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Abstract: Groundwater is undoubtedly important for water security and eco-environmental protec-
tion, especially in areas that experience earthquakes. Analyzing the characteristics and variation of
groundwater after an earthquake is significant to obtain a better understanding of the seismic risk
and rational management of groundwater resources. This study investigated the hydrogeochemical
characteristics of groundwater at the epicenter of the 2021 Biru M6.1 earthquake in central Tibet,
southwest China, using 23 water samples. The results showed that: (1) the hydrochemical type,
hydrogen and oxygen isotope ratios, and SiO; concentrations of three hot spring water samples
in the study area were significantly different from those of samples taken elsewhere, indicating
that the hot spring water originates from deeper geothermal reservoirs and has undergone more
distant migration and longer fractionation processes; (2) the geochemical characteristics of ground-
water from some sampling sites in the epicentral area were apparently distinct from those of other
shallow groundwater or surface water samples, suggesting that the groundwater environment in
the epicentral area has been affected by the earthquake. Along with the macroscopic groundwater
responses in the epicentral area after the earthquake, we investigated the influencing mechanisms of
the earthquake on the regional groundwater environment. We conclude that a shorter distance from
the epicenter to the seismogenic fault leads to a greater possibility of the generation of new fractures,
which then induce macroscopic responses and chemical characteristic variations for groundwater.

Keywords: Biru M6.1 earthquake; hydrochemical characteristics; hydrogen and oxygen isotopes;
groundwater response

1. Introduction

The hydrochemistry of groundwater is generally regulated by precipitation, geological
structure, rock type, residence time, and geochemical processes along the groundwater
flow paths [1-3]. Hydrothermal activities are closely related to deep faults and active faults,
and geothermal fluids can rapidly migrate along the fault channels [4,5]. In the processes
of earthquake generation and occurrence, changes in the stress conditions of aquifers
and mixing of deep and shallow fluids can cause variations in the chemical composition
of groundwater in the fault zone and nearby areas [6-10]. Therefore, we can capture
possible earthquake precursor signals by analyzing the geochemical characteristics of
groundwater associated with earthquakes, especially using the geochemical anomalies of
geothermal water [11-14].

Crustal earthquakes induce large tectonic and crustal deformations, such as surface
ruptures, liquefaction, and mountain landslides, in affected regions. Simultaneously,
these geological structure deformations and ground shaking usually trigger hydrological
and environmental phenomena [15,16]. Such phenomena involve the eruption of mud
volcanoes, increased streamflow discharge, formation of new springs, depletion of existing
springs, liquefaction, and water chemical composition changes [8,17-20]. Compared with
macroscopic effects, such as surface ruptures, river flow changes, and building collapses,
microscopic effects, such as changes in groundwater flow and hydrogeochemistry, are
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more difficult to identify. However, they can be useful parameters for understanding the
responses to an earthquake [21].

Chemical components and stable isotopes in groundwater are fundamental criteria for
discerning the sources of groundwater and tracking the hydrochemical evolution [21-23].
Combining isotopic techniques and hydrochemical methods can further improve the
accuracy and reliability of the analysis results regarding fluid recharge sources and source
depth in the fault zone [24,25]. Hydrochemical composition and environmental isotopes
serve as tracers in water cycle studies. They record the history of water transport and
transformation to a certain extent and can effectively reveal the transformation relationship
between surface water and groundwater in the drainage basin [26]. In recent years, many
observation tools and methods have been applied to explore groundwater sources and
compositional variations. For instance, long-term continuous observations of groundwater
have been conducted to obtain information on changes in the groundwater environment
or sources [27,28]. Groundwater monitoring has revealed that geochemical anomalies
in 82H and 880 isotopes, and Li*, Na®, S042~, and Cl~ ions correlate well with the
occurrence of an earthquake [6,11]. For example, after the 1998 Adana M6.2 earthquake,
Na™ and Cl~ concentrations in groundwater at the TR167 sampling site in the Cokcapinar
area increased nearly twofold within 1 week [29]. Before and after the M5.5 and M5.6
earthquakes in Iceland in October 2012 and April 2013, respectively, the 52H, 5180, Si,
Na*, and Ca?* concentrations of groundwater in the seismic region exhibited apparent
high-value anomalies [11]. Therefore, a comprehensive analysis of the chemical ion and
isotopic composition characteristics of the groundwater in the epicentral area can provide
critical criteria for determining the impacts of an earthquake on the regional groundwater.

Although it has been widely reported that water chemical characteristics change
before and after earthquakes, it is difficult to obtain accurate geochemical characteristics of
groundwater due to great uncertainties caused by both the natural factors (aquifer lithology,
travel time, geological structures, etc.) and anthropogenic disturbance [30]. Therefore,
researchers often combine various methods to characterize the chemical characteristics
of groundwater. The concentrations of major cations can also be noticeably modified
by cation exchange, such as Piper diagrams [31,32], Na-K-Mg ternary diagrams [33], and
Gibbs diagrams [34], and are effective approaches to identify the hydrochemical type, water
maturity, and geogenic sources of ions in groundwater. The silica saturation concentration
of geothermal fluid in the spring can be applied to calculate the equilibrium temperature of
the underground thermal fluid [35]. The hydrogen and oxygen stable isotopes are effective
diagnostic tools for studying water sources and hydrological processes [36,37]. Apart from
these chemical analysis methods, some statistical methods, such as factor analysis, can also
be used to identify groundwater sources and explain complicated relationships between
hydrochemical components [30].

On 19 March 2021, an M6.1 earthquake occurred in Biru County in southwestern
China. As is known to all, earthquakes can have significant influences on groundwater
systems. The occurrence of this earthquake provides a good experimental field for us to
study the impact of earthquakes on groundwater systems. Information on the geochemical
characteristics of groundwater in the epicentral area is important for disaster assessment.
The objective of this study was to systematically characterize the groundwater response at
the epicenter of the Biru M6.1 earthquake based on hydrogeochemical and isotopic data in
combination with surface deformation information. In this study, the methods of geochem-
ical and statistical analysis were employed to characterize the geochemical characteristics
of groundwater in the epicentral area. This work aimed to (1) identify the key factors
controlling the chemical evolution of groundwater in the epicentral area; (2) ascertain the
effect of the earthquake on the groundwater system. Such results can accumulate more
knowledge for the research of groundwater systems affected by earthquakes, and the
findings will have scientific implications for groundwater sustainable management in the
epicentral area.
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2. Study Area and Methodology
2.1. Study Area

According to the China Earthquake Networks Center, an M6.1 earthquake occurred in
Biru County, Nagqu city, Tibet at 14:11 on March 19, 2021 (Beijing time). The epicenter was
at 31.94 N°, 92.74 43 E°, and the focal depth was 10 km. A Sentinel-1 data-based automated
seismic deformation monitoring system [38] was used to extract the interferograms of co-
seismic ground deformation caused by this earthquake. The interferograms demonstrated
the spatial coverage of the coseismic deformation field and deformation intensity (Figure 1).
There are two large faults 20~30 km in the south of the epicenter. The lithology of the
nearby area is mainly dolomite, schist, limestone, and slate. The groundwater resources
around the epicentral area are abundant, and groundwater flow out of the surface to form
many rivers, streams, and lakes.
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Figure 1. Epicenter of the 2021 Biru M6.1 earthquake and distribution of hydrochemical sampling
sites. The color-filled areas show the interferograms of coseismic ground deformation. The red
dotted line shows the speculative seismogenic fault of this earthquake. The lithology of the strata
in the geological map legend is as follows, 1: Precambrian dolomite; 2: Permian schist; 3: Jurassic
schist; 4: Jurassic limestone and slate; 5: Late Cretaceous quartz diorite; 6: Late Cretaceous granites;
7: Cretaceous sandstone; 8: Cenozoic sandstone; 9: Pleistocene clay; 10: Holocene clay.

After the earthquake, we investigated the groundwater responses in areas around
the epicenter of this earthquake between 27 and 29 March 2021. We found that, due
to the topography and tectonic settings, the coseismic responses of groundwater were
more intense in the hanging wall (the northwest side of the seismogenic fault) than in
the footwall (the southeast side). These groundwater responses included (1) new seepage
lines after the earthquake (Figure 2a); (2) turbid well water (Figure 2b); and (3) new spring
outcrops (Figure 2c) or increased spring flow rate. All of these phenomena indicate that
the earthquake affected the regional groundwater media and that the shallow crustal
deformation triggered by the earthquake modified the groundwater flow paths.



Water 2021, 13, 3111 40f 15

: o
. Turbid well water™,"

-« Pk

Figure 2. Groundwater responses to the Biru M6.1 earthquake. (a) New seepage line (c1), (b) water
in the well (w6) that became turbid, and (c) a new spring (s1) after the earthquake.

2.2. Sample Collection and Analysis

We collected groundwater and surface water samples at the sites with apparent
groundwater responses to analyze the hydrochemical characteristics of groundwater in
the epicentral area. The sampling time was from 27 to 29 March 2021, and the weather in
these three days was sunny, so the effect of precipitation on the sampling could be ignored.
The spatial locations of the epicenter of the Biru M6.1 earthquake and the sampling sites
for hydrochemical analysis are illustrated in Figure 1. The water samples were mostly
taken from hot springs (temperature above 30 °C), cool springs (temperature lower than
10 °C), streams, lakes, and wells near the epicenter, with 23 samples in total (including
3 hot spring water, 5 cool spring water, 5 stream water, 3 lake water, and 7 well water
samples). All the water samples were stored in portable bottles, and the pH, TDS, and
temperature were measured at the same time as the sampling. The hydrochemical ion
concentrations, hydrogen and oxygen isotope ratios, and SiO; content of the samples were
examined in the Laboratory of Crustal Dynamics, China Earthquake Administration. The
pH was tested in situ using a portable multi-parameter monitor. The §?H and §'30 values
were measured with an LWIA 912-0008 liquid water isotope analyzer from Los Gatos
Research. Na*, K*, CaZ*, Mg2+, S042~,NO;3;~, and Cl~ concentrations were measured by
ion chromatography; HCO; ~ and CO32~ concentrations were measured by traditional
titration with HCI; and soluble SiO; was measured using silicon molybdenum yellow
spectrophotometry. According to the charge balance verification of all hydrochemical
data, the ionic balance error was within the limit value of £5%, indicating the accuracy of
our data.

3. Results
3.1. Hydrochemical Types and Characteristics

The results are shown in Table 1. The hydrochemical concentration data reveal that
the hydrochemical characteristics of three hot springs (sites h1-h3) were significantly
different from those of the water samples from other sites. These hot spring water samples
had relatively higher Na*, K*, SO4%*, and TDS levels and lower pH values. The Piper
diagram is an important tool for comprehending the hydrochemical characteristics, types,
and evolution of groundwater [31,32]. Figure 3 shows that the lake water, cool spring,
and well water are characterized by the HCO3-504-Ca-Mg type, and the stream and hot
spring water are characterized by the HCO3-Ca-Mg and HCO3-Na types, respectively. One
exception is the c1 sample, which is characterized by the HCO3-504-Ca-Mg type, similar
to stream water.
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Table 1. Hydrochemical data from the study area.

Na* Mg+ Ca?t Cl- S042- NO;3- HCO3;~ + R TDS o SiO,
1D Water Type mg/L K* mg/L. mgg/L mg/L mg/L mg/L mg/L CO32~ mg/L T mg/L pH 8D %o 5150 % ug/mL
cl Cool spring 9.85 2.10 26.04 85.16 1.51 156.57 521 260.14 0.40 309.00 743  —110.30 —14.92 9.35
2 Cool spring 9.74 2.30 23.58 61.85 1.52 34.69 10.70 256.27 5.00 262.67 785  —109.44 —14.40 7.00
c3 Cool spring 6.60 1.53 22.55 64.58 0.96 18.03 3.15 274.58 3.80 247.67 765  —110.68 —14.49 5.99
c4 Cool spring 17.76 1.42 39.94 49.34 1.95 26.28 12.18 305.09 5.10 273.33 789  —11543 —15.04 10.81
c5 Cool spring 10.94 0.63 17.28 40.44 1.53 25.45 4.30 183.05 6.30 184.70 794  —113.23 —14.86 8.79
hl Hot spring 77.39 60.24 8.43 40.53 87.28 116.69 0.49 601.24 53.60 780.33 6.72  —129.60 —17.18 45.20
h2 Hot spring 205.79 30.35 20.33 60.26 34.71 136.95 0.89 713.90 60.60 802.67 691  —130.98 —16.46 100.88
h3 Hot spring 506.30 155.14 53.69 23.09 37.79 208.02 2.53 1765.00 3250  1692.67 6.67  —132.73 —17.53 54.39
11 Lake 3.55 0.81 10.19 86.63 0.82 31.83 2.56 286.78 3.70 269.33 742  —110.13 —15.00 5.32
12 Lake 9.90 2.42 12.63 83.85 1.92 9.38 1.03 323.39 0.00 251.67 720  —109.52 —14.28 11.70
13 Lake 33.59 7.27 40.03 86.33 6.09 39.04 10.20 451.53 5.20 408.67 855  —110.83 —14.16 17.75
sl Steam 7.77 0.98 29.44 102.35 1.04 144.31 4.48 262.37 0.10 373.33 798  —109.81 —14.94 7.33
s2 Steam 10.67 1.66 23.23 57.44 0.88 64.65 4.80 213.56 0.00 253.00 8.64  —105.45 —13.43 4.98
s3 Steam 42.01 5.61 56.44 92.05 5.08 156.55 5.96 414.92 9.20 511.33 755  —112.43 —14.73 16.52
s4 Steam 56.95 12.05 29.99 95.77 5.25 134.39 3.79 384.41 3.50 482.67 7.77  —109.08 —15.09 11.48
s5 Steam 24.49 4.02 28.79 68.80 4.01 157.90 413 268.35 3.00 673.67 828  —112.42 —15.15 8.68
wl Well (38 m) 9.84 1.17 47.15 49.37 1.78 40.62 0.05 329.49 4.90 310.33 778  —116.28 —14.71 13.38
w2 Well (50 m) 11.60 1.21 10.50 45.02 0.74 14.74 9.22 189.15 4.40 181.47 8.10 —107.20 —13.95 7.67
w3 Well (35 m) 27.06 3.66 26.02 99.13 1591 42.99 54.46 366.10 3.50 418.67 755  —112.23 —14.83 7.78
w4 Well (45 m) 27.29 1.88 25.66 81.06 1.74 22.88 4.36 366.10 4.60 321.67 753  —107.18 —13.78 7.22
w5 Well (40 m) 5.06 1.89 65.02 60.74 1.64 24.33 0.12 469.83 4.00 390.00 755  —124.03 —16.25 5.43
w6 Well (40 m) 12.18 0.64 11.56 65.25 2.70 28.80 2.88 256.27 5.90 243.67 780  —119.64 —15.52 14.06
w7 Well (30 m) 8.66 1.54 62.93 74.86 5.16 32.46 1.66 500.34 5.60 419.33 748  —114.22 —15.11 4.98
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Figure 3. Piper diagram for all water samples.

The Na-K-Mg ternary diagram gives an eyeball classification of whether thermal water
has attained full equilibrium, partial equilibrium, or is immature with respect to rocks at a
given temperature. It can be used to analyze the equilibrium of water—rock interactions,
depth of groundwater circulation, and other data that is helpful for determining the open
and closed conditions of a system, the timing, and the transport processes [33]. The
apparently quite arbitrary line in the Na-K-Mg ternary diagram separating immature from
partially equilibrated waters actually corresponds to a value of the maturity index (MI).
The main value of the MI = 2.0 curve lies in its use in distinguishing waters suitable for the
application of the K-Mg-Ca-geobarometer or not. Figure 4 shows that the water from all
sampling sites in this study falls close to the Mg-corner in the ‘immature waters’ region,
which means that those water samplings in this study are not suitable for the application of
the K-Mg-Ca-geobarometer to estimate the temperature. In comparison, the groundwater
at the three hot spring sites was slightly further away from the Mg-corner, indicating that
the groundwater originated from deeper environments.

Gibbs diagrams were constructed by the equivalence ratios of Na*/(Na* + Ca®*)
and CI7/(C1™ + HCO37) versus TDS. This method has been widely used to identify
hydrogeochemical evolution processes, which involve precipitation, rock weathering, and
evaporation—crystallization [34]. As shown in Figure 5, except for three hot springs, all
other water samples collected in this study lie in the rock-weathering dominance area,
indicating that the main hydrochemical process of the local water is water-rock interaction.
However, three samples collected from the hot springs fell within the transition region
between evaporation and rock-weathering, suggesting that the water in the hot springs
was influenced by both evaporation and water—rock interactions, possibly due to the
high temperature.
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Figure 5. Gibbs diagrams for the major ion compositions of the 23 water samples.
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3.2. Hydrogen and Oxygen Stable Isotopes

§2H and '80 are effective diagnostic tools for studying water sources and hydrologi-
cal processes [36,37]. The values of $H and §'80 shown in Table 1 were compared with
the global meteoric water line (GMWL), as shown in Figure 6. Although the hydrogen and
oxygen isotope values of the water from all 23 sampling sites were close to the GMWL,
three hot spring water samples (sites h1-h3) had relatively low §?°H and 'O values,
distributed from —129.60%o to —132.73%. and from —16.46%o to —17.53 %o, respectively.
Based on the ranges of the 52H and 8180 values, we divided the 23 water samples into
three groups: hot spring water samples (h1-h3), epicenter samples (w1, w5-7, and c4—c5),
and other samples (Figure 6). It is noteworthy that the hydrogen and oxygen isotope ratios
of the water from the sampling sites near the epicenter of the Biru M6.1 earthquake lie
between the values of the other samples and hot spring water samples, especially for the
samples from sites w5 and wé.

GMWL
—-100F| A cold spring 1
¥ hot spring
stream water
110tk lake water -
® well water
+ rainfall (Lhasa)
= —120¢ .
0

-1301

~140}

1 1

-6 -15 -14 -13

21 20 -19 -18 17
5180 (%o)

Figure 6. 5'80 vs. §2H values of the 23 water samples and their correlations with GMWL. The data
of Lhasa rainfall (1986~1992) available in this study are generated under the IAEA Water Resources
Programme’s monitoring networks: the Global Network of Isotopes in Precipitation (GNIP).

3.3. 5i0; Concentration and Underground Temperature

A silica geothermometer was applied to calculate the equilibrium temperature of the
underground thermal fluid using the silica saturation concentration of geothermal fluid in
the spring or wellhole [35]:

1315

= _—————— —2731 1
5.205 — logg;o, 315 M

Tsi0,°C

It can be seen from Table 1 that the water from the three hot spring sites had a
significantly higher SiO; content than that from other sampling sites, indicating a higher
underground temperature of the last equilibrium with quartz and greater circulation
depth. Based on the SiO, content values in Table 1, we calculated the geothermal reservoir
temperature for each sampling site using Equation (1) and estimated the circulation depth
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using a constant geothermal gradient of 25 °C/km. As shown in Figure 7, the three hot
spring sites had higher geothermal reservoir temperatures and deeper circulation paths.
Among them, the circulation depth at the site h5 exceeded 5 km. It is worth noting that
the well waters from sites wl and w6 in the epicentral area had higher SiO; contents than
other well water samples. Moreover, the higher SiO, content of the stream water at s3 and
s4 is probably because of mixing with water from nearby hot springs.
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Figure 7. SiO; concentrations of 23 water samples and their estimated underground temperature
and circulation depth.

3.4. Factor Analysis of Hydrochemical Characteristics

Groundwater is constantly exchanging material with the surrounding environment in
the process of circulation, and its component sources are mainly affected by the lithology
of the strata through which groundwater flows. The chemical composition of groundwater
is affected by water-rock interaction, human activities, and atmospheric factors. Here, we
used the factor analysis method to identify groundwater sources and explain complicated
relationships between the hydrochemical components in the study area.

Because the hydrochemical characteristics of three hot spring water samples are
obviously different from other samples, only 20 other samples were considered in our
factor analysis, and the results are shown in Table 2. Four common factors were extracted by
factor analysis, which explained 90.81% of the variance. The first factor is highly correlated
with Na* and K, the second factor is highly correlated with C1~ and NO;3~, the third
factor is highly correlated with Mg?* and HCOj; ~, and the fourth factor is highly correlated
with SO42~. The sum of the contribution rates of the first two factors is 52.09%, with
components of Na*, K*, C1~, and NO3~, which mainly originate from the dissolution of
evaporite, human activity, or precipitation. The sum of the contribution rates of the last two
factors is 38.72%, with components of Mg2+, HCO;~, and SO4%~, which mainly originate
from the dissolution of carbonatite. The previous analysis showed that the §°H and §'80
values in the groundwater in the study area were close to the precipitation line. Therefore,
we believe that the groundwater in the study area is mainly derived from meteoric water,
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which has subsequently undergone the water—rock interaction with surrounding evaporites
and carbonates, such as Precambrian dolomite and Jurassic limestone (Figure 1).

Table 2. Factor analysis results of the hydrochemical components.

Variate First Factor Second Factor Third Factor Fourth Factor

Na*t 0.892 0.247 0.112 0.232
K* 0.888 0.146 0.185 0.225
Mg2+ 0.035 —0.020 0.836 0.159
Ca%* 0.296 0.325 0.350 0.444
Cl- 0.272 0.877 0.254 0.070
S04 0.263 —0.047 0.009 0.961

NO;~ —0.005 0.993 —0.094 —0.021

HCO5;~ 0.291 0.144 0.939 —0.088
SO, 0.548 —0.015 0.074 0.061

Contribute 27.502% 24.589% 22.875% 15.842%

4. Discussion

Groundwater mainly originates from atmospheric precipitation. After infiltration
from the surface into the ground, water exhibits various hydrochemical characteristics after
undergoing migration for various durations over different pathways. The hydrochemical
type of the groundwater or surface water sample indicates the specific migration pathways
and water-rock interactions experienced by the water body at the sampling site. The
differences in hydrogen and oxygen isotope values suggest that the water bodies have
different sources and have undergone different fractionation processes during migration.
In this study, the hydrochemical anion and cation concentrations, hydrogen and oxygen
isotope ratios, carbon dioxide content, TDS, pH, and temperature of the three hot spring
sites were different from those at other sites. This is because the water at these sites
migrated to the surface along deep faults and experienced relatively deep pathways in
high-temperature regions. Water-rock interactions, ion exchange, and isotope fractionation
were extensive during the migration of these water samples.

In a stable groundwater system, the groundwater’s chemical characteristics and iso-
tope values at a certain point are relatively stable. However, once the system is disrupted or
disturbed due to the formation of new fractures, changes in water flow pathways, enhanced
permeability, mixing with other water bodies, etc., the hydrochemical characteristics of the
water may vary accordingly. Such changes can be triggered by an earthquake, especially a
near-field earthquake. Although water samples were not obtained before the Biru M6.1
earthquake in this study, and only the hydrochemical and isotopic data after the earthquake
were collected, we can still capture or infer the effects of this earthquake on the regional
groundwater environment from the investigated groundwater responses and available
hydrochemical data. For example, new seepage lines appeared after the earthquake at c1,
close to the seismogenic fault, a new spring appeared at s1, and the well water became
turbid at w5, near the epicentral area.

The impacts of an earthquake on groundwater environments can not only be mani-
fested in macroscopic physical phenomena, but also be inferred from the chemical charac-
teristics of groundwater. For instance, the hydrochemical type of the water sample from c1,
a spring flowing from a new fracture after the earthquake, is different from that of other cool
springs or well water but similar to that of the newly emerged spring in the nearby stream
(s1). This indicates that both new springs flow out of the surface from the new fracture
generated by this earthquake and that the newly emerged seepage line and spring water
are sourced from the same groundwater system. Moreover, the spatial locations of c1 and
s1 are relatively close to the seismogenic fault of this earthquake, which further supports
our assertion. According to the results of hydrogen and oxygen isotope analysis, the 8*H
and 580 ratios of the well water from sites around the epicenter, w5 and wb, fall between
the values of other samples and hot spring water samples, indicating that the aquifer
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media where the wellholes are located are also mixed with groundwater from deeper
horizons because of this earthquake. The deeper groundwater most probably flowed into
the observation aquifer along the new fractures generated by the earthquake. Similarly,
the SiO, content of the well water from w1 and w6 near the epicenter was relatively high,
suggesting that these well waters are also mixed with groundwater that migrates from a
high-temperature (deep) environment into the wellholes along new fractures.

For confined aquifers in a drainage basin, the horizontal zonation of the groundwater
chemical features depends on the degree of water circulation (degree of water exchange).
The degree of groundwater circulation is determined by regional tectonics, compositions
of the water-bearing rocks, elevation of the recharge area, and recharge conditions. As
shown in Figure 8a, atmospheric precipitation infiltrates the subsurface and flows along
the aquifer, partially or entirely displacing the highly mineralized connate water. A series
of hydrochemical zones were formed due to the mixing of the original highly mineral-
ized water with the infiltrated water and the physicochemical interactions between the
infiltrated water and porewater in the aquifer. Along the groundwater flow direction, the
hydrochemical zone alternates with a continuously increasing mineralization degree and
decreasing §*H and 5'30 values.

The occurrence of an earthquake can increase the permeability or pore pressure of
the fault zone [15,19,39]. One reason for this is the formation of new fractures or the
flushing out of materials that filled the fault during the earthquake, which can cause
various physicochemical changes in the groundwater. Figure 8b demonstrates that the
earthquake triggered the formation of new fractures around the seismogenic fault, and the
permeability of the fault also increased. Subsequently, the flow rate of the groundwater
rising along the fault zone increased, and the flow rate of the spring water flowing out of the
surface fault rupture also increased. As new fractures emerged near the fault, groundwater
from deeper horizons could migrate upward along the fractures and mix with the shallow
aquifers, which manifested as variations in the well water level or turbid well water. These
phenomena lead to the exchange of hydrochemical compositions between groundwater
and the surrounding rocks and can weaken or strengthen water-rock interactions, followed
by changes in hydrochemical anion and cation concentrations and stable isotope values.
Moreover, even though the subsurface media are anisotropic and inhomogeneous, and their
hydrochemical characteristics are different at each site, new fractures are more likely to
form in areas closer to the epicenter or the seismogenic fault after the earthquake. Thus, the
possibility of the occurrence of physical responses and hydrochemical characteristic there
is also higher. The mechanisms behind these phenomena are currently under discussion
or being quantitatively analyzed, so their details are currently unclear. To obtain a better
understanding, further observation data should be collected in future studies.

It should be noted that there is some inevitable forecast deviation due to the uncer-
tainties of the input data and setting parameters, and some methods or models have their
own applicability. As pointed by Giggenbach, before applying the K-Mg-Ca-geobarometer
(Figure 4), the suavity of a water should be checked or by determining its maturity index
(MI), and the main value of the MI = 2.0 curve lies in its use in distinguishing waters
suitable for the application of the K-Mg-Ca-geobarometer or not [33]. When the flow rate of
a hot spring is large and fast and the liquid phase is maintained, it is better to calculate the
deep heat storage temperature by using the concentration of SiO,. The silica geothermome-
ter used in this study (Figure 7) is suitable for the water cooled by heat conduction and no
steam loss [35]. On the other hand, the geothermal gradient in the crust is not uniform as
we assumed in this study. As a result, there is some inevitable deviation in the estimated
temperature and depth by using the concentration of S5iO,. Although there may be some
uncertainties or errors in a single method due to its limitation, the results would be more
reliable by combining different methods to determine the hydrochemical characteristics of
groundwater in one study area.
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Figure 8. Schematic diagram of groundwater hydrochemical zonation and fracture variations before
and after an earthquake. (a) before the earthquake, the hydrochemical composition of groundwa-
ter was in equilibrium, and the permeability in the fault zone was low; (b) earthquake triggered
the formation of new fractures around the seismogenic fault, and the permeability of the fault
also increased.

As is well known, the geochemical characterization of groundwater is affected by
aquifer lithology and geological structures. Factor analysis shows that the groundwater
in the epicentral area of Biru M6.1 earthquake is mainly derived from meteoric water,
which has subsequently undergone water—rock interaction with surrounding evaporites
and carbonates, such as dolomite and limestone. As a result, the hydrochemical types of
shallow groundwater are mainly HCO3-Ca-Mg and HCO3-504-Ca-Mg, except for three
hot springs that are typed as HCO3-Na. Combining the results of hydrochemistry and
stable isotopes (§°H and 5'80) analysis, we speculate that the occurrence of an earthquake
results in the local groundwater system changing in the epicentral area. There was little
research on the hydrochemical characteristics of groundwater in the area before the Biru
M6.1 earthquake. Our studies identified the key factors controlling the chemical evolution
of groundwater and ascertained the effect of the earthquake on the groundwater system.
In addition to obtaining first-hand field data, our findings will have scientific implications
for groundwater sustainable management in the study area.
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5. Conclusions

A comprehensive analysis of the hydrochemical data of 23 water samples at the
epicenter of the 2021 Biru M6.1 earthquake, SW China, was conducted to provide a basis for
understanding the hydrochemical characteristics of groundwater at the epicenter and the
associated influence of the earthquake on groundwater environments. The results obtained
were as follows: (1) the hydrochemical type of the three hot spring sites in the study
area was HCOj3-Na, while those of other sites were HCO3-Ca-Mg and HCO3-504-Ca-Mg.
The results of the hydrogen and oxygen isotopes and SiO; content analysis indicated
that, compared with other sampling sites, the hot spring water originates from deeper
geothermal reservoirs and has undergone more distant migration with longer fractionation
processes. (2) The hydrochemical characteristics of the groundwater samples from the sites
in the epicentral area are significantly different from those of other shallow groundwater
or surface water samples. Anomalies include the anion and cation concentrations of the c1
water sample, the §2H and §'80 ratios of the well water samples from w5 and w6, and the
SiO; content of the well water from w1, which suggest that the groundwater environment
in the epicentral area has been affected by the earthquake. (3) After the earthquake, new
fractures are more likely to occur in areas closer to the epicenter or seismogenic fault, which
leads to macroscopic responses and chemical characteristic variations of groundwater.
The results of this study provide references for further understanding the groundwater
geochemical evolution processes in this area and in other similar areas. In addition, the
data on hydrochemical characteristics contribute to a better understanding of the seismic
risk in the area.
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