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We analyzed themajor chemical components, hydrogen (δD) and oxygen isotopes
(δ18O), and tritium activity in groundwater from Jiujiang well number 2 (JJ2) as well
as atmospheric precipitation and water from the Maweishui spring and
Tianhuajing reservoir in the Mt. Lushan region, Eastern China. The results show
that the water in JJ2 is of the HCO3-Ca·Mg type, with ionic components mainly
arising from calcite and dolomite mineral dissolution. According to the δD and
δ18O data, the groundwater of JJ2 mainly comes from atmospheric precipitation,
and the recharge elevation is 554 m. Results for tritium activity indicate that JJ2 is
fed by both an ancient water supply and a new water supply within a period of
10 years. These results demonstrate that JJ2 has characteristics of both shallow
and deep circulating water, which implies that aquifers involving two different
recharge sources rise to the well surface via different circulation paths. That is
exactly why JJ2 is tectonically sensitive and could display a remarkable gas radon
anomaly before the Ruichang-YangxinML 5.0 earthquake in 2011. Our results also
indicate that ascertaining the hydrological characteristics and cycling process of
groundwater are crucial for understanding the earthquake anomalies and judging
whether a seismic groundwater monitoring well is reliable or not.
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1 Introduction

Underground fluid is proved to be an important carrier for transmitting information of
geological evolution within the Earth and thus its geochemical characteristics and genesis are
widely studied (Zhang, 1992; Che et al., 1998; Du and Kang, 2000; Liu, 2006; Li et al., 2022;
2023). Detailed researches involving the relationship between groundwater and surface
runoff (Grasby et al., 1999; Su et al., 2009; Gu et al., 2017), the circulation process and water-
rock interactions (He and Singh, 2019; Hosono and Masaki, 2020; Hosono et al., 2019;
Nakagawa et al., 2020; Shi et al., 2020; Barberio et al., 2017; Skelton et al., 2014; Barberioet al.,
2017; Zhou et al., 2020; Chen et al., 2015; Li et al., 2021; Martinelli and Dadomo, 2017;
Skelton et al., 2019; Li et al., 2017; Bao et al., 2019; Du and Liu, 2003; Sun et al., 2016; Zhou
et al., 2022; Tian et al., 2021; Song et al., 2006), the changes of chemical compositions before
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and after earthquakes (Tsunogai and Wakita, 1995; Claesson et al.,
2004; Reddy and Nagabhushanam, 2011; Reddy et al., 2011; He and
Singh, 2019; Hosono and Masaki, 2020; Hosono et al., 2019;
Nakagawa et al., 2020; Shi et al., 2020; Barberio et al., 2017;
Skelton et al., 2014; Barberioet al., 2017; Zhou et al., 2020; Chen
et al., 2015; Zhao et al., 2023), and the earthquake anomaly
verification (Liu and Ren, 2009; Zhang et al., 2014; Zhang et al.,
2016; Zhou et al., 2021). All these studies demonstrated that making
clear the origin and forming process of underground fluid is the
prerequisite for identifying earthquake precursors (Li et al., 2022;
2023).

Ruichang-Yangxin ML 5.0 earthquake, occurred on
10 September 2011, is one of the large earthquakes occurred in
the central and eastern regions of China in recent years. About
1 month before the earthquake, radon in groundwater from
Jiujiang well number 2 (herein after JJ2) increased rapidly,
showing a remarkably high value anomaly. The reason that
JJ2 can exhibit such anomaly could be the fact that JJ2 is a cold
spring located on the fault zone with a moderate groundwater age
as there is a hypothesis that neither young and old groundwater
can reflect the change of the geochemical environment in the crust
effectively while groundwater with moderate age is more able to
show relatively complete abnormal forms before earthquakes (Pan
and Gao, 2001). But to better understand the cause of this radon
anomaly, more detailed works need to be done on the groundwater
characteristics in the JJ2. Therefore, this paper attempts to give a
reasonable explanation to the seismic hydrogeochemical
characteristics of the well and the causes of the pre-earthquake
anomaly of gas radon through the analysis results of
hydrochemical composition, hydrogen and oxygen isotopes and
well water dating. This would provide a scientific basis for further
understanding the recharge cycle and anomaly formation in
shallow wells on the fault zone and exploring the formation
mechanism of gas radon anomaly in areas with few earthquakes

and weak earthquakes and its response relationship with regional
tectonic activities.

2 Geological setting

The JJ2 is a typical well at the Jiujiang Seismic Monitoring
Centre station (JJS) (29.65°N, 115.33°E, 110 m) which is located in
the northwestern side of Lushan Mount (Mt Lushan) in the north of
Jiangxi province and tectonically belongs to the junction zone of
Yangtze block (Jiangnan ancient land) and Dabie Mountain block
(Lv et al., 2008). The climate here is subtropical monsoon, with
annual average temperature of 16.7°C and average annual
precipitation of 1,300 mm. Active faults are well developed in the

FIGURE 1
(A) Structural geological map of the study area. (B) Schematic diagram of well structure and aquifers of JJ2. (C) Location of the study area.

FIGURE 2
Time-series map of earthquakes above ML 2.0 within 150 km of
the Jiujiang seismic station.
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area including the NE-trending Tanlu Fault, the NW-trending
Xiangfan-Guangji Fault, and the NEE trending Xiajia-Weijialing
Fault (Figure 1). The Xiajia-Weijialing fault near the JJ2 is a left
strike-slip fault on the edge of the northwestern margin of Lushan
Mountain. The fault extends for about 8 km wide and about 11.5 km
long, with a general tendency 320°–330° and an inclination of
60~70°. The study area is seismically active, within which three
earthquakes with magnitude above 3.0 have occurred since 2005,
including the Jiujiang-Ruichang ML 5.7 earthquake in 2005, the
Ruichang-Yangxin ML 5.0 earthquake in 2011, and the Jiujiang ML

3.7 earthquake in 2015 (Figure 2).
JJ2 is a structurally confined artesian well started running since

2008. The well has the depth of 71 m and the casing of 11.9 m. From
the surface to 6.2 m, it is composed of loam and gravel of Lianwei
Formation of Quaternary; 6.2–11.9 m is composed of strongly
weathered carbonaceous limestone of Piyuancun Formation of
Sinian; and 11.9–71 m is composed of Lower Proterozoic
carbonaceous limestone (Figure 1). The well has two aquifers at
17–22.5 m and 55–63.5 m respectively, and the current daily
discharge is approximately 300 tons. There is a reservoir about
1 km away and a river about 50 m away which comes from the
Maweishui (MWS) spring in the Mt Lushan.

3 Sampling and analyzing methods

Atmospheric precipitations from the courtyard of JSS (JIJ),
Guomiansichang (GMS), Xingang (XG), and Lushan
Meteorological Bureau (LMB) were collected for δD and δ18O
analysis. Water samples from the JJ2, MWS spring, and
Tianhuajing reservoir (THJ) were collected for δD, δ18O and
chemical analysis. The sampling bottle was high density
polyethylene (HDPE) screw cap bottle with a thin neck. In order
to avoid contamination of samples, sampling bottle was cleaned with
deionized water before collecting samples, and then with the
collected water sample for three times. By overflow method, the
bottle was capped immediately after filling, and the mouth wrapped
with parafilm. Two samples were collected at each sampling point. A
total of 239 effective water samples were obtained, of which 198 were
obtained from atmospheric precipitation, and 41 from JJ2, THJ
reservoir and MWS spring water. The collection method was to
connect a sampling bottle under the rain gauge. In order to prevent
sundries from entering the sampling bottle, a ping-pong ball was
placed in the rain gauge. Effective precipitation with long rainfall
duration was used for test and analysis. Water samples from JJ2,
which was used for hydrogen and oxygen isotope testing, were
collected once every 2 weeks, and water samples from four different
seasons were selected for hydrochemical composition analysis. The
water from THJ reservoir and MWS spring were collected once for
hydrogen and oxygen isotope and water chemical composition
analysis. All samples were filtered through a 0.22 μm membrane
before measurement.

Water temperature, pH value, and total dissolved solids (TDS)
were recorded in the sampling point, and each parameter was
measured thrice continuously and averaged. The hydrochemical
components and hydrogen and oxygen isotope analysis of the
samples were completed in the Key Laboratory of Crustal
Dynamics (Underground Fluid Dynamics Laboratory Unit) of TA
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China Earthquake Administration, where major element analysis
equipment used was ICS-2100 ion chromatograph (flow
accuracy <0.1%). Oxygen isotope analysis equipment used was
Picarro liquid water isotope analyzer (L2130-i type, United States
of America), and the results of stable isotopes of hydrogen and
oxygen were expressed in thousandths difference relative to Vienna
standard mean marine water (VSMOW):

δ � Rsample( −Rs tan dard)/Rs tan dard × 1000 (1)

Here, Rsample represents the ratio of
18O/16O (D/H) in the samples;

Rstandard represents the ratio of 18O/16O (D/H) in VSMOW. The
accuracy of the tests conducted was determined to be δ18O < 0.05‰
and δD < 0.5‰. The tritium isotope radioactivity of the samples was

tested at the Institute of Hydrogeology and Environmental
Geology, Chinese Academy of Geological Sciences, using a
Quantulus-1220 ultra-low background liquid scintillation
spectrometer. Liquid scintillation counting was employed as the
analytical method.

SD-3A Intelligent Digital Radon Meter operates based on the
flashing light method. When radon gas enters the scintillation
chamber, the α particles emitted from the decay of radon and its
progeny cause the “fluorescent body” on the wall of the sampler in
the scintillation chamber, which is made of ZnS (Ag), to emit weak
flashes of light. The photomultiplier inside the instrument then
detects and converts these flashes of light into electrical impulses.
These electrical impulses are further amplified by the electronic
circuits, and finally, the processor records the corresponding
electrical impulse signals. Subsequently, the processor calculates
the radon content (concentration) in the measured gas (or soil)
using the principle of pulse count rate, which is determined by the
number of electric pulses recorded per unit time.

4 Results

4.1 Hydrochemical characteristics

The main analytical phases of hydrochemistry in the study area (pH,
TDS, Ca2+, Mg2+, Na+, K+, F−, Cl−, SO4

2−, and HCO3
−) are shown in

Table 1. Generally, the pH values of groundwater and surface water were
weakly alkaline, while that of MWS Spring was acidic. The TDS of
JJ2 water, THJ water, and MWS water were 247.07~258.15mg/L,
46.80mg/L, and 42.90mg/L respectively. The TDS of groundwater was
higher than that of surface water. As can be seen in Piper’s three-line
diagram, themain positive ions includeCa2+,Mg2+, andNa+, and themain
negative ions are HCO3

− and Cl−. In the piper chart, the water samples are
mainly distributed in three zones (Figure 3). Among them, the water
samples on the first zone (JJ2 andTHJ) belongs to theHCO3−Ca·Mg type.

FIGURE 3
Piper diagram of chemical macronutrients.

FIGURE 4
Distribution chart of δD and δ18O in the water sample.

FIGURE 5
Na-K-Mg diagram and partial enlargement of water sample.
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Atmospheric precipitations (JIJ and GMS) in the second zone belongs to
the Cl−Na type. Other water samples are located in the third zone of the
piper diamond graph that belong to the HCO3−Na type.

4.2 Characteristics of hydrogen and oxygen
isotope composition

The measured values of hydrogen isotope (δD) and oxygen
isotope isotopic composition (δ18O) in JJ2 was −43.87‰~-39.69‰
and −7.42‰~-6.09‰, respectively. The mean values of δ18O and δD
for the JJ2 are −6.99‰ and −42.55‰ respectively. The measured
value of δD and δ18O in atmospheric precipitation was −126.77‰
~22.11‰ and-15.97‰~0.48‰, respectively. The mean values of
δ18O and δD for the atmospheric precipitation are −7.67‰

and −48.68‰ respectively. According to the measured values of
hydrogen and oxygen isotopes of atmospheric precipitation, the
local atmospheric precipitation line was: δD=8.6 δ18O+18.8 (r=0.97,
n= 198), and the slope and intercept were roughly the same as those
in Nanjing (Wang et al., 2013; Liu et al., 2014). According to the δD
and δ18O of groundwater in JJ2, the evaporation line of groundwater
at JJS was fitted as: δD= 3.0 δ18O-21.9 (r=0.86, n=34). Moreover, it
could be observed that δD and δ18O of the JJ2 water are mainly
distributed near the meteoric water line (Figure 4). Compared with
the local precipitation line and the global atmospheric precipitation
line, the slope and intercept of the fitted evaporation line were
obviously smaller, which indicates that the whole water belongs to
the atmospheric genetic type and experienced certain evaporation
before the atmospheric precipitation is replenished (Craig, 1961;
Giggenbach, 1992).

FIGURE 6
(A) Relationships between Na+ +K+ and Cl− of JJ2. (B) Relationships between Ca2+ and HCO3

− of JJ2. (C) Relationships between Mg2+ +Ca2+ and
HCO3

− of JJ2. (D) Relationships between Ca2+ and Mg2+of JJ2. (E) Relationships between Ca2+ and SO4
2−of JJ2.
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4.3 Gas radon concentrations

The intelligent digital radon-detectors (SD-3A) samples once
every hour. This paper provides the observed gas radon data time
series from January to December 2011 (Figure 9C). It can be seen
that the normal background values are varying in range of 0.3 Bq/L
to 2.0 Bq/L. However, the value began to rise rapidly since 12th of
August 2011 and reach a maximum value of 28.5Bq/L on 30th of
August. After that, the value began to decline. During the process,
the Ruichang-YangxinML5.0 earthquake occurred on 11 September,
which is about 27 km away from the JJ2.

5 Discussion

5.1 Groundwater circulation depth

Groundwater geochemical evolution is mainly controlled by various
chemical reactions between water and rock, and identifying these
reactions is the basis of groundwater geochemical evolution research
(Giggenbach, 1988). In this paper, Na-K-Mg triangle graphic method is
utilized to analyze the chemical equilibrium reaction characteristics and
cycle depth of groundwater components. The Na–K–Mg triangular plot
(Figure 5) shows the sample of JJ2 and THJ are in immature water zone,
indicating that they are not fully equilibrated with the reservoir rocks.
The sample of MWS plot in the partial equilibrated water zone, which
show that part of water-rock interaction had reached equilibrium, the
circulating depth of underground water was deep.

Cation geothermometers can be used to estimate approximate
reservoir temperatures. In this study, the Na-K-Mg triangulation
based on Na-K and K-Mg geothermometers were used to assess the
thermal storage temperature of underground water samples.
According to the temperature marking in Figure 5, the reservoir
temperatures of groundwater in JJ2 was about 60~80 °C, and the
MWS sample was about 160°C.

According to the reservoir temperature, the circulated depth
calculation formula shown as follows is adopted

Z � Z0 + T − T0( )/Tgrad (2)

Here, Z represents the circulation depth (km); Z0 represents the
depth of the constant temperature zone (km); T represents the
reservoir temperature (°C); T0 represents the temperature of the
constant temperature zone (°C), namely, the local average
temperature; Tgrad represents the geothermal gradient (°C/km)
reflecting the geothermal change per kilometer of the place below
the constant temperature zone (Xiong et al., 1990). Based on the
previous studies on groundwater in the study area, we selected the
geothermal gradient Tgrad of 21.3°C/km (Wang et al., 2023a), the
annual mean temperature T0 in the Jiujiang is 17.5°C, and the Z0 is
20 m. The circulation depth of the JJ2 and MWS are about
2015~2,954 m and 6710 m respectively, which implies that the
circulating path of groundwater in MWS spring was different
from that in JJ2. The circulation depth and the reservoir
temperature of the JJ2 and MWS are positive-related. Cool
waters are likely involved during the long circulation pathways
between the reservoir and the spring vent.

5.2 Recharge elevation

The linear regression between different elevations and their
hydrogen and oxygen isotope ratios could fit the elevation gradient
of oxygen isotopes in the study area. When studying the groundwater
recharge elevation, “isotope elevation gradient” can be used in a local
area. According to previous research results (Ou et al., 2011), the
elevation gradient of δ18O and δD in Lushan area is 0.188‰/100 m
and 0.0138‰/100 m respectively. The recharge elevation of
groundwater in the study area can be estimated by using the
elevation gradient value, and its calculation formula is as follows:

H � δG − δP( )
K

+h (3)

Here, H represents the recharge elevation (m), h represents the
sampling point elevation (m); δG represents the isotopic
composition of underground water (‰), δP represents the
atmospheric precipitation near the sampling point (‰); K
represents the isotopic altitude gradient (‰/100 m). Considering
the probably oxygen drift caused by water-carbonate rock
interaction (Pang et al., 2017), KδD = 0.0138‰/100 m was used
in this study. So, the calculated recharge elevation calculated is
554 m.

5.3 Groundwater age

Tritium is a radioactive isotope of hydrogen, with a half-life of
12.43 a (Lucas and Unterweger, 2000), which can be subdivided into
natural tritium and artificial tritium according to its origin. Natural
tritiummainly comes from cosmic rays, and artificial tritiummainly
comes from human activities such as nuclear experiments. Tritium
is released during the month of precipitation, surface water, and
groundwater, and is not easy to react with environmental media
along with hydrogeological and other processes for life, but only
follows the radioactive law, with the change being quite independent
(Wang, 1991). Based on the inherent characteristics of tritium, it

FIGURE 7
Scherer diagrams shows the characteristics of constant
components.
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tends to estimate the age of groundwater and discriminate the source
of recharge. The tritium content in the natural state is very low
(<0.5). According to previous studies (Gu, 2011), when the activity is
less than 1.0 Tritium Unit (TU), the old water was replenished
before 1953, 1~3 TU, old water mixed with new water for nearly
10 years. According to recent study, the tritium activity of JJ2 is 1.6 ±
0.6TU (Bao et al., 2022), which indicated that the JJ2 has both old
water supply and nearly 10 years new water supply, the groundwater
was of moderate age and had the conditions to reflect the dynamic
changes of medium and environment in the fault zone (Zhang et al.,
2019). It also implied that the two aquifers in JJ2 have different
circulation paths and recharge sources.

5.4 Petrographic compositions involved in
dissolution and hydraulic relationship

The ratio of ion molar concentrations in groundwater is often
used to discriminate the source of dissolved ionic minerals in the
water samples (Su et al., 2022). γCl/γNa+K ratios of most waters

fall below 1:1 ratio line (Figure 6A), implying that cation exchange
and weathering of silicates (NaAlSi3O8+8H2O→Na++Al(OH)4
+3H4SiO4) may be significant processes along the JJ2 (Xiao
et al., 2022; Wang et al., 2023b). As shown in Figures 6B, C,
γHCO3/γCa in the waters of JJ2 fall in the zone between lines 1:
1 and 1:2, and the ratio of γHCO3/γMg+Ca in all waters of
JJ2 mostly fall along the line 1:1, combined with the chemical
types of HCO3-Ca·Mg in JJ2, suggesting that the dissolution of
calcite and dolomite are relevant to the lixiviation of carbonate.
This phenomenon is also consistent with the lithological
characteristics of the strata around JJ2. As shown in Figure 1, the
stratigraphic lithology around the aquifer of JJ2 consists of
carbonaceous greywacke, siliceous greywacke and sandstone,
constituted mainly by calcites, dolomites, quartz, feldspars and
clay minerals. So, Ca2+ and Mg2+ mainly originate from the
dissolution of carbonates (calcites and dolomites), as well as some
silicate minerals such as feldspars, which is further evidenced
by the results in Figure 6D where the JJ2 samples fall mainly in
the calcite dissolution zone, and occasionally in the dolomite
dissolution zone.

FIGURE 8
(A) Schematic diagram of the observation well. (B) The source of escaping gas radon.
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Scherer diagram can intuitively reflect the chemical
characteristics of different water bodies. It is generally
believed that waters with strong morphological consistency
may have similar sources and circulation processes.
Therefore, Scherer diagrams are often used to distinguish the
hydraulic relationships of different water bodies. (Craig, 1961;
Zhang et al., 2019). As shown in Figure 7, it can be found that the
ion sources of MWS and THJ are more complex compared to JJ2,
in which MWS mainly includes calcite, dolomite, silicate and
gypsum, while THJ mainly include calcite, dolomite, silicate,
gypsum and Halite. The ion content curves of MWS and JJ2 are
significantly different from each other, suggesting that they are
not hydraulically connected. In the piper diagrams (Figure 3),
the water of JJ2 and MWS belong to different water chemistry
types, which further implies that they have different origins.
Although the hydrochemistry types of JJ2 and THJ are the same,
the morphology of their ion content curves are still very

different, so it is discriminate that they are weakly
hydraulically connected to each other. This is similar to the
results reflected in Figure 6.

5.5 Response of observation well to seismic
activity

The evolution of d excess of groundwater is mainly controlled
by surrounding rocks, oxygen-bearing components, lithology
and aquifer sealing conditions, water retention time, and
physical and chemical properties of water. The d value of
JJ2 was 9.03~15.93, with the mean value of 13.40, which
belongs to modern circulating leaching water (Bao et al.,
2021). This is consistent with the fact that JJ2 samples are
located in the immature area of the Na-K-Mg block, and have
a shallow recharging elevation. That is to say, JJ2’s aquifer cycle

FIGURE 9
(A) Time series diagram of water temperature from JJ2. (B) Time series diagram of water level from JJ2. (C) Time series diagram of gas radon
concentration from JJ2.
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recharge faster and do not react adequately with the surrounding
rocks. The δD and δ18O compositions indicates that the source of
water in JJ2 is of the atmospheric precipitation genesis type, so
the main recharge source of water in the aquifer in JJ2 is the
atmospheric precipitation via infiltration through the rock
fissures (Figure 8C). However, some deep-derived fluids may
also get involved as evidenced by the results of the tritium activity
analysis.

Radon, as an earthquake-sensitive component of subsurface
fluids, is one of the longest observed and most widely used
monitoring items in the field of earthquake forecasting.
Abundant studies have proved that there are significant Rn
anomalies before the occurrence of earthquakes (Igarashi et al.,
1995; Sugisaki et al., 1996; Liu and Ren, 2009; Muto et al., 2021). One
month before the Ruichang-Yangxin ML 5.0 earthquake (<50 km),
escaping radon in JJ2 showed significant high value anomalies
(Figure 9C). Based on the results above, we think that there are
two reasons resulting such sensitive response. Firstly, the JJ2 is
located right on the fault, so its aquifer is connected well to the fault
fracture zone which provides abundant pathways for circulation of
substances in the underground fluid in the preparation process of
earthquakes (Figure 8A); Secondly, the JJ2 is fed by moderate aged
water, which can promptly reflect the changes in the geochemical
environment within the earth’s crust and show a more complete
pattern of anomaly before the earthquake. In addition, the water
level and water temperature measurements in the observation wells
did not observe obvious precursor anomalies before the earthquakes
(Figures 9A, B), indicating that the hydrophysical observations were
not sensitive or the sensitivity of the instruments was not enough to
capture the significant anomalies.

6 Conclusion

In this study, the water samples from the JJ2 well, THJ reservoir,
MWS spring, and local atmospheric precipitations were collected
and analyzed, based on which responding mechanism of water in
JJ2 to tectonic activities were discussed. Main conclusions were
obtained as follows:

(1) The water type of the JJ2 and THJ is HCO3-Ca-Mg type, and of
MWS spring is HCO3-Na type. The JJ2 water experienced weak
water-rock interactions and belongs to the immature water, with
the circulating depth of 2015~2,954 m. MWS spring water
experienced relative more intense water-rock interactions and
is close to the partially equilibrated water, having the circulating
depth about 6710 m. In addition, the waters from the JJ2, MWS
spring, and THJ reservoir are not hydraulically connected.

(2) The JJ2 water is mainly a modern leaching water of atmospheric
origin, with recharge elevation of about 554 m, and partially
exchanged with fluids from deep parts of the fault.

(3) Due to the JJ2 is located right on the fault and has characteristics
of both shallow and deep circulating water, JJ2 water can
respond to regional tectonic activities sensitively as evidenced
by the Radon anomaly before the Ruichang-Yangxin ML

5.0 earthquake in 2011.
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