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Soil gas Rn and CO2 in surface rupture and deep-seated fault zones are important indicators for tectonic and seismic activities. The spatial distributions of Rn and CO2 concentrations and their relationships with earthquakes and stress state in the Wuzhong–Lingwu area of Ningxia, Northwest China, were investigated through field observations based on 76 measurement points, spatial interpolation and six crossing-fault profiles along Yellow River Fault zone (YRF). Observed results of the soil gas Rn and CO2 in different segments of Yellow River Fault zone illustrated that YRF has features of both strike-slip and certain normal fault characteristics. Moreover, the difference in seismic activity could also account for the differences in gas concentration and relative activity intensity (RAI) in the Yellow River Fault zone. Significant differences in the spatial distributions of Rn and CO2 were identified in gridded observation mode. By comparing these spatial distributions with the surface latent heat flux (SLHF), volumetric soil water layer (SWVL), and lithology, an anomalous high-Rn area was identified in the east and south Qingtongxia, and associated with Permian sandstone and mudstone in a piedmont setting. Away from a strong impact of irrigation in the Yinchuan Basin, CO2 anomalies were identified in the transition area between the Yinchuan Basin and the mountains and coincided with a dramatic negative variation of surface latent heat flux, which was considered to reflect humus accumulation, rich organic matter, and strong soil microorganism activity in loosely accumulated mountain alluvial deposits. After excluding gas anomalies related to shallow soils and surface geology, anomalies of Rn and CO2 in the west of Lingwu were consistent with the distribution of low seismic b-values and frequent seismic activity in plane and profile. According to similar studies in the north-south seismic belts, it is believed that high stress and strong seismic activity increased the permeability of rocks and boosted the gas emission in the west of Lingwu. Base on a crustal thickness variation belt, high-velocity bodies, and in this region, an higher seismic hazard was illustrated. This study offers new insight into combining geochemical characteristics of soil gas and seismological methods to estimate regional seismic hazards.
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INTRODUCTION
The emission of gases, such as Rn, CO2, CH4, and He, from the solid Earth to the near-surface can be increased by tectonic and seismic activity (King et al., 1996; Giammanco et al., 1998; Fu et al., 2005; Al-Hilal and Abdul-Wahed, 2007; Zhou et al., 2010; Fu et al., 2016; Yuce et al., 2017). Previous studies have demonstrated that a difference in stress state can affect the concentration and type of soil gas, and soil gas surveys have been performed to assess the potential for seismic hazard prediction (Fu et al., 2008; Kumar et al., 2009; Sun et al., 2021). However, along with regional stress state and seismic activity, the concentration of soil gas can also be related to soil types, lithological characteristics, meteorological parameters, crustal thickness and structure, permeable pathways for gas migration, and human activities (Hinkle, 1994; Han et al., 2014; Szabó et al., 2014). Thus, various soil gas sources have been observed around fault zones, among which meteorological sources can be easily distinguished due to their values being significantly lower. Deep crustal/mantle sources usually have higher concentrations than meteorological sources (Yang et al., 2003; Hong et al., 2010; Yuce et al., 2017). However, soil gas compositions in the near-surface were easily contaminated by the environment (Biological activity, agricultural production and industrial pollution, etc.). Therefore, it is necessary to account for anomalies, meteorological factors, and near-surface influences when analyzing the relationship between soil gas variation and seismic activity. Soil gas studies have been conducted in surface fracture zones produced by large earthquakes (Dogan, et al., 2007; Li et al., 2009; Zhou et al., 2010), faults in basins or valleys controlled by structural patterns (Guerra and Lombardi., 2001; Ciotoli et al., 2007; Al-Hilal et al., 2016), deep-seated faults with frequent moderate and strong earthquakes (Weinlich, 2014; Zhou et al., 2017; Sun et al., 2021), and along active faults on a volcanic field (Neri et al., 2011). These studies found that variations in different gas compositions are spatially synchronized, particularly CO2 and Rn (Guerra and Lombardi., 2001; Ciotoli et al., 2007; Li et al., 2013; Yuce et al., 2017). However, few soil gas studies have been reported in areas affected by human activities, especially agriculture and irrigation; consequently, the sources and distributions of soil gases in agricultural areas remain unclear. Therefore, to prevent possible earthquake hazards and disasters and assess the seismic risk in human activity areas, the primary goals of soil gas investigation were to understand the various factors of soil gas and obtain anomalies boosted by seismic activity.
As a product of uranium (238U) decay, Rn is a natural radioactive idle gas without stable or synthetic isotopes. It is believed that Rn in Earth’s substrata continuously escapes from the surface, resulting in detectable surface concentrations (Khilyuk et al., 2000). In addition to its ability to be measured in minute amounts, Rn is relatively non-reactive to other compounds. He, CH4, H2, and CO2 can serve as carrier gases to transport Rn from depth to the surface (Yang et al., 2003). Based on its origin depth and radioactive characteristics, Rn offers the possibility to determine and quantify changes in gas migration duo to tectonic activity. The parent isotope, surface degassing rate, and carrier gas play essential roles in Rn concentration variation. Among the carrier gases, CO2 is one of the most important. Numerous CO2 sources have been identified in structurally active zones, including mantle degassing, carbonate metamorphism, and decomposition of organic matter (Irwin and Barnes, 1980); this CO2 can be transported along deep-seated faults (Baubron et al., 2002). A higher concentration of CO2 at the surface indicates higher pore pressure in the subsurface, which can contribute to identifying potential seismic zones (Irwin & Barnes., 1980; Ciotoli et al., 2007). However, CO2 can also offer evidence of shallow sources (Khilyuk et al., 2000), and simultaneous observations of soil gas Rn and CO2 can facilitate the elimination of interference factors and the identification of deep gas sources.
Ningxia is a sizeable agricultural area located on the upper reaches of the Yellow River; Wuzhong–Lingwu is an important part of the Hetao irrigation area, and is notable for its rice production. The Wuzhong–Lingwu area is also one of the seismically active regions in Ningxia, with moderately strong earthquakes and complex tectonics (Liao et al., 2000; Chai et al., 2001; Ma et al., 2006; Zeng et al., 2021). Owing to the large population and high level of economic development, geophysical observations in this region are significantly affected by human-related factors, making it more challenging to detect effective earthquake precursors. In this study, we measured the spatial distributions of Rn and CO2 concentrations in soil gas around the main seismogenic faults of the Wuzhong–Lingwu area to identify soil gas anomalies associated with seismic activity and assess regional seismic risk.
MATERIALS AND METHODS
Seismogeological setting
Wuzhong–Lingwu is an arid/semi-arid inland region of northwest China (Figure 1). The south of the region is characterized by folded mountains. The north is the alluvial Yinchuan Basin, formed by the south–north flow of the Yellow River, forming an important agricultural area. The basin is underlain by thick Quaternary sediments. Based on teleseismic P-wave data, the regional crustal thickness is 40–50 km; more specifically, it is 40–49 km in the Wuzhong–Lingwu area (47–49 km in Lingwu; Xu et al., 2018) and 40–43 km in southern Qingtongxia and Guangwu. P-wave tomography indicates a high-velocity anomaly at shallow mid–crustal depths beneath Lingwu town (Zeng et al., 2017). There are eight strike-slip or normal active faults in the study area, including the Yellow River fault (YRF), Niushou Mountain fault (NSMF), Sanguankou fault (SGKF), Luoshan fault (LSF), Chongxing fault (CXF), Xinhuaqiao fault (XHQF), and Yinchuan blind fault (YCBF). The NSMF forms a boundary with Tertiary sediments of the southern Yinchuan graben (Chai et al., 2001). The region experiences moderate to strong seismic activity owing to neotectonic movements; five earthquakes of M > 5 have occurred in the Wuzhong–Lingwu area since 1970 (Ma et al., 2006).
[image: Figure 1]FIGURE 1 | Topographical map of the study region showing the main faults, earthquake epicenters, and sampling locations. Abbreviations of the profiles: BTG, Baitugang profile; GJJT, Guojiajiantan profile; LWB, Lingwubei profile; SCG, Shuangchagou profile; GLS, Ganlusi profile; HC, Hengcheng profile. Abbreviations of the faults: YRF, Yellow River fault; NSMF, Niushou Mountain fault; SGKF, Sanguankou fault; LSF, Luoshan fault; CXF, Chongxing fault; XHQF, Xinhuaqiao fault YCBF, Yinchuan blind faul.
Field measurements
According to the distribution of earthquakes and major fault zones, field measurements were taken at 76 sites within 5–10 km of each other in the Wuzhong–Lingwu area during July 2020 (Figure 1). The sample sites are set to gridded observation mode, and the easternmost measuring sites are located along the Yellow River fault, while the westernmost measuring point is located in front of Helan Mountain. Except for sites along fault zones, the site distribution covered the Wuzhong–Lingwu area as evenly as possible. All sample sites shared the same land use type and daily observation period (09:00–17:00 UTC+8) to minimize the influence of meteorology and surface vegetation on soil gas concentrations. To avoid abnormal gas variations caused by significant differences in soil humidity, move the sites when they are located in areas with high humidity area (canals, the Yellow River, freshly irrigated farmland, etc.). The measuring sites should also be located in the thick surface cover layers to facilitate the occurrence of gases. Six profiles were constructed along the YRF in order to explore the relationship between the geochemistry characteristics of soil gas and seismic activity in different segments, including three profiles at the northern segment of Yellow River Fault (YRF_N), two profiles at the middle segment of Yellow River Fault (YRF_M), and one profile at the southern segment of Yellow River Fault (YRF_S). Approximately 14–15 survey points are located on each cross-fault survey line, starting from the center of the fault and extending to both sides (Li et al., 2009). As a starting point, the distance between the two measuring points is 5 m, and it increases successively by 10 m, 15 m, 20 m, 40 m, and 50 m so that the total length of the measuring line is about 240 m–280 m. Soil samples were collected from ∼0.8 m depth using a 12-hole hollow steel sampler. Rn concentrations were analyzed using a RAD7 Radon Detector and expressed in Bq/m3; analytical precision was within 10%, and the detection sensitivity was 9.25 Bq/m3 operating in the Sniff mode. The Rn concentration for each site was taken as the average of at least three consecutive observations; the error was within ±5%. CO2 concentrations were measured using an ATG-C60 CO2 detector (Adtech, China) with a measuring resolution and accuracy of 0.001% and 4%, respectively. The CO2 concentration for each site was calculated as the average of three measurements; the error was within ±5% under a stable state of continuous measurement.
Data processing
Ordinary kriging (OK) and inverse distance weight (IDW) interpolation were applied to obtain the spatial variation of Rn and CO2 based on data from the 76 sites. The skewness coefficients of Rn and CO2 were >0, and kurtosis was >3 (Table 1), indicating that the data did not have a normal distribution. Therefore, logarithmic transformation was performed on the original soil gas data and spatial interpolation was applied to the transformed data, which conformed to a normal distribution. For IDW, we set the inverse distance power value to 2; for OK, a variogram was used to select the spherical function. To assess the accuracy of the spatial interpolation, we used the mean absolute error (MAE; Eq. 1) and root mean square error (RMSE; Eq. 2), which were calculated as follows:
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where n is the measured sequence or predicted sequence length, and Cf(i) and Co.(i) are the measured and predicted values of soil gas, respectively. The method with the smallest error and highest interpolation accuracy was selected to determine the spatial distribution of Rn and CO2.
TABLE 1 | Statistics of soil gas Rn and CO2 in gridded observation mode.
[image: Table 1]Owing to the numerous sources of soil gas, obtaining an anomaly threshold for soil gas is essential for identifying sources related to seismic or tectonic activity. The interquartile range, Z-score, Q–Q plot, and RST methods are widely applied in identifying gas anomalies (Beaubien et al., 2003; Cui et al., 2013; Tramutoli et al., 2013; Jiao et al., 2018). We employed a Q–Q plot to determine the upper and lower limits of the outliers in the Rn and CO2 data.
The b-value data were obtained from the literature (Zeng et al., 2017; Zeng et al., 2021). Geological records were obtained from the China’ Spatial Database of 1:2.5 million digital geological maps. In addition, to examine the influence of surface cover on soil gas concentrations, the monthly data of surface latent heat flux (SLHF; a parameter that reflects heat and moisture exchange between the surface and near-surface atmosphere; Ando and Ueyama, 2017) and volumetric soil water layer (SWVL) data with a spatial resolution of 0.1° × 0.1° were derived from ERA5 land products, they can be download from the Climate Data Store (CDS; https://cds.climate.copernicus.eu); these data were sampled between 09:00 and 17:00 UTC+8. To account for, The background values of SLHF and SWVL were represented by the average value of July from 2016 to 2020 to examine the effect of the hydrothermal characteristics and long-term irrigation processes on soil gas concentration. Equation 3 was used to calculate local spatial variance in SLHF to determine the influence of SLHF on soil gas concentration. (Tramutoli et al., 2005):
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where Diffr is the difference between the SLHF value of the current pixel r (Sr) and its spatial average in a homogenous region (Sm). According to a digital elevation mode; (DEM), the Wuzhong–Lingwu area was divided into mountain and basin regions to calculate local differences.
Following the fault activity determination method used in the past, the mean value M), maximum (Mmax), minimum (Mmin), standard deviation (Std) and relative activity intensity (RAI) of soil gas Rn and CO2 concentration were calculated. Assume the average of each sample site along each line is the background value B), and The upper limit (AU) and lower limit (AL) of abnormal Rn and CO2 concentration in soil gas were calculated by adding 0.5 times standard deviation to the background mean (Yang et al., 2021; Liu et al., 2022). The measured value higher than the upper limit of the anomaly is regarded as the anomaly value related to the fault, and the ratio of the maximum measured value in the anomaly area to the background value is defined as the RAI (Shao et al., 2012):
[image: image]
RESULTS AND DISCUSSION
The soil gas Rn and CO2 results for Wuzhong–Lingwu are shown in Table 2. Rn ranged from 0.07 to 36.7 kBq/m3, with an average value of 4.19 kBq/m3; CO2 concentration ranged from 0.07% to 3.9%, with an average value of 0.93%. The resultant anomaly threshold values derived using the Q–Q plot method were 5.0 kBq/m3 for Rn and 1.14% for CO2 (Figure 2). The proportions of sample sites exceeding the Rn and CO2 thresholds were 15.7% and 23.7%, respectively.
TABLE 2 | CO2 and Rn concentrations of soil gas at each site in the Wuzhong–Lingwu area.
[image: Table 2][image: Figure 2]FIGURE 2 | Anomaly thresholds of soil gas (A) Rn and (B) CO2 estimated by the Q–Q plot method.
The spatial distributions of Rn and CO2 concentrations interpolated by the IDW method were closer to measured values (i.e., smaller MAE and RMSE) than those from the OK method (Table 3). Accordingly, the spatial distributions derived using the IDW method were used for analysis. High-Rn anomalies were mainly distributed in two areas (Figure 3A): 1) western Lingwu, where the maximum value exceeded 20 kBq/m3; and 2) southern and eastern Qingtongxia. Low-Rn areas (Rn < 0.9 kBq/m3) were sporadically distributed to the west and south of Lingwu.
TABLE 3 | Evaluation of spatial interpolation precision.
[image: Table 3][image: Figure 3]FIGURE 3 | Spatial distribution of (A) Rn and (B) CO2 concentrations in the Wuzhong–Lingwu area.
High-CO2 anomalies were similar to those of Rn in eastern Qingtongxia and west of Lingwu, with the maximum value reaching 3.0% (Figure 3B). However, large areas with elevated CO2 were also identified to the south of Gaozha, where the maximum value reached >2.3%.
A comparison of the soil gas results of the six profiles is shown in Table 4. The background value of Rn concentration in the HC, GLC, and SC profiles is slightly larger than in other YRF profiles, while the RAI is largest in the BTG and GJJT profiles. Both the background value of CO2 concentration and the RAI on the YRF_S and YRF_M profiles are greater than the value of YRF_N.
TABLE 4 | Observed results of the soil gas Rn and CO2 in the 6 survey profiles in the Yellow River Fault zone.
[image: Table 4]Rn and CO2 variation
Trace gases from Earth’s subsurface can migrate to the surface together with other carrier gases; CO2 is one of the main carrier gases for Rn (Toutain & Baubron., 1999; Yang et al., 2003; Fu et al., 2016). Gases from meteorological sources are primarily influenced by surface processes, such as air dilution and soil respiration (Sun et al., 2021); deep-seated gases are related to crustal and mantle degassing along fault zones (Sciarra et al., 2020). Figure 4 shows the variation in Rn concentration with CO2 concentration; meteorological sources are represented by part A (low Rn and CO2), and deep crustal and mantle gases are represented by part D (high Rn and CO2). The Rn and CO2 concentrations are not coupled in parts C and B. In part C, CO2 concentrations do not increase with increasing Rn; in part B, high CO2 (>1.0%) is found together with moderate Rn (2.0–10.0 kBq/m3). Parts C and B can be considered shallow sources of soil and rocks. The data show that the origins of soil gas in the Wuzhong–Lingwu area are complex, with Rn and CO2 generally derived from different sources.
[image: Figure 4]FIGURE 4 | Variation diagram of Rn with CO2 (Part A represents meteorological sources, part C and part B represent shallow sources, Part D represents deep sources).
Influence of surface overburden layer on soil gas Rn and CO2
The rock type, soil type, and hydrothermal conditions of overlying strata play an important role in the distribution of soil gas concentrations, especially in areas affected by human activity. The highest Rn contents are in granite and acidic volcanic units, followed by shale, limestone, sandstone, and mafic dikes (Baixeras et al., 2001; El-Arabi et al., 2006). In the study area, the distribution of high-Rn anomalies is strongly related to Permian sandstones and mudstones in a piedmont setting (Figure 5A). Most high-CO2 anomalies (8 of 12) are concentrated in the transition area between the mountains and basin, which is also a transition zone for soil moisture. Local variation in the July average of SLHF (Figure 6A) reveals a dramatic negative anomaly in the transition zone between the mountains and basin.
[image: Figure 5]FIGURE 5 | (A) Lithology and (B) local variance of surface latent heat flux in the Wuzhong–Lingwu area.
[image: Figure 6]FIGURE 6 | Relationship between the spatial distribution of surface latent heat flux (SLHF) and CO2 in the Wuzhong–Lingwu area.
Gas concentrations are influenced by SWVL. In a certain range, SWVL will increase the thickness of an impermeable layer that will hinder the exchange of soil gas with the atmosphere and increase the soil gas concentration. However, if SWVL is excessive, soil gas will dissolve or be displaced, reducing the concentration of soil gas (Hinkle, 1994). The study area is an arid/semi-arid environment. In the mountains, bedrock is largely exposed, and vegetation cover is low. As such, the SWVL content is extremely low, and water–heat exchange is weak. In contrast, the thick (∼1400 m) Quaternary sediments in the Yinchuan Basin are formed of silty clay and silt; In addition, with flat terrain, the Yinchuan basin is an important area of Yellow River irrigation planted with vegetables, corn and rice; as such, plains have higher soil moisture and a stronger water and heat exchange system. There is a negative correlation between SWVL and concentration of Rn and CO2 in the Yinchuan Basin. However, there is a positive correlation between SWVL, and Rn and CO2 concentrations in the mountainous areas around the basin. Accordingly, the long-term process of Yellow River irrigation in the basin has diluted the background value of Rn parent isotopes, resulting in lower Rn concentrations. Moreover, the soil in irrigated areas has a relatively high moisture content, which leads to clay leaching and a sticky soil texture (Yu et al., 2000). The consequent reduction in pores is not conducive to gas migration, blocking the release of deeper gases and contributing to the low values of Rn and CO2. The shallow soil layer is less affected by irrigation in the transition zone between the basin and mountains, but surface soil moisture is still higher than in the mountains. Local SLHF variation is significantly negative, indicating that the evaporation of surface water is significantly decreased in the transition zone compared with the mountains. In addition, the transition zone is characterized by loosely accumulated alluvial deposits, loose soil, and low shrubs with developed roots. Humus accumulation, rich organic matter, and strong soil microorganism activity have resulted in high CO2 emissions.
In summary, Rn anomalies in southern Qingtongxia and CO2 anomalies in the transition area between the basin and mountains are related to underlying rocks and/or shallow soils but not seismic or tectonic activity. In contrast, environmental factors do not contribute to the high-Rn and CO2 anomalies observed west of Lingwu.
Soil gas geochemistry in different segments of Yellow River fault
As a deep-cut normal fault on the eastern border of the Yinchuan Basin, the Yellow River Fault controls the seismic activity in Wuzhong-Lingwu (Chai et al., 2001; Fang et al., 2009). According to the soil gas results across faults (Figure 7B), in the HC and GLS profiles of YRF_N, the concentration of Rn and CO2 has a significant single peak along the fault plane, and the gas concentration differs significantly between the two sides of the fault, reflecting differences in the degree of fragmentation on each side. Moreover, these two profiles exhibit similar concentrations of Rn and CO2 at their fault planes, being 3.73 kBq/m3, 0.14% in the HC profile, and 3.25 kBq/m3, 0.12% in the GLS profile, respectively. There is a significant reduction in the gas concentration in the SC section on the fault plane, and the Rn and CO2 concentrations are only 1.70 kBq/m3 and 0.09%. Similarly, the gas concentration on the fault plane of the LWB in YRF_M decreased sharply as well. As in the GJJT profile, the concentration of gas at the fault plane is relatively high, with Rn of 6.50 kBq/m3 and CO2 content of 1.38%. The gas concentrations are significantly different between the two walls, with the hanging wall gas concentration being higher and forming two peaks. As seen in the BTG profile of YRF_S, the gas concentration at the fault plane is the lowest, Rn is only 0.8 kBq/m3, and CO2 is only 0.24%, which is consistent with the gas emission mode of the normal fault (Annunziatellis et al., 2008), that is, a highly fragmented fault plane results in rapid gas outflow and is susceptible to air dilution and contamination with deep gas, resulting in low measured values. Additionally, most profiles of YRF exhibit the characteristics of multi-peak gas emission, which is a characteristic of strike-slip faults (Sun et al., 2017). Therefore, both strike-slip and certain normal fault characteristics have been found in YRF.
[image: Figure 7]FIGURE 7 | Variations in seismic activity and gas concentration along different segments of the Yellow River Fault (gray shading indicates the fault’s location, The northern, middle, and southern segments of Yellow River Fault are designated as YRF_N, YRF_M, and YRF_S, respectively).
Depending on the activity of faults, underground structures, gas sources, geology and human activity within each profile, the concentration of gas released varies (Seminsky & Bobrov, 2009). Considering the distance between the sampling points and the fault plane varied, the degree of fragmentation of the underground rock and the permeability of the formation is also different. This results in variations of the soil gas concentration in the profile. CO2 and Rn are consistently measured in most points, confirming that CO2 is one of Rn’s carrier gases.
The fault activity in the YRF_N is weak (Lei et al., 2014), and the magnitude of seismic activity in this area is small, primarily magnitude 2, with a shallow depth and low soil gas concentration and weak RAI of Rn and CO2 were detected (Figure 7A). In the HC to SC profile, Cretaceous sandstone and glutenite are widely distributed and mixed with mudstone, contributing to the high value of Rn. It has been found that the fault in YRF_M is exposed to the surface (Chai et al., 2001), the seismic activity is relatively active, the magnitude and frequency of small earthquakes have both increased significantly, and the focal depth is deeper than what is found in the northern section, with most earthquakes occurring in the range of 5–20 km. Rn and CO2 concentrations and RAIs were also highest in YRF. Even though the frequency of seismic activity in YRF_S is lower than in YRF_M, the intensity of seismic activity is slightly higher, and there have been numerous earthquakes above magnitude 4. Consequently, with the low concentration of gases at the fault plane, the RAI of Rn and CO2 is not low. Frequent small earthquake increase underground rock cracks, which can result in gas emissions. At the same time, the deeper the focal depth, the more deep fluids are easier to migrate to the surface during seismic activity, thereby increasing the concentration of gas on the surface. Accordingly, the difference in seismic activity also accounts for the differences in gas concentration and RAI between segments of the YRF.
Gas migration and seismic hazard
Soil gases migrate easily from depth to the surface, making them valuable precursors of crustal transients (Bernard, 2001). The soil gas concentration is directly or indirectly related to subsurface porosity and overburden properties. Moreover, as soil gas concentrations can be related to seismic activity and fault characteristics, they offer insight into crustal stresses and strains (Pizzino et al., 2004; Chen et al., 2022). High soil gas concentrations occur in fault zones with high strain and increased seismicity (Yuce et al., 2017; Sun et al., 2021; Lombardi and Voltattorni., 2020). An inverse relation between seismic b-value and stress can usually be interpreted as a measure of the current stress level of an active fault zone (Wyss et al., 2000; Wiemer, 2001). By finding the position of the asperity structure based on lower b-values, the stress state of different sections of an active fault zone in a specific area can be determined, and the potential risk of strong earthquakes can be assessed (Yi et al., 2004).
We calculated b-values using seismic data collected by the Ningxia Network for the period from 1970 to 2020 (Zeng et al., 2021). Two areas with low b-value anomalies (<0.7) were identified, west of Lingwu and south of Wuzhong (Figure 8), suggesting high-stress levels and higher moderate earthquake risk compared with other parts of the study area. CO2 anomalies impacted by the shallow soil environment in the transition area between the basin and mountains were removed. Similarly, Rn anomalies in southern Qingtongxia, attributed to overburden lithology, were removed. The relationship between the remaining soil gas anomalies and the b-values was determined. The low b-value in the west of Lingwu was consistent with the region of high-Rn and -CO2 anomalies. Thus, soil gas emission in the west of Lingwu was considered the contribution to a high-stress state. Similar findings have been found in the different segments of the North-South seismic zone. The distributions of the high soil-gas concentrations in the Xianshuihe-Xiaojiang fault system (XXFS) coincide with the highest stress and maximum strain rates (Sun et al., 2021), indicating that the fault activity enhanced permeability and increased the emission rates of the gases. The relationship between radon concentration and fault activity was investigated on the northern edge of the west Qinling fault, higher radon was detected in a seismically active zone (Li et al., 2016). Furthermore, it has also been observed that the anomalous area of high gas coincides with the area of low b value and strong seismic activity in the generalized Haiyuan fault zone, which is closer to the Lingwu area (Zhou et al., 2016). Owing to the uneven distribution of fluid in crustal fractures and fault zone, variation of stress associated with earthquakes will cause pore pressure, fluid-rock interaction and fluid migration, leading to changes in the geochemical characteristics of fluid (Lombardi & Voltattorni, 2020). Moreover, considering that the thickness of the crust increases suddenly and high-velocity bodies are widely distributed in this part of the study area (Zeng et al., 2017; Xu et al., 2018), west of Lingwu was identified as a region at risk from strong earthquakes. In fact, three earthquakes of M > 5 have occurred in the west of Lingwu since 1970. Therefore, soil gas Rn and CO2 anomalies are important indicators for assessing the risk of moderate or strong earthquakes in the west of Lingwu.
[image: Figure 8]FIGURE 8 | Spatial distributions of b-value and anomalies of gas in the Wuzhong–Lingwu area.
The relationship between the b-value of the NNE profile (Figure 9) and the soil gas concentrations were determined. In the profile, western Lingwu is characterized by high-Rn and -CO2 anomalies and low b-values. The focal depth profile also shows a sparse segment of small earthquakes and low b-values simultaneously distributed at ∼5 km depth, confirming the greater risk of moderate earthquakes and that future earthquakes in this region will likely be shallow and destructive. Therefore, the relationship between low b-value and subsurface fluid anomalies also suggests that variation in the crustal state is closely related to the local fluid activity. In addition, small-magnitude seismic activity frequently occurred at a depth of 10–20 km west of Lingwu. Rock fissures opened by seismic activity in the upper crust facilitate deep gas migration, resulting in elevated Rn and CO2 emissions (Ghosh et al., 2009; Lombardi & Voltattorni, 2010; Zhou et al., 2010).
[image: Figure 9]FIGURE 9 | Depth profiles of (A) gas concentration, (B) earthquake scale, and (C) b-value in the Wuzhong–Lingwu area. The light pink shadow and dark red shadow represent the anomalies of CO2 and Rn above the threshold.
In the south of Gaozha, low b-values are associated with frequent small earthquakes; However, the lack of credible Rn or CO2 anomalies associated with seismic activity or high stress further indicates that the seismic risk in this area cannot currently be assessed by geochemical methods.
The frequency of seismic activity has been significantly lower than that in the west of Lingwu since 1970. Studies of low gas anomalies in some active fault zones indicated that the high locking degree of the fault constrains the migration of soil gas, whereas the creeping fault with a low locking degree is more favorable for the discharge of gas from deeper layers up toward the surface (Yang et al., 2018; Zhou et al., 2020; Yang et al., 2021). Although gas concentrations are low in the southern segment of the YRF, according to the slip rate inversed by InSAR, there is ∼6.8 km locking in the southern segment of the YRF (Zhang et al., 2020), which the risk of strong earthquakes has increased. Therefore, more gas samples should be collected, and isotope analysis is needed to determine the source of the CO2. Other deformation observations, such as leveling, Global Navigation Satellite System (GNSS), and interferometric synthetic aperture radar (InSAR), should be employed to monitor seismicity in this region.
CONCLUSION
This study aimed to investigate the spatial distribution and influencing factors of Rn and CO2 in the Wuzhong–Lingwu area based on field measurements of 76 measurement points, spatial interpolation and observed results of six crossing-fault profiles along the Yellow River Fault zone (YRF). The following conclusions can be drawn.
1) Observed results of the soil gas Rn and CO2 in different segments of YRF illustrated that YRF has features of both strike-slip and certain normal fault characteristics. Frequent seismic activity and deeper focal depth could also account for the higher gas concentration and strong RAI in the YRF.
2) The spatial distributions of Rn and CO2 are distinct. High-Rn values are found in east and south Qingtongxia and are associated with overburden lithology. CO2 anomalies in the transition area between the basin and mountains are related to the shallow soil environment.
3) Under the influence of irrigation by Yellow River diversion, the soil porosity was reduced, and the parent isotopes of Rn isotopes were diluted. Therefore, low values of Rn and CO2 were widely distributed in areas with high soil moisture in the basin.
4) After removing Rn and CO2 anomalies related to shallow soil and rocks, higher gas anomalies are consistent with low b-values in the west of Lingwu. By combining similar studies in the north-south seismic belts, it is believed that high stress and strong seismic activity increased the permeability of rocks and boosted gas emissions. In addition, a crustal thickness variation belt, the distribution of high-velocity bodies, and frequent seismic activity in west of the Lingwu area further reveal a higher seismic hazard.
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