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It has been well reported that earthquakes can cause changes in groundwater chemistry and isotopes, and much of those changes were occurred in wells or hot springs; however, changes in cold spring caused by local small earthquakes have received less attention. Here, we collected continuous monitoring of the X10 spring (September 2018 to December 2019), investigated the hydrogeochemical characteristics of the spring by using water chemistry analysis and isotope methods. We compared the changes in water chemical ion concentrations and hydrogen-oxygen isotope ratios with the surrounding seismic activity, and the results show that 1) major chemical ion concentrations in X10 springs have an annual dynamic pattern of being high in winter and low in summer, and this change may be related to the seasonal effect of snowmelt; 2) the spring water originates from long-distant meteoric water, snowmelt, and bedrock fissure water and is affected by rock weathering and evaporation; 3) the hydrogen and oxygen stable isotope ratios and HCO3− concentration in groundwater are sensitive to local small seismic activity. We considered that small earthquakes can change the permeability in fault zones or aquifers, leading to mixing of groundwater with different chemical composition and isotopes. Our study demonstrates that the hydrogen and oxygen stable isotopes are more sensitive to seismic activity than the commonly used chemical constitutents, and that the sensitive constitutents vary in different observation wells or springs; therefore, combined monitoring of isotopes and water chemistry should be considered in the future to capture hydrogeochemical precursor signals caused by earthquakes.
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1 INTRODUCTION
To identify possible earthquake precursor signals that could be effective in earthquake prediction and determination of impacts of earthquakes, various earthquake-related hydrological changes in water levels, temperatures, and stream flows have often been used as indicators (Wakita, 1975; King et al., 1995; Elkhoury et al., 2006; Wang and Manga, 2010; Shi et al., 2014; Manga and Wang, 2015; Wang and Manga, 2015; De Luca et al., 2018; Sun et al., 2018a; Sun et al., 2018b; Kim et al., 2019; Mastrorillo et al., 2020). However, groundwater hydrogeochemical changes, including changes in water chemical compositions and stable isotopes (δ2H and δ18O), may be more useful for a comprehensive and systematic understanding of earthquake mechanisms (Thomas, 1988; Wakita, 1996; Woith et al., 2013; Ingebritsen and Manga, 2014; Manga and Wang, 2015). They have potential applications in identifying groundwater sources and tracking water chemical evolution (Capecchiacci et al., 2015; Cortes et al., 2016; Qi et al., 2017), and then revealing the groundwater circulation processes and its relationship with regional tectonic activity (Claesson et al., 2004; Claesson et al., 2007; Skelton et al., 2014; Mohr et al., 2017; Kim et al., 2020). Although changes in the major chemical ions and stable isotopes of hydrogen and oxygen in groundwater have been observed before and after earthquakes, the precursor signals that have been documented relatively rarely. This is due to the lack of continuous and long-term monitoring systems (Woith et al., 2013) and the fact that samples require expensive, time-consuming analysis in the laboratory. Therefore, the underlying mechanism of groundwater chemical changes caused by earthquakes remains unclear (Claesson et al., 2004; Claesson et al., 2007; Skelton et al., 2008; Reddy et al., 2011; Reddy and Nagabhushanam, 2012; Skelton et al., 2014; Barberio et al., 2017; Rosen et al., 2018; Li et al., 2019; Hosono and Masaki, 2020; Shi et al., 2020).
Groundwater usually originates from atmospheric precipitation, and its physical and chemical parameters are affected by crustal stress, surrounding rock properties, and deep fluids. In the process of earthquake generation and occurrence, regional tectonic stress alteration or local stress adjustments, subsurface rock micro-cracks evacuation, and deep and shallow fluid mixing can cause variations in the physicochemical properties or isotopes of groundwater in the fault zone and epicenter region (Du et al., 2008; Barberio et al., 2017; Chen and Wang, 2021). This can be attributed to earthquake-induced permeability changes in tectonic fault zones/aquifers, or rupture of hydraulic barriers in aquifers (Skelton et al., 2014; Shi et al., 2020). Thus, the groundwater in the fault zone, especially the springs, contains abundant information about crustal stress. Analyzing the hydrogeochemical characteristics of springs can help reveal the influence of tectonic activity on the groundwater system and capture the possible earthquake precursor signals (Thomas, 1988; Claesson et al., 2004; Claesson et al., 2007; Skelton et al., 2014; Wästeby et al., 2014; Wang and Manga., 2015; Barberio et al., 2017; Shi and Wang., 2017; Skelton et al., 2019; Chen and Wang, 2021; Yang et al., 2021).
Understanding the impact of tectonic activity on groundwater resources is important for earthquake hazard risk assessment in seismically active areas. In recent decades, studies on the characteristics of groundwater chemistry and hydrogen–oxygen stable isotopes before and after earthquakes have made remarkable progress and have obtained variations in hydrochemical signals related to earthquakes (Claesson et al., 2004; Wang et al., 2005; Claesson et al., 2007; Skelton et al., 2014; Onda et al., 2018; Skelton et al., 2019). For example, Na+ and Cl−concentrations in groundwater nearly doubled within 1 week in the Cokcapinar area after the 1998 Adana M 6.2 earthquake (Woith et al., 2013). Cl−concentration in hot springs increased exponentially before the September 1999 Jiji earthquake in Taiwan (Song et al., 2005). Some hydrochemical ion concentrations and δ2H and δ18O significantly increased before the M 5.8 earthquake in the Tjörnes Fracture Zone in northern Iceland in September 2002 and decreased after the earthquake (Claesson et al., 2004). Na+, Si, and Ca2+ concentrations and δ2H and δ18O in groundwater exhibited apparent high-value anomalies in the seismic region before and after the M 5.5 and M 5.6 earthquakes in Iceland in October 2012 and April 2013, respectively (Skelton et al., 2014). Several mechanism models have been proposed to explain the hydrogeochemical changes associated with earthquakes, such as increased solubility of rocks due to increased crustal stress and release of ions from rocks into water (Etiope et al., 1997), pore collapse due to fluid discharge (Inan et al., 2013), contact of water with exposed fresh rock surfaces, enhanced water–rock interaction (Du et al., 2010), groundwater mixing between different aquifers due to disruption of the aquifer hydraulic barrier (Wang et al., 2004), and tectonic compression leading to the uplift of deep fluids into shallow regional aquifers (Dadomo et al., 2013; Barberio et al., 2017). Among these mechanisms, the crustal strain dilation or aquifer permeability changes causing mixtures of different waters are usually considered to be the mechanism to explain these changes (Woith et al., 2013; Skelton et al., 2014).
The response of water chemistry components and hydrogen–oxygen stable isotopes to large earthquakes has been reported in wells or hot springs (Shi et al., 2014; King, 2018); however, changes in cold spring caused by local small earthquakes have received less attention. In the present study, the major chemical compositions and hydrogen–oxygen stable isotopes were continuously monitored by regular sampling (every 5 days) of the X10 spring (cool spring) on the Hongyanchi fault zone. This study aims to evaluate the potential of combining δ2H and δ18O ratios and water chemistry composition methods in groundwater to discriminate regional tectonic activity and thus provide evidence for earthquake risk assessment in tectonically active areas.
2 GEOLOGICAL SETTING AND SEISMICITY
The X10 spring is located south of Urumqi in the Xinjiang autonomous region of China at an altitude of 1088 m (Figure 1A). The spring is dynamic and stable with abundant water. The water temperature is stable at approximately 11.4°C all year round, and the water flow ranges from 2.0 to 7.0 L/s. In terms of geological structures, this spring is situated at the intersection of the Hongyanchi thrust fault and its subsidiary fault. The Hongyanchi fault is located in the depression at the southern edge of the Junggar Basin, at the western end of the Bogda Mountain tectonic zone, with the direction of NWW, extending for more than 30 km. The nature of the fault is left-lateral compression-torsion, and joint fractures and near-vertical weathering fractures are commonly developed in the original rock stratum on the two sides of the fault. The fractures are mainly filled with minerals of shallow origin, such as gypsum and kaolin. The spring gushes out along the fracture zone, and the exposed strata are Permian gray sand conglomerate and gray-black mudstone, with a small amount of gray-brown shale. According to the earthquake catalog of the China Earthquake Network center, a total of 37 earthquakes of M 3 or above occurred within a range of 150 km around the X10 spring between September 2018 and December 2019.29 earthquakes of intensity M 3.0–3.9, 7 earthquakes of M 4.0–4.9, and 1 earthquake of M 5 and above (Figure 1B).
[image: Figure 1]FIGURE 1 | Overview of the study area. (A) Location of the monitored spring is displayed with a yellow square. (B) Red circles represent the epicenters of the main historical earthquakes that have occurred in the area. (C) The green and blue circles represent lake and river water sampling points, respectively.
3 MATERIALS AND METHODS
In this study, major chemical ions and hydrogen and oxygen stable isotope in the X10 spring water were continuously monitored from September 2018 to December 2019, with a sampling interval of 5 days at 10:00 a.m. on each sampling day. The results are shown in Table 1 and Table 2. A total of 94 groups of spring samples were collected. Eight samples of precipitation (rainfall and snowmelt) from the Urumqi area and surface water (river and lake) near the X10 spring were collected. All sampling locations are shown in Figure 1C. Samples for analyzing major ions concentrations and isotopes of hydrogen and oxygen were collected with 60-mL and 30-mL polyethylene bottles, respectively. Each sample was stored full in cleaned polyethylene bottles and filtered through a 0.45 μm membrane before measured. All water samples were examined in the Laboratory of Crustal Dynamics, China Earthquake Administration. Concentrations of HCO3− and CO32− ions were determined using the traditional titration with HCl. Na+, K+, Ca2+, Mg2+, SO42−, NO3− and Cl− concentrations were measured using ICS-2100 ion chromatography. The reliability of chemical data was checked by the charge balance errors. Calculated charge balance errors were less than ± 10% which is an acceptable uncertainty in this study. The δ2H and δ18O values were measured with a LWIA 912–0008 liquid water isotope analyzer from Los Gatos Research with an accuracy of 0.1‰ for δ18O and an accuracy of 0.3‰ for δ2H.
TABLE 1 | Hydrochemistry data for different water bodies.
[image: Table 1]TABLE 2 | Concentrations of major chemical constituents in the X10 spring.
[image: Table 2]4 RESULTS
4.1 Hydrochemical characteristics
4.1.1 Hydrochemical types
As shown in Table 2, the proportion of cation concentration in the X10 spring was Na+>Ca2+>Mg2+>K+, and the average values of each ion content were 379.87 mg/L, 58.96 mg/L, 55.14 mg/L, and 2.76 mg/L, respectively. The dominant cations were Na+ and Ca2+, and Na+ concentration accounted for approximately 76% of the total cation concentration. The relationship of anion concentration was SO42–>HCO3−>Cl−>NO3, and the average values of each ion content were 501.31 mg/L, 295.71 mg/L, 272.32 mg/L, and 3.58 mg/L, respectively. SO42– and HCO3− predominated in the spring samples, and their combined concentration accounted for approximately 74% of the total anion concentration. The hydrochemistry type of the X10 spring is SO4·Cl–Na. The content of total dissolved solids (TDS) ranged from 1.0 to 1.67 g/L, with an average of 1.42 g/L.
Analyzing the correlation between conventional ions in groundwater helps to understand the relationship between each component and the variation in their content. The Pearson correlation coefficients (r) were calculated for all components involved in the hydrochemistry of the X10 spring (Figure 2). The results showed that most ions exhibited acceptable linear trends with at least one other ion (Pearson’s r > 0.5; p < 0.05). The strongest correlation was between Na+ and Mg2+, with a correlation coefficient of 0.96, followed by SO42– and Cl−, with a correlation coefficient of 0.92, indicating that the chemical composition of the X10 spring was stable. Cl−correlated strongly with each cation (except Ca2+), and SO42– correlated strongly with Na+ and Mg2+. HCO3− was strongly correlated with K+ only and showed a negative correlation (r = –0.67), whereas its correlation with other cations was weak or irrelevant, indicating that the change of HCO3− concentration may be affected by other factors.
[image: Figure 2]FIGURE 2 | Bivariate plots of spring water chemistry at the X10 spring. The top half of the plots represents the Pearson’s correlation coefficient (r) for the linear relationship between each solute.
4.1.2 Factor analysis of hydrochemical characteristics
The equivalence ratios of Na+/(Na+ + Ca2+) and Cl−/(Cl− + HCO3−) versus TDS were used to create the Gibbs diagrams. This method has been widely used to identify the effects of rock weathering, precipitation, and evaporation on water chemistry (Gibbs, 1970). HXG and AKS river samples that have Na+/(Na+ + Ca2+) or Cl−/(Cl− + HCO3−) ratios less than 0.5 and are distributed in the interface region of rock weathering and precipitation (Figure 3). Other samples (CWP, L1, L2, HYC, WLB, and X10 spring), most of which are distributed in the evaporative and rock-weathering dominance area, have Na+/(Na+ + Ca2+) (Figure 3A) or Cl−/(Cl− + HCO3−) (Figure 3B) ratios ranging from 0.5 to 1. The distributed feature of samples shows that evaporative and rock weathering are the primary controlling the evolution of X10 spring and lake water chemistry (Figure 3). The river water (HXG and AKS) is affected by precipitation and rock weathering, which may be related to the geographical features of sampling sites such as elevation, climatic conditions, and tectonic environment. The X10 spring and L1 and L2 lakes, in particular, experience significant evaporation, and the Na+/(Na+ + Ca2+) ratio of the samples is close to 1, with distribution in the upper right corner (Figure 3A).
[image: Figure 3]FIGURE 3 | Gibbs plots of groundwater and surface water samples in the study area: (A) Na+/(Na+ + Ca2+) and (B) Cl−/(Cl− + HCO3−) versus total dissolved solids (TDS).
To further analyze the water chemistry characteristics and their influencing factors, the time series of major ions in the X10 spring were plotted (Figure 4). The results show that most of the hydrochemical ion concentrations have annual dynamic changes, showing the characteristics of a higher concentration in winter and a lower concentration in summer (Figure 4A). We compared the dynamic water level of the X10 spring with the regional precipitation (precipitation data from The National Oceanic and Atmospheric Administration). Although the annual dynamic variation of the X10 spring water levels is relatively stable, the magnitude and pattern of water level changes are still influenced by precipitation, showing an increase in precipitation followed by a rise in water level. For example, in November 2019, the water level showed a notable upward change of approximately 12 cm, while the precipitation also reached a maximum of 1.2 mm/d concurrently, and the precipitation in winter and spring is markedly higher than that in summer and autumn (Figure 4B). Therefore, there is a large fluctuation in the X10 spring dynamic water level in winter and spring, which is similar to the annual dynamic change of hydrochemical ion concentration. Moreover, the X10 spring (altitude of 1088 m) is located in an area with high topography in the northeast and low topography in the southwest, and the Bogda Mountain (altitude of 5548 m) is located in the east. Its peaks are covered with snow all year round, so it is assumed that the annual dynamic characteristics of hydrochemical components may be affected by the snowmelt in the high mountain area. In addition, we observed notable decreases in hydrochemical ion concentrations (SO42–, Cl−, Na+, Mg2+, Ca2+, K+) in the X10 spring, after the Hutubi M 4.9 earthquake in Xinjiang on 8 December 2018 (Figure 4A). It took 1–2 months for these parameters to return to normal levels. Notably, HCO3− concentrations did not change much before and after the earthquake, and they do not show the characteristic annual change.
[image: Figure 4]FIGURE 4 | Variation of major elements during the study period (A) and the comparison diagram of dynamic water level and precipitation in the X10 spring (B). The gray dashed line in (A) represents the 8 December 2018, Hutubi M 4.9 earthquake in Xinjiang, China.
4.2 Hydrogen and oxygen stable isotope
The δ2H and δ18O values of the X10 spring, rainfall, snowmelt, and surface water are shown in Tables 1, 2. The stable isotope values in the X10 spring were found to range from –13.00‰ to –12.16‰ in δ18O with an average of –12.46‰ and from −90.6‰ to −87.87‰ in δ2H with an average of −63.7‰. The isotopic values of surface water varied between –12.01‰ and –9.97‰ in δ18O with an average of −11.06‰ and from –86.20‰ to –72.08‰ in δ2H with an average of −76.16‰. The variation ranges of δ2H and δ18O for rainfall are –74.41‰ to –64.93‰ and –10.46‰ to –10.28‰, respectively, and the variation ranges of δ2H and δ18O for snowmelt are –145.59‰ to –120.65‰ and –17.71‰ to –15.34‰, respectively.
Figure 5 shows the time series of changes in hydrogen and oxygen isotopes of the X10 spring. The results show that the overall δ2H (Figure 5A) and δ18O (Figure 5B) values are relatively stable without annual variations. The fluctuations are small and mostly within 1.5 times of the variance range, with only individual time values exceeding this range. This is inconsistent with the annual dynamic characteristics exhibited by the hydrochemical ion concentration. All water samples were compared to the Global meteorite water line (GMWL). As shown in Figure 6, most of spring water samples are distributed close to the GMWL and trend line. They are heavier than snowmelt and lighter than rainfall and surface water. This indicates that the X10 spring is derived from meteoric water and is also affected by water–rock interaction and groundwater mixing at different layers. In addition, the hydrogen and oxygen isotope ratio of the X10 spring also deviates from the trend line periodically (Figure 6B), and the δ18O values show fluctuating changes (increasing or decreasing). This suggests that the hydrogen and oxygen isotopes of the spring may also be influenced by other factors.
[image: Figure 5]FIGURE 5 | Temporal variations in δ2H (A) and δ18O (B) of the X10 spring. The dotted red lines in the figures (A) and (B) represent the background values expressed as the mean ± 1.5σ. The stable isotope error is assigned to 1σ.
[image: Figure 6]FIGURE 6 | The relationship between δ18O and δ2H for the samples from different water bodies (A) and the enlarged δ18O and δ2H time variation in the X10 spring (B).
5 DISCUSSION
5.1 Analysis of the source of the X10 spring
The chemical composition and isotopes (δ2H and δ18O) of groundwater are important tools for identifying groundwater recharge sources, determining the degree of water–rock interaction, and tracing the evolution of water chemistry (Craig, 1961; Diaw et al., 2012; Capecchiacci et al., 2015; Pang et al., 2017; Qi et al., 2017). The hydrogen and oxygen isotopic characteristics of global meteoric water show a linear relationship δ2H = 8δ18O+ 10 (Craig, 1961) that drifts away from the GMWL due to the influence of regional precipitation cycles and recharge sources.
Figure 6A shows that the δ2H and δ18O ratios of the X10 spring water, snowmelt, rainfall, and surface water are close to the trend line and GMWL, indicating that they all originated from meteoric water. However, their isotopic characteristics are variable due to the different evaporation, condensation, landing, infiltration, and runoff conditions. The δ2H and δ18O ratios of the X10 spring are between snowmelt, rainfall, and surface water (river and lake), The L1 Lake, which is next to the X10 spring, has δ2H and δ18O values close to those of the X10 spring, indicating that they are derived from the same recharge. By contrast, the hydrogen and oxygen isotope ratio of the CWP lake, which is farther away from the X10 spring but is close to the AKS and HXG rivers, deviates from the trend line to the right, indicating slight water–rock interaction reflected in 18O exchange, which may result from the interactions of groundwater from deeper layers withe subsurface rocks. This may be related to the geographical location of the CWP lake in the Chaiwobu Basin. It has a low topography, and the northern edge of the basin is the Bogda Mountain (North Mountain), which has a high topography. The AKS and HXG rivers originate from the recharge of snowmelt from the high mountains, and then flow out from the Bogda Pass and recharge the CWP lake after a longer distance. In addition, the δ2H and δ18O ratios of the AKS and HXG rivers deviate slightly to the left of the trend line, which can be explained by degassing or by a large deuterium excess related to the climate regime at the time of precipitation. In addition, according to the empirical formula of the relationship between δ2H, δ18O and local elevation (Wang, 1991): δ2H = −0.026H − 30.2, we estimate that the recharge elevation of X10 spring is about 2300 m, and the elevation of the recharge area is higher than the actual elevation of the spring point (1055 m). Therefore, we infer that this spring is supplied by atmospheric precipitation, snowmelt and bedrock fissure water from the Eastern Bogda Mountains. The groundwater infiltrates into the aquifer along the rock fractures, tectonic fractures and pore spaces, thus being transported along channels to the mouth of the spring and finally overflowing at the surface.
The high TDS (mean value of 1.42 g/L) and high concentrations of Na+, Cl−, and SO42– ions in X10 spring water compared to surface water also reflect the long runoff and deep circulation of groundwater, suggesting that the groundwater circulates to the depth under the action of gravity, and water–rock interaction occurs in contact with surrounding rocks as it moves upward along fault zone and fracture, leading to an increase in dissolved solids. The hydrochemical composition of the X10 spring is the result of the combined effects of water–rock interaction and evaporation (Figure 3). In addition, the annual dynamics variation characteristics of chemical ion concentration in X10 spring may be related to the seasons (temperature) of the region in which it is located or the area of the recharge source, while the time series of hydrogen and oxygen isotopes is relatively stable as a whole (Figure 5), with a small range of variation, indicating that the recharge source and water residence time of the monitored springs are stable. This evidence further supports the stability of the water chemistry in X10 spring. The combined analysis of hydrogen and oxygen stable isotopes and chemical characteristics can more accurately indicate the distance of the recharge source and its recharge relationship with surface water.
5.2 Hydrogeochemical anomalies caused by earthquakes
Variation of ion concentrations in groundwater can record mixing and/or switching between different groundwater sources, water–rock interactions, or some combination of both processes. In general, gradual changes record water–rock interactions or slow mixing of groundwater sources reflecting, such as slow leakage along a fracture, whereas abrupt changes record switching between sources, such as a sudden rupture of a hydrological barrier between sources (Skelton et al., 2019). In seismically active regions, tectonic activity may lead to structural changes in the permeability of aquifers and surrounding rocks, such as enhancing water–rock interaction between groundwater and surrounding rocks and accelerating mixing between groundwater from different sources (Tsunogai and Wakita, 1995; Wasteby et al., 2014; Andrén et al., 2016), which cause hydrogeochemical changes to occur rapidly (Thomas, 1988; Claesson et al., 2007). Studies have shown that earthquakes closer to the epicenter or with larger magnitudes may cause hydrogeochemical anomalies (Claesson et al., 2004; Skelton et al., 2014; Onda et al., 2018), and seismic energy density can be used to assess hydrological phenomena associated with earthquakes (Wang, 2007; Wang and Manga, 2010). We analyzed hydrochemical parameters and hydrogen and oxygen stable isotope time series (Supplementary Figure S1 and Figure 7), and earthquakes (Supplementary Table S1) during the study period. The hydrogeochemical characteristics of X10 springs are stable, this invariability is proven by low values of the coefficient of variation (<0.33), which is the ratio between the standard deviation (σ) and the absolute value of the mean (|μ|) of data reported in Supplementary Table S2. Therefore, the possible anomalies connected with transient phenomena like earthquakes could be easily identifiable (Barberio et al., 2017).
[image: Figure 7]FIGURE 7 | Comparison of hydrogen and oxygen isotope ratios, HCO3− concentration, and seismic activity during the study period. The red vertical line represents the cumulative seismic energy density, and the yellow and green circles indicate the hydrogen and oxygen isotope ratio and the HCO3− concentration, respectively.
A comparison analysis, along with the results shown in Figure 6, was conducted on the monthly cumulative seismic energy density with the time series of hydrogen and oxygen isotope ratio and HCO3− concentrations of earthquakes of intensity M 3 or above occurring within 150 km of the X10 spring (Figure 7). Although the hydrogen and oxygen isotope ratios of the X10 spring were generally close to the GMWL and trend line (Figure 6A), there were deviations from the data. Some δ2H and δ18O ratios were higher or lower (Figure 6B). The changes in δ2H and δ18O ratios and HCO3− concentration were relatively consistent, and they showed a negative correlation (Figure 7). The δ2H and δ18O ratios change significantly when the surrounding small seismicity activity intensifies. For example, the δ2H and δ18O ratios show different degrees of changes (gray bars) during the five time periods of October–December 2018, May–June, July–August, September–October and November–December 2019, with the most significant changes during July–August, September–October and November–December 2019. In the low seismicity case, the hydrogen and oxygen isotope ratio increases gradually, and the value is relatively high. While in the high seismicity case, it gradually decreases. The decrease in hydrogen and oxygen isotopes in May–June 2019 does not change significantly and is only slightly lower than the value before the decrease (low seismic activity), which may be related to the regional cumulative seismic energy density, which is lower during this period. Also, during the high seismic activity in October–December 2018, the hydrogen and oxygen isotope ratio showed a significant fluctuating change, unlike its steady change, during the low seismic activity (January–April 2019). We believe that whether it is a decreasing change or fluctuating change in hydrogen and oxygen isotopes, the above phenomena indicate that the X10 spring recharge water source changed during the period of enhanced seismic activity, showing that the hydrogen and oxygen isotope ratios are more sensitive to small seismic activity. The observed strain data show that the areal strain near the X10 spring has been continuously increasing since September 2018, especially after April 2019 (Supplementary Figure S1), it reflects that the longer the regional stress loading time, the greater the stress accumulation, the more obvious the change of rock deformation or fracture state of the subsurface medium caused by local tectonic activity (i.e., seismic activity), which continuously changes the permeability structure of the fault zone or aquifer (Reddy and Nagabhushanam, 2012; Skelton et al., 2019; Hosono et al., 2020), so that the mixing ratio of the X10 spring recharge source constantly changes, causing deviations in the hydrogen-oxygen isotope ratio. When the recharge source is stable or the mixing ratio of groundwater from different aquifers is very small, the major ion concentration hardly changes. This phenomenon has been confirmed by previous studies (Skelton et al., 2014).
In case of a single earthquake, especially near to the X10 spring or occurring in the eastern recharge source region (N43.62°–N43.83°, E87.85°–E88.02°). For example, the 28 December 2018 Shayba M4.3 earthquake (epicenter distance of 17 km), and the 1 July 2019 Midong M3.5 earthquake (epicenter distance of 35 km), we observed a decrease in HCO3− concentration and an increase in the hydrogen and oxygen isotope ratio, and this suggests an alteration in the recharge source and water-rock interaction of the X10 spring. The seismic energy density of the two earthquakes is 1.66 × 10−2 J/m3 (M4.3) and 1.46 × 10−4 J/m3 (M3.5), respectively, among which the M4.3 earthquake in Shayba has the largest seismic energy density (Supplementary Table S1). This confirms the larger isotopic anomaly variation when e > 10−4 J/m3 (Skelton et al., 2014), indicating that the range of isotopic variation may be affected by the earthquake magnitude and distance from the epicenter. However, there are exceptions, for example, after the 8 December 2018 Hutubi M4.9 earthquake in Xinjiang (epicenter distance of 98 km), we observed dramatic decreasing changes in SO42–, Cl−, Na+, Mg2+, Ca2+, and K+ concentrations. In addition, there is no change in hydrogen and oxygen isotope ratio and HCO3− concentration (Figure 4), and the seismic energy density of this earthquake is 7.12×10−4 J/m3. We believe that the decrease in hydrochemical ion concentration after the earthquake can be explained by the decrease in permeability of the fault zone and aquifer caused by the earthquake (Wästeby et al., 2014; Chen and Wang, 2021), showing that the X10 spring recharge source does not change or the proportion of groundwater recharge from deeper parts is small enough to cause isotopic changes in the spring. In addition, for the 7 October 2018 Urumqi M4.7 earthquake, concentration variations in individual ions are also observed, but their changes are small, while there are no changes in hydrochemical ion concentrations and stable isotopes in the 22 July 2019 Xinjiang Heshuo M5.0 earthquake, so they are not discussed in this study. We calculated the limited observation data of X10 spring (Supplementary Table S1), and obtained some preliminary understanding that when the earthquake magnitude is greater than M4.5 and the epicenter distance is less than 100 km, it can cause changes in the concentrations of major chemical ions in the monitored spring, and when the earthquake magnitude is greater than M3.5 and the epicenter distance is less than 50 km, the HCO3−concentration and hydroxide isotope will change simultaneously.
Previous studies on seismicity (moderate or large earthquakes above M5) and hydrochemical parameter changes in hot springs have been widely reported (Skelton et al., 2014; Skelton et al., 2019, Zhang et al., 2020). They suggested that hot springs are a surface display of geothermal energy in the inside of the Earth, providing insight into thermal transport and water-rock interactions in deep subsurface hot water flow (circulating at depths of up to several thousand kilometers), which can help capturing earthquake precursor information related to tectonic activities. This study differs from the previous works in that the X10 spring is a cold-water spring (spring temperature about 11.4°C), and its groundwater circulation depth may be shallow in comparison with the hot springs, or it may be derived mainly from the mixing of shallow groundwater. However, due to its particular tectonic location which is situated at the intersection of fault zones, the stress tends to concentrate, which makes the monitoring spring to be sensitive to stress/strain response, thus the spring chemical parameters can easily show the influence on the earthquake. Also, it shows that the fault zone plays an important role in controlling the regional groundwater flow and circulation. Hydrogen and oxygen isotope changes should be taken into account in groundwater resource utilization and management and earthquake precursor monitoring in seismically active areas.
The mechanism of the abovementioned permeability change is only for the limited observation data in this study. A more reasonable mechanism requires more data accumulation. The mechanism by which permeability changes occur in any particular case remains uncertain, and in a natural situation it may be impossible to determine due to the complexity and inaccessibility of the subsurface (Manga et al., 2012). Few studies have been conducted to determine the mechanism between earthquakes and hydrogeochemical changes in cold spring. However, this is important for us to explore the coupling between earthquakes and hydrochemical parameters so that we can have a good insight into earthquakes precursors and post–earthquake healing processes in faults or aquifers (Ingebritsen and Manga, 2014). We also expect to accumulate more similar results in the future by increasing the measurement frequency of hydrochemistry samples in X10 spring, or by conducting water level observation with a higher sampling rate (seconds) or some other observations in more measurement points (De Luca et al., 2018), it would help to test some of the proposed mechanisms and identify the controls on permeability and its evolution.
6 CONCLUSION
Based on continuous monitoring data of chemical composition and hydrogen and oxygen stable isotopes of the X10 spring in Xinjiang, China, we analyzed its recharge source and water chemical evolution. The correlation between hydrogeochemical changes and seismicity is discussed by comparing with local earthquakes and mechanism of changes are explained. The following results can be inferred: 1) the chemical type of the X10 spring water is SO4·Cl–Na, which belongs to the medium mineralization water. The average value of TDS is 1.42 g/L. The dominant cations are Na+ and Ca2+, and the dominant anions are SO42– and HCO3−. Na+ and Mg2+, and SO42– and Cl−have the strongest correlation, and HCO3− is not affected by other ions. 2) The δ2H of the X10 spring varies from –90.60‰ to 87.87‰, with an average value of –89.06‰ and δ18O varies from –13.00‰ to –12.16‰, with an average value of –12.46‰. This is mainly distributed along the global meteoric water line and trend line, indicating that the spring originates from long-distant meteoric water, snowmelt, and bedrock fissure water in high mountainous areas. 3) The chemical components of the X10 spring are affected by water–rock interaction and evaporation, and most of the ion concentrations, except HCO3−, have an annual dynamic pattern, showing high in winter and low in summer, related to the seasonal effect of snowmelt. 4) The hydrochemistry changes near the epicenter are attributed to changes in the permeability of the fault zone or aquifer caused by tectonic activity. The hydrogen and oxygen stable isotopes and HCO3− concentrations are sensitive to local small seismic activities.
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20191210 | 40116 374 60.67 57.12 28891 52097 610 26237 147308 | 8856 | -1227
20191215 | 41663 367 6282 83.09 30064 54131 7.04 26237 154977 | -88.95 | -12.35
20191220 | 398.05 364 60.33 57.98 28218 507.12 550 280.68 145829 | -89.02 | -1241
20191225 | 405.60 376 | elos 5945 287.88 51597 589 27458 148010 | -89.16 | -12.41
20191230 | 40427 364 6045 5782 288.05 51511 593 31119 149411 | 8887 | -1242
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