petroleum Resources Research, Insti
tute of Geology and Geophysics, Chinese Academy of Science. A GC- 
IRMS analytical system gas chromatograph (Agilent 6890)-stable 
isotope ratio mass spectrometer (Thermo-Fisher Scientific Delta Plus 
XP) was used for carbon isotopic ratio analysis. The δ13CCO2 values were 
reported relative to PDB (Ye et al., 2001). 

3.3. Crack density and saturation rate by seismic tomography 

Poisson’s ratio (σ), equivalently VP/VS, is used to determine the 
composition of the crust (e.g., Christensen and Mooney, 1995; Chris
tensen, 1996). Partially molten materials or fluids reduce VS signifi
cantly, and cause high σ anomalies. Additionally, cracks and fluids in the 
crust could also contribute to changes of the Poisson’s ratio (O’Connell 
and Budiansky, 1974). The crack theory (O’Connell and Budiansky, 
1974) links the changes in Poisson’s ratio (σ) to the crack density (ε) and 
saturation rate (ξ) parameters of rocks, allowing for the estimation of 
crack density and saturation rate in stressed rocks through seismic ve
locity data (Zhao and Mizuno, 1999). 

Crack density (ε) is defined as (O’Connell and Budiansky, 1974): 

ε = N〈a3〉 (1)  

where a is the radius for circular cracks and N the number of cracks per 
unit volume, and suppose that dry cracks per unit volume are N1, and 
then saturated cracks N2 = N - N1, hence the saturated rate (ξ) is defined 
as: 

ξ = N2/N (2) 

As Sun et al. (2021) mentioned, we firstly inverted a high-resolution 
crustal P and S wave velocity structure by using arrival-time data 
recorded at 872 seismic stations in NE Tibet, including 154 regional 
seismic stations of the China Seismic Network (CSN), 718 temporary 

Table 3 
Analysis of gas from springs in the study area.  

Zone Spring Longitude (◦E) Latitude (◦E) 3He/4He R/Ra Rc/Ra 4He/20Ne CO2 concentration (vol%) δ13CCO2 (‰) References 

Zone A No.01 103.928 36.455 1.10 × 10− 8 0.01 0.01 1048 1.04 – This study 
No.02 106.252 36.587 1.03 × 10− 7 0.07 0.07 841 6.32 − 10.70 
No.03 106.253 36.587 7.21 × 10− 8 0.05 0.05 1611 9.89 – 

Zone B No.04 106.040 36.131 9.89 × 10− 8 0.07 0.05 15 – − 16.79 
No.05 106.082 36.019 3.12 × 10− 8 0.02 0.02 158 0.08 − 15.13 
No.06 106.083 36.018 1.70 × 10− 8 0.01 0.01 313 0.14 – 
No.07 106.661 35.543 5.80 × 10− 7 0.40 – – – – Wang, 2008 
No.08 106.121 34.752 6.08 × 10− 8 0.04 – – – – 
No.09 106.133 34.749 7.31 × 10− 8 0.05 – – – – Wang and Zhang, 1991 
No.10 106.991 34.737 7.33 × 10− 7 0.52 – – 1.02 – This study 
No.11 106.992 34.736 1.41 × 10− 8 0.01 – 11 0.62 − 17.97 

Zone C No.12 107.842 34.019 1.34 × 10− 7 0.10 – – – – Wang, 2008 
No.13 108.182 34.301 5.04 × 10− 8 0.04 0.04 6000 3.77 − 8.06 Zhang et al., 2019b 
No.14 108.420 34.330 5.32 × 10− 8 0.04 0.04 2675 2.66 − 9.16 
No.15 108.451 34.336 4.62 × 10− 8 0.03 0.03 5227 4.79 − 10.50 
No.16 108.527 34.382 9.54 × 10− 8 0.07 0.07 2114 – – Xu, 2014 
No.17 108.552 34.352 8.68 × 10− 8 0.06 0.06 1110 – – 
No.18 108.581 34.356 9.98 × 10− 8 0.07 0.07 1590 – – 
No.19 108.604 34.112 4.70 × 10− 8 0.03 0.03 357 – – 
No.20 108.635 34.055 6.05 × 10− 8 0.05 0.04 226 – – 
No.21 108.641 34.343 8.99 × 10− 8 0.06 – – – – Wang, 2008 
No.22 108.703 34.371 9.24 × 10− 8 0.07 0.07 9329 9.36 − 10.42 Zhang et al., 2019b 
No.23 108.731 34.436 9.94 × 10− 8 0.07 0.07 5526 2.09 − 8.98 
No.24 108.737 34.383 6.72 × 10− 8 0.05 0.05 5912 31.69 − 5.77 
No.25 108.759 34.038 9.43 × 10− 8 0.07 0.07 139 – – Li et al., 2017 
No.26 108.779 34.035 1.32 × 10− 7 0.09 0.09 142 – – 
No.27 108.829 34.125 5.02 × 10− 8 0.04 0.04 1011 – – Xu, 2014 
No.28 108.895 34.125 5.07 × 10− 8 0.04 0.04 1010 – – 
No.29 108.998 34.271 5.56 × 10− 8 0.04 0.04 163 – – 
No.30 109.174 34.363 3.86 × 10− 7 0.28 – – – – Wang, 2008 
No.31 109.198 34.063 1.26 × 10− 7 0.09 0.09 132 – – Xu, 2014 
No.32 109.198 34.063 1.24 × 10− 7 0.09 – – – – Wang, 2008 
No.33 109.214 34.016 1.26 × 10− 7 0.09 0.09 132 – – Zhang, 2016 
No.34 109.218 34.020 7.80 × 10− 7 0.56 0.56 1500 – – Xu, 2014 
No.35 109.218 34.016 1.11 × 10− 7 0.08 0.08 146 – – Zhang, 2016 
No.36 109.227 34.367 4.20 × 10− 8 0.03 0.21 439 – – Xu, 2014 
No.37 109.424 34.500 9.80 × 10− 8 0.07 0.07 8319 22.24 − 5.47 Zhang et al., 2019b 
No.38 109.441 34.528 1.11 × 10− 7 0.08 0.08 5595 13.56 − 7.49 
No.39 109.473 34.500 1.49 × 10− 7 0.11 0.11 1987 – – Xu, 2014 
No.40 109.490 34.512 1.27 × 10− 7 0.09 0.09 3212 – – 
No.41 109.502 34.498 9.80 × 10− 8 0.07 0.07 5111 7.42 − 8.23 Zhang et al., 2019b 
No.42 110.092 34.542 1.00 × 10− 7 0.07 0.07 2562 – – Xu, 2014 

“-” means no data. 
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stations of the ChinArray project (2013.10–2016.04) and the Seismic 
Array Cross Hai-Yuan Fault project (2012–2013). Then Poisson’s ratio 
(σ) is obtained with the relationship (Zhao et al., 1996): 

VP

VS
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2(1 − σ)
(1 − 2σ)

√

(3) 

Finally, we estimate ε and ξ by following equations of O’Connell and 
Budiansky (1974): 

ε =
45
16

( σ − σ
σ − σ2

) 2 − σ
(1 − ξ)(1 + 3σ)(2 − σ) − 2(1 − 2σ) (4)  

ξ = 1 −
2(1 − 2σ)

(2 − σ)(1 + 3σ) (5)  

where σ and σ are Poisson’s ratios for uncracked and cracked volumes, 
respectively. Magnetotelluric surveys detected low resistivity (i.e., high 
electric conductivity) phenomenon around our study area (Zhan et al., 
2017; Zhao et al., 2005), which has a close relationship with a combi
nation of partial melts and salt aqueous fluids (Wei et al., 2001). The 
spatial and temporal change of fluids in the active fault zones will affect 
pore pressure and permeability, characteristic parameters of fractured 
rocks. Thus, σ variations with estimated ε and ξ in high-resolution can 
help to detect the existence and migration of fluids in the relative ho
mogenous crust of small-scale. 

4. Results 

4.1. Geochemistry of fluids 

The concentrations and fluxes of CO2 in soil gas in correspondence of 
the trace at the surface of the main active fault zones in the study area 

Fig. 2. Cross-sectional seismic anisotropy images of P-wave velocity variation 
(dVP) along the 3 profiles shown in Fig. 1. Colour scales are shown in the top- 
right. Black, yellow, and green dashed rectangles denote Zones A, B, and C, 
respectively. Red dots denote epicenters of earthquakes (M > 3.0) within ~30 
km of each profile from 1970 to 2017 (https://data.earthquake.cn). The black, 
short and solid line denotes the FVD of P-wave azimuthal anisotropy. The 
yellow star denotes the epicenter of the 1920 Haiyuan 8.5 earthquake (https:// 
data.earthquake.cn). The surface topography is shown above each cross- 
section. The red diamonds denotes the position of large active fault zones, 
F1: the Haiyuan fault zone, F2: the Liupanshan fault zone, F3: the Qinling north 
fault zone. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 3. Cross-sectional seismic images of crack density (ε), saturation rate (ξ), 
and Poisson’s ratio (σ) along the 3 profiles shown in Fig. 1. Colour scales are 
shown in the top-right. Black, yellow, and green dashed rectangles denote 
Zones A, B, and C, respectively. Red dots denote epicenters of earthquakes (M 
> 3.0) within ~30 km of each profile from 1970 to 2017 (https://data.earth 
quake.cn). The purple dotted line denotes the deduced convergent boundary. 
The yellow star denotes the epicenter of the 1920 Haiyuan 8.5 earthquake (htt 
ps://data.earthquake.cn). The surface topography is shown above each cross- 
section. The red diamonds denotes the position of large active fault zones, 
F1: the Haiyuan fault zone, F2: the Liupanshan fault zone, F3: the Qinling north 
fault zone. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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are listed in Table 2. The minimum and maximum measured soil gas CO2 
concentrations ranged from 0.06 to 0.63% and from 0.11 to 5.98%, 
respectively; the mean concentrations ranged from 0.09 to 2.60%. All of 
these values are higher than the CO2 concentrations in atmosphere 
(418.19 ppm; https://gml.noaa.gov/ccgg/trends/). The minimum and 
maximum fluxes of soil gas CO2 varied from 5.18 to 166.91 g m− 2 d− 1 

and from 10.84 to 414.21 g m− 2 d− 1, respectively; the mean fluxes 
ranged from 9.98 to 254.69 g m− 2 d− 1. 

The 3He/4He and 4He/20Ne of the 42 spring gas samples ranged from 
1.10 × 10− 8 to 7.80 × 10− 7 and from 11 to 9329, respectively, and they 
are compatible to the literature data in the study region. The δ13CCO2 
values of the spring gas samples were in the range of − 17.97 ~ − 5.47‰, 
with the CO2 concentrations in the range of 0.08–31.69% (Table 2). 

4.2. Seismic anisotropy tomography 

Vp changed abruptly beneath the Haiyuan fault in Zone A, similar as 
those near the Liupanshan fault in Zone B, where the predominant FVDs 
underneath generally became strike-parallel (Fig. 2). In addition, local 
low-velocity anomalies exhibited in the upper crust under the Zones A 
and C, while in the upper-middle crust under Zone B. In addition, the 
predominant FVDs underneath also generally became strike-parallel 
under Zone B (Figs. 2b and c). 

Previous studies have shown that the crack density in the middle- 
upper crust is small (ε ≤ 0.2; Sun et al., 2021) and that seismic anisot
ropy is strong in the deep crust (Sun and Zhao, 2020) under NE Tibet. 
Hence, following the instructions of O’Connell and Budiansky (1974), 
we estimated three-dimensional (3-D) distributions of crack density (ε) 
and saturation rate (ξ) for the crust of the study area. Strong structure 
heterogeneities were presented in the crust beneath the study area 
(Fig. 3). In addition, an anomalous layer of low-ε, low-ξ, and relatively 
low-σ were exhibited in the middle-lower crust beneath Zones A and B 
(Fig. 3a and b). In contrast, high-ε, high-ξ, and relatively high-σ anom
alies were revealed in the crust beneath Zone C (Fig. 3c). 

5. Discussion 

The correlations of 3He/4He (R/Ra) vs. 4He/20Ne and 3He/4He (R/ 
Ra) vs. δ13CCO2 of gases sampled from springs within the fault zones 
provide evidence for a dominant crustal component for the gases 
degassing in the three Zones A, B and C between the northeast margin of 

the Tibetan Plateau and the Ordos Block (Fig. 4). Active faults are 
preferred pathways that contribute to gas migration (e.g., Caracausi 
et al., 2005, 2013; Caracausi and Sulli, 2019; Buttitta et al., 2020; Chen 
et al., 2019; Tamburello et al., 2018). It suggests 1) all the faults in the 
three Zones A, B and C between the northeast margin of the Tibetan 
Plateau and the Ordos Block have not extended to the mantle, or were 
impervious within the mantle, 2) the release of crustal 4He along the 
fault zone because of variation of the stress field (e.g., Caracausi and 
Paternoster, 2015; Buttitta et al., 2020) and 3) the long residence time 
within the crust for the gases. However, the points for the gas sampled 
from springs within Zone B shift toward the Air end-member and Sedi
mentary end-member in the graphs of 3He/4He (R/Ra) vs. 4He/20Ne and 
3He/4He (R/Ra) vs. δ13CCO2, respectively (Fig. 4), which suggests more 
contribution of shallow component (air contamination or sedimentary 
gas) for the gases along the faults within Zone B than those in Zones A 
and C. 

In addition, the maximum values of soil gas CO2 concentration and 
flux were observed in correspondence of the faults in Zone B and Zone C, 
respectively (Table 2). The mean CO2 concentration (1.16%) of soil gas 
emission along the deduced convergent boundary within Zone B was 
5.75 and 1.38 times as those of Zones A and C (0.20% and 0.84%, 
respectively), and the mean CO2 flux (37.67 g m− 2d− 1) was 2.07 and 
0.24 times as those of Zones A and C (18.17 and 156.98 g m− 2d− 1, 
respectively) (Fig. 5a and b). In fact, extensional tectonics could facili
tate fracture development, causing a stronger degassing at regional scale 
in the normal fault zones than the thrust and strike-slip faults (Tam
burello et al., 2018). Therefore, it is reasonable that the CO2 emission 
was stronger in Zone C where regional extension and normal faults 
dominate, than those in Zones A and B where intense compression and 
strike-slip dominate the tectonic at regional scale (Figs. 1 and 5). 
However, unexpectedly, in Zone B where most of the faults were 
intensely locked (Fig. 5c), the maximum values of CO2 concentration 
were presented (Fig. 5a), and the mean CO2 flux was also more than two 
times as that in Zone A where limited fault section was locked (Fig. 5c, 
Table 2). In addition, higher heat-flow values were presented in Zone B 
(41.6–80.9 mW/m2) and C (59.5–97.7 mW/m2) than that in Zone A 
(54.9–73.0 mW/m2) (Fig. 5d). Therefore, some special spatial vari
ability in the regional geodynamic framework for the tectonic zone 
between the Tibetan Plateau and Ordos Block was considered. 

Thus, here we explored the deep crustal structure by means of seis
mological methods that consider seismic later phases (Sun et al., 2019, 

Fig. 4. Correlation among isotope values of spring gas samples in the study area. (a) 3He/4He (R/Ra) vs. 4He/20Ne, (R/Ra)Air = 1.0 Ra, (4He/20Ne)Air = 0.318 (Sano 
and Wakita, 1985); (R/Ra)Mantle = 8.0 Ra, (4He/20Ne)Mantle = 1000 (Graham, 2002); (R/Ra)Crust = 0.02 Ra, (4He/20Ne)Crust = 1000 (Andrews, 1985); (b) He/4He (R/ 
Ra) vs. δ13CCO2 (modified from Etiope et al., 2011). The circle with black line represents the data of this study. The circle without black line represent data from 
previous studies (Wang and Zhang, 1991; Wang, 2008; Xu, 2014; Zhang, 2016; Li et al., 2017; Zhang et al., 2019b). 
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2021; Zhao et al., 2005). Based on P-Wave azimuthal anisotropic results 
(Sun and Zhao, 2020), obvious longitudinal boundary between low- 
velocity zone and high-velocity zone under NE Tibet was delineated, 
which has been confined by the Haiyuan fault in Zone A and the Liu
panshan fault in Zone B (Fig. 2). 

In Zone C, a rift basin dominated by extensional tectonics, high 
permeability, porosity, and the upwelling of deep-derived gas can be 
deduced from heterogeneous and high-ε, high-ξ, and relatively high-σ in 
the crust (Fig. 3), resulting in high heat flow, CO2 concentrations and 
fluxes (Fig. 5a, b and d), and predominantly crustal-derived gases 
(Fig. 4). Homogenous ε, ξ and σ in the crust and low ε, ξ, and σ in the 
middle-lower crust were presented in both Zones B and A (Fig. 3), 
dominated by thrust and strike-slip faults (Fig. 1). It could indicate that 
both Zones B and A have undergone substantial tectonic compression, as 
presented by the dilatation stain rate (Fig. 5), and pre-existing fractures 
could be partially closed and permeability of the strata has decreased 
(Fig. 3). Thus, the uprising of gases and heat from depth is likely 
obstructed or takes a longer time in Zones B and A. Hence, in Zone A 
where limited fault section was locked, although predominantly crustal- 
derived gases was observed from the springs (Fig. 4), coupled distribu
tion of weak gas emission and low heat flow was pronounced (Fig. 5). In 

addition, compared with Zone A, regional higher ε, ξ, and σ in the upper 
crust were detected in Zone B where most of the faults were once 
intensely locked, and the anisotropic FVDs changed obviously from W-E 
toward N-S under Zone B (Fig. 2). Therefore, further regional frag
mentation in the shallow sedimentary formation under the intense 
compression can be inferred along the deduced convergent boundary 
within Zone B (Fig. 6), which was responsible for the obvious high CO2 
concentration of the soil gas from the fault (Fig. 5a), slightly high CO2 
flux and heat flow (Fig. 5b and d), while more contribution of shallow 
component for the gases degassing from the faults within Zone B (Fig. 5). 

Based on the above discussion, we inferred that the Tibetan Plateau 
has dominantly bordered on the rigid Ordos block, during its north
eastward movement due to the remote action of the India-Eurasia 
collision, and the convergent boundary should be primarily within 
Zone B (Fig. 6), which acts as a crustal-wedge of the Ordos crust inserted 
into the Longxi crust (Tian et al., 2021) as a high-velocity zone (Sun 
et al., 2019). As the crust shortening and tectonic compression contin
uously increasing, stress accumulation can be performing in both Zone B 
and A (Fig. 6), and Zone B should be the focal region, which have un
dergone more intense deformation than Zone A and been once intensely 
locked (Fig. 5c). Nowadays, subjected to the further tectonic collision 

Fig. 5. Spatial distributions of the concentrations and fluxes of soil gas CO2 and heat flow in the study area. (a) CO2 concentration (CCO2, vol%); (b) CO2 flux (FCO2, g 
m− 2 d− 1); (c) Location of locked-fault (Shao et al., 2022). The background is distribution of dilatation stain rate (Li et al., 2018); (d) Heat flow (in mW m− 2; http://ch 
fdb.xyz/). 
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and stress-concentration within the convergent boundary as seismic 
anisotropy suggested (Fig. 2b), primary regional fragmentation have 
occurred in the shallow sedimentary formation along the deduced 
convergent boundary within Zone B, which could result in the regional 
higher ε, ξ, and σ in the upper crust, and facilitate the circulation of gases 
through the new developing failure. Thus, obvious higher CO2 concen
tration of the soil gas from the fault (Fig. 5a), slightly higher CO2 flux 
and heat flow (Fig. 5b and c), while more contribution of shallow 
component for the gases degassing from the faults were observed within 
Zone B than those in Zone A. However, 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 (Tam
burello et al., 2018). Therefore, it is expected that high-ε, high-ξ, and 
relatively high-σ in the crust, high heat flow, CO2 concentrations and 
fluxes, and predominantly crustal-derived gases were detected in Zone 
C, a rift basin dominated by extensional tectonics. 

6. Conclusions 

In this study, we analyzed the fluid geochemical feature, heat flow 
and geophysical imaging in the tectonic zone between the Tibetan 
Plateau and the Ordos Block, central northern China. Based on our re
sults, three main conclusions can be summarized as follows:  

(1) Active faults are pathways along which deep fluids and heats can 
migrate to the Earth’s surface. However, in the tectonic zone 
between the Tibetan Plateau and the Ordos Block, there was a 
clear spatial heterogeneity in fluid geochemical feature, heat flow 
emissions, and geophysical imaging. 

(2) In Zone C dominated by extensional tectonics, unexcepted ho
mogeneous high-ε, high-ξ, and relatively high-σ in the crust, high 

heat flow, CO2 concentrations and fluxes, and predominantly 
crustal-derived gases were detected there. In Zone A dominated 
by thrust and strike-slip faults, where limited fault section was 
locked, low ε, ξ, and σ in the middle-lower crust were found 
together with weak gas emission and low heat flow. Zone B is also 
dominated by thrust and strike-slip faults, where most of the 
faults were once intensely locked, compared with Zone A, higher 
CO2 flux, heat flow, and regional higher ε, ξ, and σ in the upper 
crust were presented, and the CO2 concentration there was even 
higher than that in Zone C, although more contribution of 
shallow component was detected there.  

(3) Zone B is the convergent boundary between the Tibetan Plateau 
and the Ordos Block. The geological formations below Zone B can 
have undergone more intense deformation than those of Zone A, 
subjected to the further tectonic collision and stress- 
concentration within the convergent boundary, primary 
regional fragmentation can have occurred in the shallow sedi
mentary formation. 
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