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Continuous observation data from a period of 26 years show that water radon
concentrations in the Panjin observation well document pre-seismic anomalies prior to
earthquakes of 4.8 ≤ M ≤ 7 within a radius of 300 km. Among these earthquakes, two
distinct groups with different water radon concentration anomalies and anomaly
mechanisms are apparent. The abnormal characteristics of water radon concentrations
clearly reflect the processes of stress change, while Cl− concentration, Ca2+ concentration,
Mg2+ concentration, and escaping gas flow only document part of these processes.
According to Global Positioning System main strain rate fields and area strain rate fields,
the change in anomalous behavior coincides with the 2011 Great Tohoku M 9.1
earthquake. This event caused the stress state of the study area, located in eastern
China, to change from a relative compressive stress state to a tensile state, andmay be the
main reason for the change in the precursory characteristics of water radon concentrations
(from increasing to decreasing prior to earthquakes). Regardless, water radon
concentration in the well remains a good pre-seismic indicator for earthquakes of M ≥
4.8. In the near future (∼50–100 years), water radon anomalies in the Panjin observation
well prior to earthquakes of M ≥ 4.8 will most likely manifest as a V-shaped concentration
change. Helium and neon isotopic compositions of gas samples from the Panjin
observation well show that the present relatively high levels of water radon
concentrations are normal and not an earthquake precursor.

Keywords: water radon concentrations, seismic precursor, anomaly mechanisms, helium and neon isotopic
compositions, Panjin observation well, regional geodynamics

INTRODUCTION

The half-life of radon (from here on referred to as 222Rn) is short and constant (3.8 days); as a result,
water radonconcentrations tend to be in equilibrium under the stable physical and chemical
conditions of aquifers (Kuo et al., 2009; Ambrosino et al., 2020). Since a threefold radon
increase in deep groundwater was observed before the Tashkent M 5.5 earthquake of April 26,
1966 (Woith, 2015), water radon has been widely studied as a potential seismic precursor. The stress-
strain developed within Earth’s crust during an earthquake changes the elastic properties of the rock,
the local fracture system, and the compressibility of rock pores, causing fractures in the rock mass to
open up pathways through which unusually high amounts of radon can be released (Thomas, 1988;
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Torgersen et al., 1990;Woith, 2015; Ambrosino et al., 2020). Most
water radon observations indicate a radon increase prior to
earthquakes (Hauksson, 1981; Liu et al., 1985; Igarashi and
Wakita, 1990; Igarashi et al., 1995; Roeloffs, 1999; Zmazek
et al., 2002; Ye et al., 2015; Kawabata et al., 2020); although, a
few studies have observed decreases in water radon concentration
before earthquakes (Wakita et al., 1980; Kuo et al., 2009;
Namvaran and Negarestani, 2013). Regardless, it is generally
believed that radon concentrations under similar geological
conditions can be a sensitive indicator of strain changes in the
crust preceding an earthquake and, as such, show similar
precursory characteristics (Kuo et al., 2009). However, until
now there have been no reports of two opposite precursory
characteristics and mechanisms on one long-term continuous
observation curve.

Earthquake precursors are complex processes. Time series of
radon concentrations are affected by both exogenous and
endogenous factors and show complex dynamics, including
periodic and aperiodic oscillations on different time scales
(Yan, 2018). The exogenous factors of radon concentration are
common in dissolution and exchange, which are easily affected by
rainfall and atmospheric pressure. Many studies have attempted
to weaken the influence of exogenous factors through calculated
statistical uncertainties (Asher-Bolinder et al., 1993; Heinicke
et al., 2010), and to correlate anomalous increases/decreases in
radon concentration with endogenous phenomena (Hauksson
and Goddarard, 1981; Ambrosino et al., 2020), especially the
influence of regional geodynamics on earthquake precursors. The

consensus is that only long-term observation data can illustrate
reliable radon precursory anomalies (Woith, 2015). In this study,
we used 26 years of continuous water radon observation data,
without the restriction of exogenous factors, to identify the
characteristics and mechanisms of two opposite precursory
anomalies observed before earthquakes. The relationship
between radon precursory variations and regional
geodynamics was analyzed to identify potential earthquake
precursory characteristics.

GEOLOGICAL SETTINGS AND WELL
BOREHOLE

The Liaohe depression is geologically located in a Cenozoic
inland rift-type fault basin developed within the North China
Craton, one of the world’s oldest Archean cratons (Xu et al.,
2014). It is at the northern extension of the Tan Lu fault zone, the
main fault system of eastern China. Owing to fault activity, the
Liaohe depression contains many depressions and uplifts. The
study area experiences frequent earthquakes, including the 1975
HaichengMW 7.0 earthquake; there have been 31 earthquakes of
M 5.0 or greater since 1800 (119–126°E, 39–44°N; http://www.csi.
ac.cn/).

The Panjin observation well (122.02°E, 41.18°N) is located in
the central, southern part of the Liaohe depression, within the
middle of the second subsidence zone of the Neocathaysian
structural system (Figure 1). The fault depression is divided

FIGURE 1 | Geographical location of Panjin observation well, Liaoning province, China. Red circles denote earthquakes of M ≥ 4.8 within a radius of 300 km
(1994–2020). The black arrows represent the groundwater flow direction of the Neogene Guantao formation.
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into six secondary structural zones by first-order major faults.
The observation well is located on the Taian buried fault, a
NE–SW trending normal active fault system (Lei et al.,
2008). The drilling depth of the Panjin observation well is
2,892 m and the casing depth is 955.1 m. It is flowing well with
confined aquifer. The base of the observed aquifer (955.1 m) is
within gravel sandstone and arkose of the Neogene Guantao
formation (Figure 2). The hydrochemical type of the observed
aquifer is HCO3-Na•Ca. The groundwater flow direction of
Guantao formation is from the mountains on both sides to the
middle depression, and then flows into southwest Liaodong
Bay (Figure 1). The well is about 25 km away from the
southwest coastline. In the deep aquifers of the study area,
there are oil and gas exploitation layers and enriched chloride
aquifers. Wang et al. (2012) showed that within the upper
360 m of depth, the shallow aquifer system has obvious vertical
water circulation. Groundwater in the aquifer below 360 m
constitutes an independent deep aquifer system. The vertical
recharge capacity of the observation aquifer is poor; rainfall
and surface water have little to no impact on the aquifer.

METHODOLOGY AND EARTHQUAKES

Monitoring Methods
Water radon concentration is measured using automatic
continuous sampling once per day (1994–2020). Water is
pumped out of the Panjin observation well into bubbling
degassing equipment and transported into an ion chamber,
where the radon concentration is measured by an ionization
method using a FD-105K electrometer. When an alpha particle
decays in the detector chamber, ionization of the air takes place
leading to a change in the total charge on the electret. The change
in the total charge results in the voltage drop over the
measurement period and is used to quantify the 222Rn
concentration (Baskaran, 2016). The measurement precision is
0.1 Bq/L (Ye et al., 2007; Ren et al., 2012).

The Ca2+, Mg2+, and Cl− concentrations and the escaping gas
flow are manually sampled once a day (1994–2020). The Ca2+

concentration is titrated with an EDTA (ethylene diamine
tetraacetic acid) standard solution at pH � 12 and the
combined Ca2+ + Mg2+ concentration is titrated with an
EDTA standard solution at pH � 10. The Mg2+ concentration
is calculated using the subtraction method. The chloride
concentration is obtained by titration with silver nitrate
standard solution. Ion concentration precision is ∼1%.
Escaping gas flow is calculated by displacement water volume
during the degassing process of saturated salt water; the
measurement precision is 2%.

Bubbling gas samples were collected in 50-ml volume glass
containers using the water displacement method; samples were
taken in 2013, 2014, and 2016. He and Ne isotopes in the gas
samples were measured using a MM5400 mass spectrometer. The
minimum heat blanks are 1.1 × 10−14 (mol) for 4He and 1.82 ×
10−14 (mol) for 20Ne, respectively. The measurements were
normalized to standard atmospheric value (Ye et al., 2007;
Zhou et al., 2017).

Earthquakes
Some reports show that radon anomalies can occur hundreds of
kilometers from earthquake epicenters (Briestenský et al., 2014;
Jilani et al., 2017; Nevinskya et al., 2018; Ambrosino et al., 2020).
Jiang et al. (2019) pointed out that the distance between
precursory wells and the epicenters of earthquake of MS < 7 is
generally less than 300 km, and that of 5 ≤ MS ≤ 5.9 is generally
less than 200 km, based on a large number of earthquakes in
China. Following this rules, we analyzed 5 ≤ MS < 7 earthquakes
data from 1994 to 2020 with a radius of 300km, and four eligible
earthquakes were identified (http://www.csi.ac.cn/). The
information they present on the USGS website is shown in
Table 1.

Abnormal Extraction Method
We note that there are two significant changes in the measured
concentration of radon in water (1999-2003 and 2011-2014) and
three other less relevant changes (1994-1999, 2003-2011 and
2014-2020). Both the significant changes are found in
correspondence with two groups of seismic events (Table 1).
The occurrence of events led the background value of the

FIGURE 2 | Lithological cross-section of the Panjin observation
borehole.
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observed radon concentration to decrease from 19.3 - 20.5 Bq/L
(1994-1999) to 16.7-17.8 Bq/L (2003-2011), while the third
observed water radon concentration change fluctuated in the
range of 16.3-17.9 Bq/L (2014-2020). To compare the magnitude
of these radon changes, we made a linear fit over the entire time

series of the radon concentration. The result of the subtraction
between the radon concentration in the measured water and that
of the linear fit is shows in Figure 3. It was found that the
amplitude of variations before the two groups of earthquakes was
greater than ±1.2 of mean square error (MSE). The three other
changes of water radon concentration was less than ±1.2 of MSE
(Figure 3). The ±1.2 of MSE should be the threshold line of
abnormal variation.

RESULTS

Data in the 1994–2020 times series of water radon concentrations
at Panjing observation well are stable and reliable (Figure 3). The
fitting result was calculated using the subtraction method
between observed water radon concentration and the linear
fitting; the mean square error (MSE) was ±1.2. Atmospheric
temperature, pressure, and rainfall have been observed since June
2007 and show clear seasonal patterns. In contrast, there are no
seasonal variations in the water radon concentrations or fitting
results. Furthermore, August marks the rainy season, and the
rainfall in August 2012 was not the historical maximum.
However, the decrease in radon concentration prior to the
Dengta and Horqin earthquakes was the only significant
change in the time series (Figure 3); as such, rainfall is not
responsible for the water radon changes. In summary, exogenous
meteorological effects have a negligible influence on water radon
in the well.

The 26 years of continuous observation data show three
groups marked by significant large amplitude changes (MSE >
1.2), all of which are related to earthquakes (Figure 3). The first
group is related to the Xiuyan Mb 5.0 and MW 5.1 events, which
occurred in 1999 and 2000, respectively. Water radon
concentration increased before these earthquakes and
decreased afterward. The second group is related to Great
Tohoku M 9.1 earthquake of 2011. The water radon
concentration increased sharply in the month following the
earthquake. The third group is related to the Dengta Mb 4.8
and Horqin Mb 5.0 earthquakes in 2013. Here, there was a
V-shaped progression before the earthquakes and initially low
values after the earthquakes. However, the water radon
concentration fluctuated for 2 years after the earthquakes,
before gradually reaching a high threshold line of 1.2 times MSE.

XiuyanMb 5.0 andMW 5.1 earthquakes occurred on the same
fault (Figure 1), with a space distance of 9.9 km and a time
interval of 43 days (Table 1). It was difficult to distinguish which
earthquake caused the anomalies of observation items. Therefore,

TABLE 1 | Earthquakes of M ≥ 4.8 within 300 km of the Panjin observation well, Liaoning province (1994–2020).

Date Location Magnitude Longitude (°E) Latitude (°N) Epicentral distance
(km)

November 29, 1999 Xiuyan Mb 5.0 122.889 40.459 108.5
January 11, 2000 Xiuyan MW 5.1 122.994 40.498 111.6
January 23, 2013 Dengta Mb 4.8 122.984 41.526 89.2
April 22, 2013 Horqin Mb 5.0 122.326 42.859 188.4

Data from https://earthquake.usgs.gov/.

FIGURE 3 | Time series of water radon concentration, fitting result, Ca2+,
Mg2+, and Cl− concentrations, escaping gas flow, atmospheric temperature,
pressure, and rainfall of the Panjin observation well for the period 1994–2020.
The dates of earthquakes are marked by vertical red dashed lines. The
red trend line is the linear fitting of the observed water radon concentration.
The fitting result is calculated using the subtraction method between observed
water radon concentration and the linear fitting; mean square error (MSE) is
±1.2.
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we analyzed the two earthquakes as a group. Radon
concentrations around the 1999 Xiuyan earthquakes can be
further split into three periods (Figure 4; Table 2). In the first
stage, 80–180 days before the Xiuyan Mb 5.0 earthquake, there
was no change in water radon concentration, Ca2+ and Mg2+

concentration, or escaping gas flow. The Cl− concentration
increased rapidly 110 days before the Xiuyan Mb 5.0
earthquake. The second stage was characterized by a
significant increase in water radon concentration in the
80 days before the earthquake; this was accompanied by an
increase in the escaping gas flow. The Cl− concentration
dropped suddenly 38 days before the earthquake. It is
noteworthy that the increase in water radon concentration
occurred earlier than it did for foreshocks (M ≥ 3). In the
third stage, the radon concentration decreased significantly
after the Xiuyan earthquakes; the Ca2+ and Mg2+

concentrations also showed a sudden decline, but they did not
change significantly before or during the earthquakes (Table 2).

Coincidentally, variations in the radon concentration related
to the 2013 Dengta and Horqin earthquakes can also be
explained by three stages; however, all occurred prior to the
earthquakes (Figure 5; Table 2). In the first stage, 197 days
before the Dengta earthquake, the radon concentration was
stable. The Ca2+ and Mg2+ concentrations fluctuated and then
dropped abruptly 237 days before the Dengta earthquake. In the
second stage, 160–197 days before the earthquake, the radon
concentration decreased to its lowest value (14 Bq/L). Near the
third stage, the Cl− concentration showed stepwise increases,
while the radon concentration increased. The radon

concentration increased to the background value 60 days
before the Dengta earthquake. The change in water radon
concentration had already occurred before the foreshock
(M ≥ 3). The escaping gas flow did not change significantly
at any point. There was no significant change in radon
concentration, Cl− concentration, Ca2+ concentration, Mg2+

concentration, or escaping gas flow between the Dengta and
Horqin earthquakes, but the radon concentration decreased
significantly after the Horqin earthquake. Therefore, we
analyzed the two earthquakes as a group (Figure 5).

DISCUSSION

Mechanism of Water Radon Anomaly in
1999
Analysis shows that pre-seismic water radon anomalies are often
influenced by exogenous factors, which introduces significant
uncertainty into the determination of endogenous factors (Nield
and Bejan, 2006; Zafrir, 2008). Although no environmental
records were recorded in 1999, significant seasonal variation
can be inferred from the changes since 2007 (Figure 3).
Seasonal changes in exogenous factors cannot explain the
water radon variations before the Xiuyan Mb 5.0 and MW 5.1
earthquakes (Figure 3). From the time series, the increase in
radon concentrations occurred before the foreshocks of the
Xiuyan earthquakes (Figure 4). Therefore, the anomalous
changes only need to be considered in terms of the earthquake
endogenous factors.

FIGURE 4 | Time series of water radon, Cl−, Ca2+, andMg2+ concentrations and escaping gas flow at the Panjin observation well and their relationships to the 1999
Xiuyan Mb 5.0 and 2000 MW 5.1 earthquakes (shown by red dashed lines). The bottom panel shows MS ≥ 3 foreshock and aftershock of Xiuyan earthquakes (http://
www.csi.ac.cn/). Blue shading shows the elastic deformation stage; yellow shading shows the brittle deformation stage; and red shading shows the rock failure stage.
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TABLE 2 | The precursory anomalies characteristics of radon and ion concentrations related to two groups of earthquakes.

Events Processes Time
of processes

Anomaly Rn (Bq/L) Cl−

(mg/L)
Ca2+

(mg/L)
Mg2+

(mg/L)
Escaping

gas (mL/min)

Xiuyan earthquakes Elastic deformation From June 1, 1999 to September 13, 1999 Start time - August 9, 1999 - - -
Change - ↑ 1.56 - - -

Brittle deformation From September 13, 1999 to November 29,
1999

Start time September 13,
1999

- - September 20,
1999

End time October 21,
1999

- -

Change ↓ 2.55 - -
Rock failure From November 29, 1999 to March 20, 2000 Start time - January 27, 2000 February 1, 2000

End time December 15, 1999 - February 12, 2000 February 12, 2000 December 15, 1999
Change ↑ 3.00 - ↓ 6.24 ↓ 1.30 ↑ 17.30

Dengta and horqin
earthquake

Buildup of elastic
strain

From March 1, 2012 to July 10, 2012 Start time - - June 1, 2012 June 1, 2012 -
Change - - ↓ 1.96 ↑↓ 0.68 -

Development of
cracks

From July 10, 2012 to August 13, 2012 Start time July 10, 2012 August 8, 2012 -
End time August 13, 2012 August 13, 2012 -
Change ↓ 3.2 ↑ 0.31 -

Influx of groundwater From August 13, 2012 to April 22, 2013 Start time August 13, 2012 -
End time December 18, 2012 November 29,

2012
November 29,

2012
-

Change ↑ 4.1 ↑ 0.34 ↓ 0.14 -

“-” represents the normal value; The blank space represents keeping in an abnormal state.

Frontiers
in

E
arth

S
cience

|w
w
w
.frontiersin.org

N
ovem

ber
2020

|V
olum

e
8
|A

rticle
596283

6

Zhou
et

al.
P
re-S

eism
ic

R
adon

A
nom

alies

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles


Gao and Zhong (2000) showed that the Xiuyan earthquakes
occurred on NW trending faults under the same stress conditions
(Figure 1). These faults are located within a new ascending NNW
arched zone caused by strong crustal uplift, and the stress

continued to increase before the earthquakes. The three-stage
changes in radon concentration due to the earthquakes reflect
three distinct processes: elastic deformation, brittle deformation,
and rock failure (Figure 4).

Based on the pore collapse model (Schery and Gaeddert, 1982;
Thomas, 1988; Toutain and Baubron, 1999), rock substrate is
responsible for pore pressure changes (Figure 6). During the
elastic deformation phase, the closure of internal pore spaces did
not produce any variation in radon concentration or escaping gas
flow (Figure 4). The rock substrate did not macroscopically fail until
the end of elastic deformation, but it did cause significant irreversible
microcrack damage (Mollo et al., 2018). However, this microcrack
damage was not sufficient to increase radon emissions or aggravate
water-rock reactions in the aquifer, as shown by the stable Ca2+ and
Mg2+ concentrations. Among all the hydrochemical observations
(Figure 4), the only one that can be proved to be in the stage of stress
increase was the sudden increase of Cl− concentration (Figure 6).
Changing pressure in aquifer systems due to elastic compression can
result in changes to Cl− concentration (Tsunogai andWakita, 1996).
Sudden increases in Cl− concentration can be attributed to an
introduction of groundwater enriched in chloride, such as before
the October 24, 1995 Wuding M6.5 earthquake in Yunnan (Yang,
1997) and before the September 21, 1999 Chi-ChiM7.3 earthquake
in Taiwan (Song et al., 2005). The mixing of waters with different
chemical compositions can occur quickly, and the chemical changes
can also disappear rapidly (e.g., Figure 4; Song et al., 2006).

The brittle deformation stage conformed to the reactive
surface area model (Thomas, 1988). Microcrack propagation

FIGURE 5 | Time series of water radon, Cl−, Ca2+, andMg2+ concentrations and escaping gas flow at the Panjin observation well and their relationships to the 2013
Dengta Mb 4.8 and Horqin Mb 5.0 earthquakes (shown by red dashed lines). The bottom panel shows M ≥ 3 foreshock and aftershock of the Dengta and Horqin
earthquakes (http://www.csi.ac.cn/). Blue shading shows the buildup of elastic strain; yellow shading shows the development of cracks; and red shading shows the
influx of groundwater.

FIGURE 6 | Simplified sketch illustrating the model of radon
concentration change caused by the Xiuyan earthquakes.
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with increasing stress caused an increase in the surface area of the
rock substrate (Figure 6); after which, pores ruptured and radon
concentrations increased owing to the exposure of fresh rock
surfaces, and escaping gas flow increased owing to the escape of
trapped gas from the rock matrix (Teng, 1980; Igarashi et al.,
1995; Cicerone et al., 2009). An increase in the reactive surface
area should lead to more extensive water-rock interactions, and
an increase in Ca2+ and Mg2+ concentrations (Claesson et al.,
2007). However, there was no observed change in ion
concentrations. The reason for this was that high stress can
result in permeability changes within a well-aquifer system
and this may break hydraulic barriers between the aquifer and
other nearby small isolated reservoirs, thereby leading to mixing
of chemically distinct waters (Domenico and Schwartz, 1990).
However, as the volume of water added to the system is small,
there would be no change in the major ions (Shi et al., 2020).

The occurrence of an earthquake marks an inflection point of
stress, and this can result in radon concentration changes; that is,
and increase prior to the earthquake and a decrease after (Tarakç
et al., 2014). The Xiuyan earthquakes caused rock failure at a high
stress level, while dike intrusions and hydrothermal fluid
injections caused pervasive pore collapse at constant pressure;
as a result, there was a sharp post-seismic decline in the radon
concentration (Ye et al., 2015). Rock failure also caused changes
in the physical and chemical properties of the observed aquifer,
and this led to long-term changes in the Ca2+ and Mg2+

concentrations after earthquakes (Figure 4). According to the
hydrochemical observations of the well in 1999 (Figure 4), it was
found that the variations of water radon concentration could
clearly show the regional geodynamic change processes, while the
hydrochemical ion concentrations resulted from water-rock
reactions or mixing, which led to more uncertainty.

Mechanism of the Water Radon Anomaly in
2012–2013
Decreases in radon concentration are often observed immediately
after heavy rainfall (Ye et al., 2015); however, as shown in
Figure 3, the largest rainfall in 2012 began in August, while
the decline in water radon concentration began in July. In
addition, August is the rainy season, and the rainfall in
August 2012 was not the historical maximum, although the
decrease in the radon concentration was the only significant
change except for post-seismic effects. Therefore, there was no
link between water radon concentration and rainfall in 2012. The
Dengta Mb 4.8 earthquake was an isolated event with no
foreshock and few aftershocks (Li et al., 2014). The foreshock
of the Horqin Mb 5.0 earthquake occurred after the V-shaped
change in the radon concentration (Figure 5). The stress state
changes rapidly from extrusion to tension according to the
aftershock information (Liu et al., 2014). It can be seen that
the abnormal variation in water radon concentration in 2012 was
entirely the result of endogenous factors.

Only a few other documented anomalies manifest as a
decrease in pre-seismic water radon concentrations (Kuo et al.,
2010; Ali Yalım et al., 2012). The process associated with this
change before the Dengta earthquake can be divided into three

stages (buildup of elastic strain, development of cracks, and influx
of groundwater; Figure 7; Kuo et al., 2006), which mainly depend
on the periodic changes in stress and water radon concentration.
Changes in ion concentrations also reflect these stages.

During the buildup of elastic strain, the radon concentration in
the groundwater was fairly stable, because the stress was relatively
stable rather than gradually increasing (Figure 7). The stress is
reflected by the sudden changes in Ca2+ and Mg2+ concentrations
(Figure 5). According to the dilatancy-diffusion model (Scholz
et al., 1973), such a change is not the result of water-rock reaction,
but the result of aquifer mixing when the stress on the aquifers
reaches a critical point; similar events occurred prior to the
2010 MW 6.3 Jiasian and 2016 MW 6.4 Meinong earthquakes
(Kuo et al., 2018).

For the second stage, the stress increased suddenly, and the
radon concentration decreased. Different scholars have different
views on the reasons for this change. One is that the closure of
cracks by small increases in compressive stress decreases radon
emanation (Sultankhodzhayev et al., 1976; Fleischer and
Mogrocampero, 1985), leading to reduced radon flux from
crustal rocks (Einarsson et al., 2008). However, here, the
escaping gas flow had no corresponding decline (Figure 5). The
second view is that the development of new cracks in aquifer rocks
can occur at a rate that is faster than the recharge of pore water
(Brace et al., 1966; Scholz et al., 1973). In this scenario, dissolved
radon in water is converted into a gas phase, leading to a decrease
in the radon concentration of groundwater (Tsunomori and Kuo,
2010; Kuo et al., 2018). This is consistent with the decrease in radon
concentration in this study, in which we also observed no change in
the escaping gas flow. Additionally, because there was no pore
water supply, the Ca2+, Mg2+, and Cl− concentrations did not
change significantly.

A further sudden increase in stress marked the third stage
(Figure 7). The radon concentration increased owing to the

FIGURE 7 | Simplified sketch illustrating the model of radon
concentration change caused by the Dengta and Horqin earthquakes.
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influx of groundwater, and recovered to the previous background
level before the Dengta and Horqin earthquakes (Figure 5). The
mechanism of this process was a slowing of the dilatancy rate,
such that the rate of water diffusion was faster than the rate of
rock dilatancy; water saturation increased and rock cracks
became saturated again (Kuo et al., 2006; Kuo et al., 2010;
Mollo et al., 2018). The mixing effect caused by groundwater
influx, especially for groundwater enriched in chloride, can
increase the chloride concentration suddenly. A continuous
increase in stress results in the rupture and connection of
aquifers; here, the physical and chemical properties of the
aquifer changed as expected (Figure 5).

Explaining Two Opposing Mechanisms at
Panjin Observation Well
We observed contrasting radon anomalies in the Panjin
observation prior to two groups of earthquakes. Between these
groups, a significant water radon anomaly occurred in 2011, a
month after the Great Tohoku M 9.1 earthquake, for which the
epicenter was 1,790 km away.We speculate that the reason for the
change in water radon precursor characteristics reflects the
influence of the Great Tohoku M 9.1 earthquake on eastern
China, and particularly on regional post-seismic relaxation (Shao
et al., 2015; Wang et al., 2015; Meng et al., 2019).

Endogenous factors that influence radon concentrations are
primarily related to fault movement (Briestenský et al., 2014).
According to Global Positioning System (GPS) main strain rate
fields and area strain rate fields, there was no obvious tensile
strain in the study area from 1999 to 2007 (Figure 8A); however,
the study area experienced tensile strain after the Great Tohoku
M 9.1 earthquake in 2011 (Figures 8B,C). Shao et al. (2015) also
showed that the study area was in a state of compression before
the Great Tohoku M 9.1 earthquake in 2011 and in a state of
tension afterward. That is, under the condition of regional
compressive strain, the stress was continuously increasing, and

precursory radon anomalies in the Panjin observation well were
characterized by increasing concentrations (Figure 6). In
contrast, under a tensile strain state, the stress increased
abruptly before earthquakes, and anomalies were characterized
by V-shaped changes in radon concentrations (Figure 7). Wang
et al. (2013) found that the Great TohokuM 9.1 earthquake could
continue to impact on the elastic relaxation of the study area for
50–100 years. Therefore, for the next ∼50–100 years, precursory
radon anomalies in the Panjin observation well will likely
manifest as a V-shaped changes in concentration.

After the Horqin earthquake, from 2016 to 2020, the water
radon concentration almost reached the upper limit of 1.2 times
the MSE (Figure 3). To identify whether or not these high water
radon concentrations represent a precursory anomaly, we carried
out helium and neon isotopic compositional (3He/4He and 4He/
20Ne) analysis of hydrothermal gas from the Panjin observation
well (Table 3). The atmospheric 3He/4He (Ra) is 140 × 10−8, and
that of the mantle is 8 ± 1 Ra (Mamyrin and Tolstikhin, 1984).
Therefore, 3He/4He is a powerful indicator for the source of
volatiles entering the crust and mantle (Xu et al., 2014; Zhu et al.,
2020). According to Duchkov et al. (2010), the portion of mantle
helium (Hem) in the total helium of the sample (Hemeas) can be
estimated from Equations 1, 2:

FIGURE 8 | Global Positioning System (GPS) main strain rate fields and area strain rate fields. Results for (A) 1999–2007, (B) 2011–2013, and (C) 2013–2016.
Arrows denote the main strain rate fields and the color base map denotes the area strain rate fields. The blue triangle denotes the Panjing observation well; the red circles
denote earthquake epicenters, as in Figure 1.

TABLE 3 | Chemical and isotopic compositions of gas from the Panjing
observation well.

Sampling
Data

3He/4He
(×10−8)

4He/
20Ne

HeM
a

(%)
HeC

a

(%)
HeA

a

(%)

August 2013 165 30.88 13.62 86.38 0.00
April 2014 33 6.70 2.19 82.79 15.02
August 2016 36 13.65 2.62 90.84 6.54

aHeM, HeC, and HeA denote the percentages of helium from the mantle, crust, and
atmosphere, respectively.
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Rcor � Rmeas(4He/20Ne)meas − 42 × 10− 8

(4He/20Ne)meas − 0.3
(1)

Hem
Hemeas

≈
Rcor − Rc

Rm
≈
Rcor − 2 × 10− 8

1, 200 × 10−8
%, (2)

where Rcor is the corrected value by excluding the portion of
atmospheric helium from the helium balance of the sample
(Duchkov et al., 2010), Rmeas is the 3He/4He isotopic
composition of gas from the Panjing observation well, Rc is
2 × 10−8, and Rm is 1,200 × 10−8.

The atmospheric contribution to the total helium is calculated
the same way, and the proportion of helium in the crust can be
calculated from the difference. Calculated Hem, Hec, and Hea
values are shown in Table 3. Mantle-derived 3He/4He
represented 13.62% of the sample from mantle in 4 months
after the Horqin earthquake, reflecting a post-seismic effect.
Mantle-derived 3He/4He in 2014 and 2016 was ∼2% (Table 3;
Figure 9). The similar percentages of mantle-derived material
suggest that the reaction area was under a relatively stable stress
state. Furthermore, the relatively high water radon concentration
in 2014–2016 occurred under a stable stress stage, and does not
represent a pre-seismic anomaly.

From the analysis of GPS, 3He/4He, and 4He/20Ne, it can be
concluded that the water radon concentration is relatively high
owing to tensile stress in the study area. Therefore, in the future,
more attention should be paid to sudden decreases in water radon
concentrations, as these are more likely to be potential earthquake
precursor anomalies.

CONCLUSIONS

Based on 26 years of continuous monitoring, water radon
concentrations in the Panjin observation well show clear
precursory responses prior to 4.8 ≤ M ≤ 7 earthquakes within

a distance of 300 km, suggesting that water radon in the Panjing
observation well is sensitive to crustal strain within a radius of
300 km. The characteristics of the precursory response are related
to the stress state, but have no relationship with the epicentral
distance. Under a state of compressive stress, the observation well
undergoes three stages (elastic deformation, brittle deformation,
and rock failure), with water radon concentrations increasing
before earthquakes (e.g., the 1999 and 2000 Xiuyan earthquakes).
Under a tensile stress state, the observation well experiences three
stages before earthquakes (buildup of elastic strain, development
of cracks, and influx of ground water). Precursory water radon
anomalies manifest as V-shaped changes in radon monitoring,
such as those that occurred in 2012–2013. Changes in ion
concentrations also reflected the stress change processes before
both groups of earthquakes. GPS main strain rate fields and area
strain rate fields suggest that the reason for the change in stress
states, and as such the change in water radon precursory
characteristics, is the continuing influence of the 2011 Great
TohokuM 9.1 earthquake, particularly in terms of regional post-
seismic relaxation. Isotopic compositions show that the present
relatively high water radon concentration is not an earthquake
precursor. In the near future (∼50–100 years), pre-seismic
anomalies in the Panjin observation well will probably
continue to manifest as V-shaped changes in water radon
concentration.
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