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Spatial-temporal evolution

of soil gas Rn before two Ms=5.0
earthquakes in the mid-eastern
of the Qilian fault zone (QLF)

Huiling Zhou®?, Yue Wan'?, Hejun Su'?*“ & Chenhua Li%?**

The mid-eastern segment of the Qilianshan fault zone (QLF) on the northeastern margin of the
Qinghai-Tibet Plateau is considered one of the key seismic hazard areas. The Zhangye Ms5.0
earthquake and Menyuan Ms6.9 earthquake are the two Ms=5.0 earthquakes in recent years. The
spatio-temporal evolution of Rn across the fault before the two Ms=5.0 earthquakes were explored
by combining a solid seismogenic model and numerical simulation results in this study. The results
demonstrates the spatial distribution of Rn concentration intensity varies over time, indicating the
evolving characteristics of fracture zone activity. The time-series variation characteristics are closely
related the Zhangye Ms5.0 earthquake and Menyuan Ms6.9 earthquake. Overall, in the seismic source
area and surrounding medium area of Zhangye Ms5.0 earthquake, the soil gas Rn anomaly across
faults characterized by a turning upward trend after continuous decline. The closer to the source area,
the more obvious the upward trend. For Menyuan Ms6.9 earthquake, the survey line (HT1) located in
the main fracture zone of the earthquake and the survey line (HT7,30km from the epicenter) closer

to the epicenter also showed a similar trend, while the other measurement lines in far-field exhibit
declining trend before the Menyuan Ms6.9 earthquake. Therefore, the continuous decline trend of soil
gas may be crucial information for medium-term earthquake preparation in the seismogenic zone, and
the trend of turning upward after continuous decline is a significant signal of short-term seismogenic
event in far-field. This research could improve the understanding of the anomalous features of soil
gas precursors and tracking the active sections of the fault. According to the model, the earthquake
area canseismic source area, the surrounding medium area be divided into three sections: the seismic
source area, the surrounding medium area, and the fracture fragmentation area.

Subsurface fluids constitute essential components of the Earth system, playing a critical role in Earth’s evolu-
tion as an effective medium for interconnecting the planet’s various layers'™. Soil gas geochemical properties
of deep gases discharged in geologically active areas has been extensively employed for precursors of tectonic
(e.g., earthquakes and fault activity)’~°. The preparation and occurrence of earthquakes encompass a complex
physical and chemical process, involving the energy transfer of deep materials, changes in medium conditions,
and interactions between underground fluids, such as water and gas, and rocks under stress'*-'”. This process
necessitates the migration, differentiation, and evolution of fluids!®~8. Active fault zones serve as channels for
underground fluid escape and are crucial locations for earthquake preparation and occurrence'®-?*. The gas
geochemical properties of active fracture zones are often linked to the region’s seismic activity?>=?’. In fact, these
properties have been successfully utilized to elucidate key earthquake mechanisms along major active fault zones
in Taiwan, Japan, and China®®-**. Soil gases (CO,, CH,, Rn, Hg, etc.) in fracture zones frequently exhibit anoma-
lies before and after earthquakes?!**, with the magnitude of these anomalies often fluctuating alongside seismic
activity®. Research on the relationship between released CO, fluxes and seismic activity in the LAquila region
and the Apennines in Italy has demonstrated that CO, gas released through rupture zones plays a crucial role in
earthquake nucleation, occurrence, and aftershock activity*. Continuous monitoring of soil gas Rn concentra-
tions on the Muzaffarabad fault in Pakistan abnormal Rn concentrations approximately 30 days prior to seven
earthquakes, with magnitudes ranging from 0.8 to 4.9, impacting the rift*”. Subsequent to the Wenchuan Ms8.0
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earthquake, anomalies in soil gas He, CH,, Rn, H2, and Hg concentrations were found to be closely associated
with surrounding aftershocks during drilling in the seismogenic rupture zone by scientific drilling holes No.1
(WEFSD-1) and No. 2 (WFSD-2)*%3% Emission of CO, was observed in association with earthquakes at the
Lassen Peak volcano (Cascades Range, USA) (Ingebritsen et al., 2015) and the Eger Rift (Czech Republic), indi-
cating close connections between the Earth’s surface and its crust by fluid transport. 575 earthquakes occurred at
Cava dei Selci (Colli Albani Volcano, Italy) from 2009 to 2021 showed that increase of CO, flux seemed related
to extensional deep earthquakes*’. Additionally, the soil gas He and H, anomalies in the Longmenshan rupture
zone were observed to decrease as aftershock intensity diminished.

It is evident that underground fluids have gained increasing prominence in earthquake prediction and related
studies in recent years. However, due to difficulty in natural earthquake prediction, research on combining earth-
quake monitoring results with physical prediction mechanisms is still very scarce. Most observations on seismic
geochemical effects lack physical mechanism support for identifying anomalies. This is the key to break through
the extraction of fault Soil gas earthquake anomaly precursors. The mid-eastern region of the Qilian Mountains
Fault (QLF) is considered a key hazard area in Mainland China. Since 2016, six periods of Rn concentration
data have been gathered from nine measurement lines deployed across the Middle East section of the QLE. On
January 8, 2022, an Ms6.9 earthquake (37.77° N, 101.26° E) occurred in Menyuan County, Haibei Prefecture,
Qinghai Province, China, with a focal depth of approximately 10 km. Additionally, the Zhangye Ms5.0 earthquake
took place in the middle western section of the Qilian Mountain seismic belt on September 16, 2019. This study
aims to investigate the spatial and temporal evolution of cross-fault Rn concentrations prior to two Ms>5.0
earthquakes in order to explore effective information on earthquake precursors. The research could enhance
our understanding of the anomalous features of soil gas precursors and facilitate tracking of active fault sections.

Geological setting

The central and eastern sections of the Qilian Mountains are predominantly located along the northeastern
edge of the Tibetan Plateau, which is subject to the ongoing extrusion and collisional effects of the Indian and
Eurasian plates from a distance*"*. This region is characterized by tectonic deformation and intersected by
numerous active faults, rendering it one of the most seismically active and intense areas in mainland China, with
substantial crustal movements**-#. The primary active fracture zones in this study area include the Sunan-Qilian
fault, the Yumushan fault, the Minle-Damaying fault, the Huangcheng-Shuangta fault, and the Lenglongling
fault, all of which are crucial components of the Qilian Mountains’ northern margin (Fig. 1).These faults exhibit
a NWW orientation and consist of multiple compression-torsional fractures arranged parallel to one another
and in oblique rows*. The fault zone demonstrates a high degree of thrust characteristics, with the thrust fault
cutting through strata from various periods, leading to the overthrusting of pre-Cenozoic strata, metamorphic
rocks, and Paleozoic granites on Neogene mudstone and early-middle Pleistocene unconsolidated gravel. The
zone also displays significant recent tectonic activity*®. The Lenglongling fault, part of the North Qilian active
fault zone, is situated at the northeastern boundary of the Tibetan Plateau uplift zone. Geotectonically, the fault
is positioned within the North Qilian Fold Belt, north of the corridor transition zone and south of the Middle
Qilian Uplift Zone*. The fault’s eastern end connects to the Gulang fault and the Maomaoshan fault, while the
western end links to the northern edge of the Tolaishan fault*’. Approximately 120 km in length, the Lenglongling
fault exhibits distinct linear characteristics®~>* and generally strikes at 110° N ~ 115° E. The fault’s late Quaternary
features include left-lateral strike-slip movement with a minor amount of dip-slip motion®*->’. Although the
Lenglongling fault’s Quaternary slip rate remains contentious, it is still considered to have the highest slip rate
within the Qilian-Haiyuan fault zone and plays a significant role in plateau deformation®®.

Date and methods

Survey line layout and measuring instruments

Soil gas radon (Rn) measurements were conducted at nine survey sites (i.e., CGS, YLX, GJZ, SMC, QSZ, BDK,
HC, MJZ, and GJT sites, numbered HT1 to HT9) situated on various NWW-oriented faults running parallel to
each other and in oblique rows, covering the mid-eastern region of the Qilian fault (Table 1). The CGS (HT1) is
located on the Sunan-Qilian fault, YLX (HT2) and GJT (HT3) are located on the Yumushan fault, SMC (HT4),
QSZ (HT5), and BDK (HT#6) are situated on the Minle-Damaying fault, HC (HT7) and MJZ (HT8) are on the
Huangcheng-Shuangta fault, and GJT (HT9) is located on the Lenglongling fault. The survey line is oriented
perpendicular to the fault strike, with 10-m intervals and 10-12 survey points arranged on each line to fully
encompass the fault (Fig. 2).

To minimize the impact of meteorology on soil gas concentrations, surveys were conducted under stable
meteorological conditions in June of each year from 2016 to 2021. Rn concentrations, temperature, humidity, and
atmospheric pressure were simultaneously measured using an AlphaGUARD detector (model PQ2000, Saphymo
GmbH, Germany). According to the detector’s requirements, 15 to 20 values were measured during each assess-
ment. All samples were collected using a stainless-steel probe inserted into the ground at a depth of 80-100 c¢m,
depending on soil consistency and thickness, in order to minimize the effects of meteorological variables®-¢'.
No extreme climatic variations were observed during the monitoring period, and the meteorological conditions
at each measuring point remained relatively stable.

Data analysis method

In this paper,the concentration strength of each survey site was calculated.Concentration intensity refers to the
measurement of the change degree of the of fault gas concentration near the fault plane relative to the background
concentration. It can intuitively reflect several characteristics of fault media such as porosity, fragmentation, and
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F1: Riyueshan fault; F2: Muli-Jiangcang fault; F3: Datongshan northern marginal fault;
F4: Dabanshan fault; F5: Tuolaishan fault; F6: Sunan-Qilian fault; F7: Minle-Damaying fault;
F8: Minle-Yongchang fault; F9: Yumushan eastern marginal fault; F10: Huangcheng-Shuangta fault; F11:
Lenglongling fault; F12: Jingianghe fault; F13: Maomaoshan fault;
F14: Tianqiaogou-Huangyangchuan fault; F15: Mayaxueshan northern marginal fault;
F16: Hexipu-Sidaoshan fault; F17: Eastern segment of southern Longshoushan fault;
F18: Longshoushan northern marginal fault; F19: Qilianshan northern marginal fault( Sunan section);
F20: Fodongmiao-Hongyazi fault.

Figure 1. Tectonic settings of the middle-eastern section of the Qilian Mountains fault zone and the
distribution of the soil gas measurement lines (Geology data set is provided by Geospatial Data Cloud site,
Computer Network Information Center, Chinese Academy of Sciences (http://www.gscloud.cn); Active faults
data are provided by sharing Infrastructure of National Earthquake Data Center (http://data.earthquake.cn)).

CGS HT1 99.49 3891 10 150 345 Sunan-Qilian fault

YLX HT2 |100.17 38.8 10 150 308 Yumushan fault

GJZ HT3 |100.33 38.61 10 150 25 Yumushan fault

SMC | HT4 |100.48 38.5 10 150 200 Minle-Damaying fault

QSz HT5 |100.7 38.41 10 150 50 Minle-Damaying fault

BDK HT6 | 100.94 38.21 10 150 150 Minle-Damaying fault

HC HT7 |101.58 37.85 12 150 355 Huangcheng-Shuangta fault
MJZ HT8 | 102.78 37.6 10 150 180 Huangcheng-Shuangta fault
GJT HT9 | 102.74 37.37 10 150 45 Lenglongling fault

Table 1. List of soil gas Rn survey line in the mid-eastern section of QLE.

fracture development, as well as the mechanics and motion state of fault activity It is the main characteristic
parameter for analyzing the spatial characteristics of fault gas.The calculation formula is as follows:
Concentration strength (S) = Anomaly threshold/background value.
The background value is obtained by calculating the mean value of the remaining data after removing jump
values, reflecting the normal accumulation level of specific elements or components in a given fault zone. The
anomaly threshold can be expressed as the background value plus ‘n’ standard deviations (n=1, 2, 3,...); in this
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Figure 2. Schematic diagram of field sampling methods. (a) Laying of measurement lines; (b) Measurement
Method.

case, n=2 was used. The purpose of this is to eliminate the measured value instability caused by environment.
Calculations and evaluations led to the decision to use the maximum value method for determining the concen-
tration strengthof soil gas Rn(S_max). This approach utilizes the maximum abnormal concentration values to
calculate concentration intensity, better explaining the peak value of the concentration intensity for each profile.
Additionally, this method minimizes differences in site-effect factors that influence gas release concentrations,
such as soil and rock properties®*®. Details of the nine survey lines are listed in Table 1.

Results

Soil temperature, humidity and atmospheric pressure

The average, maximum, and minimum values of soil temperature, humidity, and atmospheric pressure for each
survey line are presented in Table 2. From 2016 to 2021, the soil temperature variation range for all measurement
lines spanned from 11.7 °C to 35 °C. Soil temperatures were lower in the eastern section of the fracture zone

NO HT1 |HT2 |HT3 |HT4 |HT5 |HT6 |HT7 |HT8 |HT9
Site CGS |YIX |GJZ SMC |[QSZ |BDK |HC MJZ | GJT
T 22.4 20.8 28.9 29 21.1 21.9 20.6 26.4 23.2
16-Jun H 13.2 27.2 39.2 18.8 28 49.9 28.7 29.1 24.9
P |799.6 [819.9 |7985 |799.5 |801.2 |803 801 801.8 |756.8
T 22.6 29.8 23.9 33.5 26.7 22.1 20 27.6 24.7
17-Jun H 34 26.9 315 14.2 21.3 20 18.3 18.3 21.1
P |801.5 |[802 799.6 |[798.2 |799.1 |800 800.3 | 803.6 |800.6
T 27.2 29.8 33.7 32.3 25.9 12 13.3 32.4 17.5
18-Jun H 5.3 4.7 4.8 7 6.5 30.2 25.5 3.6 30.3
P |7989 |8203 (7975 |797.9 |799.2 |802 801.7 |801.8 |800.9
T 14 30 24.3 323 22.4 22.2 11.7 30.4 20.3
19-Jun H 31.6 12.3 38.9 8.9 28.3 36.1 31.7 21.1 32.7
P 8017 |819.1 |799.5 |797.8 |799.8 |799.9 |802 800.7 |800.3
T 21.3 31.5 26 27.1 24.7 21.6 23.7 26.2 249
20-Jun H 37.6 22 31.5 48.4 35 58.5 40.6 30 36.6
P 8003 |823.3 [799.6 |799.6 |800 800.5 |799.9 |802.9 |[799.6
T 24.6 25.3 35 24.2 19.1 22.7 28.1 24.7 26.5
21-Jun H 37.3 37 23.8 52.8 56.9 37.9 39.8 33.2 37.1
P 7999 |8214 |797.8 |800 800.9 |800.4 |799.1 |[801.8 |799.2

Table 2. Results of the Soil temperature, soil humidity, atmospheric pressure of every survey line of QLF from
2016 to 2021(T: Temperature (°C); P: Pressure(m/bar); H: Humidity(%)).

Scientific Reports |

(2023) 13:21491 | https://doi.org/10.1038/s41598-023-46603-0 nature portfolio



www.nature.com/scientificreports/

measurement lines compared to the western section; however, the soil temperature variation remained more
stable across six periods at each site. During this period, soil moisture variation from HT1 to HT9 ranged between
3.6 and 58.8. The humidity for all survey lines in 2018 was low, which is associated with that year’s precipitation.
The humidity differences in other years were minimal.As observed in Fig. 1s, the atmospheric pressure at each
measurement line remained highly stable. Except for HT2, where the atmospheric pressure was concentrated
around 820 mbar, the atmospheric pressure in the remaining measurement lines was approximately 800 mbar.
This indicates that the measurement environment was relatively stable throughout the monitoring period.

Rn concentration of every survey line

Table 3 presents the soil gas Rn measurement results for 9 profile from 2016 to 2021 in the eastern section of the
QLE In 2016, Rn concentrations were relatively high at HT7, HT8, and HT9, with values of 36 Bq/L, 34 Bq/L,
and 39 Bq/L, respectively. Concentrations were lower at HT2, HT3, and HT4, with values of 15 Bq/L, 9 Bq/L,
and 13 Bq/L, respectively. Rn concentrations in the other lines ranged between 21 Bq/L and 23 Bg/L. In 2017,
Rn concentrations at HT7, HT8, and HT9 were also higher than those at other locations, with values of 40 Bq/L,
50 Bq/L, and 60 Bq/L, respectively. The Rn concentration at HT1 was the lowest,with values of 18 Bq/L. In 2018,
the easternmost sites HT8 and HT9 had the highest Rn concentrations, with values of 55 Bq/L and 72 Bq/L,
respectively, while the westernmost sites HT1-HT3 had the lowest , with values of 17 Bq/L, 19 Bq/L, and 16 Bq/L,
respectively. In 2019, the easternmost site HT9 had the highest Rn concentration of 72 Bq/L, the westernmost
site HT1 had the lowest concentration at 12 Bq/L, and HT3 also exhibited a relatively low concentration of
15 Bq/L. The concentration range for other measurement lines was 24-37 Bq/L. In 2020, the Rn concentrations
at the easternmost sites HT8 and HT9 were relatively high, at 41 Bq/L and 50 Bq/L, while the concentrations for
other measurement lines ranged from 20 Bq/L to 27 Bq/L. In 2021, Rn concentrations at HT8 and HT9 reached
37 Bq/L and 48 Bq/L, respectively, surpassing those at other measurement lines. Rn concentration varied over
time but also demonstrated relative stability, indicating the reliability of the measurement data.

Spatial distribution of Rn concentration intensity

The spatial distribution of Rn concentration intensity is depicted in Fig. 3. In 2016, the highest concentration
intensity was observed at HT5 (5.42) in the middle section, followed by HT1(4.22) in the western section, and
then HT9(3.73) and HT6 (3.28). The concentration intensities for HT2, HT3, HT4, and HT8 were 2.47, 2.2, 2.25,
and 3.03, respectively. From 2017 to 2020, the spatial distribution characteristics of concentration intensity were
stronger in the east than in the west, with the highest values observed at HT9 and HTS in the eastern section.
The HT9 values from 2017 to 2019 were 3.25, 3.18, and 3.31, respectively, while the HT8 value in 2020 was 2.99.
Additionally, the western part of the QLF (Sunan section), including the Yumushan fault zone and the central part
of the Minle Damaying fault zone, exhibited non-segmented Rn concentration intensity distributions between
1.74 and 2.63. In 2021, the spatial distribution was less distinct, with values across the entire fault zone uniformly
ranging between 1.48 and 2.17. In conclusion, the spatial distribution of Rn concentration intensity varies over
time, indicating the evolving characteristics of fracture zone activity.

The degree of fault gas release is influenced by subsurface medium conditions, local stress states, and both
current and previous seismic activity®*-*®. The fault’s permeability is crucial for controlling the intensity of soil
gas concentration changes. Consequently, soil gas concentration strength is relatively higher in more open sec-
tions. Our previous research findings on the Haiyuan fault zone, the northern margin of the West Qinling fault,
and the Liupanshan fault zone all support this perspective.

Discussion

Coupling relationship between fault soil Rn and fault activity in QLF

The spatial distribution of seismic activity is illustrated in Fig. 4. We divided the entire research area into two
sections, east (A) and west (B).According to the time series statistics of seismicity frequency in the eastern and
western sections, the seismicity in this region is very intensive, and there is a trend change of small amplitude
enhancement in the time series. It can be seen that the seismicity of QLF has obvious segmentation that it is

2016 2017 2018 2019 2020 2021
NO Site D_max S_max D_max S_max D_max S_max D_max S_max D_max S_max D_max S_max
HT1 CGS 21 422 18 2.1 17 1.82 12 2.56 23 1.84 30 2.17
HT2 YLX 15 2.47 22 1.93 19 2.11 24 24 20 2.19 23 1.89
HT3 GJZ 9 22 21 2.09 16 1.62 15 1.74 24 2.18 23 1.48
HT4 SMC 13 2.25 29 2.09 26 2.28 26 2.29 22 1.74 25 1.82
HT5 QSz 21 5.42 28 2.58 23 1.76 29 1.96 27 1.88 30 1.88
HT6 BDK 23 3.28 31 2.63 34 2.11 27 2.36 27 2.1 31 1.81
HT7 HC 36 35 40 2.18 26 1.77 34 2.25 26 1.76 31 1.95
HTS MJZ 34 3.03 40 2.18 55 2.71 27 2.65 41 2.99 37 1.96
HT9 GJT 39 3.73 60 3.25 72 3.18 72 3.31 50 2.05 48 1.97
Table 3. Results of the soil gas Rn concentrations (D_max) and strength (S_max) of the mid-eastern section
of QLF from 2016 to 2021.
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Figure 3. Spatial distribution of Rn gas concentration strength in cross-fault soils from 2016 to 2021 (Smax_Rn
refers to Rn concentration strength; (A) (purple): 2016; (B) (yellow): 2017; (C) (ginger): 2018; (D) (red): 2019;
(E) (green): 2020; (F) (blue): 2021).
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Figure 4. Distribution of seismic activity the mid-eastern of the Qilian fault zone (QLF) (F1: Sunan-Qilian
Fault; F2: The northern edge of the Qilian Mountains, the southern section of Sunan; F3: Yumushan Fault; F4:
Minle-Damaying Fault; F5: Lenglongling Fault; F6: Huangcheng-Shuangta Fault. Seismic data are provided by
China Earthquake Networks Center (January 1971-April 2022)).
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more frequent seismicity in the east section than that in the west section. The Huangcheng-Shuangta fault, the
Lenglongling fault, and their intersection exhibit the strongest seismic activities. Notable events such as the Ms6.9
earthquake in 2022, the Menyuan Ms6.4 in 1986, and the Ms6.4 earthquake in 2016 all occurred in this area.
Additionally, earthquakes with Ms>5.0 and smaller seismic activities are more concentrated in this region. More-
over, using remote sensing image interpretation, field geological survey, fault displacement measurement, and
geomorphic surface age determination, the recoil sliding rate of typical dislocation points of the Yumushan fault
was found to be (0.55+0.15) mm/a, and the left-sliding rate was (0.95+0.11) mm/a®. The linear fitting results
of the vertical sliding rate of the Minle-Damaying fault were (0.91+0.09) mm/a*'. The Huangcheng-Shuangta
fault experienced significant activity in the Holocene, most notably the Gulang Ms8.0 earthquake in 1927%. The
Quaternary slip rate of the Lenglongling fault was determined to be (4.3+0.7) mm/a by radiocarbon dating
methods, while the slip rate since the late Holocene was (4.3 +0.36) mm/a*’. The Huangcheng-Shuangta and
Lenglongling fracture zones exhibit more activity than other fracture zones, indicating a relatively open fault.
This corresponds well with the spatial distribution pattern of soil gas Rn in the QLE.

Trend evolutionary characteristics of Rn related to Ms = 5.0 earthquake in QLF
Since the initiation of cross-fault soil gas observations in the eastern QLFE, the Menyuan Ms6.9 earthquake on
January 8, 2022, and the Zhangye Ms5.0 earthquake on September 16, 2019 have occurred. The seismogenic
fault for the Menyuan Ms6.9 earthquake is the western segment of the Lenglongling fault, which ruptured to
the Tolashan fault on the west side of its northwest end®”-%°, while the Zhangye Ms5.0 seismogenic fault is the
northern margin fault of the Qilian Mountain (Sunan Qilian section).The Rn trend changes before and after 2019
have captured our particular interest, as they may be related to the Zhangye Ms5.0 earthquake(Table 4). The Rn
concentration intensity of all lines exhibited an apparent "V" pattern trend, with a significant decrease followed
by an upward turn before 2019 (Fig. 5). However, differences in the range of change were observed. Specifically,
HT]1, located in the Sunan-Qilian fault and 80 km from the epicenter of the Zhangye Ms5.0 earthquake, dis-
played a significant decrease in Rn concentration intensity from 2016 to 2018, followed by an ascent before the
earthquake. HT2 and HT3, situated in the Yumushan fault and 2-27 km from the epicenter of the Zhangye Ms5.0
earthquake, showed different patterns.The Rn concentration intensity of HT2 decreased significantly from 2016
to 2017 and increased significantly from 2017 to 2019, while the Rn concentration intensity of HT3 declined from
2016 to 2018 and increased significantly from 2018 to 2019. HT4-HT6, located in the Minle-Damaying fault with
a distance of approximately 16-67 km from the epicenter, exhibited varying trends. Although HT4 was closest
to the epicenter, the trend of continuous decline was not apparent, but an upward turn was observed before the
Zhangye Ms5.0 earthquake. The trends of HT5 and HT6 showed a significant continuous decline followed by a
slight upward turn before the earthquake.HT7 and HT8 are located in the Huangcheng-Shuangta fault. The Rn
concentration intensity of HT8 increased after a continuous decline. However, the trend of HT9, which is 250 km
away, was evidently weaker than that of other survey lines before the Zhangye Ms5.0 earthquake.

In addition, we observed that the Rn concentration intensity exhibited an ascending trend in 2020, following
a declining background in HT1, HT4, and HT7 (Fig. 5 and Table 4). Specifically, these lines showed a decline
from 2019 to 2020 and then an ascent from 2020 to 2021, forming a noticeable "V" pattern, with an upward turn
following the decline. HT1 is situated in the primary rupture zone of the northern edge of the Qilian Moun-
tains, where several Ms>3.0 events occurred after the Menyuan Ms6.9 earthquake. HT7 is located within the
Huangcheng-Shuangta fault, approximately 30 km from the Menyuan Ms6.9 earthquake’s epicenter. HT4 is
positioned in the Minle-Damaying fault to the west of the Menyuan Ms6.9 earthquake, with an epicenter roughly
100 km away. Furthermore, with the exception of these three lines, all other measurement lines continued to

Trend characteristics related to the Trend characteristics related to the
NO Site | 2019 Zhangye Ms5.0 earthquake Epicenter distance(km) | 2022 Menyuane Ms 6.9arthquake | Epicenter distance (km) | Fault zone
HTL | CGs | e rom 2015 to 2015 | 2 then incrensing from 2030 t0 2031 | 200 Sunan-Qlian fault
HT2 | YLX 1:1)1eesncirlléiri:ags lf;;r?r 33112 (;?723)1;0?9‘1 27 g)o;(;izr}uous descending from 2019 149 Yumushan fault
HT3 | GJZ glzsnc?;léiriéli lf;;r?r j&lg 0?828)1 goaln9d 3 g)ozn(;izriuous descending from 2019 124 Yumushan fault
HT4 |SMC gleesnc?:g:i if;;rgj&lgot?;g) 1§0a1n9d 16 Descending and then increasing 106 Minle-Damaying fault
HTS | QSZ | ot eming fom 2018 t0 2019 | %7 S Minle-Damaying faul
HTS | BDK | o eing fom 2015 102015 | oy escendmg rom 201 56 Minle-Damaying fault
HT7 |HC ch:;C?::Sri:ai if:g)rgg&lgotfsz& lgoalngd 136 Descending and then increasing 30 Huangcheng-Shuangta fault
HTS | MJZ ngjgjggif;gggglg;g;g};;gd 240 Continuous descending from 2019 35 Huangcheng-Shuangta fault
HT9 | GJT géﬁfgfrl:i lf;‘g’“f’r 2010 k0 ] 13031“9‘1 250.43 Continuous descending from 2019 ;5 Lenglongling fault

Table 4. Trend characteristics of Rn concentration intensity across the mid-eastern section of QLF from 2016

to 2021.
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Figure 5. Radon concentration intensity time-series trend related to two Ms=>5.0 earthquakes in the mid-
eastern of the Qilian fault zone (QLF) (red arrows indicate the strend related to Zhangye Ms5.0 earthquake (red
dashed line) and blue arrows related to Menyuan Ms6.9 earthquake).

exhibit a declining trend before the Menyuan Ms6.9 earthquake. We assumed that these trend changes may be
related to the Menyuan Ms6.9 earthquake that occurred on January 8, 2022.

In summary, we found that Rn concentrations near the epicenter areas displayed an upward trend following
a continuous decline before both Ms>5.0 earthquakes in QLF (Table 4 and Fig. 5). The persistent decline trend
may be a crucial signal for moderate to strong earthquakes in the medium to long term. We have observed such
trend characteristics before several moderately strong earthquakes on the northeastern margin of the Qinghai
Tibet Plateau.

The mechanism of Rn spatial-temporal evolution before Ms = 5.0 earthquakes

Earthquake precursors are phenomena that manifest at specific stages of earthquake preparation. It is essential
to connect the spatial-temporal evolution of precursors with the earthquake process and mechanism. Since the
1970s, the Fracture Collusion model (IPE) and Dilatancy Hypothesis model (DD) have been proposed. However,
these models mainly address the issue of epicenter precursors, and they cannot explain the complex spatiotem-
poral evolution process of precursors”’. Through extensive research on large earthquakes (Ms > 6.0), it has been
observed that strong earthquakes typically do not occur in the high seismicity zones of fault systems, but rather
in seismic gaps’!”’2. Subsequently, the concept of seismic gaps was introduced, and a solid seismogenic model
was established to elucidate the conditions, processes, and associated precursors of strong earthquakes, as well
as their spatial-temporal evolution””*. This model is supported by a wealth of evidence from deep structures,
mechanical analyses, rock fracture experiments, numerical simulation results, and observed facts’®. According
to the model, the earthquake area can be divided into three sections: the seismic source area, the surround-
ing medium area, and the fracture fragmentation area (Fig. 6a). The source area may comprise a block with a
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relatively intact macroscopic rupture or a locked segment within a fault zone.The earthquake preparation process
consists of several stages, including the elastic accumulation stage, the nonlinear deformation and local harden-
ing stage, the local hardening stage and expansion, the large-scale expansion stage, and the rupture stage’®””.
The seismogenic medium is a saturated two-phase medium composed of solid lithosphere and pore fluid. Under
the influence of regional tectonic stress, the medium undergoes various stages of deformation, causing changes
in the physical parameters of the rock’®”°. Among these parameters, porosity is a significant quantity closely
related to radon emission. As the rocK’s porosity increases, so does its surface area, radon ejection coefficient, and
radon content in the rock’s pore fluid. According to the solid seismogenic model, during the elastic accumula-
tion stage and nonlinear deformation and local hardening stage in the seismic source area, porosity decreases
due to compression”>”>7°. Consequently, the soil gas radon anomaly exhibits a decreasing trend at the begin-
ning and middle period of earthquake inception. However, during the local hardening stage, expansion, and
large-scale expansion stage, porosity increases. Therefore, in the short-to medium-term of earthquake prepara-
tion, especially during the impending stage, the soil gas radon anomaly primarily trends upward. Furthermore,
underground fluid anomalies first appear in the source area and surrounding medium area due to the earliest
expansion occurring in the source region. During the medium to short-term seismogenic stage, the anomalous
area expands, and numerous precursors emerge in the fracture fragmentation area, while the development of
anomalies in the source area remains relatively stable. This phenomenon was confirmed by numerical simula-
tion of the spatiotemporal evolution of underground fluid anomalies under the strong solid seismogenic model
(Fig. 6b). Overall, in the seismic source area and surrounding medium area, the soil gas Rn anomaly across faults
may exhibit a "V" shaped change trend, characterized by a turning upward trend after continuous decline’. The
closer to the seismic source area, the earlier the turning upward time.Therefore, the continuous decline trend of
soil gas may be crucial information for medium to long-term earthquake preparation, and the trend of turning
upward after continuous decline is a significant signal of a medium and short-term seismogenic event. These
important signals require a comprehensive understanding of the tectonic background and activity of fault zones.

This model effectively explains the relationship between two Ms> 5.0 earthquakes in the QLE. For the Zhangye
Ms5.0 earthquake, the Rn concentration intensity of HT2 (27km away from the epicenter) decreased significantly
from 2016 to 2017 and increased significantly from 2017 to 2019. In HT3 (2 km away from the epicenter), the
Rn concentration intensity decreased from 2016 to 2018 and increased significantly from 2018 to 2019. Other
survey lines also demonstrated some trend anomalies, but the short-term anomalies (turning upward trend after
continuous decline) were not more pronounced than in HT2 and HT3. For the Menyuan Ms6.9 earthquake,
HT1, HT4, and HT7 also displayed turning upward trends after continuous decline before the earthquake. HT1
is located on the the northern edge of the Qilian Mountains, the southern section of Sunan, 200 km from the
epicenter. Despite this distance, it is situated along the main fault at the northern margin of the Qilian fault.
The Lenglongling fault zone, where the Menyuan Ms6.9 earthquake occurred, is also an integral component of
the northern Qilian fold belt in terms of geotectonics. Several aftershocks with a magnitude of Ms>3.0 were
recorded in the region following the Menyuan Ms6.9 earthquake. Furthermore, except for three lines, all other
measurement lines exhibited a continuing decline trend before the Menyuan Ms6.9 earthquake. The Menyuan
Ms6.9 seismic activity and tectonic deformation directly expose the adjustment and transmission of tectonic
deformation throughout the Qilian Mountain fault zone. As the survey lines did not directly cross the seismic
fault of the Menyuan Ms6.9 earthquake, the abnormal features were not as pronounced as those observed in the
Zhangye Ms5.0 earthquake.
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The response of soil gas Rn to seismic events is not only related to the magnitude and distance from the
epicenter but also controlled by the tectonic stress of deep major faults. Thus, the present observation results
and the analysis of seismic cases support the body seismogenic model and numerical simulation computation
results. This model elucidates the relationship between tectonic geochemical characteristics and rupture block-
age, offering theoretical support for determining the time, space, and intensity of seismogenesis. The robust
body seismogenic model can clearly explain the relationship between tectonic geochemical features and fracture
locking, providing theoretical support for estimating the time, space, and intensity of earthquake nucleation.

Conclusion

In this study, we explored the spatial-temporal evolution characteristics of soil gas Rn from 2016 to 2021 in the
mid-eastern of the Qilian fault zone (QLF) before Zhangye Ms5.0 earthquake and Menyuan Ms6.9 earthquake
by combining a solid seismogenic model and numerical simulation results. By analyzing the spatial-temporal
evolution characteristics of soil gas Rn before two Ms> 5.0 earthquakes in the Qilian fault zone, the following
conclusions can be drawn:

1. From a spatial distribution perspective, in 2016, the highest concentration intensity was observed in the
middle (HT5) and west section (HT1). From 2017 to 2020, the spatial distribution characteristics of concen-
tration intensity were stronger in the east than in the west.In 2021, the spatial distribution was less distinct,
with values across the entire fault zone uniformly. The spatial distribution of Rn concentration intensity
varies over time, indicating the evolving characteristics of fracture zone activity.

2. From a temporal evolution trend before earthquake,the soil gas Rn concentration intensity across mid-
eastern of the Qilian fault zone(QLF) exhibited a significant response to the Zhangye Ms5.0 and Menyuan
Ms6.9 earthquakes. For the Zhangye Ms5.0 earthquake, the Rn concentration intensity in major survey lines
(except HT8 and HT9) showed a noticeable "V" temporal evolution trend, with an continue decline and
then turn upward. For the Menyuan Ms6.9 earthquake, HT1 (located on the the northern edge of the Qilian
Mountains) and HT4, and HT7() also displayed turning upward trends after continuous decline before the
earthquake.While the other measurement lines exhibit a continued declining trend before the Menyuan
Ms6.9 earthquake.

3. These observational facts were supported by the sturdy body seismogenic model and numerical simulation
results. Consequently, we hypothesized that the continuous decline trend of fault gas may serve as a reliable
indicator of the interlocked section of fault tectonic activity, and the trend of turning upward after continu-
ous decline may represent a significant signal of a medium and short-term seismogenic event in the source
area. Furthermore, the sturdy body seismogenic model could potentially provide theoretical support for
determining the time, space, and intensity of seismogenesis based on the relationship between the tectonic
geochemical characteristics and rupture locking.

In summary, seismic prediction remains a difficult global scientific problem, and fluid geochemistry is one
of the potential tools for earthquake prediction. The extraction of earthquake precursor information from soil
gas must be based on a specific physical mechanism of seismogenesis. The results of long-term research have
shown that, by studying the physical mechanisms of forecasting, the sensitivity and convenience of fault gas
can be used to trace locked segments directly on dangerous faults for the identification and determination of
precursor information, which can compensate for the limitations of springs and well-exposure locations used
by subsurface fluid.

Data availability

The data are available from the corresponding author upon request after publication of this paper.

Received: 23 April 2023; Accepted: 2 November 2023
Published online: 06 December 2023

References

1. Zoback, M. D. Seismology: Earthquake forecasting and warning. Science 222(4621), 319. https://doi.org/10.1126/science.222.4621.
319 (1983).

2. Zhou, R.]. et al. Tectonic deformation and strong earthquake activities on the east border of Tibet Plateau. Earth Sci. Front. Z1,
297-298 (2000).

3. Ciotoli, G., Lombardi, S. & Annunziatellis, A. Geostatistical analysis of soil gas data in a high seismic intermontane basin: Fucino
Plain, central Italy. J. Geophys. Res.-Solid Earth https://doi.org/10.1029/2005jb004044 (2007).

4. Kagan, Y. Y. & Jackson, D. D. Earthquake forecasting in diverse tectonic zones of the globe. Pure Appl. Geophys. 167(6-7), 709-719.
https://doi.org/10.1007/s00024-010-0074-4 (2010).

5. Chen, Z. et al. Radon emission from soil gases in the active fault zones in the capital of China and its environmental effects. Sci.
Rep. https://doi.org/10.1038/s41598-018-35262-1 (2018).

6. Chen, Z. et al. Evidence of multiple sources of soil gas in the Tangshan fault zone, North China. Geofluids https://doi.org/10.1155/
2019/1945450 (2019).

7. Virk, H. S., Walia, V. & Sharma, A. K. Radon precursory signals of Chamba earthquake. Curr. Sci. 69(5), 452-454 (1995).

8. Richon, P. et al. Radon anomaly in the soil of Taal volcano, the Philippines: A likely precursor of the M7.1 Mindoro earthquake
(1994). Geophys. Res. Lett. 30(9), 319-338. https://doi.org/10.1029/2003gl016902 (2003).

9. Walia, V,, Virk, H. S., Bajwa, B. S. & Sharma, N. Relationships between radon anomalies and seismic parameters in N-W Himalaya,
India. Radiat. Meas. 36(1), 393-396. https://doi.org/10.1016/s1350-4487(03)00158-6 (2003).

10. Walia, V., Su, T. C,, Fu, C. C. & Yang, T. E. Spatial variations of radon and helium concentrations in soil-gas across the Shan-Chiao

fault, Northern Taiwan. Radiat. Meas. 40(2-6), 513-516. https://doi.org/10.1016/j.radmeas.2005.04.011 (2005).

Scientific Reports |

(2023) 13:21491 | https://doi.org/10.1038/s41598-023-46603-0 nature portfolio


https://doi.org/10.1126/science.222.4621.319
https://doi.org/10.1126/science.222.4621.319
https://doi.org/10.1029/2005jb004044
https://doi.org/10.1007/s00024-010-0074-4
https://doi.org/10.1038/s41598-018-35262-1
https://doi.org/10.1155/2019/1945450
https://doi.org/10.1155/2019/1945450
https://doi.org/10.1029/2003gl016902
https://doi.org/10.1016/s1350-4487(03)00158-6
https://doi.org/10.1016/j.radmeas.2005.04.011

www.nature.com/scientificreports/

11.
12.
13.
14.
15.
16.
17.

18.

19.
20.
21.

22.
. Zheng, G. D., Guo, Z. E, Wang, Y. P. & Chen, J. F New advances in gas geochemistry—In memory of Professor David R. Hilton,

24.
25.
26.

27.

28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.

49.

Walia, V. et al. Earthquake prediction studies using radon as a precursor in N-W Himalayas, India: A case study. Terr. Atmos.
Ocean. Sci. 16(4), 775-804. https://doi.org/10.3319/ta0.2005.16.4.775(gig) (2005).

Walia, V., Virk, H. S. & Bajwa, B. S. Radon precursory signals for some earthquakes of magnitude > 5 occurred in N-W Himalaya:
An overview. Pure Appl. Geophys. 163(4), 711-721. https://doi.org/10.1007/s00024-006-0044-z (2006).

Walia, V. et al. Fault delineation study using soil-gas method in the Dharamsala area, NW Himalayas, India. Radiat. Meas. 43,
$337-8342. https://doi.org/10.1016/j.radmeas.2008.04.071 (2008).

Singh, S. et al. Radon monitoring in soil gas and groundwater for earthquake prediction studies in northwest Himalayas, India.
Terr. Atmos. Oceanic Sci. 21(4), 685-695. https://doi.org/10.3319/ta0.2009.07.17.01(tt) (2010).

Yang, T. E. et al. Soil radon flux and concentrations in hydrothermal area of the Tatun Volcano Group, northern Taiwan. Geochem.
J. 45(6), 483-490 (2011).

Che, Y. T. et al. Proposals concerning the development of the mobile observations of subsurface fluid precursors in China. Recent
Dev. World Seismol. 11, 1-7 (2002).

Chaudhuri, H. et al. Long range gas-geochemical anomalies of a remote earthquake recorded simultaneously at distant monitoring
stations in India. Geochem. J. 45(2), 137-156 (2011).

Yang, Q. Y. et al. Coupling mechanism of stress variation and groundwater (water level, water temperature, hydrochemistry, soil gas,
etc.) and its application in earthquake precursors research in Sichuan and Yunnan regions. Progress Geophys. 35(06), 2124-2133
(2020).

Woith, H., Wang, R. J., Maiwald, U., Pekdeger, A. & Zschau, ]. On the origin of geochemical anomalies in groundwaters induced
by the Adana 1998 earthquake. Chem. Geol. 339, 177-186. https://doi.org/10.1016/j.chemgeo.2012.10.012 (2013).

Woith, H. Radon earthquake precursor: A short review. Eur. Phys. ].-Special Top. 224(4), 611-627. https://doi.org/10.1140/epjst/
€2015-02395-9 (2015).

Fu, C. C. et al. Spatial and temporal anomalies of soil gas in northern Taiwan and its tectonic and seismic implications. J. Asian
Earth Sci. 149, 64-77. https://doi.org/10.1016/j.jseaes.2017.02.032 (2017).

Du,J. G, Li, Y., Cui, Y. ]. & Sun, E. X. Seismic Fluid Geochemistry (Seismol Press, 2018).

renowned expert in gas geochemistry. Bull. Miner. Petrol. Geochem. 37(04), 796-799794 (2018).

Zhou, X. C. et al. Short-term seismic precursor anomalies of hydrogen concentration in Luojishan hot spring bubbling gas, Eastern
Tibetan Plateau. Front. Earth Sci. https://doi.org/10.3389/feart.2020.586279 (2021).

Chen, G. et al. Present kinematics characteristics of the northern Yumushan active fault and its response to the northeastward
growth of the Tibetan plateau. Seismol. Geol. 39(05), 871-888 (2017).

Chen, Z. et al. Spatial and temporal variations of CO2 emissions from the active fault zones in the capital area of China. Appl.
Geochem. https://doi.org/10.1016/j.apgeochem.2019.104489 (2020).

Sahoo, S. K., Katlamudi, M., Barman, C. & Lakshmi, G. U. Identification of earthquake precursors in soil radon-222 data of Kutch,
Gujarat, India using empirical mode decomposition based Hilbert Huang Transform. J. Environ. Radioactivity https://doi.org/10.
1016/j.jenvrad.2020.106353 (2020).

Walia, V. et al. Soil-gas monitoring: A tool for fault delineation studies along Hsinhua Fault (Tainan), Southern Taiwan. Appl.
Geochem. 25(4), 602-607. https://doi.org/10.1016/j.apgeochem.2010.01.017 (2010).

Kumar, A., Walia, V,, Singh, S., Bajwa, B. S. & Yang, T. E Earthquake precursory studies at Amritsar Punjab, India using radon
measurement techniques. Int. J. Phys. Sci. 7(42), 5669-5677 (2013).

Kumar, A. et al. Radon-thoron monitoring in Tatun volcanic areas of northern Taiwan using LR-115 alpha track detector technique:
Pre-calibration and installation. Acta Geophysica 61(4), 958-976. https://doi.org/10.2478/s11600-013-0120-6 (2013).

Katsuaki, K., Tohru, Y., Takayoshi, U. & Hisafumi, A. Increased radon-222 in soil gas because of cumulative seismicity at active
faults. Earth Planets Space 1(66), 2449-2463. https://doi.org/10.1186/1880-5981-66-57 (2014).

Zhou, H. L., Su, H. ], Zhang, H. & Li, C. H. Geochemical characteristics of fault gas along generalized Haiyuan fault zone and its
relation to earthquakes. China Earthq. Eng. J. 38(2), 278-284. https://doi.org/10.3969/j.issn.1000-0844.2016.02.0278 (2017).
Zhou, H. L., Su, H. J., Zhang, H. & Li, C. H. Correlations between soil gas and seismic activity in the generalized Haiyuan fault
zone, north-central China. Nat. Hazards 85(2), 763-776. https://doi.org/10.1007/s11069-016-2603-7 (2017).

Sciarra, A., Cantucci, B. & Coltorti, M. Learning from soil gas change and isotopic signatures during 2012 Emilia seismic sequence.
Sci. Rep. https://doi.org/10.1038/s41598-017-14500-y (2017).

Zhang, L. et al. Isotope geochemistry of mercury and its relation to earthquake in the Wenchuan Earthquake fault Scientific Drill-
ing Project Hole-1 (WFSD-1). Tectonophysics 619, 79-85. https://doi.org/10.1016/j.tecto.2013.08.025 (2014).

Di Luccio, E, Ventura, G., Di Giovambattista, R., Piscini, A. & Cinti, E. R. Normal faults and thrusts reactivated by deep fluids: The
April 6 2009 M-w 6.3 LAquila earthquake, central Italy. J. Geophys. Res.-Solid Earth https://doi.org/10.1029/2009jb007190 (2010).
Tareen, A. D. K. et al. Descriptive analysis and earthquake prediction using boxplot interpretation of soil radon time series data.
Appl. Radiat. Isotopes https://doi.org/10.1016/j.apradiso.2019.108861 (2019).

Cui, Y. et al. Satellite observation of CH4 and CO anomalies associated with the Wenchuan M-S 8.0 and Lushan M-S 7.0 earthquakes
in China. Chem. Geol. 469, 185-191. https://doi.org/10.1016/j.chemgeo0.2017.06.028 (2017).

Zhang, B. et al. Relationship between concentrations of hydrogen and mercury of No. 2 hole cores at the Wenchuan Earthquake
Scientific Drilling and fault zone structure. Chin. J. Geophys. 61(05), 1771-1781. https://doi.org/10.6038/cjg2018M0117 (2018).
Tarchini, L. et al. Twenty years monitoring of soil CO2 flux and seismicity at Cava dei Selci gas discharge (Colli Albani volcano,
Italy). Earth Space Sci. 9(6), €2021EA001936. https://doi.org/10.1029/2021ea001936 (2022).

Lei, J. H. et al. Vertical slip rate of Minle-Damaying fault indicated by scarps on terraces of Dongda river. Seismol. Geol. 39(06),
1256-1266. https://doi.org/10.3969/j.issn.0253-4967.2017.06.011 (2017).

Wang, Q., Xiao, Z., Wu, Y., L, S. Y. & Gao, Y. The deep tectonic background of the Ms6.9 Menyuan earthquake on January 8, 2022
in Qinghai Province. Acta Seismologica Sinica 44(2), 211-222. https://doi.org/10.11939/jass.20220010 (2022).

Zheng, W. J., Yuan, D. Y. & He, W. G. Preliminary study of the seismicity of Palaeo-earthquakes on Donggingding Segment of
Huangcheng-Shuangta fault. J. Seismol. Res. 27(1), 66-73 (2004).

Zheng, W.J., Yuan, D. Y. & He, W. G. Probability model of strong earthquake recurrence and prediction for future earthquake site
in middle-eastern segment of Qilian MT. Northwestern Seismol. J. 3, 37-42+63 (2004).

Lv, J. Y, Sheng, X. Z,, Jin, R. Z. & Huang, L. T. Laterally heterogeneous crustal anisotropy in the northeastern margin of Tibetan
Plateau and its tectonic implications. Chin. J. Geophys. 65(06), 1980-1990 (2022).

Zhou, L, Li, C. ], Li, J. & Zhuang, W. Q. Study on fault structure and tectonic deformation characteristics of the middle-east sec-
tion of Qilian Mountain. J. Geodesy Geodyn. 42(06), 565-8+83. https://doi.org/10.14075/j.jgg.2022.06.003 (2022).

Hu, C. Z. et al. Seismogenic mechanism of the January 21 2016 Menyuan, Qinghai M(s)6.4 earthquake. Chin. J. Geophys.-Chin.
Edn. 59(5), 1637-1646. https://doi.org/10.6038/cjg20160509 (2016).

Zheng, W.]. et al. Late Quaternary slip rates of the thrust faults in western Hexi Corridor (Northern Qilian Shan, China) and their
implications for northeastward growth of the Tibetan Plateau. Geosphere 9(2), 342-354. https://doi.org/10.1130/ges00775.1 (2013).
He, W. G,, Yuan, D. Y., Ge, W. P. & Luo, H. Determination of the slip rate of the Lenglongling fault in the middle and eastern seg-
ments of the Qilian Mountain active fault zone. Earthquake 30(1), 131-137 (2010).

Scientific Reports |

(2023) 13:21491 | https://doi.org/10.1038/s41598-023-46603-0 nature portfolio


https://doi.org/10.3319/tao.2005.16.4.775(gig)
https://doi.org/10.1007/s00024-006-0044-z
https://doi.org/10.1016/j.radmeas.2008.04.071
https://doi.org/10.3319/tao.2009.07.17.01(tt)
https://doi.org/10.1016/j.chemgeo.2012.10.012
https://doi.org/10.1140/epjst/e2015-02395-9
https://doi.org/10.1140/epjst/e2015-02395-9
https://doi.org/10.1016/j.jseaes.2017.02.032
https://doi.org/10.3389/feart.2020.586279
https://doi.org/10.1016/j.apgeochem.2019.104489
https://doi.org/10.1016/j.jenvrad.2020.106353
https://doi.org/10.1016/j.jenvrad.2020.106353
https://doi.org/10.1016/j.apgeochem.2010.01.017
https://doi.org/10.2478/s11600-013-0120-6
https://doi.org/10.1186/1880-5981-66-57
https://doi.org/10.3969/j.issn.1000-0844.2016.02.0278
https://doi.org/10.1007/s11069-016-2603-7
https://doi.org/10.1038/s41598-017-14500-y
https://doi.org/10.1016/j.tecto.2013.08.025
https://doi.org/10.1029/2009jb007190
https://doi.org/10.1016/j.apradiso.2019.108861
https://doi.org/10.1016/j.chemgeo.2017.06.028
https://doi.org/10.6038/cjg2018M0117
https://doi.org/10.1029/2021ea001936
https://doi.org/10.3969/j.issn.0253-4967.2017.06.011
https://doi.org/10.11939/jass.20220010
https://doi.org/10.14075/j.jgg.2022.06.003
https://doi.org/10.6038/cjg20160509
https://doi.org/10.1130/ges00775.1

www.nature.com/scientificreports/

50.

51.
52.
53.

54.

55.
56.
57.
58.
59.
60.
61.
62.

63.

64.
65.
66.
67.
68.
69.

70.
. Mei, S. R. Study on the physical patterns of earthquake precursor fields and the spatial and temporal distribution mechanisms of

72.

73.

74.
75.
76.
77.
78.

79.

Li, C. H., Zhang, H., Su, H. J. & Zhou, H. L. Analysis of anomaly characteristics of the soil gas radon from the crossing fault in the
mid-east area of Qilian mountain before the 2016 Menyuan Ms6.4 earthquake. J. Radioanalyt. Nuclear Chem. 322(02), 763-769.
https://doi.org/10.1007/s10967-019-06694-4 (2019).

Guo, P, Han, Z. ], Jiang, W. L. & Mao, Z. B. Holocene left-lateral slip rate of the Lenglongling fault, northeastern margin of the
Tibetan Plateau. Seismol. Geol. 39(2), 323-341 (2017).

Guo, P. et al. Activity of the Lenglongling fault system and seismotectonics of the 2016 MS6.4 Menyuan earthquake. Sci. China
Earth Sci. 60(05), 929-942. https://doi.org/10.1007/s11430-016-9007-2 (2017).

Guo, P, Han, Z. 7., Gao, E, Zhu, C. H. & Gai, H. L. A new tectonic model for the 1927 M8.0 Gulang earthquake on the NE Tibetan
Plateau. Tectonics https://doi.org/10.1029/2020tc006064 (2020).

Gaudemer, Y. et al. Partitioning of crustal slip between linked, active faults in the eastern Qilian Shan, and evidence for a major
seismic gap, the Tianzhu gap, on the western Haiyuan fault, Gansu(China). Geophys. J. Int. 120(3), 599-645. https://doi.org/10.
1111/j.1365-246X.1995.tb01842.x (1995).

Lasserre, C. et al. Fast late Pleistocene slip rate on the Leng Long Ling segment of the Haiyuan fault, Qinghai, China. J. Geophys.
Res. Solid Earth https://doi.org/10.1029/2000jb000060 (2002).

Guo, P. et al. Paleoearthquakes and rupture behavior of the Lenglongling fault: Implications for seismic hazards of the Northeastern
Margin of the Tibetan Plateau. J. Geophys. Res. Solid Earth 124(2), 1520-1543. https://doi.org/10.1029/2018jb016586 (2019).
Fan, L. P, Li, B. R, Liao, S. R,, Jiang, C. & Fang, L. H. High-precision relocation of the aftershock sequence of the January 8, 2022,
MS6.9 Menyuan earthquake. Earthq. Sci. 35(02), 138-145. https://doi.org/10.1016/j.eqs.2022.01.021.3 (2022).

Yuan, D. Y. et al. The growth of northeastern Tibet and its relevance to large-scale continental geodynamics: A review of recent
studies. Tectonics 32(5), 1358-1370. https://doi.org/10.1002/tect.20081 (2013).

Segovia, N., Seidel, J. L. & Monnin, M. Variations of radon in soils induced by external factors. J. Radioanalyt. Nuclear Chem.-Lett.
119(3), 199-209. https://doi.org/10.1007/bf02162265 (1987).

Choubey, V. M., Bist, K. S., Saini, N. K. & Ramola, R. C. Relation between soil-gas radon variation and different lithotectonic units,
Garhwal Himalaya, India. Appl. Radiat. Isotopes 51(5), 587-592. https://doi.org/10.1016/s0969-8043(98)00149-3press (1999).
Ben-Zion, Y. & Sammis, C. G. Characterization of fault zones. Pure Appl. Geophys. 160(3-4), 677-715. https://doi.org/10.1007/
pl00012554 (2003).

Wei, B. L., Xue, J. M., Li, E G. & Chen, P. L. Study on active fault by means of measuring gaseous mercury content in soil. Seismol.
Geol. 10(2), 88-92 (1988).

Pizzino, L., Burrato, P,, Quattrocchi, F. & Valensise, G. Geochemical signatures of large active faults: The example of the February
5 1783, Calabrian earthquake (southern Italy). J. Seismol. 8(3), 363-380. https://doi.org/10.1023/B:JOSE.0000038455.56343.¢7
(2004).

Wu, J. B., Zhang, H. & Su, H. J. Numerical simulation for migration rule of fault gas radon in different overburden. Acta Seismologica
Sinica 36(01), 118-125+159 (2014).

Su, H. J,, Cao, L. L., Zhang, H., Li, C. H. & Zhou, H. L. Co-seismic response characteristics of near-filed water level and water
temperature and associated prediction of earthquakes. China Earthq. Eng. ]. 42(01), 98-106 (2020).

Su, H. J. et al. The Application of measurement method of soil gas from fault zone to fault activity study: A case study of Jiayuguan
fault. Geol. China 47(06), 1891-1903 (2020).

Jin, X. T., Wang, S. ], Jiang, X. and Zhang L. J., 2022. Coseismic deformation and slip distribution of the Mw 6.9 Menyuan, Qinghai
earthquake revealed by Sentinel-1A SAR imagery. Progress in goephysics. 1-9.

Li, Z. H. et al. Source parameters and slip distributions of the 2016 and 2022 Menyuan, Qinghai earthquakes constrained by InSAR
observations. Geomat. Inform. Sci. Wuhan Univ. 47(06), 887-897. https://doi.org/10.13203/j.whugis20220037 (2022).

Ma, W. H,, Sun, Y. E & Dong, H. C. Analysis of deformation characteristics of gate source Ms6.9 earthquake based on InSAR
technology. Sci. Technol. Ind. 22(08), 303-308 (2022).

Chen, Z. L. & Ge, Z. Z. Methods and Theory of Earthquake Prediction in Continental (Seismological Press, 1988).

precursors (I)—Origin and evidence of The sturdy body seismogenic model. Acta Seismologica Sinica 03, 273-282 (1995).

Song, Z. P,, Mei, S. R. & Yin, X. C. On seismic strengthening area before strong and great shocks and its mechanism. Acta Seismo-
logica Sinica 21(3), 271-277 (1999).

Mei, S. R. Physical model of earthquake precursor field and spatio-temporal distribution mechanism of precursors (3): Anomaly
and mechanism of seismicity and crustal deformation field during strong earthquake inoculation. Acta Seismologica Sinica 2,
170-178 (1996).

Mei, S. R. Physical model of earthquake precursor field and spatio-temporal distribution mechanism of precursors (2): Stress and
strain fields during strong earthquake incubation. Acta Seismologica Sinica 1, 1-10 (1996).

Zhang, H. & Liang, Z. B. Numerical simulation of spatial-temporal evolution characteristics of subsurface fluid based on strong
body seismogenic model. Acta Seismologica Sinica 02, 176-182+218 (2000).

Mei, S. R., Xue, Y. & Song, Z. P. Anomalous seismic characteristics before Wenchuan Ms8.0 and Kunlunshan Ms 8.1 earthquakes
and their implications. Earthquake 29(1), 1-14 (2009).

Niu, Z.R,, Fan, Z.]., 1995. The Effect of Hard Inclusions on the Precursive Process and Precursory Changes of the Tangshan Earth-
quake. Earthquake, Supplement.

Song, Z. P,, Mei, S. R. & Yin, X. C. On seismic strengthening area before strong and great shocks and its mechanism. Acta Seismol.
Sin. 21(3), 271-277 (1999).

Ma, J. & Guo, Y. S. Accelerated synergism prior to fault instability: Evidence from laboratory experiments and an earthquake case.
Seismol. Geol. 36, 547-561 (2014).

Author contributions
Huiling Zhou wrote the main manuscript text and Chenhua Li and Yue Wan prepared figures . Hejun Su mainly
responsible for field measurement and data analysis.

Fundin

This reseagrch was funded by the Basic Scientific Research Fund, Science and Technology Innovation Base of
Lanzhou, Institute of Earthquake Forecasting, China Earthquake Administration(No. 2021IESLZ05); Field
Station Fund of Gansu Seismological Bureau (No. 2021Y16); Gansu Youth Science and Technology Fund
(No. 21JR7RA796; 20JR10RA500);Key project of spark plan of China Seismological Bureau (No.:XH21033;
XH24042YA).

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2023) 13:21491 | https://doi.org/10.1038/s41598-023-46603-0 nature portfolio


https://doi.org/10.1007/s10967-019-06694-4
https://doi.org/10.1007/s11430-016-9007-2
https://doi.org/10.1029/2020tc006064
https://doi.org/10.1111/j.1365-246X.1995.tb01842.x
https://doi.org/10.1111/j.1365-246X.1995.tb01842.x
https://doi.org/10.1029/2000jb000060
https://doi.org/10.1029/2018jb016586
https://doi.org/10.1016/j.eqs.2022.01.021.3
https://doi.org/10.1002/tect.20081
https://doi.org/10.1007/bf02162265
https://doi.org/10.1016/s0969-8043(98)00149-3press
https://doi.org/10.1007/pl00012554
https://doi.org/10.1007/pl00012554
https://doi.org/10.1023/B:JOSE.0000038455.56343.e7
https://doi.org/10.13203/j.whugis20220037

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to H.S. or C.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |  (2023) 13:21491 | https://doi.org/10.1038/s41598-023-46603-0 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Spatial–temporal evolution of soil gas Rn before two Ms ≥ 5.0 earthquakes in the mid-eastern of the Qilian fault zone (QLF)
	Geological setting
	Date and methods
	Survey line layout and measuring instruments
	Data analysis method

	Results
	Soil temperature, humidity and atmospheric pressure
	Rn concentration of every survey line
	Spatial distribution of Rn concentration intensity

	Discussion
	Coupling relationship between fault soil Rn and fault activity in QLF
	Trend evolutionary characteristics of Rn related to Ms ≥ 5.0 earthquake in QLF
	The mechanism of Rn spatial–temporal evolution before Ms ≥ 5.0 earthquakes

	Conclusion
	References


