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In 2014, aquifers in the provinces of Jiangsu and Anhui exhibited abnormal and quasi-synchronous increases in water level of unknown origin. Based on the related theories of fluid and rock mechanics, and using atmospheric pressure and tidal effects, we analyzed the changes in the porosity and hydraulic conductivity of the aquifer media for three wells in Jiangsu (Su02, Su03, and Su18) and one well in Anhui (Dingyuan 04) in the undrained state. By constructing a dynamic change model of the well–aquifer system in two states (force and water balance), the hydrodynamic mechanism of the quasi-synchronous rise in the water level in each well was explored. The results show that the rise in the well water level was not related to aquifer compression but was mainly due to an increase in recharge and the recharge exceeding the discharge. These findings indicate that recharge caused by the infiltration of rainwater was the mechanism behind the observed anomaly.
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INTRODUCTION
Atmospheric pressure, the tidal effects of wells, and aquifer parameters (i.e., porosity and hydraulic conductivity) have received significant attention in research in China and abroad (Bredehoeft, 1967; George and Edwin, 1979; Kamp and Gale, 1983; Narasinmhan et al., 1984; Tian and Gu, 1985; Rojstaczer, 1988; Zhang et al., 1989; Li et al., 1990; Erskine, 1991; John et al., 1991; Zhang et al., 1995; Lai et al., 2013). In the undrained state, in which there is no exchange of water in the well–aquifer system and no change in mass, any changes in pore fluid pressures are caused by stress and strain. As such, the tidal factor and coefficient of atmospheric pressure can be used to quantitatively obtain the porosity, the volumetric compressibility coefficient of a solid framework and water, and other corresponding aquifer parameters, including the hydraulic conductivity and specific storage.
Before a large earthquake, regional stress loading and unloading may cause the closing and opening of fractures in the fault zone, resulting in simultaneous changes in multiple fluids. In addition, the comprehensive effects of the focal stress field, regional stress field, and other environmental factors are common causes of precursory anomalies, including those of underground fluids, among others. This indicates that the study on the characteristics and mechanisms of synchronous rises in the well water level can reveal the internal genetic relationship between abnormal changes in underground fluids and crustal tectonic deformation, changes in hydrodynamic and chemical dynamic conditions, and the process of earthquake preparation.
Su02, Su03, Su18, and Dingyuan wells are located in East China, which is the most developed and rapidly growing region in China. Moreover, this region hosts the central and southern sections of the Tan Lu fault zone and its vicinity. In the second half of 2014, the water levels of wells Su04, Su03, and Su18 in Jiangsu, and well Dingyuan04 in Anhui rose abnormally, showing quasi-synchronous characteristics (Figure 1). Based on the digital water levels and atmospheric pressures of these four wells, and on the related theories of fluid and rock mechanics, we established a dynamic change model of the well–aquifer system under two conditions—force and water balance—to determine the changes in aquifer parameters (e.g., porosity and hydraulic conductivity) of each well. Additionally, we analyzed the hydrodynamic mechanism behind the anomaly to eliminate the influence of non-structural factors and clarify if the observed changes were reflective of seismic activity.
[image: Figure 1]FIGURE 1 | Water levels in the four studied wells over time. Burial depths of the water levels in wells (A) Su02 (B) Su03, and (D) Dingyuan04 (C) Change in the water head height of well Su18. The orange dashed line marks the onset of quasi-synchronous changes in the water level.
Data and methods
The four wells studied here, Su02, Su03, Su18, and Dingyuan04, have been operational for many years and therefore provide continuous and stable data and clear tidal patterns. Complete atmospheric pressure data since January 2012 are available, making them ideal observation wells for digital water level analysis. The spatial distribution and specific parameters of each well are shown in Figure 2 and Table 1, respectively. A pressure-type water level meter was used to observe the water level depth values in the wells; that is, a pressure sensor was used to detect changes in the water column pressure in the well holes, which were subsequently automatically converted into water level depth values. The reading accuracy was at the millimeter level. Sampling was performed hourly. We prepared digital observation data of the water levels and hourly air pressure values from the four wells and filled in missing data by combining cubic spline interpolations and general polynomial piecewise fitting values. We also calculated the theoretical hourly solid Earth tide values at each well site. Finally, we compiled a Microsoft Excel file for each well site that contained the following data: time (equal-interval hourly values), water level, air pressure, and theoretical solid Earth tide. Note that the water level must be converted from the buried depth value to the hydraulic head height value, in meters.
[image: Figure 2]FIGURE 2 | Spatial distribution of the four wells.
TABLE 1 | Basic parameters of the four wells.
[image: Table 1]Convolution regression method
Convolutional regression methods that take into consideration the nonlinear relationship between the water level and atmospheric pressure, as well as the lag time, have been widely used in air pressure corrections in recent years (Rasmussen and Crawford, 1997; Toll and Rasmussen, 2007; Darner and Sheets, 2012; Hussein et al., 2013; Yang et al., 2014). For example, the maximum lag time was set to 7 h for air pressure correction only, and 12 h for air pressure and solid tide correction simultaneously. Using convolution regression, without considering other factors (such as recharge and discharge), the variation in the well water level can be expressed as:
[image: image]
where i is the lag time, m is the selected maximum lag time, △W(t) is the water level change at time t, α(i) is the unit impulse response function of air pressure at time delay i, △B(t-i) is the change in air pressure at time t-i, β(i) is the response coefficient of the Earth tide, and △ET(t-i) is the change of the Earth tide at time t-i. The water level after barometric correction can be expressed as:
[image: image]
where Wt* is the correction amount of each water level observation value in m-n time, m is the selected maximum lag time, n is the number of observation data, and αm is the pressure unit impulse response function corresponding to the maximum lag time.
The core idea behind such methods is to introduce a step response function for well water levels to atmospheric pressure, use water level and atmospheric pressure data to obtain the best fitted value of the function, and then correct the water level using said function. If a solid tidal factor, which is usually replaced by sensor measurements or a theoretical solid tide, is considered, convolutional regressions can simultaneously correct the atmospheric pressure and solid tide in the water level data of observation wells.
Atmospheric pressure and tidal factor
The factors affecting water level were decomposed into four sub-categories—atmospheric pressure, tide, a trend component, and a random component—allowing the tidal component to be eliminated using convolutional regression. Then, the trend and random components were removed using general polynomial piecewise fitting, leaving atmospheric pressure as the only factor affecting the remaining water level. Atmospheric pressure data with clear trends required advanced linear detrending. Finally, the remaining water level (i.e., that with atmospheric pressure as the only effect term) and the corrected atmospheric pressure were used to obtain the atmospheric pressure coefficient using the difference method. In general, first-order differences were sufficient.
To obtain the tidal factor, the convolution regression method was first used to remove the atmospheric pressure component (atmospheric pressure correction) from the well water level, and then, general polynomial piecewise fitting was used to remove the trend and random components until the remaining water level had tides as the only effect term. Finally, the Venedikov harmonic analysis program (Venedikov et al., 2005) was used to obtain the tidal factor and other parameters of the wave with the largest amplitude in the remaining water level.
Porosity and hydraulic conductivity
Based on the results of previous studies (Bredehoeft, 1967; Zhang et al., 1989; Li et al., 1990), the atmospheric pressure coefficient of the water level, Bp, and the tidal factor, Bg, can be expressed as:
[image: image]
[image: image]
From Equations 3, 4, the following can be obtained:
[image: image]
where α is the volumetric compressibility coefficient of the solid frame, β is that of water, n is the porosity of the aquifer, ρ is the density of water, and g is the gravitational acceleration, making the product of ρ and g the unit weight of water, which is 0.098 hpa/mm. The specific storage, SS, can be calculated using Equation 6 (Davis and Dewiest, 1966). The hydraulic conductivity, K, tidal wave frequency, ω, pressure conductivity coefficient of the aquifer, a, and phase lag, φ, satisfy the relationships in Equations 7)–(9 (Li et al., 1990).
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In equation 7, T is the transmissivity coefficient, k0 is the real part of the Kelvin function, r0 is the radius of the well, and ω is the fixed frequency of a specific group of waves in the tidal wave (such as the M2 wave for which [image: image] = 1.9324). In the undrained state, the pressure conductivity coefficient of the aquifer, a, can be derived as follows:
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The hydraulic conductivity, K, is therefore:
[image: image]
Rainfall water level dynamic combined water tank model
There are two common ways in which rainfall influences water level observation. One is direct recharge; that is, precipitation during the rainy season causes the well water levels to rise synchronously. The other is delayed recharge; that is, the rise in the well water level lags behind atmospheric precipitation for a period of time. In view of this, Wang et al. (2010) proposed a combined water tank model of rainfall water level dynamics that analyzes the impact of precipitation on the dynamic change in the water level by comparing the fitted value of the water level with the measured value. The model uses the density function based on the Gamma distribution Γ(β) and establishes a unit impulse response function γ(τ) to deal with the lag delay effect of groundwater recharge. The mathematical expression is as follows:
[image: image]
where t0 is a time factor, β is a dimensionless constant, and γ(τ) indicates that a single precipitation occurs at τ supply intensity formed at any time. Continuous or intermittent precipitation recharge can be expressed by the superposition of the above unit impulse response function:
[image: image]
where Pe(t) is the effective precipitation that can form the recharge intensity at time t, Tjq reflects the ability of the well–aquifer system to obtain the direct infiltration recharge of precipitation, and Tiq reflects the ability of the well–aquifer system to obtain the lateral recharge. The model uses Equation 14 to calculate the cumulative recharge intensity R formed by the precipitation at a certain time and before, and then, the water level value at the next time can be predicted by:
[image: image]
where H is the water level value, subscript n represents the current time, n+1 represents the next time, and Rn is the cumulative recharge intensity generated by precipitation until time n. Parameter z0 is the height of the discharge datum, and Th reflects the water storage capacity of the well–aquifer system.
When using precipitation data to predict water level changes, the model first uses precipitation and water level data in the normal dynamic change period to calculate z0, β, t0, Th, Tiq, and Tjq.
RESULTS AND DISCUSSION
Water level amplitude spectra characteristics of each well
The tidal variation of the well water level is periodic. In different periodic waves, the main components are five diurnal waves (O1, K1, P1, Q1, J1) and five half diurnal waves (M2, N2, L2, S2, K2). We performed an amplitude spectrum analysis of the water level of each well since the start of digital observations in 2012 and found that tide-driven changes in the water level in the four wells were mainly in the M2, K2, O1, and K1 waves, among which the M2 wave had the largest amplitude, as shown in Figure 3. Therefore, Venedikov harmonic analysis was used to obtain the tidal factor of the M2 wave for all four wells.
[image: Figure 3]FIGURE 3 | Amplitude spectra of the water levels in (A) Su02 (B) Su03, (C) Su18, and (D) Dingyuan04.
Atmospheric pressure coefficient and tidal factor

1) Using the residual water level (the water level with only the barometric effect term) and the barometric pressure, we obtained the barometric coefficient with first-order difference (Figure 4, left). The barometric coefficient of well Su02 was the largest (the average value was close to 10 mm/hpa), followed by well Su03, while that of Su18 was the smallest (the average value was approximately 1.1 mm/hpa). (2) Using the remaining water level (the water level with only the tidal response term) to obtain the M2 wave tidal factor of each well through the Venidikov harmonic analysis program (Figure 4, right) indicated that the tidal effect of well Su02 was the highest, with an average of approximately 2.0 mm/10−9. The average tidal effect of well Su03 was approximately 1.07 mm/10−9, while those of wells Su18 and Dingyuan04 were relatively small (average value of approximately 0.2 mm/10−9).
[image: Figure 4]FIGURE 4 | Atmospheric pressure coefficient and tidal factor. Note: the atmospheric pressure coefficient is shown on the left for (A) Su02 (B) Su03, (C) Su18, and (D) Dingyuan04. The tidal factor for (A) Su02 (B) Su03, (C) Su18, and (D) Dingyuan04 is shown on the right.
Porosity and hydraulic conductivity characteristics of each well
Figures 5, 6 show the porosity and hydraulic conductivity, respectively, of wells Su02, Su03, Su18, and Dingyuan04 since 2011. The window length for calculation was 48 months from 2012 to 2015, with a step length of 1 month. The porosity and hydraulic conductivity of each well increased simultaneously from the second half of 2014 to the beginning of 2015, while this phenomenon was not prominent in other periods. This result corresponds well with the observation that the water level began to rise in each well at nearly the same time during the second half of 2014. Since the second half of 2015, changes in the porosity and hydraulic conductivity of each well had returned to a relatively steady state.
[image: Figure 5]FIGURE 5 | Monthly time series of (A,C) porosity and (B,D) hydraulic conductivity for wells (left) Su02 and (right) Su03.
[image: Figure 6]FIGURE 6 | Monthly time series of (A,C) porosity and (B,D) hydraulic conductivity for wells (left) Su18 and (right) Dingyuan04.
Hydrodynamic mechanism
To explain the quasi-synchronous water level rise in the wells since the second half of 2014, we constructed a hydrodynamic model that analyzed the mechanism underlying such water level rises with respect to changes in stress (tension and compression) and environmental interference (ground water extraction and replenishment). In the natural state, the aquifer medium is formed by the coupling of solids, liquids, and gases. The volume of the aquifer medium is divided into four types—total or apparent volume, rock skeletal volume, pore volume, and water volume—where the total apparent volume is equal to the sum of the other three volumes, as shown in Figure 7. With changes in groundwater dynamics caused by an altered stress state in the aquifer (Figure 8), the aquifer medium deforms under pressure and porosity decreases, pore pressure increases, and well water levels appear to rise. In contrast, when the aquifer medium deforms under tension, porosity increases, pore pressure decreases, and well water levels appear to fall. Meanwhile, with changes in groundwater dynamics caused by changes in the water balance of the aquifer medium (Figure 9), porosity decreases and the decline in the water level is related to the outflow (i.e., discharge exceeds recharge and recharge decreases) and pore pressure decreases. Conversely, when porosity increases, the water level rise is related to external water flowing into the well bore (i.e., recharge exceeds discharge and recharge increases) and pore pressure increases.
[image: Figure 7]FIGURE 7 | Composition of the aquifer medium.
[image: Figure 8]FIGURE 8 | Groundwater dynamics when the aquifer experiences force.
[image: Figure 9]FIGURE 9 | Groundwater dynamics caused by changes in the aquifer water balance.
From the second half of 2014 to the beginning of 2015, wells Su02, Su03, Su18, and Dingyuan04 experienced a quasi-synchronous rise in the water level as well as a synchronous increase in their porosity and hydraulic conductivity. Here, we assumed that the change in the water balance in the aquifer medium caused by recharge and discharge is an instantaneous response. The aquifer medium of each well is a linear, homogeneous, and isotropic elastomer, and the water in the well is an ideal fluid. When the pore pressure caused by recharge increases, the porosity also increases and the well water level rises. On the contrary, when the pore pressure caused by drainage decreases, the porosity also decreases and the well water level drops. The observed increase in the porosity and hydraulic conductivity provided more favorable conditions for shallow groundwater in the region, such that when porosity increased, the rise in the water level was related to the recharge exceeding the discharge, and to the increase in recharge. In reality, the factors affecting porosity and hydraulic conductivity are complex. Owing to the lack of data on structure, sedimentation, hydrodynamic force, and geochemistry, a more comprehensive and in-depth analysis could not be carried out. Further validation using more detailed information and more in-depth research are needed in the future.
Rainfall influences the well water level mainly through lateral runoff recharge, cross layer recharge, and the load effect. For the load effect, there is almost no time lag. When collecting rainfall causes a flood, the well water level rises, and when the water level drops, the well water level decreases. Based on Figures 10, 11, there was almost no rainfall load effect for the four wells. However, lateral runoff recharge and cross layer recharge were well perceivable; the water level of the four wells had a lag response to rainfall between 2 and 3 months.
[image: Figure 10]FIGURE 10 | Comparison between the fitted values of the well water level obtained using the combined water tank model of rainfall water level dynamics and the measured values in wells (A) Su02 and (B) Su03. Note: rainfall (monthly, gray; annual, light purple), measured values (black curve), fitted values (gray dashed).
[image: Figure 11]FIGURE 11 | Comparison between the fitted values of the well water level obtained using the combined water tank model of rainfall water level dynamics and the measured values in wells (A) Su18 and (B) Dingyuan04. Note: rainfall (monthly, gray; annual, purple), measured values (black curve), the fitted values (gray dashed).
Figures 10, 11 show the combined water tank model based on rainfall water level dynamics. The monthly dynamic changes in the water levels of the four wells were inverted by using the monthly value of regional precipitation. Z0, β, t0, Th, Tiq, and Tjq values were calculated using precipitation and water level data collected during the normal dynamic change of each well (Table 2). Through comparative analysis of the fit and the measured values, we found that rainfall infiltration supply directly influenced the rise in the water level and the synchronous increase in porosity and hydraulic conductivity coefficients in the studied period.
TABLE 2 | Six parameter values obtained by fitting of the four wells.
[image: Table 2]CONCLUSION
In general, amplitude spectral analysis of well water levels is used to determine which group of tidal waves to select to calculate tidal (e.g., tidal factor and phase lag) and aquifer (e.g., porosity and hydraulic conductivity) parameters. Our analysis of the water levels of wells Su02, Su03, Su18, and Dingyuan04 indicates that among the main groups of waves included M2, K2, O1, and K1, in which M2 waves had the largest amplitude. Thus, all tidal and aquifer parameters in this study were calculated for M2 waves.
The porosity and hydraulic conductivity of each well increased from the second half of 2014 to the beginning of 2015, a finding that was consistent with the quasi-synchronous water level rise in each well in the second half of 2014. The established groundwater dynamics model based on changes in the aquifer water balance explained this phenomenon well. Based on the combined water tank model of rainfall water level dynamics, the monthly dynamic changes in the water levels of the four wells were inverted using monthly regional precipitation values. Through a comparative analysis of the fit and measured values, we found that rainfall infiltration supply was directly responsible for the synchronous increases in the water level, porosity, and hydraulic conductivity in the studied period.
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