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Abstract

:

Significant hydrogeochemical changes may occur prior- and post-earthquakes. The Xiaojiang fault zone (XJF), situated in a highly deformed area of the southeastern margin of the Tibetan Plateau, is one of the active seismic areas. In this study, major and trace elements, and hydrogen and oxygen isotopes of 28 sites in hot springs along the XJF were investigated from June 2015 to April 2019. The meteoric water acts as the primary water source of the hot spring in the XJF and recharged elevations ranged from 1.8 to 4.5 km. Most of the hot spring water in the study area was immature water and the water–rock reaction degree was weak. The temperature range was inferred from an equation based on the SiO2 concentration and chemical geothermal modeling: 24.3~96.0 °C. The circulation depth for the springs was estimated from 0.45 to 4.04 km. We speculated the meteoric water firstly infiltrated underground and became heated by heat sources, and later circulated to the earth’s surface along the fault and fracture and finally constituted hot spring recharge. Additionally, a continuous monitoring was conducted every three days in the Xundian hot spring since April 2019, and in Panxi and Qujiang hot springs since June 2019. There were short-term (4–35 d) seismic precursor anomalies of the hydrochemical compositions prior to the Xundian ML4.2, Dongchuan ML4.2, and Shuangbai ML5.1 earthquakes. The epicentral distance of anomalous sites ranged from 19.1 to 192.8 km. The anomalous amplitudes were all over 2 times the anomaly threshold. The concentrations of Na+, Cl−, and SO42− are sensitive to the increase of stress in the XJF. Modeling on hydrology cycles of hot springs can provide a plausible physicochemical basis to explain geochemical anomalies in water and the hydrogeochemical anomaly may be useful in future earthquake prediction research of the study area.
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1. Introduction


Significant hydrogeochemical changes may occur prior to earthquake, co-seismic, and post-earthquake, including the short-term hydrogeochemical changes [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23]. Some changes have been properly documented and interpreted as potential seismic precursors, including fossil instances of seismic precursors [24,25], such as hydrogeochemical precursors of strong earthquakes that were previously documented in northern Iceland and central Italy [1,26].



The geochemical anomalies may be mainly caused by the alteration of groundwater in the specific circulating system under the action of increasing crustal stress before and after the earthquakes; however, how and where these groundwaters originate, and how they migrate towards, along, and away from fault zones during the seismic cycle is unknown [27,28]. The increasing importance of the earthquake-related groundwater in the science of seismic precursors makes an understanding of the origin and migration pathways of groundwater of paramount importance in addressing societal challenges such as seismic hazard mitigation [1,11,26,29].



The Xiaojiang fault zone (XJF), situated in a highly deformed area of the southeastern margin of the Tibetan Plateau, is one of the active seismic areas (Figure 1a). The Xiaojiang fault system extends in the north–south direction about 700 km (Figure 1b) and consists of early to middle Paleozoic crystalline rocks and Sinian to Triassic sedimentary rocks [30,31]. The XJF is very active, along which four strong earthquakes with magnitude > 7.0 have occurred since 1500 A.D. [13,32], including the Yiliang Ms7.0 earthquake in 1500, the Dongchuan Ms73/4earthquake in 1733, the Huaning Ms7.0 earthquake in 1789, and the Songming Ms8.0 earthquake in 1833. The measure of soil gas concentrations near the XJF were conducted, and it was found that the faults could act as channels for gas migration and the fault activity enhanced permeability and increased the emission rates of the gases [33]. Previous studies on geochemical characteristics of hot spring fluids at the Xiaojiang fault showed CO2 fluids containing δ13CCO2 (−16.6‰~−23.6‰) mainly came from a mix source among biogenic (mean: −25‰), mantle (−8‰~−4.7‰), metamorphic (mean: 0‰), and meteoric origin (−8.5‰~−6‰), while hot spring water recharge mainly came from meteoric waters [34]. This region is of critical research value for geochemical monitoring of hot spring fluids. Thus far, the mechanism of geochemical changes and the migration model of groundwater at Xiaojiang fault are poorly known as yet.



In our study, the hot springs near to the XJF were investigated five times from December 2015 to April 2019. A continuous monitoring was conducted every three days in the Xundian hot spring since April 2019, and in Panxi and Qujiang hot springs since June 2019, where we studied the geochemical and time–spatial changes of hot spring waters in the XJF. Here, we also reported the hydrogeochemical anomalies of hot springs detected prior to the 2020 Xundian earthquake (ML4.2), the 2020 Dongchuan earthquake (ML4.2), and the 2021 Shuangbai earthquake (ML5.1). We tried to understand the physical processes behind the anomalies, by carrying out a model on hydrology cycles of hot springs. We discussed the coupling mechanism of fluids from deep and shallow parts inside the fault zone and the association between the changes of geochemical characteristics of hot spring fluids and the earthquakes. These studies were then followed by geochemical modeling and statistical studies to explain and verify previous interpretations [35].




2. Geological Setting


The active Xiaojiang fault zone, which is escaping southeastward from the Tibet Plateau and rotating around the Eastern Himalayan Syntaxis, is located in Yunnan Province of southwestern China (Figure 1a). It connects with the Zemuhe fault to the north [36] and is juxtaposed by the Red River strike-slip fault to the south [37]. As a zone of intense seismic activity at the east boundary of the Chuan-Dian rhombic block, the XJF shows the left-strike-slip kinetic properties and runs north to south (Figure 1b). A wide crushed zone and a series of Neozoic lignite graben basins formed along the fault. The active XJF zone has a complicated structure and can be divided into three sections based on geometric features (Figure 1b). The northern section extends from Qiaojia to Menggu, trends in the N–S direction and is roughly 50 km long. For the part north of Huaning of this fault zone, the average sinistral strike-slip rate at the late Pleistocene Epoch–Holocene Epoch was 8–9 mma−1 [38] and 9.69 mma−1 in the recent 500-year period [39], while that during 1999–2007 was 8–10 mma−1 according to GPS measurements. The sliding rate magnitudes determined with different methods were roughly the same. The middle section from Menggu to Chenjiang is composed of two roughly N–S trending left-lateral strike-slip faults, namely the eastern and the western branches of the XJF. The left-lateral strike-slip rate along the eastern branch is up to 9 mma−1, and that along the western branch is 7 mma−1. The southern segment from Chenjiang to Shanhua, approximately 150 km long and 25 km wide, is a braid-shaped fault belt. It forms a southward extension of the eastern branch of the Xiaojiang fault zone. Since the early Neozoic Era, with the formation of the Sichuan-Yunnan active block and its proactive sliding movement toward SE-SSE [40,41], the Xiaojiang fracture zone became the southern part of the southeast boundary of this block and showed strong left-lateral strike-slip motion with the west disc as the driving disc. With such high-speed activity, the Xiaojiang fault zone becomes the fault zone most frequently attacked by earthquakes in Yunnan. In the latest 500 years, 16 earthquakes with M ≥ 6 happened there, including 4 earthquakes with M ≥ 7 and 1 earthquake of M8. The fracture of these earthquakes has fully covered this fault zone.



Most of fractures are developed in Paleozoic sedimentary rock deposits, and some in Mesozoic and Neozoic strata. Hot springs in this area are not distributed equally, with most of which are exposed along the Xiaojiang fault zone, especially exposed in the junction between the Qujiang-Shiping fault zone and the southern part of the Xiaojiang fault zone. It is mostly exposed in the Mesozoic, the Paleozoic, and the Sinian strata, enclosed by carbonate rocks, limestones, sandstones, and other sedimentary rocks [42]. The generation and migration of hot springs are strictly controlled by tectonic activities and closely associated with the intensity and scale of modern activities of the fault zone. The water temperatures of most hot springs are below 60 °C, and a few hot-temperature springs are available (the highest water temperature is 72 °C only).




3. Sampling and Analyzing Methods


Samples of groundwater were collected repeatedly from 28 sites of hot springs and wells along the XJF in June 2015, January 2016, February 2017, March 2018, and April 2019, respectively (Figure 1b and Table S1). After filtration through 0.45 μm membrane, samples were collected in five colorless polyethylene terephthalate (PET) bottles (50 mL) for major element concentration, trace elements concentration, hydrogen and oxygen isotopes, and SiO2 concentration analysis. The bottles were new and rinsed with the water that was being sampled, filtered before use, and then collected to avoid air space. The samples were acidified with ultrapure HNO3 for cation analysis, but not acidified for anion analyses. Samples were stored in a 4 °C refrigerator, with laboratory analyses carried out within two weeks of sampling. Specific conductance, pH, dissolved oxygen, and temperature were measured in well water using a multiparameter probe inserted into a flow-through cell closed to the atmosphere, and in springs by lowering the probe into the spring vent for in situ measurements. The concentrations of cations (K+, Na+, Mg2+, and Ca2+) and anions (F−, Cl−, Br−, NO3−, and SO42−) were measured by a Dionex ICS-900 ion chromatograph and an AS40 automatic sampler at the Earthquake Forecasting Key Lab of China Earthquake Administration, with the reproducibility within ±2% and detection limits 0.01 mg/L [43]. The HCO3− and CO32− concentrations in the hot springs were measured by the 0.05 mol/L HCl titration 0.1% methyl orange and 1% phenolphthalein procedures with a ZDJ-100 potentiometric titrator (reproducibility within ±2%). The data were evaluated by the ion balance (ib) calculated according to Equation (1) [44].


  % d i f f e r e n c e = 100 ×   ∑ c a t i o n s − ∑ a n i o n s   ∑ c a t i o n s + ∑ a n i o n s    



(1)







Trace elements were analyzed at the Test Center of the Research Institute of Uranium Geology by Element XR ICP-MS (Thermo Fisher, Bremen, Germany) [45]. In our study, 24 kinds of trace elements were measured, including iron group elements of Ti, V, Cr, Fe, Co, and Ni, chalcophile elements of Cu, Zn, Ag, Cd, Sn, Sb, and Pb, and other trace elements including Li, Be, B, Al, Sr, Mo, Ba, Tl, Th, U, and Mn. Accuracy and precision of the measures were computed by analyzing certified reference materials and by performing several replicas and dilutions on samples; the relative errors were less than 10% for all analyzed elements. The hydrogen and oxygen isotopes were measured using a Finnigan MAT253 mass spectrometer, via the TC/EA method. Results were expressed as parts per thousand deviations from the Vienna Standard Mean Ocean Water (V-SMOW). Precisions of ±0.2% (2S.D.) and ±1% (2S.D.) were obtained for δ18O and δD in a standard water sample, respectively [46]. The inductively coupled plasma emission spectrometer Optima-5300 DV (PerkinElmer Inc.) was used to detect SiO2.The threshold value of continuous monitoring was calculated according to the equation X + 2σ (X: average value; 2σ: twice of variance). We also used change-point (CP) analysis on the temporal series of continuous monitoring data. The specific method of joinpoint regression was shown in [47].




4. Results


Physical, chemical, and isotopic data for the water samples are reported in Tables S2–S4. The ion balances of all samples were less than 5%, indicating credible analysis results for these samples. Groundwater in the study area exhibits a wide range of salinities, from 214 to 3010 μs/cm. The pH in the spring waters was roughly neutral, with values ranging between 6.49 and 7.66, likely due to the underlying carbonaceous aquifer materials. The temperature of the spring waters in the XJF were in a range from 24 to 72.3 °C and TDS values ranged from 200.24 to 1290.56 mg/L. The main cations in hot springs were Ca2+ and Mg2+, while the main anions were HCO3− and SO42−. The distribution of δD and δ18O in water samples was −15.4‰~−9.90‰ and −117.0‰~−74.0‰, respectively, while that of SiO2 concentration was 3.58~44.1 mg/L. The concentration of trace elements was low, and mostly below 1 mg/L except for B, Fe, and Sr. The concentrations of Ca2+, Mg2+, Na+, and K+ ranged from <0.01 to 243.10 mg/L, 0.42 to 179.20 mg/L, 1.93 to 265.39 mg/L, and 1.37 to 40.11 mg/L, respectively; the concentrations of Cl−, SO42−, and HCO3− ranged from 0.63 to 150.78 mg/L, 3.53 to 1147.38 mg/L, and 12.17 to 729.03 mg/L, respectively.



It was found that the major ions (Na+, Cl−, SO42−) showed large and frequent fluctuations prior to some earthquakes, but no clear regular changes were found in the major ions (HCO3−, Ca2+, Mg2+), indicating that the anion HCO3− and cations Ca2+ and Mg2+ are extremely unstable and may lead to deposits easily. In our case, the average value of concentration was taken as the background level (x) and the average plus/minus two standard deviations as the abnormal threshold value in the hydrochemical composition. Results of continuous monitoring on the change of hydrochemical compositions of Xundiantangzi hot spring (S7) showed the background mean value of Na+, Cl−, SO42−, and TDS were 124.59, 18.13, 479.44, and 1281.89 mg/L, respectively. Results of continuous monitoring on the change of hydrochemical compositions of Panxi hot spring (S16) showed the background mean value of Na+, Cl−, SO42−, and TDS were 9.74, 6.01, 31.22, and 415.58 mg/L, respectively. Results of continuous monitoring on the change of hydrochemical compositions of Qujiang hot spring (S9) showed the background mean value of Na+, Cl−, SO42−, and TDS were 268.34, 5.86, 20.06, and 670.91 mg/L, respectively (Table S5).




5. Discussion


5.1. Origin of Hot Spring Water


We measured hydrogen isotopes (δD), oxygen isotopes (δ18O), and concentrations of dissolved major elements in groundwater sampled in hot springs along the XJF. Results showed that hot spring isotopic ratios ranged from −15.4‰ to −9.90‰ for δD and from −117.0‰ to −74.0‰ for δ18O (V-SMOW). The majority of the water samples were distributed near to the local meteoric water line (LMWL) of the Kunming δD = 6.56 δ18O–2.96 (R2 = 0.91, n = 151) [48], indicating that the spring waters were mainly originated from meteoric water [49,50,51] (Figure 2). Nanpan river that is the main river along the XJF with δD mean of −69.7‰ and δ18O mean of −9.3‰ plots on the GMWL. Groundwater was induced by precipitation recharging from high altitude regions. Aquifer rocks dissolved in the infiltrating water and freshening started, consisting of cation exchange during groundwater flow. The values of δD and δ18O of springs from high mountain areas were more negative, while the river water values collected in lower altitude regions were less negative, which is constant with the previous results [41,50]. According to the relation between the oxygen isotope and the recharging elevation (δ18O = −0.002ALT − 6.327) [52], the recharging elevation is calculated to be about 1.8~4.5 km.




5.2. Origin of Water-Soluble Ions in Hot Springs


5.2.1. Origin of Major Elements


The proportions of cationic (K+ + Na+, Mg2+, and Ca2+) and anionic (Cl−, SO42−, and HCO3−) concentrations of water samples from the 28 sites are shown in Figure 3. The distribution of anions and cations of the hot spring water samples indicated that Ca2+, Mg2+, HCO3−, and SO42− were the main chemical compositions for most of the samples (Figure 3). The hot spring samples have different total ionic salinity, TIS, as indicated by the correlation plot of SO42− + HCO3− vs. Cl− [54] (Figure 4). In this study, mostly spring waters have much lower TIS (<26 meq/kg). Major elements showed that hot springs presented complicated compositions consistent with previous studies [34] (Table S2). The salinities increase progressively as the hot spring water becomes more SO4-Mg dominant, accompanied by SO4-Mg (Na, Ca)-type water (Table S2 and Figure 3 and Figure 4). Spatially, most hot springs are HCO3-Ca(Mg), and the water samples (S6, S9, S14, S24) with HCO3-Na water are distributed mainly at the southern segment of the fault zone; the water samples (S1, S8, S12, S26) with SO4-Mg(Ca) water are mainly distributed in the northern segment of the fault zone; and other water samples (S3, S5, S18, S20, S22) are the mixture of several end-members.



Congruent as well as incongruent dissolution of aquifer rocks, hydrothermal conditions, and hydrodynamic power, together with cation exchange reactions may strongly influence the ionic concentration and facies types of the groundwater in the aquifer along the XJF. In the study area, carbonate rocks are mainly developed and HCO3− in hot springs mainly comes from carbonates, while Ca2+ and Mg2+ mainly come from soluble limestone (CaCO3) and dolomites (MgCO3) dissolved by the groundwater. In addition, the Tertiary coal bed (lignite), which is embedded along the XJF, contains a large amount of sulfides. The oxidation of sulfides results in the massive invasion of S, which can be hardly dissolved in water into the underground water as SO42− [55]. As a result, underground water flowing through this kind of strata is mainly represented by SO42− and shows features of acid geothermal water. In addition to dolomites, limestone, and carbonate rocks, shales, sandstones, and conglomerates are also developed in the study area, mainly including quartz, mica, feldspar, and other aluminosilicate minerals, etc. Under high temperature and high pressure, the recycled water has a water–rock reaction with aluminosilicate and carbonate rocks, making the Na+, silicic acid, and carbonates in surrounding rocks enter into water in huge amounts [41]. Meanwhile, the Na+-containing salts can hardly be dissolved but get migrated and gathered easily. In view of distribution, sodium bicarbonate waters are mainly gathered in the southern part of the fault zone, while calcium magnesium sulfate waters gather in the northern part; most of the remaining parts are occupied by calcium magnesium carbonate waters.




5.2.2. Origin of Trace Elements


Analysis results of trace elements in a set of representative samples are shown in Table S3. For comparing trace element patterns between different types of waters, we used enrichment coefficients normalized by titanium as a less mobile element analyzed in both waters and rock samples: EFi = (Ci/Ti)w/(Ci/Ti)r, where subscripts w and r relate to water and rock, respectively (see [56] for the Ti choice). The spring waters of the XJF are compared with the corresponding Emeishan basalts in the Dongchuan (Figure 5). Rock chemistry is taken from Chen et al. [57]. The EFi of trace elements in hot spring waters are associated with regional mineral rocks and reflect the degree of water–rock action to a certain extent.



The EFi of B, Sb, Li, Sr, and Mo are relatively higher than others (Figure 5). The mobile chalcophile elements may originate from external sources such as sulfide-enriched altered rocks. Contribution from magmatic vapors cannot be excluded either, especially for boron. The contents of alkali metal elements such as Li are generally lower than major elements, but due to their active chemical properties, strong oxytropism, mainly enriched in acidic rocks, and strong migration ability, the contents of some springs are close to or even exceed the abundance of surrounding rocks. Alkali earth metals Sr and Ba are disperse elements with high abundance in crust and mantle, and their migration is closely related to Ca. Sr was more easily enriched into weak alkaline water with pH of 7.0~8.5 [58]. Due to the carbonate and clastic developed around the XJF, the pH value of spring samples ranged from 6.49 to 7.66, with a mean value of 7.21, which was beneficial to enriching Sr in the study area. Sb and Mo have strong migration ability in an alkaline reduction environment, and Sb and Mo may be more affected by surrounding rock minerals. As a variable valence element, Fe is affected by precipitators, acidity and alkalinity of solution, and oxidation reducibility. Meanwhile, high concentration areas of Fe2+ are mainly distributed in Xundian (S7) and Yiliang (S8) hot springs, in which Neogene thin-layer argillaceous dolomite and lignite were developed. The high concentration of Fe2+ is mainly attributed to the pyrite dissolution of the lignite of surrounding rocks in hot springs. In addition, previous studies illustrated that when both the depth and pressure increased, the solubility of B2+ in the groundwater increased [41,58]. High concentration areas of B2+ are mainly distributed in the middle eastern branch segment of the XJF, i.e., the Dazhaicangfang hot spring (S6), Xundiantangzi hot spring (S7), Qujiang hot spring (S9), and Longxicun hot spring (S22), indicating that the circulation depth of hot springs in this segment is larger. The content of these elements in groundwater of the study area may be related to the higher geochemical background values of them.





5.3. Water–Rock Interaction of Hot Springs When Circulating inside the Fault


5.3.1. The Water–Rock Reaction Equilibrium


Chemical equilibration was tested with a ternary diagram established using relative Na/1000, K/100, and Mg1/2 contents [59]. The Na-K-Mg triangular plot (Figure 6) shows that S9 and S24 water samples plot in the partial equilibration zone, whereas other hot spring samples plot in the immature water zone. The water chemical types were classified on the basis of major ions and the Piper diagram (Figure 3). HCO3-Na is the dominant water chemical type for the S9 and S24 hot spring, located at the junction of the southern segment of the XJF and the Jianshui fault (Figure 1b).




5.3.2. Reservoir Temperature and Circulation Depth


The chemical geothermometers including the quartz, the chalcedony, and the cation geothermometers, including the Na-K, K-Mg, Ca-Mg, Na-K-Ca, Na-K-CaMg-corrected, and the Na-Li systems are commonly used to estimate reservoir temperature [59,60,61,62,63,64,65,66,67]. The different chemical geothermometers always yield very different reservoir temperatures owing to the complex geological settings. Most of the hot spring water samples did not reach water–rock equilibrium in this study, indicating that the cation geothermometers were not suitable to estimate the reservoir temperature [64,65,66,67]. Additionally, the water temperature was not high, with basically no steam loss or some spring point steam loss that was very small. In this study, we used the quartz geothermometers with no steam loss, the chalcedony [63,68]. The data of reservoir temperature were evaluated according to Equation (2):


T = 1309/(5.91 − log (CSiO2)) − 273.15



(2)







CSiO2 indicates the concentration of SiO2 in the water [66] and the results are shown below (Table 1). Therefore, the reservoir temperature of spring samples in the XJF is mainly 24.3 °C~96.0 °C.



The data of circulation depth were evaluated according to Equation (3):


Z = Z0 + (T − T0)/Tgrad



(3)







Z is the circulation depth (km); Z0 is the depth of constant temperature zone (km); T is the reservoir temperature (°C); T0 is the temperature of constant temperature zone (°C), namely the local average temperature; Tgrad is the geothermal gradient (°C/km) reflecting the geothermal change per one kilometer of the place below the constant temperature zone [69]. By taking reference from previous studies on the groundwater in some areas of Yunnan Province, the geothermal gradient Tgrad was assumed as 20 °C/km, the annual mean temperature T0 assumed as 15.8 °C, and the depth Z0 of the constant temperature zone assumed as 30 m. The final circulation depth of the XJF is about 0.45~4.04 km as calculated. The reservoir temperature of hot springs is positively associated with the circulation depth. The deeper the circulation of a spring is, possibly the longer the circulation path is, and the greater the opportunity and proportion of cold-water mixture will be, indicating a great temperature difference between the spring vent and the reservoir. The southern segment of the XJF showed the greatest circulation depth of hot spring water (4.04 km) and a temperature difference of 34.2 °C, followed by Shuanghexiang area located in the northern segment (circulation depth: 0.96~2.33 km; temperature difference: 0.6~15.1 °C) (Table 1). In the middle segment of the fault, obvious differences of circulation depth could be suggested in the east branch, with circulation depth of 0.45~3.45 km and temperature difference of 0.7~25.8 °C, and the overall mean values were greater than those of the west branch where the circulation depth was 1.46~1.86 km and the temperature difference was 13.2~15.5 °C.




5.3.3. Mineral Saturation States


Mineral equilibrium calculations could be used to estimate the mineral reactivity in hot spring waters by the parameter of saturation index (SI) without examining samples of the solid phases [70]. It is possible to predict which minerals may precipitate during the extraction and the use of thermal fluids. Mineral saturation indices of hydrothermal minerals that are likely to be present in the reservoir of geothermal system were calculated at the outlet temperature and pH by PHREEQC software. Results are presented in Figure 7. Nearly all groundwater samples are supersaturated (SI > 0) with respect to calcite at sampling temperatures suggesting that CO2 degassing may have occurred (Figure 7). Only samples 8, 23, 24, 27, and 28 have negative values, but they are also nearly in equilibrium with calcite. Scaling of the carbonate minerals with the exception of samples 8, 23, 24, 27, and 28 is expected for thermal waters. This supersaturation state demonstrates the presence of substantial amounts of these minerals and sufficient residence time in the aquifer system [71]. Groundwater samples S7, S12, S18, and S22 are in equilibrium with gypsum and anhydrite (SI~0). Almost all groundwater samples are in under saturation with halite (SI < −6).





5.4. Correlation between Hydrogeochemical Changes and Earthquakes


5.4.1. Precursory and Postseismic Anomalies


Groundwater anomalies have been among the earliest and most frequently reported phenomena to occur in conjunction with earthquake activity. Previous studies suggested the occurrence of an earthquake brings energy and a series of hydrological changes consequently, which is closely associated with earthquake magnitude and distance [72]. A continuous measure was preformed every three days in the Xundian hot spring (S7) since April 2019, and in Panxi (S16) and Qujiang (S9) hot springs since June 2019. In our study area, M > 4 earthquakes occurred on three occasions: Xundian ML4.2 earthquake on January 15, 2020, Dongchuan ML4.2 earthquake on 8 July 2020, and Shuangbai ML5.1 earthquake on 10 June 2021 (Figure 1). The first two earthquakes were caused by strike-slip fault motion within the XJF, while the last earthquake was caused by strike-slip fault motion within the SP-JSF.



Hydrochemical data of the water samples showed an evident trend of temporal variation. The Na+, Cl-, and SO42- are also sensitive to area stress and are usually observed in international seismic event monitoring [24,29,73]. We observed that there were some irregular fluctuations in the major ions (Na+, Cl−, and SO42−) and TDS before and after the earthquake. Change point (CP) detection in the time-series data of the major ions (Na+, Cl−, and SO42−) and TDS in three sites reveals that each cluster has at least one CP within a central period, which is characterized by seismic events (Figure 8 and Table S5) [47]. There was no obvious association between the hydrochemical composition anomaly and the precipitation during the three earthquake events (Figure 8). The variation trend of Cl− concentration seems in good agreement with near-field seismic activity within 50 km and with a magnitude range from ML1.0 to ML4.0. In most near-field seismic activities, the hydrochemical composition variations show a lack of obvious association or a low fluctuation (Figure 8), so it is inferred that the response zone of near-field seismic activity is local and limited. The groundwater changes triggered by the far-field earthquakes within 300 km and with a magnitude range over ML4.0 are considered to be regional rather than local.



The occurrence time of anomalies and epicentral distance of three earthquakes in the three hot springs are shown in Table 2. Prior to the Shuangbai ML5.1 earthquake on 10 June 2021, obvious precursory anomalies of Na+, Cl−, SO42−, and TDS concentrations appeared in the S7 (Xundian), S9 (Qujiang), and S16 (Panxi) sites, located 179.3, 100.4, and 120.2 km away from the epicenter, respectively (Figure 8), and then it was found that the concentrations of Na+, Cl−, and SO42− all stayed at a relatively high level after the Shuangbai ML5.1 earthquake. These compositional modifications can be explained by permanent changes in the aquifers that are caused by tectonic events. Meanwhile, for the same earthquake (Shuangbai ML5.1) or the same site (S7), it is observed that the closer the epicentral distance is, the earlier the anomalies appeared (Table 2). For the site with the same epicentral distance, the larger the magnitude is, the earlier the anomalies appeared. For example, in S16 hot spring, the concentrations of Cl−, SO42−, and TDS started to exceed the abnormal threshold value in 24 days prior to the Shuangbai ML5.1 earthquake, earlier than the Xundian ML4.2 and Dongchuan ML4.2 earthquakes.



Statistical analyses indicated that the changes in groundwater chemistry were associated with the earthquakes [47,74]. Several investigators have proposed that micro-fracturing in the basement rock due to seismic stress prior to major seismic events is responsible for precursory changes in hydrochemistry and other related parameters [75]. During the micro-fracturing development, the crustal strain dilation or aquifer permeability changes caused mixtures of different water [14,16,76,77], then the concentration of hydrochemistry changed, until the earthquake, and the tectonic movement occurred with the catastrophe. The concentration of Cl− in a nearby spring increased by 36.0% above background values 5 days prior to the 1996 Pyrenees ML5.2 earthquake in France. Toutain et al. [73] suggested that this precursory chemical change was attributed to a pre-seismic strain change, which induced mixing of geochemically different aquifers. The mechanism of fluid mixing is believed to be due to precursory fracturing of hydrologic barriers that separate the individual aquifer system [1,78,79]. The source mixing resulted in a shift from equilibrium and triggered water–rock interaction. As shown in Figure 8a, the TDS values were agreed with the tendency of changes in the contents of Na+, Cl−, and SO42−, which also validated the impact of seismic activity on the water–rock reaction equilibrium. The three hot springs were in equilibrium with gypsum, anhydrite, quartz, chalcedony, and calcite, and the surrounding rock included limestone, dolomites, sandstones, and shales that are coal-bearing (Table S1 and Figure 7). Therefore, there is a capacity for increasing sulphate, sodium, and calcium ions along the flow paths [71,80].



Nevertheless, changes of hydrochemical compositions were not observed in Qujiang hot spring (S9), which was located 182 km away from the epicenter of Xundian ML4.2 earthquake and 231 km away from the epicenter of Dongchuan ML4.2 earthquake (Figure 8c). Considering the structural position and distance from earthquake events, it can be inferred that the seismic response zone of hot spring monitoring stations is not only closely associated with earthquake magnitude and distance, but also controlled by tectonic stress in deep and large faults. The S7 and S16 are mainly controlled by the XJF, while the S9 is located in the structure intersection among the XJF, QJF, and SP-JSF (Figure 1b), which are conjugated strike-slip faults. This suggests the potential relationship between hydrochemical composition anomaly and regional stress field, which influences the fault permeability in terms of strain partitioning across active faults. Precursory anomalies for the Shuangbai ML5.1 earthquake in the spring S9 confirmed the anisotropic character of the stress/strain transmission through the tectonic discontinuities between the focal zone and the measurement site [35].



The three hot springs considered herein are located in a deep and large active fault zone (XSHF and XJF) and are sensitive to seismicity. The XSHF and XJF strain field is a huge left-lateral strike-slip active fault system. The maximum shear strain rate of 40–60 nanostrain/yr is found along the XSHF-XJF system, which delineates the north and east boundaries of the crustal materials undergoing large-scale clockwise rotation around the eastern Himalaya syntaxis [81]. When the stress increased up to the sub-instability stress state of the faults in the XSHF-XJF system, earthquakes occurred [82]. The concentrations of Na+, Cl−, and SO42− are sensitive to the increase of stress in the XSHF-XJF system, which could enhance the opening of micro-fractures under the three hot springs. According to the variation characteristics of stress and strain, the anomalies of Na+, Cl−, and SO42− concentration have different characteristics. It exhibits a persistent stress increase most probably caused by a persistent contribution of the different depths caused by the strain release before the seismic events [83,84]. A similar observation was reported by Zhou et al. [85] in Luojishan hot spring bubbling gas, where obvious short-term seismic precursor anomalies of H2 concentration were discovered before some earthquakes.




5.4.2. The Hydrogeochemical Circulation Model of Hot Spring Waters in Xiaojiang Fault


An understanding of the origin and migration pathways of groundwater in an active seismic area is of paramount importance in terms of studying hydrogeochemical precursors in a seismic hazards zone [86]. A conceptual model for the origin of groundwater and the hydrogeochemical cycling process in the XJF is summarized in Figure 9 according to the previous geophysical data and the results of this study.



In the recharge area at an altitude of 1.8–4.5 km, meteoric waters permeated into aquifers along the fractures between and around mountains and river terraces through the water-conducting fault zone. Previous studies have revealed that a pronounced high electric conductivity and low-velocity materials were observed from the Songpan-Ganzi block to the southern Sichuan-Yunnan diamond block [87]. The fault zone subvertical conductors of the XJF were interpreted to represent fault damage zones that formed by strike-slip faulting/shearing along the faults and filled with deeply sourced magmatic and/or metamorphic fluids. The lower crust is broadly characterized by enhanced conductivity and likely associated with partial melting at high temperatures [18,72,88,89]. Additionally, the XJF is characterized by moderately high total strain rates and low 3He/4He values (mostly < 0.10 RA), suggesting that crustal He degassing dominates such fault regions [35]. Thus, we inferred that the XJF acted as a tunnel of these groundwaters in the crust which could be heated by hot material in this region. When the circulation depth of groundwater was increased to 0.45 ~ 4.04 km, and the water was heated to 24.3 ~ 96.0 °C, water–rock reactions would occur with surrounding rocks at different depths (i.e., granite, igneous rock, etc.) under certain temperature–pressure conditions. Due to different extents of reactions, partially equilibrated water and immature water were produced, then they could be mixed with the cold surface water or shallow groundwater when ascending to the surface ground, and finally becoming exposed on the earth’s surface as a hot spring. If the crustal stress in the area changes, the equilibrated state of hot spring water will be broken and the hydrochemical information carried by such waters will change [78]. Therefore, continuous monitoring could be conducted on a proper hot spring spot of the fault zone to further study the pre-seismic hydrochemical precursors. The results of this study indicate that faults play a crucial role in controlling the migration of crustal fluids. In addition, they reveal that possible evaluation of potential seismic precursors mandatorily requires a long period of sustainability monitoring.






6. Conclusions


The detailed mechanism and process of geochemical changes in the XJF were described in terms of regional groundwater flow systems by using a large amount of hydrochemical data from 28 hot spring sites. Our results suggested that hot spring water in the XJF was mainly recharged by atmospheric precipitation from nearby mountains, and the recharged elevations ranged from 1.8 to 4.5 km. Hydrochemical types were mainly controlled by aquifer lithology, in which, sodium bicarbonate water gathered mainly in the southern part of the fault zone, while calcium magnesium sulfites gathered in the northern part, and calcium magnesium water in most other areas. The temperature range was inferred from an equation based on the SiO2 concentration and chemical geothermal modeling: 24.3~96.0 °C. The circulation depths for the springs were estimated to be from 0.45 to 4.04 km.



Meanwhile, our results presented a good correlation between hydrochemical composition anomalies and earthquakes according to the regional stress field. In Xundian, Panxi, and Qujiang springs, there were short-term (4–35 d) seismic precursor anomalies of the hydrochemical compositions prior to the Xundian ML4.2 earthquake, Dongchuan ML4.2 earthquake, and Shuangbai ML5.1 earthquake. The epicentral distance of anomalous sites ranged from 19.1 to 192.8 km. The anomalous amplitude were all over 2 times the anomaly threshold. The seismic precursory anomalies indicated that synchronous hydrogeochemical anomalies and duration of the springs controlled by the same tectonic stress were not only closely associated with earthquake magnitude and distance but were also controlled by tectonic stress in deep and large faults.



In conclusion, we speculated that the meteoric water firstly infiltrated underground and was heated by heat sources, and later circulated to the earth’s surface along the fault and fracture and finally constituted hot spring recharge. The results also provided useful information about the earthquake-related response mechanisms occurring in the XJF, which represent the basic task for planning and managing the impending hydrogeochemical network aimed at defining the relationships between seismic cycle, fluids, and reliable earthquake precursors. Of course, further studies are required to confirm the main conclusions arrived at in the present study.
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Figure 1. The plot of sampling site distribution: (a) localization of the area of this study; (b) geological map in the XJF. Red stars correspond to earthquakes that occurred during continuous monitoring near the continuous monitoring sites. XJF: Xiaojiang fault; HHF: Honghe fault; QJF: Qujiang fault; SP-JSF: Sinping-Jianshui fault; ZMHF: Zemuhe fault. 
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Figure 2. Plot ofδD versus δ18O for the hot springs and stream waters.( The Global Meteoric Water Line (GMWL) from Craig (1961). The local meteoric water line (LMWL) [48] is shown for reference with the prediction interval (shaded area; δD = ±17.88‰) [53]). 
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Figure 3. Piper diagram showing major ion chemistry of the sampled points. 
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Figure 4. Correlation plot of SO42− + HCO3− vs. Cl− for the hot springs of the XJF, also showing isolines of total ionic salinity (TIS) lines for reference. 
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Figure 5. Trace element distribution in terms of enrichment coefficient (weight ratios) normalized to Ti for waters of the XJF. 
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Figure 6. Distribution of aqueous samples on the Na/1000-K/100-Mg1/2 ternary diagram. 
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Figure 7. Saturation indices values of groundwater samples with respect to minerals. 
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Figure 8. Temporal variations of concentration of Na+, Cl−, SO42−, TDS, precipitation, and earthquake: (a) is the Xundian spring (S7); (b) is the Panxi spring (S16); and (c) is the Qujiang hot spring (S9). Blue bars show the near-field earthquakes within 50 km and magnitude range from ML1.0 to ML4.0. Red bars show the far-field earthquakes within 300 km and magnitude range over ML4.0. The precipitation means daily mean value. 
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Figure 9. Conceptual model of the origin of groundwater and the hydrogeochemical cycling process in the XJF. 
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Table 1. Analytical data of reservoir temperature and circulation depth.






Table 1. Analytical data of reservoir temperature and circulation depth.





	
NO.

	
Temperature (°C)

	
SiO2 (mg/L)

	
Reservoir Temperature (°C)

	
Circulation Depth (km)

	
Temperature Difference between Spring Vent and Reservoir (°C)

	
Structural Location






	
S11

	
46.6

	
19.10

	
61.7

	
2.33

	
15.1

	
Northern Segment




	
S1

	
43.0

	
16.80

	
57.0

	
2.09

	
14.0




	
S2

	
33.7

	
8.56

	
34.3

	
0.96

	
0.6




	
S12

	
40.8

	
12.10

	
45.6

	
1.52

	
4.8

	
Middle eastern branch Segment




	
S3

	
37.0

	
14.70

	
52.3

	
1.85

	
15.3




	
S4

	
40.1

	
15.20

	
53.4

	
1.91

	
13.3




	
S6

	
45.2

	
13.50

	
49.3

	
1.70

	
4.1




	
S10

	
23.6

	
6.15

	
24.3

	
0.45

	
0.7




	
S7

	
58.5

	
33.70

	
84.3

	
3.45

	
25.8




	
S13

	
37.0

	
14.80

	
52.5

	
1.86

	
15.5

	
Middle western branch Segment




	
S14

	
31.2

	
11.70

	
44.4

	
1.46

	
13.2




	
S20

	
53.2

	
19.80

	
63.1

	
2.39

	
9.9

	
Southern Segment




	
S18

	
48.2

	
22.40

	
67.8

	
2.63

	
19.6




	
S16

	
30.1

	
8.65

	
34.6

	
0.97

	
4.5




	
S15

	
40.0

	
16.50

	
56.4

	
2.06

	
16.4




	
S9

	
61.8

	
44.10

	
96.0

	
4.04

	
34.2
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Table 2. Analytical data of reservoir temperature and circulation depth.
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Continuous Site

	
a (Xundian spring S7)

	

	
b (Panxi spring S16)

	

	
c (Qujiang spring S9)

	




	
Date (yyyy/mm/dd)

	
Earthquake

	
Na+

	
Cl-

	
SO42-

	
TDS

	
d

	
Na+

	
Cl−

	
SO42−

	
TDS

	
d

	
Na+

	
Cl−

	
SO42−

	
TDS

	
d




	
(Day)

	
(km)

	
(Day)

	
(km)

	
(Day)

	
(km)






	
2021/6/10

	
ML5.1

	
9

	
9

	
9

	
21

	
179.3

	
-

	
24

	
24

	
24

	
120.2

	
-

	
12

	
8

	
35

	
100.4




	
2020/7/8

	
ML4.2

	
-

	
-

	
-

	
-

	
63.8

	
4

	
28

	
17

	
-

	
192.8

	
-

	
-

	
-

	
-

	
231.0




	
2020/1/15

	
ML4.2

	
13

	
-

	
10

	
-

	
19.1

	
-

	
12

	
-

	
-

	
143.8

	
-

	
-

	
-

	
-

	
182.2








‘-’ represents not over anomaly threshold.
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