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Abstract: Analyzing the hydrochemical composition in thermal springs is an advantageous method
for studying the coupling mechanism of the deep and shallow fluids in active fault zones. Here
we conducted sampling in 30 thermal springs near fault zones in Fujian Province, and the major
elements, trace elements, silica, stable isotopes (8D and 5180) and strontium isotopes were tested in
the laboratory. The results show that (1) the thermal springs in the study area can be divided into six
types according to the content of the major elements: HCO3-Na, HCO3-50,4-Na, C1- HCO3-Na, CI-Na,
Cl-Na-Ca and HCOj3-504-Ca; (2) hydrogen and oxygen isotopes indicate that precipitation is the
main source of recharge for thermal springs in the study area, and the recharge height is between 258
m and 1859 m; (3) the content of SiO; in the thermal spring varies from 18.1 mg/L to 59.3 mg/L. The
geothermal reservoir temperature calculated is 90~226 °C, and the circulation depth is 2.9~5.4 km,
except for the W10 thermal spring, whose circulation depth is 8.4 km; and (4) the 8Sr/80Sr of the
thermal springs in southwestern Fujian and eastern Fujian has obviously different characteristics,
indicating the influence of different rock formations on the groundwater cycle process. Additionally,
a continuous measurement of the main anions and cations was performed in five thermal springs
every three days since January 2020. There were obvious abnormal changes in the hydrochemical
compositions, chlorine in four of the five springs, sodium at three springs, and four ions at one spring,
which all showed abnormal high-value changes by 15% to 80%, and which occurred 85~168 days prior
to the M6.1 earthquake in Hualien, Taiwan. An inspiration could be provided for obtaining effective
earthquake precursor anomalies by monitoring the change in ion concentration in thermal springs.

Keywords: thermal spring; hydrochemical composition; geothermal reservoir temperature;
seismic activity; Taiwan strait

1. Introduction

An active fault is a good channel for the migration of underground fluid. Meteoric
water seep into the ground, enter the crust through runoff, and is heated by a geothermal
source during the deep circulation process under certain structural conditions. Groundwa-
ter is affected by factors such as the storage medium and circulation conditions in the flow
system, and the dissolved materials and chemical composition are dynamically changing
with the groundwater cycle [1,2]. Previous studies have found that the chemical composi-
tion of groundwater changes significantly before and after moderate earthquakes [3-16].
The possible explanations for such changes include deep crustal fluid upwelling, mixing
of water in different aquifers due to the rupture or crustal strain changes before and after
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earthquakes [17-21]. Therefore, research on the distribution pattern and the geochemi-
cal and isotopic changes in thermal springs is one of the practical ways to reveal fault
activity [6,10,22-24].

Fujian is located on the southeastern edge of the Eurasian continent and connect to
the Taiwan Strait, in the middle of the Zhejiang, Fujian and Guangdong uplift belts, and
is part of the active continent in eastern China. According to the geological structures
and the distribution of the main faults, Fujian can be divided into three regions: northern
Fujian uplift belt, southwestern Fujian depression belt and eastern Fujian volcanic activity
belt [25]. Although historical seismic activity in Fujian is not strong, the groundwater
observation data in Fujian show that there could be abnormal changes before and after
mid-strong earthquakes in the coastal areas; for example, the water temperature, element
components and radon concentration of several thermal springs near the Changle-Zhaoan
fault increased significantly before the 1999 Jiji 7.6 earthquake in Taiwan [26,27].

The specific aims of this study are to analyze the elemental composition and isotopic
characteristics of thermal springs distributed in the different faults of Fujian, and to explore
the relationship between changes in the geochemical concentration in thermal springs and
the occurrence of earthquakes. It is of great significance for future use of thermal springs
or groundwater observation data to determine the occurrence of mid-strong earthquakes
along the coast of Fujian and Taiwan.

2. Geological Profiles

Fujian is located in the Wuyi-Daiyunlong fold belt along the southeastern coast of
China. Since the Late Jurassic, large-scale intermediate-acid volcanic eruptions and Yan-
shanian magmatic intrusions have occurred due to the growth of the Pacific plate and the
subduction and extinction of the Eurasian continent, thus forming the famous structural-
magma belt and dynamic metamorphic belt along the southeast coast of China. The
geomorphological pattern is characterized by denudation and weathering since the Ceno-
zoic. There are tertiary-Quaternary terrestrial sedimentary strata in the fault basin, and
marine and terrestrial formations in the coastal area [28].

From the perspective of lithosphere plate dynamics, Fujian is located in the intraplate
area where the west side of the collision zone of the Pacific Plate is subducting into the
Eurasian continent. Fujian and the Taiwan strait were affected by the subduction-collision
compression of the Philippine Sea plate to the northwest, which resulted in many dynamics
process successively developing, such as the strong interplate seismic zone in eastern
Taiwan, the marginal seismic zone in western Taiwan and the intraplate seismic zone along
the southeast coast. The distribution of seismic belts in Fujian is closely related to the
Quaternary active faults, which consist of three larger active faults, namely, the Shaowu-
Heyuan fault, Zhenghe-Haifeng fault and Changle-Zhaoan fault; all of these faults have
spread in the NNE direction. Figure 1 show the simplified geological map and historical
earthquakes, where the gray circles represent Mg > 5 historical earthquakes, and the red
circles represent M > 3 earthquakes since 1970 (Figure 1).
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Figure 1. (a) Localization

of the study area. (b) Geological map showing the location of the thermal springs, historical

earthquakes and major faults of Fujian.

3. Data and Method

A total of 30 thermal springs were sampled in January 2020. Temperature, pH, con-
ductivity, major elements, trace elements, silicon dioxide, strontium isotopes, hydrogen
and oxygen isotopes of the sampled springs were analyzed (see Tables S1 and S2 for data
and Figure 1 for sample locations). The determination of the major elements in thermal
springs was completed by a Dionex ICS-900 ion chromatograph (Thermo Fisher Scientific
Inc., Sunnyvale, CA, USA) and AS40 autosampler instruments with a detection limit of
0.01 mg/L (Dionex Corporation, Sunnyvale, CA, USA) in the Key Laboratory of Earth-
quake Prediction Institute of China Earthquake Administration [29]. HCO;~ and CO3%~
were measured with a ZDJ-3D potentiometric titrator through standard titration proce-
dures, and the measurement errors of the anion and cation are both less than 5%. The
analysis of the trace elements was completed at the Test Center of the Institute of Nuclear
Industry Geology, using an element-type inductively coupled plasma mass spectrome-
ter ICP-MS (PerkinElmer, Waltham, MA, USA) [30]. The gas isotope mass spectrometer
MAT?253 (Thermo Fisher Scientific Inc., Sunnyvale, CA, USA) was adopted to analyze the
hydrogen and oxygen isotopes, where the test errors of D and 5'80 were less than one
thousandth and two ten thousandths, respectively [31]. The inductively coupled plasma
emission spectrometer Optima-5300 DV (PerkinElmer, Waltham, MA, USA) was used to
detect the concentration of silicon dioxide. The analysis of strontium isotopes was done by
a Phoenix thermal ionization mass spectrometer (Thermo Fisher Scientific Inc., Sunnyvale,
CA, USA) [32].

4. Results and Discussion

The water temperature of the thermal springs in the study area varies from 25 °C to
90 °C. The pH of these thermal springs is between 7.01 and 8.23, with an average of 7.75
and median of 7.82. The electrical conductivity varies from 185.4 uS/cm to 18150uS/cm.
The main anions and cations in the thermal springs are HCO3 ™, 50,2, and Na*, with
some exceptions. The ranges of hydrogen and oxygen isotopes in the thermal spring samples
are —56.3%0 < 8D < —37.6%0 and —8.7%. < 8180 < —5.5%o, respectively. Silica contents vary
from 18.1 mg/L to 59.3 mg/L. The 8Sr/Sr® value is 0.706-0.726. The concentrations of trace
elements are extremely low, except for Sr and Li in a small number of the thermal springs.

The chemical composition of thermal springs along the fault is one of the important
means to reveal the activity of the fault. The concentrations of F~, CI~, S0,%~, Na*,
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SiO, and trace elements Li or Sr were very low in the shallow groundwater, but higher
in geothermal water that has undergone deep circulation. Certain ion ratios (Na* /K",
Na*/Ca2*) in geothermal water, and even the content of a certain single component (Si) can
indicate its circulation depth. Through the ratio of rubidium and strontium isotopes, the
ambient petrophysical composition in the cycle of the thermal spring can be determined,
and also the thermal spring circulation time can be calculated [33,34].

4.1. Geochemical Characteristics of Major Elements

It can be seen from the calculation results that Na is the main cation while HCO3
and SOy are the main anions in most springs. The 30 samples could be divided into
7 types according to the chemical constituent in the springs: HCO3-Na, HCO3-504-Na,
HCOj3-504-Na-Ca, Cl-Na-Ca, CI-Na, SO4-HCO3-Ca and Cl-504-HCO3-Na (Table S1 and
Figure 2). The chemical constituent in the thermal springs is correlated with the surround-
ing rock. The anions of thermal springs on the southeast Fujian fault zone are dominated
by sodium bicarbonate, indicating that most thermal springs may be in the metamorphic
rock area. All the thermal springs in the southwestern Fujian depression zone contain a
certain concentration of sulfate ions, indicating that these thermal springs may be in the
sedimentary rock area; moreover, sulfate minerals may dissolve in the thermal springs
due to the water—rock reaction during the deep circulation of groundwater. There are also
some exceptions; for example, calcium is the main cation in the W30 thermal spring, and
the milligram equivalent accounts for 79.4%. There is a positive exponential correlation
between the calcium concentration in the thermal spring and the saturation index of calcite
and dolomite, indicating that the ambient lithology is dominated by these two kinds of
rocks. The anion is dominated by chloride, whose milligram equivalent is more than 90%
in W21, W22, W23 and W26 thermal springs, and the calcium concentration is higher than
that of other thermal springs. The thermal springs have a relatively low ionic salinity
(7.2~30 meq/kg) with the exception of the four springs whose value range from 47.2 to
398.8 meq/kg, as indicated by the correlation plot of Na+K vs. Ca+Mg (Figure 3). Three of
these four thermal springs are located close to the sea, and the element composition and
concentration are almost the same as that of seawater. The higher concentrations of Ca®*
and Mg?* are probably due to mixing with Ca- and Mg-rich cold waters in shallow aquifers
or mixing with seawater, as they also have higher concentrations of Cl1™. It is speculated
that the groundwater in these regions may be affected by seawater invasion.
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Figure 2. Piper diagram of sample thermal springs. The hot spring samples can be divided into three
clusters according to the main ions. Among them, W30 obviously deviates from the others, whereas
W21, W22, W23 and W26 have a similar chemical composition; the other 25 samples form a unique
and the major category.
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Figure 3. Correlation plot of Na+K vs. Ca+Mg for the sample thermal springs in the research area,
also showing the iso-ionic-salinity (TIS) lines for reference.

4.2. Geochemical Characteristics of Trace Elements

The element content of the hot spring depends on the water—rock reaction during the
deep circulation of groundwater; therefore, the trace elements in thermal springs can show
the degree of water—rock reaction to a certain extent (Table S2). The enrichment factor is
the degree of enrichment of a certain element in a specific geological body, and the source
of the trace elements in a thermal spring can be qualitatively determined according to the
enrichment factor [35]. The calculation formula of the enrichment factor is

EF; = (Ci/Cr)w/(Ci/CR)r

where Cg is the selected reference element content, C; is the element content in the sample,
w is the element concentration in the water sample and r is the element concentration in
the rock.

Taking the average value of trace elements of the typical syenogranite in southwestern
Fujian as the reference value [25], Ni was selected as the reference element [36], and the
normalized trace element values are shown in Table 1. It can be seen that the enrichment
factors of Mo and Sr in most thermal springs in the study area are greater than 1, while
the enrichment factors of the other elements are extremely low. When the value of the
enrichment factor is less than 1, it means the element is dispersed. The higher Mo and
Sr contents have the characteristics of granite origin, especially Mo, which is a typical
element of granite source and a high-temperature mineralization element. It indicates that
the granite has a greater contribution to the chemical characteristics of the thermal springs.
There is no modern volcanic activity in the study area, so it is inferred that the granite
porphyry bodies has not yet been completely cooled.

The Sr concentration is higher compared with other trace elements in thermal springs
(Table S2). In particular, the concentration of Sr in the W21, W22, W23 and W26 thermal
springs is higher, and the measurement is 24 mg/L, 44 mg/L, 14 mg/L and 5 mg/L
(Figure 4), while Sr in seawater is about 8 mg/L [37]. Strontium has a better mobility and
higher concentration in chloride-type or sulfuric acid-type water. Thus, there may be a
wide distribution of deep chloride brine in the stratum in the area where such thermal
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springs are located. In addition, the strontium isotope can reflect the formation lithology
the thermal springs flowed through. The 87Sr/86Sr of carbonate and sulfate weathering
sources was 0.708, and the 87Sr/86Sr of the aluminosilicate weathering sources varied
between 0.716 and 0.72 [38,39]. The ratio of 8Sr/%Sr in the thermal springs in the study
area ranged from 0.706 to 0.726, and there were significant differences in the strontium
isotopes of the thermal springs in the different regions. The strontium isotope of the
thermal springs in the southwestern Fujian depression area is relatively high, which is
closer to the source of aluminosilicate weathering, while that in the Eastern Fujian volcanic
activity belt is relatively low, indicating that it is closer to the source of carbonate and
sulfate. The distinction in the strontium isotopes also manifests the differences in the
formation lithology in the two regions.

mg/L

0.01

0.001

«
1E-6 T T T T T T T T T T T T T T T T T T T T T T T T T 1
Li Be Ti V Mn Cr Co Ni Cu Zn Mo Cd Sb Ba TI Pb Th U Sr Ag B Sn Fe Al

Figure 4. The content of trace elements in the sampled thermal springs.

Table 1. The enrichment factor of the trace elements.

Thermal Spring Code

Element Enrichment Factor

Cr Co Cu Zn Mo Ba Pb Th U Sr Ag Sn
wo1 0.04 0.08 009 017 012 12012 0.12 0.00 0.00 0.07 18.98 / /
W02 0.04 011 0.06 028 013 12566 027  0.01 / 0.09 26.78 / 0.02
Wo03 0.08 018 0.09 039 017 13075 054  0.03 0.00 0.02 19.87 034 0.06
W04 035 023 006 100 099 581.06 007 005 0.00 0.04 1521  1.33  0.08
W05 0.02 0.04 007 019 005 5026 004 000 0.00 0.00 1063  0.06  0.00
W06 0.02 0.01 002 068 008 327 001 0.00 0.00 0.02 1.48 0.02 0.02
Wo7 0.01 0.02 007 014 005 131 0.13 0.00  0.00 0.00 13.63  0.04 0.00
W08 0.02 0.03 008 026 004 126 006  0.00 / 0.01 1932 0.03 0.00
W09 0.05 011 008 054 011 1788 0.29 0.00 0.00 0.01 2592 017 0.01
W10 0.03 0.02 008 019 002 411 0.03 0.00  0.00 0.07 18.81  0.02 0.00
w11 0.07 0.09 0.08 080 0.07 3632 0.08 0.00  0.00 0.24 2545 015 0.01
W12 0.07 011 009 057 006 4745 056  0.00 0.00 0.00 2639 015 001
W13 010 015 0.03 056 032 6047 0.05 0.01  0.00 0.04 19.40 020 0.03
W14 034 0.08 0.06 027 010 3434 0.08 0.03  0.00 0.00 28.60 0.10 0.01
W15 021 030 012 221 024 24324 034 003 0.00 0.00 3579 049 0.05
W16 051 0.09 007 216 027 32997 0.18 0.03  0.00 0.01 51.87 / 0.25
W17 0.06 0.05 002 040 009 5129 004 001 0.00 0.01 1592 019 0.02
W18 0.08 010 005 054 016 7869 0.07  0.01 / 0.01 22.14 / 0.02
W19 0.08 0.04 016 031 035 43814 0.03 0.04 0.00 0.15 1819 075 0.05

W20

002 012 0.09 034 005 3365 0.23 0.01  0.00 0.01 1826 011 0.00
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Table 1. Cont.

Thermal Spring Code

Element Enrichment Factor

Cr Co Cu Zn Mo Ba Pb Th U Sr Ag Sn
w21 054 010 0.09 0.05 0.00 1.49 0.08 0.01 / 0.03 39.73 0.01 0.00
W22 017 0.00 0.07 0.03 0.00 0.15 0.03 0.00 / 0.00 26.52 / 0.00
W23 034 005 007 005 003 073 004 001 000 0.00 2750  0.02 0.00
W24 097 052 014 093 022 17195 0.03 0.05 0.00 0.01 26.64 / 0.04
W25 024 017 010 072 049 6552 0.70 0.01  0.00 0.08 2431 019 0.04
W26 062 015 007 011 000 918 028 0.02  0.00 0.00 39.09 / /
w27 075 053 0.04 082 042 289.24 0.05 0.03  0.00 0.02 2232 / 0.13
W28 013 018 010 037 0.07 2008 020 0.01  0.00 0.01 20.86 / 0.02
W29 070 025 006 135 010 207.69 0.04 002 0.00 0.04 21.86 074 0.02
W30 0.01 0.01 0.07 024 002 165 0.02  0.00 0.00 0.07 6.21 0.03  0.00

4.3. Stable Isotope Characteristics and Origin of Thermal Springs

Isotopic characteristics of the groundwater can provide a theoretical basis for analyzing
the recharge source of groundwater. The measured values of D and §'80 in the thermal
springs ranged from —37.6%o to —56.30%0 and from —5.5%o to —8.7 %o, respectively. The
§D-5'80 relationship diagram (Figure 5) shows that the 30 sample points are scattered
near the Global Meteoric Water Line (GMWL) and the Local Meteoric Water Line in
Fujian (LMWL) [40-45], indicating that precipitation is the main source of recharge for
thermal springs.

20 4 .
m  Meteoric water(1992) L7
Meteoric water(1998) L7
0 Meteoric water(2004-2006) B
® Thermal spring(2020) r
GMWL )
204 |- - -LMwL ¥

240 -

3D(%o0)

-60 4

-80 4

-100 +

-120

3180 (%o)

Figure 5. Scatter plot of the D and §'80 values from the sampled thermal springs and meteoric
water. The red, orange and green squares represent the 3D vs. §!80 for the local precipitations of
1992, 1998 and 2004-2006, respectively [43-45], and the blue square represents the 6D vs. 8180 for
the thermal springs in this work.

Based on the empirical statistical formula of groundwater recharge elevation and
oxygen isotope in southeast China, §'80 = —0.002*altitude — 4.983 [46], the recharge
elevations of the considered thermal springs in the study area were calculated, with a result
ranging from 258 m to 1859 m. Faults provide tectonic precondition for the deep circulation
of groundwater, so the scales and patterns of the fault play a certain role in controlling
the formation of thermal springs. In addition, a larger hydraulic head difference is also a
necessary condition for deep circulation of groundwater, which may be one description for
the lack of thermal springs in northeast Fujian.
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4.4. Geothermal Reservoir Temperature and Circulation Depth

The Na-K-Mg ternary diagram can be used to indicate the degree of water—rock
reaction and the equilibrium temperature of geothermal water [47]. It can be seen that 19
sample thermal springs are found in the field of the partially equilibrated waters, whereas
the other 11 thermal springs fall in the field of immature waters (Figure 6). Owing to the
plethora of water geothermometers and their inevitable drawbacks [48-51], we selected a
variety of geothermometers in this work to optimize their use and find the most suitable
one. Most of the thermal springs in the study area are in an immature condition or in partial
equilibrium condition, and all ionic geothermometers are actually functions of not only
temperature but also of Pcop and ionic salinity [52-54], so the cation geothermometer is
not suitable for estimating the equilibrium temperature. Silica functions are affected by the
mixture of cold water in shallow aquifers and other effects; consequently, we use the mixing
model to compute the geothermal reservoir temperature and apply to the calculation of
circulation depth. The temperature of the cold spring water in the study area, 18 °C, was
used as the standard value for the local cold spring in the calculations [55]. The results
computed through direct application of multi-geothermometers were shown in Table 2.

As the thermal springs are recharged by meteoric water, the geothermal reservoir temper-
ature generally increases with the increase of the depth of thermal spring water circulation.
The circulation depth of the thermal spring can be calculated by the following formula:

D = (tR—teo1a)/g +h

where D is the circulation depth (km) and g is the geothermal gradient (°C/km), which
is set to 25 °C/km in the calculation in this paper [56]; tr is the geothermal reservoir
temperature through the silica-enthalpy mixing model (°C); t.oq is the temperature of
the local cold spring (°C); h is the distance from the ground to underground constant
temperature zone (km); and 30 m was taken in our calculation [55].

The geothermal reservoir temperature of the thermal spring in the study area varies
from 90 °C to 226 °C. The circulation depths of the thermal springs were between 2.9 and
5.4 km, except for W10 thermal spring, with a circulation depth of 8.4 km (Table 2).

Na/1000

20 40

60
—~Mg%

Figure 6. Na-K-Mg ternary diagram of the sampled thermal springs.
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Table 2. Apparent equilibrium temperatures computed through multi-geothermometers for the samples collected from the

thermal springs of Fujian.

. Qz Qzmsl SiO, SiO,,msl Na-K,F Na-K,G K-Mg K-Mg,msl Mixing Model Circulation Depth
Thermal Spring Code C °c °C °C °C °C °C °C e km
Wo1 86 89 60 67 135 155 74 75 138 4.8
W02 96 98 71 77 142 162 90 90 141 5
W03 105 106 82 86 162 180 114 113 121 42
W04 100 101 75 80 140 159 101 100 118 4
W05 91 93 65 71 161 179 91 91 118 4
W06 91 93 65 71 150 169 65 66 127 44
W07 110 110 87 90 173 191 85 85 153 54
Wo08 79 83 52 60 169 187 81 82 107 3.6
W09 103 104 80 84 164 183 97 97 132 4.6
W10 96 98 71 76 155 174 95 95 226 8.4
W11 73 77 45 54 137 157 93 93 94 31
W12 80 83 53 61 143 163 94 94 102 34
W13 86 89 60 67 146 165 73 74 118 4
W14 78 82 51 59 120 140 101 101 118 4
W15 89 91 63 69 149 168 107 106 122 4.2
W16 80 84 53 61 118 139 95 95 90 29
W17 86 89 59 67 141 161 91 91 118 4
W18 78 81 50 59 119 139 83 83 96 3.2
W19 97 98 72 77 140 159 94 94 153 5.4
W20 101 102 77 81 159 178 106 105 140 49
W21 90 92 64 70 182 199 133 131 150 5.3
w22 89 92 63 70 140 159 120 119 116 4
W23 79 83 52 60 136 156 128 126 95 3.1
W24 84 87 57 64 129 149 106 105 98 3.2
W25 91 93 66 72 144 163 94 94 122 4.2
W26 82 85 55 63 143 162 126 124 136 4.8
w27 82 85 55 63 127 147 91 91 105 3.5
W28 87 90 61 68 161 180 89 90 95 3.1
W29 95 97 70 76 147 166 103 102 110 3.7
W30 60 66 31 41 172 190 27 29 140 49

Qz = no-steam-loss quartz geothermometer [49]; Qz,msl = maximum-steam-loss quartz geothermometer [49]; SiO, = no-steam-loss
silica(quartz/chalcedony) geothermometer [48]; SiO, = maximum-steam-loss silica(quartz/chalcedony) geothermometer [48];
K-Mg = no-steam-loss K-Mg geothermometer [47]; K-Mg,msl = maximum-steam-loss K-Mg geothermometer [47]; Na-K,F = Na-K
geothermometer [50]; Na-K,G = Na-K geothermometer [47]. The mixing model is from Fournier and Truesdell [51].

4.5. Geothermal Characteristics and Seismic Activity

Geothermal energy and earthquakes are different manifestations of the energy release
inside the earth. An earthquake is a sudden release of crustal stress while a thermal spring
is another manifestation. In addition, the physical and chemical reactions between the hot
water and surrounding rocks in the groundwater cycle process could have a significant
impact on seismic activity. Fujian is located at the intersection of the Eurasian plate, the
Pacific plate and the Philippine plate. Collision and subduction of the continental margin
of southeastern China affected the formation of thermal springs and the distribution of
earthquakes; this can be seen from Figure 1, where the seismicity in Fujian is unevenly
distributed. There are few earthquakes in the north of Fujian, especially in the northeast,
while the distribution of earthquakes of M5 or higher has increased significantly in the
southeastern Fujian and the Taiwan Strait. The northwest and northeast trending faults are
intersected in the southeastern Fujian, with many fault branches, which is a good channel
for underground hot water transportation and storage. This partly explains why thermal
springs are relatively dense in this area [57].

The distribution of thermal springs is closely related to active faults, but the relation-
ship between the underground hot water and earthquakes is more complicated. Some
studies have shown that the infiltration of hot water could decrease the effective normal
stress and reduce the shear strength of the rock, which causes weakening behavior of the
fault [17,58]. Therefore, if the circulation of underground hot water covers the deep layer
of the fault, the weakening effect of the hot water to the fault will be enhanced, the strength
of the fault will be significant reduced, and the fault will more easily slip, resulting in
high-frequency small and medium earthquakes. On the contrary, if the circulation depth of
the underground hot water is only limited to the shallow layer of the fault, the weakening
effect of the hot water to the fault will be very small, the stress of the fault can continue to
accumulate in this area, and the likelihood of strong earthquakes is relatively high. The data in
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this work show that the circulation depth of the thermal springs in the study area is relatively
shallow, so there is still the possibility that moderate or strong earthquakes can occur.

The high geothermal anomaly area is often correlated to mantle material upwelling,
which make the crust in an unstable state, and the movement rate varies significantly in
such a section, causing the stress to increase and the earthquake to occur. The research
results of the velocity structure of the crust and upper mantle in Fujian show that there are
obvious east-west and north—south differences in the depth of the Moho discontinuity [59].
From west to east, the thickness of the crust becomes thinner gradually, with a value of
32 km inland and 28 km in coastal areas. The depth of the Moho discontinuity along the
coast of Fujian is undulating from south to north, and there are four local uplift areas,
namely, the Zhao’an Uplift, Zhangzhou-Xiamen Uplift, Quanzhou Uplift and Fuzhou
Uplift. As the Zhangzhou Uplift and Fuzhou Uplift are also two significant geothermal
anomalies [60], we deduced that such two areas are also earthquake-prone zones. There are
still many discussions on the geothermal source in Fujian. One of these statements is that
the magmatic rock heat invaded since the Quaternary may be a heat source for geothermal
energy [57], and the high enrichment coefficient of the trace element Mo in the thermal
spring we sampled also support this view.

In short, the seismic activity in Fujian is closely related to the distribution of the
thermal springs. The distribution density and intensity of the earthquakes increase from
west to east and from north to south, which is consistent with the distribution of thermal
springs. This consistency is also the result of deep material migration and energy exchange.

A continuous measurement of the main anions and cations were performed in five
thermal springs (W03, W04, W12, W23 and W29) every three days since January 2020. The
standard deviation was used to characterize the changes in the data, and values exceeding
20 are regarded as a significant abnormal change. As showed in Figure 7, the curve
represents sodium, chlorine, sulfate and TDS for five springs. The ion concentration from
the beginning of the observation, although there are fluctuations, basically varied within
a small range of the mean value. From the continuous observation data of rainfall (grey
histogram), there was little effect on the ion concentration of the thermal springs. The blue
bar represents seismic activity within 50 km of each spring. With the exception of the W29
spring, the activity of small earthquakes near the other four springs is relatively dense, but
the magnitude of these earthquakes is smaller with the largest one being Mj 2.4, and these
small seismic activities did not cause a significant change in the ion concentration of the
considered springs. In terms of seismic activity within 500 km of the spring point, there
were 20 earthquakes of M > 5 occurring around the Taiwan Strait since January 2020. Of
these, there were three M > 5.5 earthquakes, namely, the M5.8 earthquake in Yilan, Taiwan,
on 10 December 2020, and the M5.6 and M6.1 earthquake in Hualien, Taiwan, on 18 April
2021. The ion concentration of the hot spring did not deviate significantly before almost all
the M5 earthquakes; however, the TDS of W12 spring increased significantly one month
prior to the Yilan M5.8 earthquake, and the chloride ion of W03 had a high value close to the
abnormal value threshold. There were obviously abnormal changes in the chlorine of four
springs, and a high value of abnormal changes in sodium at W12, W23 and W29 springs.
Sodium, chlorine, sulfate and TDS at the W29 spring all showed abnormal high-value
changes (Table 3). These precursory changes, especially in chlorine concentration, occurred
from 85 to 168 days prior to the Hualien M6.1 earthquake, which is not accidental in long
continuous observations, and are likely to indicate some correlation with seismic activity
of M6 or above in the Taiwan Strait. The abnormal pre-earthquake changes in the ion
concentration of hot springs observed in Fujian are consistent with the findings of some
scientists; for example, significant increases in chlorine ions in nearby thermal springs were
observed before the 1996 Pyrenees M 5.2 earthquake [61]. The geochemical anomalies,
including changes in the ion concentration of thermal springs before earthquakes, have
been summarized, and the possible mechanisms for such changes discussed [62-65].
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Figure 7. Temporal variations of concentration of Na*, Cl~, SO42~, TDS and precipitation: (a) the Tadou spring (W03);
(b) the Longmen spring (W04); (c) the Tainei spring (W12); (d) the Gangwei spring (W23); (e) the Guian spring (W29). Blue
bars show the near-field My, > 1.0 earthquakes within 50 km and red bars show the far-field Mg > 5.0 earthquakes with
500 km; gray bars show the daily precipitation.

Table 3. The precursory anomalies of five thermal springs before the Hualien M6.1 earthquake on April 18, 2021.

Precursory Anomalies

Thermal
5 prldng Na* Cl- SO42~ TDS Start Time Duration  Variation Range Elgil::;ntzzl
Code (mg/L) (mg/L) (mg/L) (mg/L)  (YYYY-MM-DD) (Day) (%) (kem)
14.20
W03 - (10.74) - - 2021/1/3 105 32 356
16.46
W04 - (10.14) - - 2021/1/12 96 62 356
109.08
(94.57) - 2021/1/12 96 15 401
13.58
Wi2 -
(9.46) 2020/12/16 123 44 401
322.8
- (303.6) 2020/11/1 168 6 401
1248.80
W23 (1043.83) - - - 2020/12/7 132 20 351
127.77 132.39 344.14 34,80 and 36
(95.32) (73.60) (253.72) 2021/1/23 85 respectively 324
W29
20.00
(15.14) 2020/11/9 160 32 324

The numbers in parentheses represent the average value of the ion concentrations in each thermal spring.

Changes in the regional tectonic stress will alter the circulation system of groundwater,
causing fluid mixing or water—rock interaction, leading to abnormal changes in the compo-
sition of groundwater. Fault movements and earthquake activity at Fujian and the Taiwan
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Strait were controlled by subduction-collision compression of the Pacific plate into the
Eurasian plate as well as the Philippine Sea plate to the northwest [66-71], which results
in similar dynamics process between Fujian and the Taiwan Strait. So, the circulation
system of underground fluids could be affected by the same tectonic stress field at the
strong interplate seismic zone in eastern Taiwan, the marginal seismic zone in western
Taiwan and the intraplate seismic zone along the southeast coast of Fujian. According to
the research results, the strain radius of a M6 earthquake can reach 380 km [72], so it could
cause fluid mixing, deep fluid upwelling and water—rock reaction intensification when
a M > 6 earthquake within a few hundred kilometers nearby occurs, which would lead
to changes in the ion concentration in the thermal springs [73]. This may be one of the
reasons why the ion concentration in some thermal springs changed significantly before
the Hualien M6.1 earthquake. Therefore, continuous hydrochemical monitoring of typical
thermal springs in Fujian is of great significance for the short-term and imminent judgment
of strong earthquakes in the nearby regions and Taiwan Strait.

5. Conclusions

The distribution of thermal springs and their chemical compositions are affected by
the structural characteristics of the fault, the movement rate and the circulation depth of
groundwater. The following conclusions were obtained from the analysis of the hydro-
chemical data in thermal springs of Fujian:

(1) The characteristics of the hydrogen and oxygen isotopes in the thermal springs
indicate that precipitation is the main source of recharge for thermal springs in the study
area, and the recharge height is 25~1859 m. The geothermal reservoir temperature varies
from 90 °C to 226 °C, while the circulation depths of the thermal springs in the study area
are relatively shallow, most of which are between 2.9 km and 5.4 km, except for the Xiefang
(W10) thermal spring with a circulation depth of 8.4 km.

(2) Na* is the main cation while HCO;~ and SO42~ are the main anions of the sample
springs. The enrichment coefficients of the trace elements Mo and Sr in the thermal springs
are greater than 1, and both elements have a typical granite origin. The Sr isotope in thermal
springs has obviously different characteristics in the depression belt in southwestern Fujian
and the volcanic terrain in eastern Fujian, which indicates the influence of different rock
formations on the groundwater cycle process.

(3) Seismic activity is closely correlated to thermal spring distribution in the study area.
The density and intensity of earthquakes increase from west to east and from north to south,
which is consistent with the distribution of thermal springs. Continuous measurements of
the main anions in the five thermal springs showed that the ion concentrations, especially
chlorine and sodium, in the thermal springs increased significantly before earthquakes of
M > 6 in the Taiwan Strait and nearby seas. This indicates the possibility of using the ion
concentration in thermal spring as a means of earthquake monitoring and prediction.
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