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Abstract

:

The effects of earthquakes on groundwater and aquifer properties can be quantified and monitored using water-level changes produced by tides and barometric pressure. Tidal and barometric responses are particularly useful in evaluating the impacts of unexpected events, such as earthquakes, because the signals are continuously generated and recorded over large areas of the Earth’s surface. The techniques for the extraction of tidal and barometric signals from the water-level time series are described in many excellent papers, here, we focus on reviewing the hydrogeologic interpretations of, and earthquake impacts on, these responses. We review how hydrogeology and earthquakes impact the groundwater response to Earth tides, and changes in barometric pressure and barometric tides. Next, we review the current understanding of the mechanisms responsible for earthquake-induced changes in aquifer confinement and permeability. We conclude with a summary of open questions and topics for future research, notably the value in long-term monitoring and analysis of the earthquake response at multiple tidal and barometric frequencies.
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1. Introduction


Changes in the groundwater level in wells during earthquakes have been reported since antiquity, e.g., [1,2]. The analysis of such changes is important because it provides information on earthquake impacts on the flow and storage of groundwater. Most early studies focused on the occurrence of such responses, e.g., [3], their signs, duration, and spatial distribution, e.g., [3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21], their relation with the occurrence of liquefaction, e.g., [22,23] and mud volcanoes, e.g., [24], changes in groundwater level and streamflow e.g., [25,26,27,28], and their correlation with seismic energy and strain [29,30,31]. Analytical models for idealized aquifers were developed and used to simulate the co-seismic and post-seismic change in water levels, e.g., [12,32] and stream discharge, e.g., [14,26,33], with the general conclusion that the permeability of aquifers, especially their vertical permeability, may be enhanced by earthquakes [34,35,36]. A extensive review is provided by Wang and Manga [37].



The co-seismic change in aquifer permeability poses a challenge to the management of groundwater resources, which requires accurate knowledge of aquifer properties. These changes often cause confined aquifers to leak [38,39,40], which in turn may lead to the exchange of groundwater among different aquifers or between aquifers and the ground surface [38,41]. While most of these changes are reversible and the pre-seismic values are recovered after several weeks or months [42], some are long lasting, e.g., [43,44,45] and do not recover to the pre-seismic level for many years. In such cases, the management of groundwater resources based on the knowledge of the pre-seismic aquifer properties may lead to erroneous decisions. Because large earthquakes may occur unexpectedly and because aquifer leakage may cause hazardous waste to spread from repositories to groundwater resources, urgent action may sometimes be required. The tidal and barometric response methods reviewed in this paper make it possible for real-time, large-scale, and quantitative re-evaluation of the aquifer properties and the safety of groundwater resources after large earthquakes.



Here, we review recent advances in the study of earthquake impacts on groundwater systems based on analysis of the change in groundwater response to tides and barometric pressure. Quantitative evaluation of the earthquake effects on aquifer properties began with the application of analysis on the tidal and barometric pressure to this discipline, e.g., [42]. Because the response of groundwater to Earth tides is present in many groundwater records, this method has since been widely adopted in later studies of earthquake impacts on groundwater, e.g., [43,45,46,47,48,49,50,51,52,53,54,55,56]. Furthermore, large earthquakes, such as the 2008 M7.9 Wenchuan earthquake and the M9.0 Tohoku earthquake, have caused changes in the tidal response of groundwater across the Chinese mainland [49,57] and have offered the opportunity to investigate earthquake impacts on a regional scale.



Another naturally occurring change in the groundwater level in wells is caused by a change in the barometric pressure on the Earth’s surface, which induces changes in the pore pressure in aquifers and the water level in wells. The investigation of the hydraulic properties of both aquifers and aquitards based on the barometric response has been a topic of active research, e.g., [13,58,59]. A recent development is the joint application of the analysis of tidal and barometric responses to evaluate earthquake impacts on groundwater systems, which enables the study of hydrogeological changes over different frequencies and spatial scales [40,41,45,48,54,60,61,62].



We first review studies on earthquake impacts on groundwater systems using the interactions between Earth tides and groundwater. We then review studies on earthquake impacts on groundwater systems using the interaction between barometric pressure and groundwater. Some recent attempts to combine the different approaches were also reviewed. Finally, we suggest some directions for future research. We conclude this review with some recommendations for better management of groundwater resources, particularly in areas prone to natural or induced earthquakes and areas near the repositories of hazardous waste.




2. Groundwater Response to Earth Tides


2.1. Earth Tides


The gravitational attractions of the Sun and Moon deform the Earth (Figure 1a) and cause periodic volumetric strains in aquifers, which produce oscillations of pore pressure that, in turn, cause groundwater to flow between aquifers and wells (Figure 1b). Thus, the water level in wells oscillates, and the amplitude and phase depend on how pressure is transmitted in the subsurface.



Given that the ratio a/R is small, the lunar tidal potential on the Earth’s surface at a latitude   α   is approximately, e.g., [63]:


    W   2   =   G M   R         a   R       2     3     c o s   2   α − 1   2   ,  








where   G   is the gravitational constant,   M   is the mass of the Moon, a is the Earth’s average radius, and R is the distance between the centers of the Earth and the Moon. This expression may be further decomposed into a diurnal term and a semi-diurnal term, e.g., [63]. Similar expressions may be derived for solar tides. In reality, the tidal potential is more complex because the Moon’s orbit about the Earth and the Earth’s orbit about the Sun are elliptical, the Moon’s orbital plane does not align with the Earth’s equator, nor is the Earth’s rotation aligned with the ecliptic plane. Hence, there are numerous components to Earth tides (Table 1), but most are too small to be of concern for studies on the groundwater response to tides.




2.2. Tidal Response of Groundwater Level in Wells


Groundwater wells are the hydrogeologists’ scope to study groundwater systems. Hence, the analysis of changes in the water level in wells has been a time-honored study. Tidally-induced changes are often small in comparison to changes in water level (Figure 2), due to other causes such as seasonal recharge and groundwater extraction. Standard techniques are available for extracting tidal signals from water-level timeseries, such as using Fourier analysis, and readers are referred to some excellent reviews and tutorials on this aspect, e.g., [63,65]. Important for such analysis are long time series, high sampling frequency, and accurate measurements.



The flow of groundwater between the aquifer and the well causes changes in the phase and the amplitude of the water level in the well from those produced directly by the tidal strain. The difference in phase is known as the phase shift; a negative shift means that the response lags behind the tidal strain. The amplitude of the water-level response, if shown as the ratio between the observed amplitude and the amplitude of the tidal strain or the equivalent water level, is known as the amplitude ratio. Figure 2a shows the time series of the raw data for the groundwater level above the mean sea level from a USGS monitoring well (Figure 3) that opens to a carbonate aquifer (the Arbuckle) in NE Oklahoma at a depth of ~1 km below the surface. After the drift in the groundwater level was removed, the remaining time series shows the tidal signals (Figure 2c). Figure 2d shows the phase shift and amplitude of the response to the M2 and S2 tides in this time series, referenced to the local tidal volumetric strain; Figure 2f shows the ratio between the amplitudes of the water-level response and the volumetric tidal strain [38].



The phase shift and the amplitude of the M2 tide are much more stable with time than those for the S2 tide, which shows large fluctuations (Figure 2d,e) due to the changes in the thermal expansion of the atmosphere in response to solar heating (e.g., Figure 2d). As a consequence, the tides used most often for hydrological studies are the semi-diurnal and the diurnal lunar tides that are denoted as the M2 and O1 tides, respectively.



Direct measurement of the tidal strain is not available in most wells, and a theoretical tidal strain is often calculated at the well location and used as the reference for the observed tidal response. This procedure introduces some uncertainty into the response analysis because tidal strain is known to be affected by the local geology, topography, and underground cavities [66,67], which are difficult to correct. Locations close to coasts can also be affected by ocean tides.




2.3. Interpretation of Tidal Response of Groundwater in Aquifers


To interpret the tidal response data, hydrogeological models for the flow of groundwater between the well and the aquifer are needed. Two classical models have most often been invoked to interpret the observed tidal response. The model used for interpreting the tidal response with a negative phase shift is the confined aquifer model [63,68]. The model used for interpreting the tidal response with a positive phase shift is the unconfined aquifer model [11,63,69]. Reviews of these models are given by McMillan et al. [70] and Cutillo and Bredehoeft [71]. Most aquifers, however, are neither perfectly confined nor perfectly unconfined, e.g., [72], because the permeability of an aquitard cannot be zero, but is finite at time scales above a threshold. The interpretation of the tidal response of groundwater in such aquifers requires a model for leaky aquifers [38].



The well that provided the data shown in Figure 2 is located in northeastern Oklahoma (Figure 3a) and opens at a depth of ~900 m to a carbonate aquifer (the Arbuckle aquifer, Figure 3b) that has long been considered confined and used as a repository for the injection of wastewater co-produced from hydrocarbon exploration. Figure 3b shows a simplified diagram for the major geologic units intersected by the USGS Oklahoma deep well. It shows that the Arbuckle aquifer lies on the top of a crystalline basement and is overlain by an aquitard consisting of a sequence of layered rocks with a basal shale. The aquitard is in turn overlain by a layer of unconsolidated sediments. Given the layered structure of the aquitard (Figure 3b), its average vertical conductivity may be estimated by the harmonic mean of permeability of the layers, which is dominated by the layer with the lowest permeability, e.g., [73], in this case the basal shale (Figure 3b). In other words, according to this estimate, the value of K′ for the layered aquitard may be expected to be close to that of the basal shale [38], consistent with the suggestion that the aquifer is confined. However, the groundwater response to the M2 tide in the USGS well shows a positive phase (Figure 2d) that characterizes an unconfined model, according to the traditional interpretation. Hence, neither the confined aquifer model nor the unconfined aquifer model may completely satisfy the observational data. The need to explain this apparent contradiction is important because of the large increase in induced earthquakes in the mid-continental U.S. produced by fluid injection, as exemplified by the occurrence of three large (  M ≥ 5  ) earthquakes in Oklahoma in 2016 (Figure 3a).



To explain the positive phase shift for an aquifer bounded by low-permeability formations, Wang et al. [38] derived a model for a semi-confined aquifer. The model may be reduced to that for a confining aquifer when the leakage becomes very small; it also provides predictions similar to that of an unconfined aquifer when the leakage becomes very large [38]. The semi-confined aquifer model is, therefore, a versatile model and is described below to illustrate how the analysis of tidal response of groundwater may be applied to assess the impact of earthquakes.



Assuming that the aquifer is laterally extensive and the leakage through the aquitard is vertical [74], the model of the tidally-induced groundwater flow may be described as [38]:


  T       ∂   2   h     ∂ r   2     +   1   r     ∂ h   ∂ r     −    K ′     b ′    h = S   ∂ h   ∂ t   −   S B   K   u     ρ g     ∂ ε   ∂ t    



(1)




where   h   is the hydraulic head in the aquifer, r is the radial distance from the studied well, T and S are the transmissivity and storativity of the aquifer, respectively, and are related to the hydraulic conductivity K and the specific storage Ss of the aquifer of T = bK and S = bSs,   ε   is the tidally-induced oscillating volumetric strain of the aquifer, B is the Skempton’s coefficient,     K   u     is the undrained bulk modulus, and K′ and b′ are the vertical hydraulic conductivity and the thickness of the aquitard, respectively. The hydraulic conductivity is generally a second rank tensor and is related to the permeability tensor as follows:


  K =     ρ   f     g k   μ   .  



(2)




where     ρ   f     and µ, respectively, are the density and viscosity of the pore water, and   g   is the gravitational acceleration. In most groundwater studies, aquifers and aquitards are assumed to be isotropic and the tensor notations are replaced by K and k. Furthermore, since the density and viscosity of groundwater are usually nearly constant, it may be more convenient to use K instead of k under common conditions.



In this semi-confined aquifer model, the unconfined aquifer is taken to be part of the aquitard with atmospheric pressure on its upper boundary. Moreover, it is assumed in this model that the storage of the aquitard is negligible. The boundary conditions for our problem are:


   h     ( r , t )   =   h   ∞   ( t )         at   r = ∞  ,  



(3)






   h       r , t   =   h   w   ( t )         at   r =   r   w    ,   and  



(4)






  − 2 π   r   w   T     ∂ h / ∂ r     r =   r   w     = π     r   c     2       ∂   h   w    /  ∂ t     = − i ω   h   w   π     r   c     2          at   r =   r   w     



(5)




where:


    h   w   =   h   w o     e   i ω t    



(6)




is the oscillating water level in the well with an amplitude (complex) of     h   w o     and a frequency of   ω  , rw is the radius of the screened portion of the well, and rc is the inner radius of the well casing in which the water level moves up and down.



The procedure for solving the boundary value problem follows previous works on confined aquifers [68] and is given in [38]. Assuming   ε =   ε   o     e   i ω t    , where     ε   o     is the (complex) amplitude of the tidally-induced strain, the solution to (1) with boundary conditions (3) to (5) is:


    h   w , o   =   1   ξ     i ω S     i ω S +   K   ′   /   b   ′           B   K   u     ε   o     ρ g     ,  



(7)






  ξ = 1 +         r   c       r   w         2     i ω   r   w     2 T β       K   o   ( β   r   w   )     K   1     β   r   w       ,  



(8)






  β =         K   ′     T   b   ′     +   i ω S   T       1 / 2   ,  



(9)




where     K   o     and     K   1     are the modified Bessel functions of the second kind and of the zeroth and first orders, respectively. The amplitude ratio and the phase shift of the tidal response are, respectively,


  A =       h   w , o    /      B   K   u     ε   o     ρ g         ,  



(10)






  η = arg       h   w , o    /      B   K   u     ε   o     ρ g         .  



(11)







Expressions (10) and (11) relate the amplitude ratio and the phase shift of the tidal response of the groundwater to three important parameters of the groundwater system, i.e., the vertical hydraulic permeability K′ of the leaky aquitard, the horizontal transmissivity T, and the storativity S of the aquifer. Given the amplitudes and phases of the observed M2 and O1 tides, the above expressions may be used to invert for the hydraulic parameters of the groundwater system. For the USGS Oklahoma deep well that opens to the Arbuckle aquifer (Figure 2), independent measurements exist for T and S [38]. Using these parameters together with the response of the groundwater in the USGS Oklahoma deep well to the M2 tide, Wang et al. [38] estimated K′ ~3 × 10−8 to 3 × 10−7 m/s for the average vertical conductivity of the aquitard above the Arbuckle, which is many orders of magnitude greater than that estimated for an assumed intact aquitard [38]. This huge discrepancy between the permeability estimated from the observed tidal response and that for an assumed intact aquitard suggests that the aquitard near the well may have been breached by subvertical fractures. This suggestion was further supported by independent measurements of the electrical conductivity of the groundwater in the USGS Oklahoma deep well [41].




2.4. Assessing Earthquake Impact on Groundwater from Its Response to Earth Tides


Using the groundwater response to Earth tides in two wells in southern California (Figure 4a), Elkhoury et al. [42] found transient and recoverable changes in the water levels during and after earthquakes (Figure 5a). The wells open to a fractured aquifer in the granitic basement and the co-seismic water-level responses were interpreted with the confined aquifer model [68] to identify transient and reversible changes to the aquifer permeability. Liao et al. [43], on the other hand, found a tidal response after the 2008 M7.9 Wenchuan earthquake in the JY (Jiangyou) well in Sichuan (Figure 4b), China, which did not recover, but stayed at the co-seismic level for many years afterwards (red arrow in the top row of Figure 5b), even though the tidal responses of the groundwater in the same well to many smaller earthquakes (black arrows in Figure 5b), both before and after the Wenchuan earthquake, were transient and reversible, similar to the observations reported in [42]. The distinct difference between the change in the tidal response during the Wenchuan earthquake and the other earthquakes, suggests that distinctly different mechanisms were at play [44]. This well is only ~20 km from the ruptured fault of the 2008 M7.9 Wenchuan earthquake; the closeness of the well to the ruptured fault may be partly responsible for the distinct change in the tidal response during and after this earthquake. The coordinates and depths of these wells, the lithology of the aquifers, and their epicentral distances to some earthquakes are listed in Table 2.



Most interpretations of the tidal response of groundwater to earthquakes, such as those shown in Figure 5, were based on either the confined aquifer model [63,68] (or the unconfined aquifer model [13,63,69]. Given the ability of the semi-confined aquifer model [38] to estimate the vertical conductivity of aquitards, it has been increasingly used to interpret the groundwater response to Earth tides and study the effects of earthquakes, e.g., [17,45,75].



After the 2011 M9.1 Tohoku earthquake in Japan, some wells in China (Table 1), more than 2000 km away from the epicenter, also showed irreversible changes in the tidal response (Figure 4c,d; [45,51,75]). The upper two rows of Figure 6a show the phase shift and amplitude ratio of the groundwater response to the M2 tide in the Taiyuan (TY) well in central China [51]; the phase shift increased but the amplitude ratio decreased both during the 2008 Wenchuan earthquake (red arrow marked W) and during the 2011 Tohoku earthquake (red arrow marked T). The changes during the Tohoku earthquake stayed at the co-seismic level for many years, but those during the Wenchuan earthquake were transient and quickly recovered to the pre-seismic level.



During the same earthquake, a well in northern China, the Zuojiazhuang (ZJZ) well (Figure 4c), showed a different response. This is a deep (2600 m) well, screened between depths of 2079 and 2600 m and is open to an aquifer of late Precambrian carbonate rocks. The aquifer is overlain by an aquitard of younger volcanic rocks and breccia, tuff, sandstone, and mudstone more than 2 km thick. Zhang-Shi et al. [39] analyzed the tidal response of the water level to the M2 tide in this well and found large co-seismic increases in both the phase shift, from −40° to ~2°, and in the amplitude ratio, from 2 to 3 m/microstrain, during the Tohoku earthquake. Zhang-Wang et al. [45] re-analyzed the water-level response in the same well to both the M2 and the O1 tides. They found that the phase shift and amplitude ratio of the M2 and the O1 tides both increased in the ZJZ well during the Tohoku earthquake and remained at the co-seismic level for many years afterwards (Figure 6b). After the Wenchuan earthquake (red arrow marked W), on the other hand, the co-seismic increases of the phase shift and the amplitude ratio recovered gradually to the pre-seismic level.



Applying the semi-confined model to the groundwater response to the M2 tide in the TY well, Shi et al. [51] interpreted the co-seismic change in the tidal response in the TY well as corresponding to the co-seismic increase in the vertical conductivity of the aquitard that recovered afterwards to the pre-seismic level (Figure 7a). During the Tohoku earthquake, the vertical conductivity increased from ~5 × 10−7 m/s to 5 × 10−5 m/s, but the increase stayed at the co-seismic level for many years (Figure 7a). Zhang et al. [45] employed the same model for the semi-confined aquifer and carried out an inversion for the unknown K′ of the aquitard, and T and S for the aquifer, from the responses to both the M2 and O1 tides in the ZJZ well, using the nonlinear least-square inversion. A lower limit of 10−10 m/s was set for K′ in the inversion to prevent the occurrence of singularity. The results of the inversion (Figure 6b; Zhang et al. [45]) showed that K′ stayed at the set minimum of 10−10 m/s from 2007 to 2011 before the Tohoku earthquake, suggesting that the aquifer was well confined before the Tohoku earthquake; however, during the Tohoku earthquake, K′ increased by three orders of magnitude from 10−10 m/s to 10−7 m/s, showing that the confinement of the aquifer was breached by the earthquake. T also increased from ~2 × 10−6 to ~2 × 10−5 m2/s during the earthquake. Furthermore, both these increases stayed at the co-seismic level for many years until the end of the study (Figure 6b; [45]). During the Wenchuan earthquake, no change in K′ was revealed, but T increased from ~2 × 10−6 to ~9 × 10−6 m/s and recovered gradually afterwards. Errors in the inverted S were too large to clearly identify the co-seismic changes.



One challenge to interpreting tidal responses is that different conceptual models may be able to explain the same observations. For example, Zhang et al. [55] reassessed the tidal responses from the well ZJZ (Figure 6b) assuming that the water-level changes were caused by volumetric changes in the transmissive fractures that intersect the well. Pressure changes in a fracture depend on the orientation of the fracture relative to the principal directions of the changing tidal strain and, thus, the amplitude and phase of the water-level changes will depend on the fracture orientation. In this model, both phase leads and lags are possible. Using the model of Hanson and Owen [76] and the amplitude and phase of the water-level response to the O1 and M2 tides, Zhang et al. [55] proposed that the apparent orientation of the fractures changed after the earthquakes. The underlying assumption behind the fracture orientation model is that the well is recording strain in the fracture and that hydraulic flows (and hence finite permeability) can be neglected. Since new fractures with different orientations are not likely to be created by the small stresses from these earthquakes, Zhang et al. [55] suggested that the connections between the pre-existing fractures were unlogged leading to changes in the apparent fracture orientation. The difference in the interpretations is non-trivial: Zhang et al. [45] inferred that the deep aquifers became much less well confined, whereas Zhang et al. [55] inferred changes in the apparent orientation of the fractures. Both models, however, do require a change in the hydrogeological properties of the aquifers and pathways for fluid flow.



Another challenge in the interpretation of tidal responses arises from the structures in the aquifers. For example, Zhang et al. [56] showed that fine layers of shale, which commonly occur in thick sandstone aquifers, introduce anisotropy to the aquifer, which may significantly affect the predicted phase shift in the tidal response and, thus, impact the interpretation of the observation. Another fine structure that may affect the tidal response of groundwater is the boundary between the layers of different permeabilities and grain sizes. Using ten years of continuous groundwater data from a well in southwest China, Liao et al. [77] showed that the groundwater in an unconfined aquifer changed its tidal response from being confined-like to being unconfined-like when the water level rose across the boundary between a fine-grained layer and a coarse-grained layer above. The authors explained this transition as due to the appearance of a confining capillary zone when the water table is below the upper boundary of the fine-grained layer, and its disappearance when the water level rises above this boundary. Even though the water-level rise in this study was due to seasonal precipitation, the same change in the tidal response may be expected if the water-level rise is earthquake induced. The introduction of fine structures into a model may make the model more realistic but, at the same time, it increases the number of unknown parameters and makes the inversion of the parameters from the observations under constrained. This point will be discussed further in a later section.





3. Barometric Pressure and Barometric Response


3.1. Barometric Response


The barometric pressure on the Earth’s surface changes with time across large areas and over a wide range of frequencies; hence, the analysis of the response of groundwater to barometric changes may also provide useful information on the hydraulic properties of the groundwater system. The barometric pressure on the Earth’s surface is balanced by the stresses in the solid matrix and the pore pressure in the water. In response to an increase in the barometric load, the increase in water pressure inside an open well that penetrates a confined aquifer (Figure 8) will be greater than the increase in pore pressure in the aquifer, because part of the increased load on the aquifer is supported by the solid matrix. The difference in water pressure will then force the well water to flow into the aquifer. The opposite will occur when the barometric pressure decreases. The response of the water level in an open well is, thus, opposite in sign to the barometric change (Figure 8).



Quantitative analysis of the barometric response began with Jacob [59], who defined the barometric efficiency, BE, as the ratio between the water-level change in the well and the change in barometric pressure (expressed in water height), which is a measure of the aquifer compressibility. The time delay between the water-level response and the barometric change is controlled by the hydraulic diffusivity of both the aquifer and the aquitards (the semi-confining layer). The analysis of the response in the groundwater to barometric changes has been broadly applied to the groundwater system to estimate the hydraulic properties of aquifers and aquitards, e.g., [13,78], and to the studies on earthquake effects on groundwater systems [45,54,62,79].




3.2. Barometric Response of the Groundwater Level in Wells


If the aquifer is perfectly confined and has high lateral transmissivity, the response of the water level in a well to a change of barometric pressure is linearly proportional to the barometric change. Since, as noted earlier, most aquifers are not perfectly confined and boreholes have a finite amount of storage, the barometric efficiency depends on the frequency of the applied load. Analysis of this dependency was discussed in several papers, e.g., [13,78,80] and applied to study how the vertical hydraulic conductivity of the aquitard and the horizontal transmissivity of the aquifer may depend on frequency. An advantage in the study of the barometric response of the groundwater is that onsite measurements of barometric pressure are often available to serve as a reference in the analysis.



Rojstaczer [13] expressed the frequency-dependent water-level fluctuation in a borehole in response to changing barometric pressure (Figure 9) as the sum of the fluctuating barometric pressure in the unsaturated zone, the influence of pore pressure in the saturated aquitard, and the flow between the borehole and a semi-confined aquifer:


    x   o   = −   A   ρ g   +     P   o     ρ g   −   s   o   ,  



(12)




where     x   o    ,   A ,       P   o     and     s   o     are, respectively, the complex amplitudes of the water-level fluctuation in the borehole, the atmospheric load, the pore pressure at the base of the aquitard, and the drawdown in the well.



For the periodic flow of air between the surface and the water table, Rojstaczer [13] used the differential equation:


    D   a       ∂   2     P   a       ∂ z   2     =   ∂   P   a     ∂ t    



(13)




with the boundary condition on the Earth’s surface as:


    P   a     z = − L , t   = A cos   ( ω t )  



(14)




where z = 0 is taken to be at the groundwater table, z = −L is taken to be the Earth’s surface, A is the amplitude of the barometric oscillations at the surface, and     D   a     is the pneumatic diffusivity in the unsaturated layer, which is assumed to be constant. The solution for air pressure at the water table (z = 0) is [13]:


    P   a     0 , t   = A   M + i N     exp   i ω t    



(15)




where:


  M =   2 cosh      R   a      cos      R   a        cosh   2    R   a      + cos   2    R   a        ,  



(16)






  N =   2 sinh      R   a      sin      R   a        cosh   2    R   a      + cos   2    R   a        ,  



(17)




and


    R   a   =   L   2   ω / 2   D   a   .  



(18)







Vertical flow is also assumed for the saturated aquitard, with the differential equation:


    D   ′       ∂   2   P   ∂   z   2     =   ∂ P   ∂ t   + A ω γ     sin     ω t   ,  



(19)




where   P   is the excess pore pressure in the saturated aquitard (above the hydrostatic pressure),     D   ′     is the hydraulic diffusivity of the aquitard, and   γ   is the loading efficiency of the aquitard defined as 1 − BE, i.e.,


  γ = 1 −     x   o   ρ g / A   .  



(20)







The upper boundary condition is equal to the barometric pressure at the water table (15), i.e.,


  P   0 , t   =   P   a     0 , t   = A   M + i N   exp   i ω t   .  



(21)







Rojstaczer [13] simplified the problem by assuming a half space for the saturated aquitard. Thus,


  P   ∞ , t   = A γ exp   i ω t   .  



(22)







Under these boundary conditions, the solution to (19) at the base of the aquitard (  z =   L   ′    ) is:


  P   z =   L   ′     = A   γ +   M + i N − γ     exp   −   1 + i      R   ′        exp   i ω t   ,  



(23)




where:


    R   ′   =   L ′   2   ω / 2  D ′  .  



(24)







For the radial flow between the borehole and the aquifer, the differential equation is [74]:


  T       ∂   2   s   ∂   r   2     +   1   r     ∂ s   ∂ r     −     K   ′   s     L   ′     = S   ∂ s   ∂ t    



(25)




where the small letter s is the ‘drawdown’ near the well, T and S are the transmissivity and storativity of the aquifer, respectively, and     K   ′     and     L   ′     are the hydraulic conductivity and the thickness of the semi-confining aquitard, respectively. The boundary conditions are:


  s   ∞ , t   = 0 ,  



(26)




and


      lim   r →   r   w           r ∂ s   ∂ r   =   ω   r   w   2     x   o     2 T     sin     ω t     ,  



(27)




where rw is the well radiusand xo is the amplitude of the water-level fluctuation in the well produced by the volumetric discharge of the aquifer. Subjected to these conditions, (25) may be solved to yield the drawdown rate in the well [81]:


     s   w   =   i   2   W   x   o     K   o           W   2       S   2   +   q   − 2         1 / 4   exp     i   2       tan   − 1         q S             exp   i ω t     



(28)




where Ko is the modified Bessel function of the second kind of order zero,


  W = ω   r   w   2   / T ,  



(29)




and


  q =   L   ′   ω /   K   ′   .  



(30)







Thus,     P   o     and     s   o     in (12) are:


     P   o     = A   γ +   M + i N − γ   exp   −   1 + i      R   ′         ,  



(31)




and


    s   o   =   i   2   W   x   o     K   o         W   2       S   2   +   q   − 2         1 / 4   exp     i   2       tan   − 1         q S       .  



(32)







Rojstaczer [13] approximated the saturated aquitard by a half-space, which may introduce errors in the predicted barometric response, as explained later. Odling et al. [78] presented an improved model in which the thickness of the aquitard is finite. In this case, the solution for     P   o     becomes:


     P   o   =   A   γ +   M + i N − γ      E ′  −  F ′    G   E   ′   + H   G   ′     G   F   ′   + H   H   ′          ,  



(33)




where M and N are the same as defined in (15) and (16) and, for the aquitard,


    E   ′   = c o s h     1 + i      R   ′      ,  



(34)






    F   ′   =     L   ′       K   ′       sinh     1 + i      R   ′            1 + i      R   ′        ,  



(35)






    G   ′   = −     K   ′       L   ′         1 + i      R   ′      s i n h     1 + i      R   ′      ,  



(36)






    H   ′   =   E   ′   .  



(37)




For the aquifer, E, F, G and H are similarly defined, with R′ replaced by:


  R =   L   2   ω / 2 D ,  



(38)




and   L  ,   K   and   D  , respectively, are the corresponding parameters of the aquifer.



The barometric efficiency and the phase of the response are defined as:


  BE   ω   =     x   o   ρ g / A   ,  



(39)




and


  η   ω   = arg     x   o   ρ g / A   .  



(40)







Figure 10 compares the barometric efficiency and phase of the groundwater response predicted by the two models. For the input parameters (Table 3), the predicted barometric efficiency and the phase of the water-level response from the two models [13,78] (are nearly identical at frequencies greater than 1 cpd (Figure 10); at frequencies lower than 1 cpd, however, the predicted phase from the two models diverges, with the difference increasing with decreasing frequency, reaching several tens of degrees at a frequency of 0.01 cpd (Figure 10). This difference may be explained by the ‘skin depth’ of the fluctuating barometric pressure. Assuming a uniform half-space, the depth at which the amplitude of fluctuating barometric pressure decays to 1/e of its surface amplitude is   δ =  2 D / ω   . For   D   = 50 m2/day (Table 3) and   ω   = 7.3 × 10−5 s−1 (~1 cpd), where we have   δ ~ 4   m. At   ω <   1 cpd, the ‘skin depth’ of the fluctuating barometric pressure, ~3   δ  , exceeds the thickness of the saturated aquitard assumed in Odling’s model (Table 3) and the approximation of the saturated aquitard by a half-space becomes invalid.




3.3. Assessing Earthquake Impact on Groundwater with Barometric Response


A welcome recent development is the utilization of both the tidal and the barometric responses to study earthquake impacts on groundwater systems [45,54,60,82]. The first three of these studies reported changes in the response of the water level in the Zuojiazhuang (ZJZ) well in northern China (Figure 4), during the 2011 Mw9.1 Tohoku earthquake, as discussed in the previous section. Here we compare their analyses of the barometric response and its changes, during the same earthquake.



Zhang et al. [82] showed a nearly constant barometric efficiency of 0.55 before and after the earthquake over the frequency band between 0.07 to 0.6 cpd (left of Figure 11a), and a phase shift slightly less than −180° before the earthquake, but slightly greater than −180° after the earthquake (right of Figure 11a). Zhang et al. [45] re-analyzed the data over the frequency band from 0.02 to 0.6 cpd and showed that, from 0.1 to 0.6 cpd, the response had a nearly constant barometric efficiency of 0.55 before and after the earthquake, similar to that in [82] but, at frequencies below 0.1 cpd, the post-seismic barometric efficiency became lower than that before the earthquake. At a frequency of 0.02 cpd, for example, the barometric efficiency declined from a pre-seismic value of 0.7 to below 0.5. It is reassuring that the results from the two independent analyses are largely consistent over the frequency band, which is common in both studies.



The post-seismic positive phase shift in Zhang et al. [82] (Figure 11a) and the post-seismic decrease in the barometric efficiency in Zhang et al. [45] at frequencies <0.1 cpd are both consistent with the authors’ interpretations of the tidal response of a post-seismic increase in the vertical leakage. Furthermore, He et al. [79] used the groundwater response to Earth tides and barometric pressure, and estimated a high (D ≈ 3 m2/s) hydraulic diffusivity in the fault-damage zone embedded in crystalline rock; they concluded that the combined tidal- and barometric-response method is a robust approach for characterizing the hydrogeological properties of fault-damage zones.



Some recent attempts have used the barometric tides produced by the thermal contraction and expansion of the atmosphere in response to the solar heating of the Earth’s atmosphere. Since these barometric tides and the gravitational tides have the same frequencies, they need to be ‘disentangled’ with special techniques, as discussed by Valois et al. [61]. Furthermore, since these tides have the same frequencies as the solar gravitational tides, S1 and the S2 (Table 1), they have often been denoted with the same symbols as the Earth tides, e.g., [30,60], which may introduce some confusion. Figure 12 shows the inverted diffusivity (D′) and loading efficiency (    γ   ′    ) of the upper layer of a two-layered aquifer inverted from the response of the groundwater to the barometric tide in a well in Martinique, in the Lesser Antilles archipelago [60], where D′ = K′/    S   s   ′    , and K′ and     S   s   ′     are, respectively, the vertical hydraulic conductivity and the specific storage of the upper layer. The inverted hydraulic parameters showed significant variations between earthquakes and heavy rainfall, even though these physical properties should be constant when not disturbed by earthquakes or heavy rainfall. Such variations were interpreted by the authors to show ‘long-term evolution’ but these may also be mapping uncertainty and variability in the tidal data.





4. Mechanisms


The significant distinction between the responses observed in different wells and, in the same well, between the responses to different earthquakes (e.g., Figure 6) suggest that different mechanisms cause the changes during earthquakes. For the transient and recoverable co-seismic changes of hydraulic properties, there are two often proposed models: one is the co-seismic removal of gas bubbles from the pores in aquifers [33,83,84,85,86] and the other is the co-seismic removal of colloidal deposits or debris that has clogged pre-existing fractures [4] and reclogged the fractures by accumulating or precipitating new deposits from the flowing groundwater after the earthquakes [4,42,51,87]. These models, where seismic waves dislodge gas bubbles or particles from pores or fractures and then groundwater deposits cause new particles to reclog flow pathways, imply transient and recoverable changes. The time from co-seismic change to recovery ranges from about half an hour in laboratory measurement [88,89,90] to months in nature [42,87].



On the other hand, the orders of magnitude and the irrecoverable changes in permeability at great epicentral distance to great earthquakes (Figure 5 and Figure 6; [45,51]) and at close distance to major earthquakes (Figure 4b; [43]) cannot be explained by the model of clogging and unclogging of pores or pre-existing fractures unless the clogging process is extremely slow. Wang [91] proposed that earthquakes may pressurize the groundwater systems to cause hydro-fractures in the aquifer and the liquefaction of unconsolidated materials. The liquefied sands may be injected into fractures to keep fractures open, and the increased permeability may last for long periods of time. The proposed mechanism enables prolonged upward migration of hot fluids from deep basins, which may be an important process for the subsurface transport of heat and solutes, and useful to understand the safety of groundwater and the security of underground repositories. This model seems to be consistent with field observations at excavated sites of paleo-liquefaction [81,92] where extensive subsurface networks of sand dikes and sills, which represent the conduits for pressurized pore water and sediments to escape from the liquefied layers, were discovered. The geological record also documents liquefied structures in deep sedimentary sequences in the form of homogenized and inverted sand dikes that cut across impermeable barriers to facilitate the expulsion of fluids, e.g., [93,94,95,96]. Seismic profiling in deep sedimentary basins for petroleum exploration has further detected anomalous structures that may be associated with liquefied sediments in the subsurface, e.g., [97,98].



Shi et al. [51] analyzed the frequency content of the surface waves from the two earthquakes using seismic records from a broadband seismometer near the Taiyuan well (Figure 4). They showed that the Rayleigh waves of the Tohoku earthquake have a dominant frequency of ~0.05 Hz, lower by a factor of five than that of the Wenchuan earthquake and suggested that lower frequency seismic waves may be more effective in clearing clogged fractures, resulting in the prolonged increase in the vertical permeability after the Tohoku earthquake. However, the higher frequency seismic waves from the Wenchuan earthquake also caused the prolonged (many years) disruption of the aquitard in the JY well (top row of Figure 1a) near the ruptured fault (Table 1), a transient change in aquitard permeability (K′) in the TY well (top row of Figure 1b) 1115 km from the epicenter, but no change in the aquitard permeability in the ZJZ well (second row of Figure 1b) 1532 km from the epicenter, showing that other mechanisms may also play a role in triggering aquitard disruption.



Zhang et al. [40] found that the water temperature, water level, and flow rate in an artesian well in SW China always show co-seismic step-like increases following earthquakes. Coupled modeling of the flow rate and water temperature indicates that the co-seismic temperature changes are the result of mixing different volumes of water from shallow and deep aquifers, indicating that the vertical permeability was enhanced by earthquakes, consistent with the results from their analysis of the tidal response of groundwater before and after the earthquakes.



Finally, after the 2004 M9.1 Sumatra earthquake in Indonesia, a violent eruption of groundwater occurred in southern China, more than 3000 km from the epicenter, with the maximum height of the eruptive column reaching ~65 m above the ground surface [99,100,101]. Analysis of the tidal response of the groundwater in this well showed that the vertical conductivity of the aquitard increased from 5.5 × 10−6 to 1.1 × 10−5 m/s during the earthquake [101]. Yan et al. [101] further inferred that the violent eruption may have been caused by the volumetric expansion of a water–CO2 mixture from a source in the crust near the erupting well, during the Sumatra earthquake.




5. Suggested Future Studies


The reviewed examples highlight the ability to document and monitor changes in aquifer properties in a passive manner by monitoring water-level responses to tides and barometric pressure. The number of wells and earthquakes studied to date are modest and this limits the ability to identify clear patterns in the magnitude, duration, and mechanism of hydrogeological changes after earthquakes. Open questions, thus, remain about what types of formations are most sensitive to earthquakes, the mechanisms that cause permeability changes, whether there is a frequency dependence in the seismic waves that cause changes, whether there is a threshold strain or strain-rate amplitude for causing changes, and why some changes are recoverable and others are not. Progress in answering these questions may be possible by studying more wells and the responses to more earthquakes.



While the model for the semi-confined aquifer is versatile to provide estimates of the vertical permeability K′ and its change during earthquakes, the current model [38] did not consider wellbore damage (the skin effect) or aquitard storage, which may cause oversimplifications. Gao et al. [102] considered the skin effect and Thomas et al. [60] considered the effect of aquitard storage in their models. Inclusion of both the skin effect and the aquitard storage in the semi-confined model may be needed in the study of the impact of earthquakes on groundwater systems, but this would increase the number of unknowns to five, i.e., K′ and     S   s   ′     for the aquitard, T and S for the aquifer, and the skin effect. In this case, the inversion of the hydraulic parameters from the phase and amplitude of the M2 and O1 tides alone becomes under constrained, and the inclusion of the atmospheric tides may become necessary to constrain the inversion for the evaluation of the hydraulic parameters and their changes during earthquakes.



Multiple models can sometimes explain at least a subset of observations. For example, changes in the phase and amplitude of tidal responses can be modeled with a leaky aquifer or hydraulically transmissive fractures. Independent testing of the inferred changes using well tests may be needed to distinguish between conflicting model interpretations.



Several studies have compiled the impact of earthquakes on groundwater systems as expressed by different co-seismic responses, such as the occurrence of liquefaction, changes in groundwater level, groundwater temperature, stream discharge, spring flow, and the eruptions of geysers and mud volcanoes (see Wang and Manga [20] for a summary). These changes are obviously related to the change in the subsurface permeability. However, the relationship between these co-seismic changes and the co-seismic changes in the tidal response of the groundwater is currently unclear. In the past decade there has been accelerating effort in applying artificial intelligence-based approaches in research on earthquake-related phenomena, e.g., [103,104]. Progress has been made primarily in the study of earthquake prediction, e.g., [103,104,105], earthquake detection, e.g., [106,107], in the estimation of the earthquake’s effect on the groundwater level, e.g., [108], in the detection of possible earthquake precursors [109,110], in the prediction of earthquake hazards [111], and in modeling the hydrological response to earthquakes [112]. To date, however, there has been little effort in applying artificial intelligence-based approaches to the study of earthquake-induced changes in the groundwater response to Earth tides or the barometric pressure. This is probably because, as noted earlier, the numbers of wells and earthquakes studied to date are still modest. With a potential increase in the number of wells and earthquakes, the opportunities to apply artificial intelligence-based approaches to the well data will increase, and may eventually allow us to answer some open questions summarized at the beginning of this section, in particular, what types of formations are most sensitive to earthquakes, the mechanisms that cause permeability changes, whether there is a frequency dependence in the seismic waves that cause changes, whether there is a threshold strain or strain-rate amplitude for causing changes, and why some changes are recoverable and others are not.



Finally, the unconfined aquifer on the top of a groundwater system is usually not fully saturated, but contains an unsaturated zone near the ground surface, which is separated from the saturated zone by the water table. The interfacial tension between the air, water, and solid grains in the unsaturated zone may pull groundwater to rise above the water table to form a zone of negative pore pressure, i.e., the capillary zone, which may significantly affect the tidal response of some aquifers [109,113,114]. The study of the influence of the capillary zone on the tidal response of groundwater, however, is relatively recent and has not yet been applied to understand earthquake impacts.




6. Concluding Remarks


Better management of groundwater resources requires knowledge of the aquifer properties. As shown in numerous studies reviewed in this paper, the hydraulic properties of aquifers are not constant in time and may change significantly during earthquakes. Such changes often create leakage of aquifers, leading to exchanges of groundwater among different aquifers, or between aquifers and the surface water. Some of these changes are long lasting and do not recover to the pre-seismic level after many years. In such cases, the management of groundwater resources based on the knowledge of the pre-seismic aquifer properties may lead to erroneous decisions. Because large earthquakes may occur unexpectedly and because aquifer leakage may cause the spreading of hazardous waste from their repositories, urgent action may often be required. As shown in this review, the tidal and barometric response methods are particularly useful in evaluating the impacts of earthquakes. Their advantages make it possible for large-scale, real-time re-evaluation of the safety of groundwater after large earthquakes. It is the opinion of the authors that real-time and continuous monitoring of groundwater including the tidal and barometric response of the groundwater should be mandatory, particularly in areas prone to natural or induced earthquakes and near the repositories of hazardous waste.
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Figure 1. (a) A rotating Earth, with the center at O and an average radius a, deforming under the gravitational attraction of the Moon with the center at P, separated by a distance R. N is a point on the Earth’s surface at latitude   α   (not to scale). (b) Schematic diagram of a groundwater well that opens to a semi-confined aquifer, with thickness b and hydraulic conductivity K, overlain by a leaky aquitard with thickness b′ and hydraulic conductivity K′, which in turn is overlain by an unconfined aquifer. The vertical dashed line on the left shows the well axis, located at r = 0. Moreover, h is the hydraulic head of groundwater in the aquifer,     h   ∞     is the hydraulic head of groundwater at a large distance from the well, and rc and rw, respectively, are the radii of the well casing and the screened well (not to scale). 
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Figure 2. Time series of (a) raw data for the groundwater level above the mean sea level in a USGS Oklahoma monitoring well that opens to the Arbuckle aquifer at a depth of ~1 km below the surface, (b) drift in the groundwater level that was removed, (c) tides in the remaining groundwater level after the drift was removed, (d) phase shift of the water-level response to the M2 and S2 tides referenced to the local tidal volumetric strain, (e) amplitude of water-level response (hw,o) to the M2 and S2 tides, and (f) the ratio between the amplitude of the water-level response and the amplitude of the volumetric tidal strain (εo) response to the M2 and S2 tides. Computed using Baytap08 (from [38]). 
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Figure 3. (a) Locations of the USGS Oklahoma deep monitoring wells (red circle at top right corner), Arbuckle disposal wells (blue dots), shallow USGS and OWRB wells, and the epicenters of three 2016 earthquakes with an M ≥ 5. (b) Simplified diagram of the major geologic units in the USGS Oklahoma deep well. 
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Figure 4. (a) Locations of the Piño Flat Observatory and earthquake epicenters in the study by Elkhoury et al. [42] (b) Locations of the Jiangyou well and the epicenter of the Wenchuan earthquake in the study by Liao et al. [43]. (c) Locations of the Taiyuan well (TY) and the Zuojiazhuang well (ZJZ), and the epicenters of the Wenchuan and the Tohoku earthquakes in the studies by Shi et al. [17] and Zhang et al. [45]. (d) Locations of the Fond Lahaye borehole and earthquake epicenters in the study by Thomas et al. [60]. 
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Figure 5. (a) Transient and reversible changes in the response of the groundwater to the M2 tide during many earthquakes observed in two wells (CIB and CIC) in southern California (from [42]. (b) Tidal response before and after the 2008 M7.9 Wenchuan earthquake (red arrow) in the JY (Jiangyou) well in Sichuan, China. The co-seismic changes did not return for many years after the earthquake, while the tidal responses in the same well to many small earthquakes (black arrows) were transient and reversible (from [43]). 
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Figure 6. (a) Phase shift and amplitude ratio of the response of the groundwater in the Taiyuan (TY) well to the M2 tide from 2007 to 2017 (from [51]). Notice the distinct difference between the changes after the M7.9 Wenchuan earthquake and those after the M9.2 Tohoku earthquake. (b) Phase shift and amplitude ratio of the response of the groundwater in the Zuojiazhuang (ZJZ) well to both the M2 and the O1 tides from 2008 to 2015 (from [45,75]). Notice also, the distinct difference between the changes after the M7.9 Wenchuan earthquake and those after the M9.2 Tohoku earthquake. 
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Figure 7. Interpretation of the tidal response of the groundwater in the Taiyuan (TY) well and the Zuojiazhuang (ZJZ) well, before and after earthquakes, using the semi-confined aquifer model. (a) For the TY well, only the vertical conductivity of the aquitard (K′) was estimated (modified from [51]. (b) For the ZJZ well, both the vertical conductivity of the aquitard and the horizontal transmissivity (T) and storativity (S) of the aquifer were estimated (modified from [45,75]). 
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Figure 8. Water level recorded in the CIB well by the Piñon Flat Observatory and the barometric pressure on site during the first 15 days of 1999 (modified from [63]). 






Figure 8. Water level recorded in the CIB well by the Piñon Flat Observatory and the barometric pressure on site during the first 15 days of 1999 (modified from [63]).



[image: Water 15 01327 g008]







[image: Water 15 01327 g009 550] 





Figure 9. Schematic diagram showing an aquifer and a semi-confining layer (aquitard), the borehole and groundwater flow in response to changing barometric pressure, where K and K′ and S and S′ are, respectively, the hydraulic conductivity and the storativity of the aquifer and aquitard (modified from [13]). 
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Figure 10. Comparison of the BRF gain (left) and phase (right) curves between the model of Rojstaczer [13] using a semi-infinite model for the saturated confining layer (solid black curve), and the modified model of Odling et al. [78] for a saturated confining layer with finite thickness (dashed grey curve). The input parameters for the two models are listed in Table 3 (from [78]). 
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Figure 11. (a) Barometric efficiency and phase shift in the ZJZ well before and after the Tohoku earthquake, plotted against frequency (from [39]). Negative phase shifts indicate that the water-level response lags behind the change in atmospheric pressure. The colored curves show the best fitting curves using the model of Rojstaczer [13]. (b) Barometric efficiency in the ZJZ well before (grey circles) and after (red circles) the Tohoku earthquake, plotted against frequency between 0.02 to 0.6 cpd (modified from [45]). The phase shift is not available in [45]. 
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Figure 12. Evolution of (a) the vertical diffusivity D′ defined as K′/    S   s   ′    , where     S   s   ′     is the specific storage of the top layer in a two-layered aquifer and (b) is the loading efficiency γ′ of the top layer inverted from the response of the groundwater to the barometric tides in a well in Martinique, in the Lesser Antilles archipelago [60]. The orange circles correspond to the results of the pumping tests. The vertical brown lines correspond to earthquakes, the vertical blue lines correspond to heavy rainfall events, and the orange/green rectangles to the pumping operation in the well. 
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Table 1. Largest tides at a latitude of 50° (modified from [64] (p. 22)).
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	Darwin Name
	Period

(Day)
	Frequency

(cpd)
	Origin
	Vertical Displacement (mm)





	Mm
	27.554
	0.0363
	Moon
	7



	Mf
	13.660
	0.0732
	Moon
	14



	Q1
	1.1195
	0.8933
	Moon
	19



	O1
	1.0758
	0.9295
	Moon
	100



	M1
	1.0347
	0.9665
	Moon
	8



	P1
	1.0027
	0.9973
	Sun
	47



	S1
	1.0000
	1.000
	Sun
	1



	K1
	0.9973
	1.0027
	Moon/Sun
	141



	J1
	0.9624
	1.0391
	Moon
	8



	OO1
	0.9294
	1.0760
	Moon
	4



	2N2
	0.5377
	1.8598
	Moon
	3



	N2
	0.5274
	1.8961
	Moon
	21



	M2
	0.5175
	1.9324
	Moon
	108



	L2
	0.5080
	1.9685
	Moon
	21



	S2
	0.5000
	2.0000
	Sun
	50



	K2
	0.4986
	2.0056
	Moon/Sun
	14



	M3
	0.3450
	2.8986
	Moon
	1
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Table 2. Well locations, well depths, lithology of the aquifers, and epicentral distances to some earthquakes reviewed in this paper.
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Well Names

	
Locations

	
Well Depth (m)

	
Aquifer Lithology

	
Aquitard Lithology

	
Epicentral Distance (km)




	
Wenchuan Earthquake

	
Tohoku Earthquake






	
USGS Oklahoma deep well

	
36.73 N,

96.53 W

	
960

	
Carbonates

	
Shale, sandstone, carbonates

	
(Not studied)

	
(Not studied)




	
Piñor Flat Observatory 1

	
33.61 N, 116.46 W

	
211 (CIB)

137 (CIC)

	
Fractured granodiorite

	
Unfractured granodiorite

	
(Not studied)

	
(Not studied)




	
JY 2

(Jiangyou)

	
31.82 N,

104.76 E,

	
4000

	
Sandstone

	
Shale

	
21 km from ruptured fault

	
3480




	
ZJZ 3 (Zuojiazhuang)

	
39.95 N,

116.45 E

	
2600

	
Dolomite

	
Shale, mudstone

	
1532

	
2260




	
TY 4

(Taiyuan)

	
37.72 N, 112.43 E

	
765

	
Limestone

dolomite

	
Marlstone

	
1115

	
2614




	
Fond Lahaye borehole 5

	
~14.6 N

~61.1 W

	
62

	
Fractured andesite

	
Altered andesite

	
(Not studied)

	
(Not studied)








Notes: 1 Elkhoury et al. [42]; 2 Liao et al. [43]; 3 Zhang et al. [45]; 4 Shi et al. [17]; 5 Thomas et al. [60].
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Table 3. Input parameters for calculating the curves in Figure 10 with both the Rojstaczer [13] model and the Odling et al. [78] model (from [78]).






Table 3. Input parameters for calculating the curves in Figure 10 with both the Rojstaczer [13] model and the Odling et al. [78] model (from [78]).





	Parameter
	Value





	Barometric efficiency, BE (no units)
	0.5



	Saturated aquitard thickness, L′ (m)
	18



	Unsaturated aquitard thickness, L (m)
	2



	Saturated aquitard hydraulic diffusivity, D′ (m2/d)
	50



	Unsaturated aquitard pneumatic diffusivity, D (m2/d)
	10



	Aquifer specific storage, Ss(aqf) (m−1)
	2.76 × 10−6



	Aquitard specific storage, Ss(aqt) (m−1)
	6.71 × 10−4



	Well radius, rw (m)
	0.075
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