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Geochemical composition changes in groundwater related to earthquakes have
been documented in previous studies, and most such studies focused on the
changes in major ions, hydrogen, oxygen isotopes, and geochemical gases.
Changes in trace elements were suggested to be more sensitive to small
earthquakes than the commonly used chemical constituents such as major
ions, yet they received less attention. Beijing is located in the Zhangjiakou-
Bohai seismic belt and experiences frequent occurrences of small earthquakes.
In this paper, we collected groundwater samples from a hot spring in Yanqing
district of Beijing weekly from August 2021 to August 2022. Each water sample
contained 41 trace chemical compositions. During the sampling, an earthquake
with a magnitude of ML3.3 occurred in the Chaoyang district of Beijing on
3 February 2022, so these trace elements changes were systematically
monitored before and after the earthquake: Li, Sc, Ti, and Pb elements had
upward changes before the earthquake, while Cu, Nb, Th, Zn, Tl, and U
elements had downward changes before the earthquake. Eu (rare earth
elements) had upward changes after the earthquake. At the same time, the
earthquake caused no significant changes in the groundwater level in the
seismic monitoring well near the Songshan spring. Such responses indicate
that trace elements are likely to be more sensitive to crustal strain than
groundwater level. We considered that the earthquake-induced rock cracks
before or after the earthquake caused enhancing water-rock interaction and
led to the migration of trace elements between the water column and rocks,
which is the mechanism to explain the trace elemental changes. This study
probably provides a comprehensive assessment of the sensitivity of trace
element constituents to the earthquake. Furthermore, we suggest that more
long-term continuous monitoring and research of trace elements in Beijing
and Zhangjiakou-Bohai Fault Zone should be considered to explore the
response mechanism of groundwater geochemistry to earthquakes in the future.
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1 Introduction

As part of the earthquake precursor detection program, changes
in groundwater levels, temperatures, and chemical composition
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). Hence, these monitoring methods of groundwater also play
key roles in precursor detection in China, and a nationwide network
of monitoring wells located along strain-sensitive locations has been
constructed for this purpose.

In contrast, groundwater geochemical changes induced by
earthquakes have been documented relatively rarely (Martinelli,
2020; Shi et al., 2020) because manual sampling and expensive,
time-consuming laboratory analyses are required (Wang and
Manga, 2010). However, such studies are highly important
because earthquake-related chemical changes are considered to be
sensitive to crustal stress and to be 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). For instance, based in part on hundreds
of hydrological anomalies including geochemical changes, an
imminent prediction was made before the 1975 M 7.3 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
groundwater (Igarashi et al., 1995; Igarashi and Wakita, 1995;
Tsunogai and Wakita, 1995). Claesson et al. (2004) observed
simultaneous changes in trace elements, major elements, and
isotopes before and after major earthquakes. Barberio et al.
(2017) and Rosen et al. (2018) found that some trace elements
exhibited responses to the seismic sequence in central Italy. Skelton
et al. (2019) found that changes in major ions and hydrogen and
oxygen isotopes were associated with three different earthquakes in
Iceland. Shi et al. (2020) found that trace element concentrations
showed coseismic decreases following the Tonghai earthquake in the
Yunnan Province of China, but no significant changes occurred in
major ions and hydrogen and oxygen isotope concentrations.

Overall, according to previous geochemical research, most
documented studies investigated the major elements (Tsunogai
and Wakita, 1995; Toutain et al., 1997; Kingsley et al., 2001;
Woith et al., 2013) and hydrogen and oxygen isotopes related to
destructive great earthquakes (Taran et al., 2005; Skelton et al.,
2019), and only a few studies focused on trace elements’ responses to
the earthquake (Rosen et al., 2018; Shi et al., 2020) despite changes in
trace elements being more sensitive to small earthquakes than the
commonly used chemical constituents. In this paper, we
continuously collected 36 water samples of the hot spring from
August 2021 to August 2022, and each water sample contained
41 trace elements which contributed to the comparison of the
different responses to earthquakes and the discussion on the
possible mechanisms and their implications for future seismic
monitoring.

2 Background

North China has experienced a period of strong earthquakes
frequently over the last few decades. From 1966 to 1998, a series of
strong earthquakes occurred, such as the Xingtai M7.2 earthquake in
1966, the Bohai M7.4 earthquake in 1969, the Haicheng
M7.3 earthquake in 1975, and the Tangshan M7.8 earthquake in
1976. Since the Zhangbei M6.2 earthquake in 1998, there has been
no earthquake above M6 for 20 years. The seismic activity in North
China has been relatively quiet, and there would be a potential
danger of damaging earthquakes in the next few years.

Zhangjiakou-Bohai Fault Zone is a group of NW-W orderly
active fault zones with high seismic activity in North China; the fault
zone starting from the northern margin of Taihang Mountain in the
west is distributed along the junction area of YanshanMountain and
the North China Basin and enters the Bohai Sea in the east. In this
zone, many violent earthquakes above M6 have occurred (Yang
et al., 2022), so it is an important fault zone for earthquake
monitoring and research.

Beijing is the capital of China with a large population, and it is
located at the intersection of the North China Plain and
Zhangjiakou-Bohai seismic belt, where active faults have
developed. These faults mainly included the NW orderly
Nankou-Sunhe Fault Zone and two groups of NE orderly active
fault zones named Huangzhuang-Gaoliying Fault Zone and Shunyi-
Liangxiang Fault Zone. All earthquakes occurred along these fault
zones or where they intersect (Figure 1), and all these earthquakes
were less than M6. Therefore, it is of great scientific and practical
significance to carry out small earthquake monitoring and
forecasting 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
4th to 20th. During this time, continuous monitoring of possible
earthquake areas was strengthened. On 3 February 2022, an
earthquake with a magnitude of ML3.3 occurred in the
Chaoyang district of Beijing (Figure 1). In this study, we
conducted the geochemical monitoring study of the Songshan
hot spring located in the Yanqing district of Beijing; the spring
had an epicentral distance of ~75 km from the Chaoyang earthquake
(Figure 1). Geographically, this spring is exposed to the valley of
Dahaituo Mountain which is composed of granite with fissure
development (Yang et al., 2001), and fault activities were good
channels for deep groundwater migration. The groundwater of
Songshan spring comes from the granite of Dahaituo Mountain;
there is no lake, river, or surface reservoir in the area.

Songshan Spring is an artesian type of rising spring, and the
water is from the granite rock body. The spring has 41°C–42°C water
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FIGURE 1
Earthquake distribution of the Beijing area from August 2021 to August 2022 and the time sequence of earthquakes above M1.0. The biggest yellow
circle is the Chaoyang ML3.3 earthquake, and the yellow and green triangles are the locations of the Songshan hot spring and Wuliying monitoring well,
respectively.
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temperature, high fluoride content (15.93 mg/L), and high silica
content (54 mg/L); the water type is Na-SO4 (Yang et al., 2001). The
main observation items of Songshan Spring were water mercury and
there were high correspondences between mercury anomalies and
earthquakes (Yang et al., 2001).

In addition, a seismic groundwater monitoring well named
Wuliying is ~10 km near the Songshan spring. The Wuliying well
is located on the subsidence transition zone at the northern edge of
the Yanqing Basin, with compressive faults developing around the
well area (Gao and Xing, 2011). The groundwater level observation
is one of the items of the Wuliying well and is usually recorded at 1-
min intervals by a SWY-2 digital instrument 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.

3 Methods

3.1 Data collection

Since the Songshan spring belongs to the Yanqing District
Earthquake Agency, water samples from the mouth of the fresh
spring were collected by the staff working at this station every
7–12 days; the sample collection was from August 2021 to August
2022, and a total of 36 water samples were collected over the
monitored period. Each sample was stored in a 200 mL
polyethylene bottle. All samples were sent monthly to the Beijing
Research Institute of Uranium Geology for 41 trace element
constituents analysis, including Li, Ti, Pb, Sc, Ni, Cu, Nb, Th,
Zn, Tl, U, Ga, Mo, Ba, Rb, Cs, Sr, Be, Mn, Cr, Co, Y, and Bi as
well as rare earth elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Y,
Ho, Er, Tm, Yb, and Lu) (Supplementary Material,). These trace
elements’ concentrations were analyzed with the same instrument
(An ELEMENT XR mass spectrometer) and the same staff for
accuracy. The analytical precision is better than ±2%.

3.2 Statistical analyses

We use 41 trace elemental composition data to calculate a
Pearson correlation matrix (r values) that can quantitatively
indicate the correlation between each element. The correlation
matrix was a visual network by R program to check geochemical
elemental clustering and grouping (Figure 4). 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 et al., 2021).

Data smoothing methods include LOWESS, rLOWESS, LOESS,
and rLOESS using Matlab (Chen, 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 polynomial model. The rLOESS means a robust version of
LOESS.

4 Results

Songshan spring has no water level monitoring; we checked
water level changes in the Wuliying well near the spring for
hydrological responses to earthquakes. The groundwater level in
the Wuliying well continuously increased from 1.3 to 1.8 m between
July 2021 and August 2021 (Figure 2). No abnormal changes in
groundwater level were found related to any earthquakes (Figure 2).
The water level change also has no relationship to precipitation as
there is only large precipitation during summer (from June to
August every year).

The results of analyses of the 36 water samples are listed in the
Supplementary Material, (Concentrations of 41 trace elements of
each water sample in the Songshan spring). The PAAS-normalized
15 rare earth elements (REE) display remarkable positive Eu
anomalies and flat distribution patterns (Figure 3A). Eu
concentrations showed a significant increase from 0.002 to
0.007 mg/L from February 2022 to August 2022 (the end of
sampling in August) (Figure 3B). These changes were more
evident when data smoothing using the mathematic method
(rLOWESS, robust Locally Weighted Scatterplot Smoothing)
(Figure 3C). Eu had a marked increase after early February.

Apart from REE, the other 26 trace elements show different
changes over the monitored period. Based on element correlative
clustering, these elements’ constitutes can be broadly classified into
four groups (Figure 4). The first group consists of Li, Sc, Ti, and Pb
elements which cluster each other in the correlation network (pink
circles in Figure 4). The second group consists of Cu, Nb, Th, Zn, Tl,
and U elements clustering in grey circles in Figure 4. The third group
consists of Ga, Mo, Ba, Rb, Cs, and Sr elements clustering in green
circles in Figure 4. The fourth group consists of Be, Mn, Cr, Co, Y, Bi,
Cd, Sb, Ni, and V elements dispersing in the correlation network
(white circles in Figure 4).

The elements of the first group had upward changes (Figure 5):
Li, Sc, Ti, and Pb concentrations continued to rise from December
2021 to February 2022 and peak, then remained stable at high values
from March to May 2022, and decreased from June to August 2022
(several months after the earthquake). These changes were quite
marked when using the smoothing methods (LOWESS, rLOWESS,
LOESS, and rLOESS) (Figure 5).

The elements of the second group had significant downward
changes (Figure 6): Cu, Nb, Th, Zn, and Tl contents continued to
decline from August 2021 to January 2022, then remained stable at
minimum values from February to August 2022 (Figure 6). U
contents declined from August 2021 to October 2021, then
maintained stable values from November 2021 to February 2022,
and the last decreased from March to August 2022 (Figure 6).

The elements of the third group had upward and then
downward changes (up-convex shape) (Figure 7): elemental
concentrations continued to rise from August 2021 to January
2022 and peaked, then remained stable at high values from
February to April 2022, and the last decreased from May to
August 2022 (Figure 7).
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The elements of the fourth group had no regular changes, and
the relationship with earthquakes was not clear.

5 Discussion

Chaoyang ML3.3 earthquake was an epicentral distance of
~75 km from Songshan hot spring (Figure 1). The seismic energy
density produced by this earthquake at the Songshan hot spring was
~0.0019 J/m3 (calculation according to the method by Wang, 2007),
which is the same order of magnitude with the minimum energy
density (10–4 J/m3) that was required to trigger hydrological
responses based on global observations (Wang, 2007). However,
there were no changes in the groundwater level of the Wuliying well
near the Songshan spring groundwater level to the Chaoyang
earthquake, which means that the Chaoyang ML3.3 earthquake

might have been too small to cause the hydrological responses of
Songshan spring, and no additional water into the wellbore could be
expected.

According to the above results, the changes in trace elements
have a strong temporal correlation with earthquakes, which means
that trace elements were probably sensitive to the small earthquake,
but different kinds of trace elements have particular responses to the
Chaoyang earthquake, for instance, the Eu element of rare earth
elements had obvious upward changes after the Chaoyang
earthquake. The first group elements’ (Li, Sc, Ti, and Pb)
concentrations had upward changes 2 months before the
Chaoyang earthquake, then returned to their initial concentration
a few months after the earthquake. The second group elements’ (Cu,
Nb, Th, Zn, Tl, and U) concentrations had downward changes a few
months before the Chaoyang earthquake, then maintained stable
minimum values until the end of sampling.

FIGURE 2
Precipitation (A) andwater level changes (B) in theWuliyingwell which is ~10 km away from the Songshan hot spring. The blue vertical line shows the
time of the Chaoyang ML3.3 earthquake.
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5.1 Mechanism analysis

What mechanism could explain our observation? The trace
elements were not commonly measured in the previous
geochemical studies, and only a very limited number of cases
could be found (Shi et al., 2020). 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), liquefication or
consolidation of sediments (Wang et al., 2001), and permeability

changes caused by shaking (Brodsky et al., 2003). However,
mechanism explanations for geochemical anomalies are relatively
rare and based on co-seismic geochemical changes following the
earthquake (Claesson et al., 2007; Shi et al., 2020). For instance, a
great part of the geochemical variations in the chemical composition
of groundwaters was attributed to aquifer mixing processes
(Thomas, 1988). 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, 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). In this study, we have
examined many trace element constituents’ responses to the
earthquake in relatively high sample rates and found different
constituents obviously increased or decreased changes before or
after the Chaoyang earthquake. All trace elements’ changes were not
co-seismic, so previous mechanisms’ explanations might not have
been applied to changes in trace elements of our observation.

We considered the previously proposed mechanisms for
changes in chemical elements (Claesson et al., 2007; Rosen et al.,
2018; Shi et al., 2020). Favara et al. (2001) collected geochemical
compositions (Ca, Cl, and SO4) at three thermal springs in the
Umbria region of the Central Apennines (Italy) seismic swarm from
1997 to 1998. 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. According to Claesson et al. (2007), the increase in
reactive surface area would lead to more extensive water-rock
interaction, and increases in concentrations of some dissolved
cations would be expected. 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
elements were the combined result of the addition of small
amounts of water from the reservoirs isolated by the hydraulic
barrier and the changes in the physical-chemical environment
following the earthquake.

In our study, the Wuliying well near Songshan spring had no
groundwater level changes in our case, which indicates that there
were no large volumes of chemically distinct groundwater entering
the spring and mixing with the original water, so the mechanism of
co-seismic strain and permeability changes were excluded. The
mechanism of extensive water-rock interaction most likely
explained the seismic responses in the Songshan spring as follows
(Figure 8).

5.1.1 Mechanism analysis of REE
The Eu element of rare earth elements had obvious upward

changes after the Chaoyang earthquake, and the upward pattern of
changes was consistent with previous examples. For instance,
following the Loma Prieta earthquake in 1989, major ion
chemistries (Na, K, Ca, Mg, Cl, SO4, and HCO3) in stream
water showed a marked increase in ionic strength, together with
the changes in the excess stream discharge (Rojstaczer and Wolf,
1992). Rojstaczer and Wolf (1992) suggested that the additional
stream discharge following the Loma Prieta earthquake was derived

FIGURE 3
PAAS shale-normalized REE patterns (A) and variation of Eu
element during the study period (B,C). The blue vertical line shows the
time of the Chaoyang ML3.3 earthquake.
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FIGURE 4
Element correlation matrix (A) and Elemental correlation cluster (B). Each circle in (A) represents the strength of element correlation; the larger the
circle, the stronger the correlation and the box shows that the correlation has statistical significance. Network in (B) structures based on Pearson
correlation matrix of geochemical data. Each geochemical element is a node and each correlation is an edge. Stronger correlations have shorter and
wider edges and closer placement of nodes.

Frontiers in Earth Science frontiersin.org07

Chen and Liu 10.3389/feart.2023.1260559

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1260559


FIGURE 5
Variation of the first group of Li, Sc, Ti, and Pb during the study period (The black line indicates raw data. The green line, blue dotted line, red dashed
line, and purple dashed line indicate the LOWESS, rLOWESS, LOESS, and rLOESS fittingmethods, respectively). The blue vertical line shows the time of the
Chaoyang ML3.3 earthquake.
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from groundwater from the surrounding highlands of the drainage
basin.

In our case, Songshan spring displayed remarkable positive Eu
anomalies of REE (3A), which coincided with petrological evidence
because the bedrock of Songshan spring is granite containing a large
amount of feldspar minerals, which commonly became Eu-enriched
during crystallization owing to the ready substitution of Eu2+ for
Ca2+ (Taylor and McLennan, 1985; Chen et al., 2021). Eu
concentrations showed obvious upward changes before the
Chaoyang earthquake. The most likely mechanism was intensive
water-rock interaction. The probable scenario was that rock

ruptures after the earthquake increased the reactive surface area
between rocks and groundwater, exposing more feldspar minerals to
water, and leading to increased Eu concentrations in the water
column (Figure 8).

5.1.2 Mechanism analysis of the first group trace
elements

The first group of Li, Sc, Ti, and Pb elements increased before the
earthquake then decreased significantly over a period of several
months after the earthquake until it approached the pre-earthquake
conditions. The type of changes were consistent with the previous

FIGURE 6
Variation of the second group of Cu, Nb, Th, Zn, Tl, and U during the study period. The blue vertical line shows the time of the Chaoyang
ML3.3 earthquake.

Frontiers in Earth Science frontiersin.org09

Chen and Liu 10.3389/feart.2023.1260559

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1260559


few cases. For instance, before the 1995 M 7.2 Kobe earthquake,
chloride concentration gradually increased (Tsunogai and Wakita,
1995). The chloride changes were considered to be consistent with a
‘drastic’ increase in strain (Tsunogai and Wakita, 1995). The
mechanism of extensive water-rock interaction can also explain
the response that the first group elements rise rapidly before the
earthquake.

Songshan spring came from granite, which is rich in these
elements, for instance, Li is a typical lithophile and often
enriched in mica and other silicate minerals and easy to hydrolyze.
Sc has a very high partition coefficient in granites, Ti is high content in
quartz, and Pb can replace K+ and Ca2+ in rock-forming minerals
with isomorphism (Mou, 1999). Hence, the most likely scenario was
that local stresses might create granite microcracks before the
earthquake, exposing more fresh minerals to water, enhancing
water-rock interaction, releasing more elements into the water
column, and causing the rise response (Figure 8). Following the

earthquake, microcracks may merge to form large-scale ruptures
(Lockner and Beeler, 2002), the elements would accelerate into the
water column, and the element concentrations would further rise
until saturation. Several months after the earthquake, the stress
would be redistributed, the fractures would no longer develop or
partially fault-reseal (Claesson et al., 2007), and the elemental
contents in the water column would decline.

5.1.3 Mechanism analysis of the second group
trace elements

The second group of Cu, Nb, Th, Zn, Tl, and U elements
concentrations had downward changes during a few months
before the Chaoyang earthquake, then maintained stable
minimum values until the end of sampling, and the pattern of
changes was similar to the previous few examples. Claesson et al.
(2004) reported pre-seismic rapid decreasing anomalies in the
concentrations of Cr and Fe before the Mw 5.8 earthquake on

FIGURE 7
Variation of the third group of Ga, Mo, Ba, Rb, Cs, and Sr during the study period.
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16 September 2002. The authors interpreted that the earthquake
ruptured a hydrological barrier, permitting a rapid influx of water
from other aquifers.

In our case, the second group elements declined before the
earthquake with no addition of distinct additional water. Thus, the
most likely mechanism was also intensive water-rock interaction. The
pattern of falling changes in the second group elements was completely
contrary to the pattern of rising changes in the first group elements.
Because second group elements have large proton numbers and mass,
and the elements with large mass mostly exist in minerals by the
mechanism of adsorption (Mou, 1999), enhanced rock ruptures would
result in the increase of the mineral surface area, and the increase of
these elements adsorbed on the surface of minerals, leading to the
decrease of the concentration of these elements in the water column
(Figure 8). Due to the different adsorption and desorption capacity of
different elements, the decline rate was inconsistent (Figure 6). These
elements’ concentrations decreased in groundwater further until the
element contents were saturated on the rock surface.

5.1.4 Mechanism analysis of the third group trace
elements

The third group of Ga, Mo, Ba, Rb, Cs, and Sr elements had
upward and then downward changes (up-convex shape), and these
elements were likely to be related to the season but not to the
earthquake. These elements are closely located in the periodic table
near the Ca element, indicating these elements have very similar
chemical properties to Ca. According to petrology, elements of Ba,
Rb, Cs, and Sr often replace Ca in the mineral with isomorphism
(Mou, 1999). The solubility of Ca in water decreases with the
increase in temperature; when the temperature is high in
summer, these elements’ concentrations decrease in the water,
and when the temperature is low in winter, these elements’
concentrations increase in the water.

Besides the mechanism of intensive water-rock interaction,
slight changes in the physical-chemical or oxidation-deoxidation

environment would cause changes in trace element concentrations.
Thus, the changes in trace elements in the Songshan spring were
mainly caused by the result of the water-rock interaction combined
with the changes in the physical-chemical environment caused by
the earthquake.

5.2 Relationship between trace elements
and seismic activities

There were approximately 400 earthquakes occurring in the
Beijing area during sampling (from August 2021 to August 2022)
(Figure 1); only 22 of them were above M1.0, and the Chaoyang
ML3.3 earthquake was the biggest one, which means that seismic
activities in Beijing were dominated by frequent small earthquakes.
In terms of the spatial distribution of earthquakes, these earthquakes
mainly occurred in two groups of NE orderly active fault zones and
one NW orderly Nankou-Sunhe Fault Zone which was controlled by
the large-scale Zhangjiakou-Bohai Fault Zones in the northwest
direction. The Chaoyang ML3.3 earthquake and Songshan hot
spring were located in the northwest direction and were
consistent with the distribution direction of Zhangjiakou-Bohai
Fault Zones, so they had a strong spatial correlation.

From a time series perspective, trace elements of different
groups had significant upward or downward changes before or
after February. Coincidentally, the biggest Chaoyang earthquake
occurred on February 3, so they had a strong temporally
relationship. In addition to the Chaoyang earthquake, there were
10 earthquakes above M1.0 densely occurring from December
2021 to March 2022 (Figure 1); the swarm of earthquakes might
be temporally related to changes in trace elements, but the spatial
distribution of these earthquakes was not clustered and spread along
a northwest direction which was also consistent with the distribution
direction of Zhangjiakou-Bohai Fault Zones. Hence, a group of small
earthquakes above M1.0, which is mainly the biggest Chaoyang

FIGURE 8
Concept model of earthquake-induced trace elements changes in Songshan spring. Microcracks led to intensive water-rock interaction before the
earthquake, and Li, Sc, Ti, and Pb were released into water, and Cu, Nb, Th, Zn, Tl, and U adsorbed on the surface of rocks. After the earthquake, Eu (REE)
was released into the water.
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earthquake, indicates that the Zhangjiakou-Bohai seismic zones
were strongly active in February, which probably caused the
abnormal changes in trace elements.

On a regional scale, there were three earthquakes aboveM1.0 during
sampling in the Yanqing district, and the three earthquakes occurred
near theMountain Front Fault of Nankou (Figure 1) whichwas far away
from Songshan spring. At the same time, no earthquakes above
M1.0 occurred during sampling in the Northern Marginal Fault
Zones of the Yanqing basin which is closest to Songshan spring.

Above all, the Chaoyang earthquake had a small magnitude and
longer epicenter distance, and trace elements had the potential to be
more sensitive in detecting small changes caused by minor crustal
strain. Hence, the monitoring of trace elements had temporal-spatial
significance in the Beijing area where small earthquakes occurred
frequently.

Notably, different geological and hydrogeological settings may
show distinct sensitivities to trace element constitutes, thus sensitive
trace elements to seismic activities are determined by the aquifer
lithology and physical-chemical conditions for specific sites. In the
Songshan spring aquifer system, Li, Sc, Ti, Pb, Cu, Nb, Th, Zn, Tl, U,
and REEs were sensitive to earthquake stress and would be good
candidates for monitoring earthquake activities. Furthermore, we
propose to comparatively investigate the sensitivity of trace element
composition in the Beijing area even in the Zhangjiakou-Bohai Fault
Zone. Additionally, we do not know the changes in major ions and
isotopes in Songshan spring, so more comprehensive geochemical
composition should be provided in future research, providing
additional useful information to deepen the understanding of the
mechanism of geochemistry changes to earthquake stress.

6 Conclusion

This study has the following three conclusions.

1. Although the Chaoyang ML3.3 earthquake had a small
magnitude and longer epicenter distance, some trace elements
in Songshan spring are likely to be sensitive to crustal minor
strain by the earthquake. The Eu element of rare earth elements
had obvious upward changes after the earthquake. The first group
consisting of Li, Sc, Ti, and Pb elements had significantly upward
changes, and the second group consisting of Cu, Nb, Th, Zn, Tl,
and U elements had downward changes before the earthquake.

2. The changes in trace elements in the Songshan spring were
mainly caused by the result of the water-rock interaction.

3. The monitoring of trace elements had temporal-spatial significance
in the Beijing area where small earthquakes occurred frequently.
Furthermore, we proposed to comparatively investigate the
sensitivity of trace element composition in the Zhangjiakou-Bohai
Fault Zone.
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