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Lvqing Xu1, Kongyan Han1, Bowen Cui1, Hongyan Dong1 and
Yonggang Zhou3

1Beijing Earthquake Agency, Beijing, China, 2China Earthquake Networks Center, Beijing, China, 3The
Bureau of seismology of Yanqing District of Beijing, Beijing, China

Hydrological changes in groundwater coupled with earthquakes had been
documented in previous studies by global researchers. Although few reports
investigate multiple geochemical parameters that respond to earthquakes, trace
elements received less attention, whereas they were suggested to be more
sensitive tosmall earthquakes than thecommonlyusedgeochemicalparameters.
Beijingis locatedintheZhangjiakou-Bohai(Zhang-Bo)seismicbeltofNorthChina,
and although the occurrence of small earthquakes is frequent, the great historic
earthquake in the Sanhe-Pinggu area M8 in 1679 in the adjoining southeast of
Beijing gained widespread public attention. To find effective precursors that are
significant for operational earthquake forecasting of the Beijing area, we carried
out a one year test research project through weekly collection of groundwater
samples during June 2021 to June 2022 from the seismic monitoring well of
Wuliying in northwest Beijing. The 41 trace elements chemical compositions
were analyzed for each sample. During the project ongoing period, the biggest
earthquake with a magnitude of ML3.3 occurred in the Chaoyang District of
Beijing on 3 February 2022. The content changes in these trace elements were
systematicallymonitored before and after the earthquake. Through retrospective
research, it was found that a few sensitive trace elements were anomalous to be
coupledtotheearthquake, includingLi,Sc,Rb,Mo,Cs,Ba,W,U,Sr,Mn,Ni,andZn.In
addition to trace elements,we examined stable isotopes of hydrogen andoxygen
and theexistinghydrological dataongroundwater level, temperature,major ions,
and gases to assess the validity of geochemistry as a monitoring and predictive
tool. We only found that F- (fluorine) ions and He (helium) gas had apparent
shifts related to the earthquakes, while no shifts in the groundwater level were
observed. Such characteristics of multiple geochemical parameters indicate that
traceelementsare likelytobemoresensitivetocrustalstrainthanthegroundwater
level and major ions. We assumed a most likely mechanism of the combination
ofmixing andwater–rock interactions to explain the phenomenon. Theprobable
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scenario was that minor stresses caused by the earthquakesmight createmicro-
cracks in bedrocks, thereby leading to a small volume of chemically distinct
water mixing with the original water of the aquifer, and finally, the earthquake-
induced rock fractures enhance the water–rock interactions, resulting in the
post-seismic recovery of trace elements and δ18O value migration to the GWML.
Moretestingworkstofindothersensitivesites to investigatemultiplegeochemical
characteristics aiming at long-term to short-term earthquake prediction in the
Beijing area and Zhang-Bo seismic belt are in progress.

KEYWORDS

Zhang-Bo (Zhangjiakou-Bohai) seismic belt, earthquake precursor, trace elements,
hydrogen and oxygen stable isotopes, gases

1 Introduction

As part of the earthquake precursor detection program,
changes in groundwater levels, temperatures, and chemical
parameters related to earthquakes have been documented for
decades (Toutain et al., 1997; Roeloffs, 1998; Montgomery and
Manga, 2003; Wang and Manga, 2010; Skelton et al., 2014;
Manga and Wang, 2015; De Luca et al., 2018; Martinelli, 2020).
Because of the feasibility of using automated monitoring systems,
earthquake-related changes in water levels, temperatures, and radon
concentrations are the most commonly reported responses (King,
1981; Kitagawa et al., 1996; Manga and Wang, 2015; Martinelli,
2020). These monitoring methods of groundwater also play key
roles for precursor detection in China, and a nationwide network of
monitoring wells located along strain-sensitive locations has been
constructed for this purpose.

Comparisons with conventional hydrological parameters such
as water level and temperatures, geochemical changes induced by
earthquakes have become increasingly important (Martinelli, 2020;
Claesson et al., 2004) because geochemical changes are considered
to be sensitive to crustal stress and beneficial for earthquake
prediction (Thomas, 1988; Wakita, 1996; Poitrasson et al., 1999;
Manga and Wang, 2015; Martinelli and Dadomo, 2017; Shi et al.,
2020; Kopylova et al., 2022; Chen and Liu, 2023). For example,
based in part on hundreds of hydrological anomalies including
geochemical changes, an imminent prediction was made before
the 1975 M7.3 Haicheng earthquake in China (Wang et al., 2006).
Following the 1995 M7.2 Kobe earthquake, several papers reported
precursory changes in the concentrations of radon, chlorine, and
sulfate ions in the groundwater (Tsunogai and Wakita, 1995;
Igarashi et al., 1995). Claesson et al. (2004) observed simultaneous
changes in trace elements, major elements, and isotope before and
after major earthquakes. Skelton et al. (2019) found pre-seismic
changes in five parameters (Na, Si, K, δ18O, and δ2H) before three
earthquakes and the post-seismic changes in eight parameters (Ca,
Na, Si, Cl, F, SO4, δ18O, and δ2H).

Among these geochemical parameters, trace elements were
thought to be more sensitive to earthquakes. For example,
Rosen et al. (2018) showed that trace elements (Al, Cu, Pb, Mn,
and Sr) exhibited post-seismic peak changes in four hot springs
but noted only small changes for the major ions. Barberio et al.
(2017) documented another study on changes in trace elements

(As, Fe, V, and Cr) that were associated with the seismic sequence,
but the study showed no changes for the major ions (K, Na,
Ca, Mg, and Cl). Shi et al. (2020) showed that trace element
concentrations had significant decreases in response to the Tonghai
earthquake but no significant changes in major ions and hydrogen
and oxygen isotope concentrations. However, trace element changes
induced by earthquakes have been documented relatively rarely
(Martinelli, 2020; Claesson et al., 2004) because manual sampling
and expensive and time-consuming laboratory analyses are required
(Wang and Manga, 2010; Shi et al., 2020). Another problem is to
understand which geochemical elements would be good candidates
for monitoring and prediction. For this purpose, Chen and Liu
(2023) continuously collected water samples for a whole year and
found that Li, Sc, Ti, Pb, Cu, Nb, Th, Zn, Tl, U, and REEs responded
to small earthquakes in Beijing, China.

Overall, most documented studies have used the major
elements or single species geochemical indicators, and they
respectively examined the major elements (Tsunogai and Wakita,
1995; Toutain et al., 1997; Kingsley et al., 2001; Woith et al., 2013),
hydrogen and oxygen isotopes (Taran et al., 2005; Skelton et al.,
2014), and trace elements (Chen and Liu, 2023) related to
earthquakes. Few reports investigate the characteristics of multiple
geochemical parameters’ response to earthquakes.

In this paper, we continuously collected water samples of
the Wuliying well and analyzed multiple geochemical parameters
including trace elements and hydrogen and oxygen isotopes,
combining existing data on the groundwater level, temperature,
major ions, and gases, to examine comprehensive hydrological
changes related to earthquakes, discuss the possible mechanisms,
and assess the sensitivity and validity of multi-geochemistry as a
predictive tool in the future.

2 Background of geological settings

2.1 Faults and earthquakes in and around
Beijing

Beijing is the capital of China with a large population, and
it is located in the intersection of the North China Plain and
the Zhang-Bo (Zhangjiakou-Bohai) seismic belt. North China has
experienced strong earthquakes frequently over the last few decades
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(Chen and Liu, 2023), such as the Xingtai M7.2 earthquake in
1966, Bohai M7.4 earthquake in 1969, Haicheng M7.3 earthquake
in 1975, Tangshan M7.8 earthquake in 1976, and Zhangbei M6.2
earthquake in 1998.The Zhang-Bo seismic belt is a group of NW–W
orderly active fault zones, which starts from the northern margin
of Taihang Mountain in the west and enters the Bohai Sea in
the east. It is an important NW seismic activity zone with high
seismic activity in North China (Yang et al., 2022). Hence, there is
potential risk and danger of damaging earthquakes at Beijing in the
following years.

Beijing also developed regional active faults, mainly including
the NW orderly Nankou-Sunhe fault zone and two groups of NE
orderly active fault zones named the Huangzhuang-Gaoliying fault
zone and Shunyi-Liangxiang fault zone (Figure 1). All earthquakes
occur along these fault zones or where they intersect (Figure 1), and
almost all of these earthquakes were less than M3. Therefore, it is
of great scientific and practical significance for small earthquakes
monitoring and prediction in the Beijing area.

To better monitor the seismic activity in the capital area,
the Chinese Earthquake Administration (CEA) started to deploy
the Beijing metropolitan digital Seismic Network (BSN) in the
late 90s. Currently, the network consists of broadband, borehole,
and surface short-period stations that cover Beijing and the
surrounding areas densely and uniformly (Jiang et al., 2008; Li and
Huang, 2014). Since 2001, 107 stations have been installed in the
Chinese capital region, which is the most advanced and densest
digital seismic network in Mainland China. A large number of
high quality waveforms have been recorded, which provides an
opportunity to improve the location accuracy of small earthquakes
in the region (Jiang et al., 2008).

Beijing hosted the 2022 Winter Olympic Games from February
4 to 20. For security purpose, continuous monitoring of possible
earthquake areas had been strengthened, which provided an
opportunity to investigate trace element variation during this time.
There were approximately 400 earthquakes that were recorded
in Beijing during the study period (Figure 1A), and only 22
of them were above M1.0. On 3 February 2022, one of the
biggest earthquakes with a magnitude of ML3.3 occurred in
the Chaoyang District of Beijing (Figure 1). Furthermore, there
were 10 earthquakes above M1.5 that occurred densely during
January to March 2022 (Figure 1B), but spatial distribution
of these earthquakes was not clustered and spread along the
NW orderly Nankou-Sunhe fault and NE orderly Huangzhuang-
Gaoliying fault (Figure 1).

2.2 Hydrogeological condition of the
Wuliying well and the monitoring
techniques

The Wuliying well is located in the north of Wuliying village,
Yanqing District, Beijing. The well is 2 km west of the Yanqing
seismic monitoring station and has an epicentral distance of
∼65 km from the Chaoyang earthquake (Figure 1). Geologically, the
Wuliyingwell is located in theYan-Huai (Yanqing-Huailai) sediment
basin, where lies in the junction area of Yanshan Mountain and
Zhang-Bo seismic belt.The northernmarginal fault zone of the Yan-

Huai Basin is 3 km northwest of the well, and pressure faults have
developed around the well area, so the structural site of the well is
sensitive to stress changes.

The Wuliying well was drilled in 1984 with a depth of 533 m,
and the lithology consists of Quaternary sediment thickness of
330 m, including clay, sand, and gravel. Below the sediment are
Jurassic basalt, then Sinian (Precambrian) limestone, and dolostone
(Figure 2). The wellbore is open to Sinian dolostone from 505 m
to the bottom of the well, and the only water inlet is at carbonate
conditions, including dolomite and calcite. The well is a flowing
artesian geothermalwell with a flow rate 2.5 L/s, temperature 33.4°C,
pH 7.3, and the water type is HCO3–Na (Chen, 2023).

The Wuliying seismic monitoring well in Yanqing district,
Beijing has established continuous and long-term monitoring
systems on comprehensive hydrological parameters, includingwater
level, temperature, Hg (mercury), Rn (radon), major ions, and
gases (dissolved and degassing gases from water). Comprehensive
monitoring methods have been measured daily in the Wuliying well
for decades, including the water level, deep water temperature, four
major ions (F−, Cl−, SO4

−, and NO3
−), five dissolved gases in water

(Hg, H2, He, N2, and CH4), and three degassing gases (Hg (gas),
Rn (gas), and H2 (gas)) (sample gathering device in Figure 2). The
sufficient data provided an important foundation for earthquake
monitoring and prediction in Beijing. In this research, we compare
the seismic sensitivity of trace elements to all geochemical
parameters already available of the Wuliying wells. Hence, the
Wuliying well provided an opportunity to investigate multiple
parameter variations coupled to earthquakes.

In addition, the Songshan hot spring is ∼10 km from the
Wuliying well. The spring is an artesian geothermal type, and
the water comes from the granite rock body of Dahaituo
Mountain that is also near the northern marginal fault of the
Yan-Huai Basin (Figure 1). Investigation of trace elements in the
Songshan spring had been first documented in detail by Chen
and Liu, 2023.

3 Methodology

3.1 Data collection

The groundwater level and deep water temperature observation
of the Wuliying well are usually recorded at 1 minute interval by an
SWY-2 and SZW-2 digital instrument, respectively.The instruments
were developed and produced by the Institute of Crustal Dynamics,
China Earthquake Administration. The water-level sensor has a
range of 0–50 m, resolution of 1 mm, sampling interval of 1 s,
precision of 0.02 percent, and accuracy of 0.05 percent (Chen, 2023).

Daily geochemical observations are conducted by the staff
working at Yanqing monitoring station every day, including four
major anions (F−, Cl−, SO4

−, and NO3
−), five dissolved gases

in water (Hg, H2, He, N2, and CH4), and three degassing gases
(Hg (gas), Rn (gas), and H2 (gas)). Major anions were analyzed
by ion chromatography (CIC-200), dissolved gases in water were
analyzed by gas chromatography (SP-3400), dissolved Hg in water
was measured by mercury-measuring instruments (RG-BS) using
atomic absorption, Hg (gas) degassing from the well was measured
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FIGURE 1
Earthquake distribution (A) of the Beijing area from June 2021 to June 2022 and the time sequence of earthquakes (B) above M1.0
(modified from Chen and Liu, 2023). The biggest yellow circle is Chaoyang M2.7 (ML3.3) earthquake, and the blue triangle and green circle were
location of the Songshan hot spring and Wuliying monitoring well, respectively.

by a digital instrument (ATG-6138M), Rn (gas) was measured by
a digital instrument (BG 2015R), and H2 (gas) was measured by
a digital instrument (ATG-6118H).

In addition to the above measurements, we collected water
samples with relatively high sample rates for trace element analysis.
The sampling and analytical procedures were described by Chen
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FIGURE 2
Distribution of gas and water sample gathering devices of the Wuliying
well (A) and the lithology of the wellbore (B). The grid-like section in
(B) indicates the screen section in the well.

and Liu, 2023: water samples were collected in relatively high
and regular sample rates every 7–10 days, from June 2021 to June
2022, and a total of 61 water samples were collected during the
study period (almost 1 year). Each sample was stored in 200-
mL polyethylene bottles. All samples were sent monthly to the
Beijing Research Institute of Uranium Geology for 41 trace element
constituent analysis, including Li, Ti, Pb, Sc, Ni, Cu, Nb, Th, Zn,
Tl, U, Ga, Mo, Ba, Rb, Cs, Sr, Be, Mn, Cr, Co, Y, Bi, and rare
earth elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Y, Ho, Er,
Tm, Yb, and Lu) (Supplement.xls). Each sample was filtered with
0.45-μm membranes and then acidified with 2% nitric acid before
testing it on the machine (An ELEMENT XR mass spectrometer).
Measurements were repeated four times for each sample and then
averaged to get the results; relative standard deviation (RSD) of
each sample was better than 5%. The concentration units were
ug/L (ppb).

The stable isotopes of oxygen (δ18O) and deuterium (δ2H) were
also analyzed at the Beijing Research Institute of Uranium Geology
using a liquid-water isotope analyzer (MAT253) with an accuracy of
0.2‰ for δ18O and δD.

3.2 Statistical analyses

We used data smoothing methods including LOWESS,
rLOWESS, LOESS, and rLOESS (Chen and Liu, 2023).The LOWESS
(locally weighted scatterplot smoothing) means local regression
using weighted linear least squares and a first-degree polynomial
model. The rLOWESS means a robust version of LOWESS that
assigns lower weight to outliers in the regression. The LOESS means
local regression using weighted linear least squares and a second-
degree polynomialmodel. rLOESSmeans a robust version of LOESS.
Hydrological variations and anomalies were considered apparent
through smoothing.

We also calculate a Pearson correlation matrix (r values matrix)
of 41 trace elemental compositions, and the r-valueswere considered
statistically significant if p < 0.05. The significant r values can
quantitatively indicate the correlation between each element. The
correlationmatrixwas converted into a visual network byR program
to check geochemical elemental clustering and grouping. In the
network, each geochemical element is a node, and each correlation is
an edge, in which the width of the edges according to the magnitude
of the correlation and the placement of the nodes is a function
of the pattern of correlations (Epskamp et al., 2012). This means
that stronger correlations have shorter and wider edges and closer
placement of nodes (Chen and Liu, 2023).

4 Results

The results of all samples are listed in Supplement.xls. The
groundwater level in the Wuliying well continuously increased from
1.3 to 1.8 m during July 2021 to August 2022 (Figure 3A). The deep
water temperature in the Wuliying well also consecutively increased
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FIGURE 3
Water level and deep water temperature changes and precipitation during the study period (modified from Chen and Liu, 2023). The blue vertical line
shows the time of the Chaoyang ML3.3 earthquake.

from 33.0°C to 33.22°C during the study period (Figure 3B). The
changes in the water level and temperature have no relationship to
precipitation as there is only large amount of precipitation during
summer (from June to August every year) (Figure 3C). No abnormal
changes for the groundwater level and temperature were found
temporally related to earthquakes (Figure 3).

The trends of the major ions (F−, Cl−, SO4, and NO3
−) are

different (Figure 4). F- had an obvious decrease from 3.6 mg/L
to 2.9 mg/L (Figure 4) during October to December 2021 before
the Chaoyang earthquake and then had stable concentrations from
January to June 2022 during and after the earthquakes. Cl− was stable
for most of the year, but it declined rapidly in June 2022. SO4

− was

stable during the sampling period, and only someminor fluctuations
in the months before and after the earthquake were observed. NO3

−

continued to rise during July 2021 to January 2022, but then it trends
down. Changes in NO3

− have a good temporal correlation with the
earthquake, but NO3

− is easily contaminated by organic matter, so
this correlation is not certain.

Dissolved gases (Hg, H2, He, N2, and CH4) in water also have
different trends (Figure 4). Hg was stable for most of the year, but
it increased rapidly in April–June 2022. H2 had high values in
July–August 2021 and then stabilized at low values from September
2021 to June 2022. Notably, He distinctly increased from 0.03% to
0.05%duringNovember 2021 to February 2022 before theChaoyang
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FIGURE 4
Content changes in 12 multiple parameters in the Wuliying well during the study period, including four major ions (F−, Cl−, SO4

−, and NO3
−), five

dissolved gases in water (Hg, H2, He, N2, and CH4), and three gases (H2 (gas), Hg (gas), and Rn (gas)). The green line and blue line indicate the LOWESS
and LOESS fitting methods, respectively. The pink vertical line shows the time of the Chaoyang ML3.3 earthquake. The x-axis of figures was a
convenient conversion of actual dates to decimal for mathematical smoothing and fitting.
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earthquake and decreased from 0.05%–0.03% from March 2022
to June 2022 (Figure 4) after the earthquake. N2 was relatively
stable during the study period. CH4 declined rapidly from June
to November 2021, and then, it was relatively stable from January
to June 2022.

Three degassing/escaping gases (Hg (gas), Rn (gas), and H2
(gas)) from water were relatively stable from October 2021 to
March 2022. Notably, H2 (gas) and Hg (gas) have peaks in July
each year (Figure 4), which were likely to be related to the season but
not to earthquakes. When the air temperature is high in summer,
these gases’ concentrations increased degassing, and when the air
temperature is low in winter, these gas concentrations decreased.

The average concentration of rare earth elements (REE) is low at
0.001ug/L. The PAAS-normalized REE display remarkable positive
Eu anomalies and LREE (light REE) depletion orHREE (heavy REE)
enrichment distribution patterns (Figure 5A). Eu concentrations
showed obvious periodic changes in the time series (Figure 5B), the
period was more evident when data smoothing was done using the
mathematic method (LOESS), and the Eu element concentration
formed three convex peaks in September 2021, February 2022, and
July 2022, respectively (Figure 5B).

Apart from REE, other 27 trace elements show different time
series patterns. Based on the element correlation matrix (Figure 6A,
gray box), these elements can be broadly classed into two groups
(Figure 6B). The first group consists of Li, Sc, Rb, Mo, Cs, Ba, W,
U, Sr, Mn, Ni, and Zn, which cluster each other in the correlation
network, drawing pink circles in Figure 6B. These elements had a
consistent trend: rapidly decreased from December 2021 to early
February 2022 (Figure 7), before the earthquake, and then increased
in later time. The decreased changes were marked when smoothing
methods were used (Figure 7, LOWESS and LOESS methods). The
small variations in the first group trace elements might be due to
the measurement error of each sample; however, since the trends
are clearly evident, the overall trend is more relevant than individual
variations, so the variations are believable.

The second group consists of Pb, Cr, Ga, Cu, Be, Nb, Ti, V, Y, Cd,
Tl,Th, Sb, Bi, and Co, which were dispersed among each other in the
correlation network (gray circles in Figure 6B). These elements had
no regular changes and no temporal coincidence with earthquakes.

For the hydrogen (δ2H) andoxygen (δ18O) isotopes, we analyzed
five samples (2 December 2021, 3 January, 3 February, 3 March,
and 3 April 2022) of the Wuliying well and Songshan hot spring,
respectively. The hydrogen and oxygen isotopes exhibited small
fluctuations during the study period. At the Wuliying well, δ2H and
δ18O values range from −89.0‰ to −90.5‰ and from −13.4‰ to
−12.5‰, respectively. At Songshan spring, δ2H and δ18O values
range from −89.7‰ to −91.0‰ and from −12.8‰ to −13.0‰,
respectively. These values all plot to the left of the GMWL (the
global meteoric water line from Craig, 1961) and LMWL (the local
meteoric water line from Yu et al., 1987).

5 Discussions

5.1 Water level and temperature

During the study period, the Chaoyang ML3.3 earthquake
occurred in the region, but the epicentral distance was ∼65 km, and

the seismic energy density produced by the earthquake at Wuliying
well was ∼0.03∗ 10−4 J/m3 (calculation according to the method
from Wang, 2007), which is much smaller than the minimum
energy density (10−4 J/m3) that was required for triggering
hydrological responses based on global observations (Wang, 2007).
The calculation of the above empirical formula was consistent
with the actual observations, that is, no abnormal changes in the
groundwater level and temperature to the earthquake, and they had
no temporal relationship.

Many previous studies have documented co-seismic
groundwater level changes, following earthquakes, and have
proposed several mechanisms to explain the responses, such as
co-seismic static strain-induced dilation and compaction (Ge
and Stover, 2000), liquefaction or consolidation of sediments
(Wang et al., 2001), and permeability changes caused by shaking
(Brodsky et al., 2003). Among these mechanisms, the crustal
strain dilation or aquifer permeability changes causing mixtures
of different waters are usually considered to be the mechanism
that explains these responses (Woith et al., 2013; Skelton et al.,
2014). For our case, the absence of concomitant shifts in the
water level excluded the previously proposed mechanisms in
aquifer dilation/compaction and permeability changes, which
would cause abundant groundwater movement and the massive
addition of additional water into the wellbore, causing an increase
in water levels.

5.2 Major ions and gases

In our data, three major ions (F−, Cl−, and NO3
−) had

changed during the study period; however, the change in Cl− did
not correspond to the time of the earthquake, NO3

− is easily
contaminated by organic matter, and the correlation is not certain,
so only F- had an obvious decrease approximately one month
before the Chaoyang earthquake, which were temporal-related, and
the tendency is consistent with results of the previous studies.
For example, Wei et al. (1991) also found that F- concentrations
appeared clearly negative anomalies around the Sihai (northwest
of Beijing) M3.0 earthquake in 1986 and Zhangjiawan (Xuanhua
city near Beijing) M4.2 earthquake in 1987. They suggested
that the probable mechanism is the aquifer mixing process, that
is, large volumes of chemically distinct groundwater enter the
well and mix with the original water, so that the mixing ratio
is changed. Skelton et al. (2019) also found that F- from one site in
northern Iceland had decreased response to the M5.3 earthquake in
2013. They also infer mixing of groundwater sources caused by the
rupture of a hydrological barrier between sources.

The mechanism of major ions was suggested to be affected
by many factors, and considerably larger changes in aquifer
properties or large volumes of mixing would be needed (Rojstaczer
and Wolf, 1992). Variation in major ion concentrations in
groundwater can record mixing and/or switching between different
groundwater sources (Skelton et al., 2019), water–rock interactions,
or some combination of both the processes. This is because
groundwater sources tend to be chemically distinct from one
another and because water–rock interactions can cause species
release into (or removal from) groundwater. Hence, in this study,
F- ion had an obvious decrease, meaning a small mixing of
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FIGURE 5
PAAS shale-normalized REE patterns (A) and variation in Eu (B) during the study period. The x-axis of figures was convenient conversion of actual dates
to decimal for mathematical smoothing and fitting.

groundwater sources reflecting the leakage along a fracture system
or a minor switching between sources reflecting the rupture of a
hydrological barrier between sources.

Geochemical gases involved in the Earth’s degassing activity are
considered responsible for water-gas-rock interaction processes able
to induce chemical variations in groundwater composition (King,
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FIGURE 6
Trace element correlation matrix (A) and elemental correlation cluster (B). Each circle in A represents the strength of the element correlation; the larger
the circle, the stronger the correlation, and the box represents that the correlation has statistical significance. Network structures in B based on the
correlation matrix of (A). Each geochemical element is a node, and each correlation is an edge. Stronger correlations have shorter and wider edges and
a closer placement of nodes.
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FIGURE 7
Time series of trace elements in the Wuliying well during the study period, including Li, Sc, Rb, Mo, Cs, Ba, W, U, Sr, Mn, Ni, and Zn (unit, in ug/L). The
green line and blue line indicate the LOWESS and LOESS fitting methods, respectively. The pink shadow shows the time period of decline of trace
elements. The blue shadows the show time period of increase of trace elements. The purple vertical line shows the time of the Chaoyang ML3.3
earthquake. The date of the x-axis is decimal for mathematical smoothing and fitting. The bolded font at the bottom is the actual date.
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1986; Martinelli, 2015). About all geochemical anomalies have been
directly or indirectly attributable to deep fluid pressure variations
induced by crustal deformative processes since fluid pressure is
proportional to stress and volumetric strain (Petrini et al., 2012).
From the results (Figure 4), four dissolved gases (Hg, H2, He, and
CH4) in water had changed during the study period, while the
changes in Hg, H2, and CH4 did not correspond to the time of the
earthquake, only He (helium) increased approximately two months
before the Chaoyang earthquake and then decreased and returned
to the original value a few months after the earthquake, so they
had a strong temporal relationship. Due to its deep origin and
characteristics, helium appears as a powerful indicator of deep and
early demixing processes, and it appears as an exceptional marker
of crustal discontinuities, using faults, tiny fractures, and paths
to rise to the surface (Wakita et al., 1978; Toutain and Baubron,
1999). Note that Gao and Xing (2011) also found an abnormal
increase of He in the Wuliying well before the Wenchuan M8.0
earthquake in 2008. In this study, He had an obvious increase,
implying deep rooting of the fractures, and the fractures had
occurred at the microscale, and gas leakage along fracture pathways
formed because of crustal dilation associatedwith the stress build-up
before the earthquake.

Three degassing/escaping gases (Hg (gas), Rn (gas), and H2
(gas)) from water were relatively stable. The high values of these
gases in summer may be related to air temperature and do not
correspond to the time of the earthquakes.

5.3 Hydrogen and oxygen isotopes

Broadly speaking, the usefulness of using stable isotopes
to predict earthquakes due to these responses is less likely to
be site-specific. Specifically, variations in δ2H in groundwater
records mixing and/or switching between different groundwater
sources, whereas variation in δ18O in groundwater records the
water–rock interaction (Skelton et al., 2019). This is because rocks,
compared with water, contain proportionally more oxygen than
hydrogen (Taylor, 1977). Hence, groundwater δ18O values are
strongly affected by water–rock interactions. δ2H values are largely
unaffected by thewater–rock interaction, and can, therefore, provide
a faithful record of mixing and/or switching between different
groundwater sources (Skelton et al., 2019).

In our data, the δ18O and δ2H values of groundwater from both
sites (Wuliying well and Songshan hot spring) plot to the left of
the GMWL and LMWL (Figure 8A) and exhibited small variations.
Furthermore, note that the variation in δ18O of the Wuliying well
had a small increasing trend, varied from −13.4‰ to −12.5‰
(Figure 8B), and shifted from a less negative δ18O value toward
GMWL, implying the strengthened degrees of the water–rock
interaction. δ2Hhad low values comparedwith values in rivers (∼-85
to −65‰ in theChaobai river (Song et al., 2007); −70 to −60‰ in the
Yongding river (Liu et al., 2008)), meaning that there was no leakage
of surface water (river) into the borehole. δ2Hhad a small downward
trend and varied from −89.0‰ to −90.5‰ (Figure 8C), indicating
minor mixing between older (isotopically lighter) groundwater
sources and original water. Hence, stable isotope data point to the
combination of groundwater mixing and water–rock interaction
processes.

5.4 Rare earth elements (REEs)

TheREE content in theWuliying site was very low (ug/L), which
eliminated the influence of surface water and soil REE, because
surface water and soil had a relatively high REE content (mg/L). The
low REE content indicated that the confined water was sealed and
was not affected by the surface environment.

In our case, the water of the Wuliying well displayed remarkable
positive Eu anomalies and HREE (heavy REE) enrichment
distribution patterns (Figure 5A), which indicated that REE in water
came from feldspar and calcite minerals. Eu is a redox-sensitive
REE, and in reducing settings, Eu (III) can be reduced to Eu(II),
creating the potential for fractionation relative to the other REEs
(Elderfield, 1988). However, this redox transformation requires
both low redox potential and high temperature, a combination
most commonly found in magmatic systems rather than in
Earth-surface environments (Bau, 1991). Feldspar commonly
becomes Eu-enriched during magmatic crystallization, owing to
ready substitution of Eu2+ for Ca2+ (Taylor and McLennan, 1985;
Chen et al., 2021).The calcite usually had anHREE-enriched pattern
because of stronger carbonate complexation of HREEs (Webb and
Kamber, 2000; Chen et al., 2021). The strength of REE-carbonate
complexation increases from La to Lu as a result of a systematic
increase in the stability constant of ligand complexes with increasing
atomic number. The above REE results coincide with petrological
evidence as the aquifer in the Wuliying well is made of limestone
and dolostone containing a large amount of calcite. The overlying
Jurassic basaltic rocks contain a lot of feldspar, so REE features
indicated that groundwater in the Wuliying well was a mixture that
came from different host rocks, implying that some fractures cut
through both aquifers dominated by the limestone and overlying
basaltic rocks.

The REE can trace the host rocks from which the water
originated. The Eu concentrations showed obvious periodic changes
with no response to the earthquake. The mechanism might be
related to rock weathering rather than the earthquake. Because
the concentration of Eu elements released by feldspar minerals
was related to the strength of rock weathering caused by periodic
temperature changes, it is most likely that weathering causes the
periodic feldspar minerals to release REE to water.

5.5 Trace element characterization

Mechanism explanations for geochemical anomalies are
relatively rare and based on co-seismic geochemical changes,
following the earthquake (Claesson et al., 2007; Skelton et al., 2019).
We considered the previously proposed mechanisms for changes
in geochemical compositions. For example, Favara et al. (2001)
collected geochemical composition (Ca, Cl, and SO4) at three
thermal springs in central Italy in the 1997–1998 seismic swarm.
The authors suggested that the recorded variations actually seem
to have been induced by permeability variations related to crustal
deformation in the absence of elastic energy release. Rosen et al.
(2018) proposed that the changes in trace elements were likely
related to the release of groundwater of different residence times
from pore spaces or fractures. Shi et al. (2020) suggested that the
changes in trace elementswere the combined result of the addition of
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FIGURE 8
(A). Bi-variant plot of δD and δ18O in the five samples (2 December 2021, 3 January, 3 February, 3 March, and 3 April 2022) in the Wuliying well and
Songshan spring in Yanqing District, Beijing. The δD and δ18O of the Chaobai River cited from Song et al. (2007). The δD and δ18O of the Yongding River
cited from Liu et al. (2008). The inset shows the enlarged δD and δ18O variation. (B) Time series of δ18O. (C) Time series of δD.

small amounts of water from the reservoirs isolated by the hydraulic
barrier and the changes in the physical–chemical environment,
following the earthquake.

Most of above mechanisms were proposed based on studies of
co-seismic changes. In our study, we investigate characteristics of
trace elements on pre-seismic changes, and based on smoothing
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methods, we can confirmprobable associations between pre-seismic
shifts of trace elements and the earthquake (Figure 7). These
trace elements have pre-seismic downward changes, which were
similar with the previous observations. For example, Claesson et al.
(2004) reported pre-seismic rapidly decreased anomalies in the
concentrations of Cr and Fe before the Mw 5.8 earthquake in 2002,
and they interpreted that the earthquake ruptured a hydrological
barrier, permitting a rapid influx of water of other aquifers. The
pattern of the post-seismic recovery of chemical compositions
could refer to Claesson et al. (2007); they proposed that the increase
in the reactive surface area would shift the system out of chemical
equilibrium and lead to a more extensive water–rock interaction,
and increases in concentrations of some dissolved cations would
be expected.

Furthermore, it is noteworthy that these sensitive trace elements
originated from different rocks. For examples, Li and Sc probably
came from basaltic rocks as Li is a typical lithophile and often
enriched in mica and other silicate minerals, and Sc has a very
high partition coefficient in granites (Mou, 1999). Rb, Cs, Ba, Sr,
Mn, and Mo most likely came from carbonate of limestone and
dolostone because these elements are closely located in the periodic
table nearby the Ca element, indicating that these elements have
very similar chemical properties as Ca. According to petrology,
elements of Ba, Rb, Cs, and Sr often replace Ca in the calcite mineral
with isomorphism (Mou, 1999). W, U, Ni, and Zn are transition
elements in the periodic table, which were present in both basaltic
rock and dolostone. The characteristics of different origins of the
trace elements imply the ruptures cutting through strata, including
different lithologies dominated by dolostone and basaltic rocks,
which was consistent with REE features and the lithology of the
Wuliying well.

Hence, themechanismof trace element response in theWuliying
well may be explained as follows: the pre-seismicminor stress/strain
changes caused by the Chaoyang earthquake led to small (micro)
fractures cutting aquifers and overlying basaltic rocks, and maybe
other nearby small isolated reservoirs, thereby leading to the
mixing of chemically distinct water with the original water. The
small amount of water with different trace element concentrations
added, which diluted the element concentration, because the
concentrations of trace elements were usually very low, and below
the detection limits inmany groundwater sources, the trace elements
concentrations could change easily (Rosen et al., 2018). Finally, the
increase in the reactive surface area caused by fractures would
enhance the water–rock interactions, resulting in the post-seismic
recovery of trace elements. After the earthquake, sawtooth patterns
emerged in some trace elements, most likely caused by undulant
changes in sealing off of the fracture with time.Thus, themechanism
of trace elements in the Wuliying well may have been the combined
result of mixing and water–rock interaction processes.

We need to note that trace elements showed different responses
in nearby sites. Trace elements in the Songshan hot spring near the
Wuliying well had significantly upward or downward changes based
on different groups in response to the Chaoyang earthquake (same
earthquake in this paper), which are documented in detail by Chen
and Liu, 2023, meaning that the sensitivity of trace elements in
different sites may depend on many factors that could affect the
fluid chemistry in a specific aquifer system. We infer that the site-
specific behavior of species concentrations reflects, differing rock

mineral assemblages. This is not surprising, given the differing
groundwater source. For example, the aquifer of the Wuliying well
came from dolomite and basaltic host rocks, while the aquifer of
Songshan spring came from the granite host rocks. Furthermore,
the two monitoring sites are on different structural locations; the
Wuliying well is located in the sediment basin at the lower plate of
the northern marginal fault, while the location of Songshan spring
is on the bedrock at the upper plate of the northern marginal fault
zone, implying different stress/strain sensitivities. So, trace element
species were site-specific. More trace element data are needed to
provide an additional understanding of the sensitivity of different
trace elements to earthquake stress.

5.6 Mechanism of multiple geochemical
parameters

In summary, most of those mechanisms were proposed based
on studies related to springs with a single hydrological parameter,
usually using the water level or major ions. Few studies have
examined both groundwater levels and multiple geochemical
constituents in response to earthquakes (Barberio et al., 2017;
Rosen et al., 2018; Skelton et al., 2019; Shi et al., 2020). In our study,
we investigate characteristics of multiple hydrological parameters.
We found no shift in the water level and temperature related to
earthquake, F- of major ions decreased and He gases increased
before the earthquake, and some trace elements decreased before the
earthquake and then returned to initial concentration, including Li,
Sc, Rb, Mo, Cs, Ba, W, U, Sr, Mn, Ni, and Zn.

Hence, the mechanism for multiple hydrological parameters in
this study most likely can be explained as a combination result of
mixing and water–rock interactions. The mixing could be examined
by no shift in the groundwater level, small decrease in the hydrogen
isotopes (δ2H) and major ion concentration (F-), and pre-seismic
decrease in trace elements (including Li, Sc, Rb, Mo, Cs, Ba, W,
U, Sr, Mn, Ni, and Zn). The probable scenario was that minor
stresses caused by the Chaoyang earthquake might create micro-
cracks in bedrocks, thereby leading to mixing between chemically
distinct water and the original aquifer. Because the volume of water
added to the system was small, there would be slight changes in the
above hydrological parameters. Finally, the increase in the reactive
surface area caused by fractures would enhance the water–rock
interactions, resulting in the post-seismic recovery of trace elements.
This interpretation is also supported by concomitant shifts of
δ18O values, and the shift from a less negative δ18O value toward
GMWL also indicates strengthening degrees of the water–rock
interaction.

5.7 Coupling between geochemical
changes and earthquakes

As mentioned above, a group of small earthquakes above
M1.0, mainly the biggest Chaoyang M2.7 earthquake, had small
magnitudes and longer epicenter distance, while the small
earthquakes caused several abnormal shifts of multiple geochemical
changes, such as, F-, He, hydrogen and oxygen isotopes, particularly
trace element changes. The sensitive geochemical parameters of
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the Wuliying well had strong temporal correspondence with the
Chaoyang earthquake.

They also had a strong spatial correlation because these seismic
activities in Beijing mainly occurred on one NW orderly fault zone
orderly on a regional scale.TheWuliying well was also located in the
northwest direction of the Chaoyang earthquake, and the direction
was consistent with the NW orderly fault zone. Furthermore, the
local fault zonewas controlled by the large-scale NWorderly Zhang-
Bo seismic belt in North China, so the associations indicated that
the Zhang-Bo seismic zones were strongly active from January to
March 2022.

Hence, the monitoring of trace element changes has
temporal–spatial significance in the Beijing area, where small
earthquakes occur frequently. Furthermore, we propose to find
other sensitive sites to investigate continuous and long-term
multiple geochemical characteristics in Beijing and the Zhang-Bo
seismic belt that would be helpful for deepening the understanding
of the mechanism of geochemistry changes in response to
earthquake stress.

6 Wider implications

Overall, we can state that past earthquakes in our study area
were probably associatedwithmultiple pre-seismic and post-seismic
geochemical shifts, and theChaoyang earthquake had been recorded
at two sites (Wuliying well and Songshan hot spring). A few trace
elements are inferred to bound geochemical anomalies coupled
to earthquakes, and trace elements offer the greatest potential
as a precursor of M < 3 earthquakes in Beijing, confirming the
findings of Chen and Liu, 2023. Trace elements might be more
sensitive to small earthquake stress and would be good candidates
to monitor small earthquake activities. Several other geochemical
parameters for coupling with earthquakes could be shown and
can offer valuable insights about the causes of coupling between
geochemical changes and earthquakes. Hence, the monitoring of
multiple geochemical compositions has great scientific and practical
significance in the Beijing area, where small earthquakes occur
frequently. Furthermore, it is possible that with further extension
of our time series, trace element shifts can also be used to verify
the association with other earthquakes; therefore, we suggest that
the monitoring of multiple geochemical compositions should be
sufficiently long so that random coincidences can be ruled out and
the longevity of the time series permits statistical verification of
coupling between geochemical changes and earthquakes.

7 Conclusion

In this study, we have examined the sensitivity of multiple
geochemical constituents to earthquakes, including trace elements,
four major anions (F−, Cl−, SO4

−, and NO3
−), five dissolved gases

in water (Hg, H2, He, N2, and CH4), and three degassing gases (Hg
(gas), Rn (gas), and H2 (gas)). Based on mathematical smoothing
and fitting methods, we can better observe the association between
geochemical shifts to the earthquakes. This study has the following
three conclusions:

1. Although the Chaoyang earthquake had a small magnitude,
long distance, and small energy density, the F-, He, and
oxygen isotopes of the Wuliying well had strong temporal
correspondence with the earthquakes. A few sensitive trace
elements also are anomalies coupled to the earthquakes,
including Li, Sc, Rb, Mo, Cs, Ba, W, U, Sr, Mn, Ni, and
Zn. These trace elements are likely to be sensitive to a
crustal minor strain by the small earthquakes, which offer
the greatest potential as a precursor of M < 3 earthquakes
in Beijing.

2. We attribute source mixing and the water–rock interaction
caused by micro-scale fractures as the mechanism
of coupling between changes in trace elements,
oxygen isotopes, and earthquakes in this study. Our
explanation provided the possibility of geochemical
signals to small physical perturbations occurring
at a depth.

3. This work assessed the sensitivity and validity of multi-
geochemical parameters as monitoring and predictive tools in
Beijing as a key seismic monitoring area. Trace elements might
be more sensitive to small crustal strain and would be good
candidates for short-term seismic precursor anomalies, which
should be considered a priority for monitoring the tectonic
activities and establishment of seismic monitoring networks
along faults. Thus, the construction of continuous and long-
term monitoring system for trace elements will be necessary in
Beijing even on the Zhang-Bo seismic belt in the future. On the
other hand, trace elementmonitoring could be used not only as
a precursor before earthquakes but also as a good way to assess
environmental changes caused by earthquakes, thus evaluating
the magnitude of the disaster after earthquakes by changes in
the water quality.
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