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Abstract

:

Sustained coseismic changes in groundwater level due to static strain during earthquakes could be considered as an indicator of crustal deformation. These changes usually occur abruptly but recover slowly after earthquakes. High-frequency data indicate a time lag between the coseismic change of well water levels and that of the groundwater levels in the aquifer. Abnormal post-seismic changes in groundwater level were observed, possibly caused by cross-formation flow, fracturing, or strain relief. Although sustained changes are generally induced by a local earthquake, they could also be triggered by a distant large earthquake that has occurred at the same tectonic plate. The magnitude and polarity of coseismic changes may vary in wells of different depths at multiple-well stations, revealing additional information about the complexity of crustal deformation in the subsurface. Coseismic falls dominated near the ruptured seismogenic fault during the 1999 M7.6 earthquake, which implied crustal extension adjacent to the thrust fault. However, coseismic rises prevail in most areas, suggesting that crustal compression caused by plate convergence plays a major role on the island of Taiwan during earthquakes.
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1. Introduction


Changes in groundwater level due to large earthquakes have been documented for decades [1,2,3,4]. Sustained changes that have occurred abruptly during earthquakes have been attributed to the static strain caused by fault slip [5,6,7]. Oscillatory changes are the response of water pressure in the well and in the aquifer to the dynamic strain associated with passing seismic waves [1,8,9,10]. Generally, sustained changes are anticipated to be induced primarily by local earthquakes, while oscillatory changes can be triggered by local earthquakes as well as large, distant earthquakes [1,8,11,12,13,14].



The sustained change in groundwater level is usually recorded in a well, and thus, it is different from that in the connected aquifer. Large sustained changes are known to cause abnormal phenomena in hydrological and related processes after earthquakes, such as changes in streamflow [15,16], spring flow [17,18], water temperature [19,20], and chemical composition [21,22]. Even though plenty of studies have been reported, the detailed processes of sustained coseismic changes as well as post-seismic changes in the subsurface are not well understood.



The poroelastic theory [23,24], which involves coupling the fluid flow and soil deformation, has been proposed to explain the mechanism of sustained coseismic changes in groundwater level [23,25,26,27]. Therefore, sustained changes could be considered as indicators of crustal deformation. Moreover, the spatial distribution of coseismic changes has the potential to reveal subsurface compression and extension [28,29]. Nevertheless, such studies are often hampered by scattered monitoring wells and limited data.



In this study, we present observations of coseismic and post-seismic changes in groundwater level induced by large earthquakes. The water level data, including high-frequency data, were recorded by a dense network of multiple-well monitoring stations in Taiwan. The associated temporal variations and spatial distributions of coseismic changes were examined. The insights and impacts of coseismic and post-seismic changes are discussed.




2. Materials and Methods


2.1. Monitoring Wells and Water Level Data


The island of Taiwan is located at the boundary between the Eurasian plate and the Philippine Sea plate. In southeastern Taiwan, the Philippine Sea plate moves northwestward and overrides the Eurasian plate with a convergent rate of approximately 80 mm per year. In northeastern Taiwan, however, the Philippine Sea plate moves northward and subducts beneath the Eurasian plate [30]. As part of the circum-Pacific seismic belt and the Pacific Ring of Fire, strong earthquakes occur frequently in Taiwan and its vicinity.



As a result of plate convergence, erosion, and deposition, Taiwan comprises mountain ranges running along the north–south direction in the east and coastal plains in the west. Figure 1 shows the distribution of monitoring well stations on the island. Nine hundred and seventy-five groundwater monitoring wells have been installed at 470 stations since 1992 for better management of groundwater resources. Among the installed wells, 807 are active and range in depth from 14 to 300 m. Hydrogeological investigations have been conducted for each station, providing comprehensive subsurface information prior to the placement of monitoring wells.



The locations of monitoring well stations and the epicenters of the large, local earthquakes used in this study are marked in Figure 1. Each station is composed of one to five wells screened at different depths. The lithology for each station used in this study and the associated screen intervals are shown in Figure 2 (the lithology at Station CK was unreliable and not shown in the figure). The number following the station name (for example, LG1, LG2, and LG3) represents the relative screen depth of the well, i.e., the smaller and larger numbers imply the screen intervals located at shallower and deeper depths, respectively. The detailed screen depths, recording interval, aquifer lithology, and confining condition of each used well are listed in Table 1. Most of the wells are screened in sand or gravel aquifers. The distant earthquakes selected for discussion in this study are the M8.1 Wenchuan earthquake that occurred in central China on 12 May 2008 and the M9.0 Tohoku-oki Earthquake that occurred of the shore of east Japan on 11 March 2011.



Well water levels were recorded every hour by the automated recording system at the monitoring well station. Recently, the monitoring interval has been improved to every 10 min. In addition, a high-frequency monitoring system was installed in a few wells to record the water level every second or every two minutes. These high-frequency data allow us to observe the detailed process of oscillatory changes and sustained changes triggered by earthquakes. The clocks in the sensors were synchronized to the GPS time (1-Hz data), and the Internet time server (2 min and 1 h data). Here, we used the local time (UTC+8) of earthquake occurrence.



Due to the gradual increase in installed monitoring wells since 1992, the number of wells used to analyze the coseismic changes in water levels has varied with earthquakes and their associated numbers should be dependent on the year that the earthquakes occurred. For the analysis of each earthquake, we used all of the active wells and the available data from when the event occurred.




2.2. Sustained Coseismic Changes


Both oscillatory and sustained coseismic changes in well water levels triggered by earthquakes have been recorded in the monitoring wells. Oscillatory changes are the response of water pressure in the well and in the aquifer to the dynamic strain associated with passing seismic waves [1,8,9,10]. Sustained changes caused by static strain due to fault slip have been considered as an indicator of crustal deformation during earthquakes [27,31,32]. Generally, a sustained rise in groundwater level implies a compressive strain while a fall implies an extensive strain. Moreover, the coseismic crustal strains may have a significant impact on the post-seismic subsurface and surface water flow [15,33]. Therefore, sustained changes become the focus of our study on coseismic changes in groundwater level.



Previous studies concerning the occurrence of sustained coseismic changes usually consider a time window within a few hours [5,11,34,35]. Sometimes this window extends to dozens of days [12]. With the improvement of monitoring technologies, nowadays it is possible to monitor water levels at the frequency of 1 Hz. Thus, the process of groundwater level change can be clearly observed. Here, the sustained coseismic change focus in this study is stated as the largest cumulative change in well water level that occurs within a few minutes to a few hours after the earthquake.





3. Results


3.1. Temporal Variation of Coseismic Changes in Groundwater Level


3.1.1. Processes of Sustained Coseismic Changes


Oscillatory changes in groundwater level can be observed in monitoring wells during large earthquakes by using high-frequency data. Figure 3a shows the occurrence of water-level oscillations induced by the 2010 M6.3 local earthquakes at well HL, where the water level was recorded once per second (1 Hz). The well water level continuously oscillated for 2.6 min after the arrival of seismic waves. The amplitude of oscillatory changes reflects the amplification of pore pressure oscillations in the aquifer [8]. The oscillations diminished shortly after seismic waves passed through, and then the water level returned to the pre-earthquake level.



At some wells, sustained changes which alter the variation trend of the groundwater level were observed during oscillatory changes. Based on the theory of poroelasticity [23], these changes are considered to be caused by the static strain due to fault slip along the seismogenic fault during earthquakes [5,34]. Conceptually, the change in pore pressure is determined by both the groundwater flow and the change in the stress–strain state. At the moment of the earthquake, the pore pressure change in the confined aquifer caused by groundwater flow is very small. Therefore, coseismic change in pore pressure could be controlled primarily by the sudden change in stress–strain due to fault slip.



Based on 1 Hz data, Figure 3b shows a sustained rise of 12.05 cm in water level at well NB3 during the 2010 M6.3 earthquake. The process of the coseismic rise started during oscillatory changes and lasted for approximately 4 min. Figure 3c shows a sustained fall in the well water level during the earthquake at well LJ3. The process of the coseismic fall also occurred during oscillatory changes, lasting for about 13 min. The largest water level fall was 5.66 cm.



The sustained coseismic change in the groundwater level in the aquifer is expected to occur abruptly in response to a sudden stress redistribution. Nevertheless, the sustained change of well water level, based on 1 Hz data, shows a gradual process. In fact, the response time of the water level in the well is slower than that of the groundwater level in the aquifer. The delayed change in well water level is likely caused by groundwater flow driven by the coseismic change in the aquifer. The process continues until the water pressure in the well is in balance with that in the aquifer.



As most monitoring wells are screened in permeable aquifers, the water pressure often reaches a balance in a few to tens of minutes. However, at the PD well which was installed in a relatively less permeable aquifer, the largest sustained rise of 209 cm in well water level was reached 3 h after the 2013 M6.3 earthquake (Figure 3d).




3.1.2. Coseismic Changes Caused by Distant Earthquakes


Large distant earthquakes often trigger oscillatory changes in water level. Figure 4a shows water level oscillations at well DH3 for over 20 min following the arrival of seismic waves generated by the M9.0 Tohoku-oki Earthquake off the shore of east Japan on 11 March 2011. The peak amplitude is from 14.48 cm to −12.24 cm. The distance between the earthquake epicenter and the DH3 well is approximately 2600 km. When the oscillations ceased, the well water level returned to the pre-earthquake level. In fact, no sustained changes were recorded at 610 monitoring wells at 298 stations active in Taiwan following the earthquake.



However, it is noted that sustained changes were recorded at several wells in Taiwan due to the large distant M8.1 Wenchuan earthquake that occurred in central China on 12 May 2008. Figure 4b,c show sustained coseismic changes at two wells of LJ3 and SBT2 in Taiwan. The distance from the earthquake epicenter to these two wells is about 1900 km. After the arrival of surface waves, based on the 1 Hz data, the water level at well LJ3 started to oscillate for 2 min, then declined gradually during the next 12 min until it reached a steady level approximately 8.75 cm below the pre-earthquake level (Figure 4b).



Based on the data recorded every two minutes, as shown in Figure 4c, the water level at well SBT2 changed slowly and slightly prior to the earthquake but fell 10.34 cm abruptly in 4 min starting from the 14th minute after the earthquake on May 12. The coseismic change took 22 min to complete the 12.55 cm fall. In fact, during the 2008 M8.1 Wenchuan earthquake, sustained changes in water level, ranging from −40 to +23 cm, were recorded at 80 monitoring wells in Taiwan [13]. The widespread changes suggested that the stress state in Taiwan could be changed by a distant, large earthquake.




3.1.3. Post-Seismic Changes in Groundwater Level


Since crustal deformation due to fault slip is ceased immediately after earthquakes, the pore pressure in the aquifer can no longer be changed by the stress–strain. Instead, groundwater flow starts to play a major role in determining post-seismic changes in pore pressure. As coseismic changes in pore pressure would drive groundwater flow to or from the adjacent formations after the earthquake, pore pressures are expected to recover gradually and steadily. Such a post-seismic recharge–discharge process may not only modify the groundwater flow system but affect the surface water flow system including stream flow and spring flow [15,17,18,31].



The post-seismic recovery of coseismic rises or falls of pore pressure due to groundwater flow in confined aquifers is a slow process, and thus, coseismic changes often sustain for a long period of time. Figure 5a shows the recovery process of a coseismic fall of 405 cm at well CK1 during the 1999 M7.6 earthquake. Well CK1 is 59 m deep, tapping a semi-consolidated rock aquifer. Apparently, the post-seismic recovery of the coseismic fall is rather slow. The water level recovered only about 30% ten days after the earthquake and returned to the pre-earthquake level 36 months after the earthquake’s occurrence.



Figure 5b shows a relatively fast recovery process of a coseismic rise of 26 cm at well NB3 due to the 2010 M6.3 earthquake. The depth of well NB3 is 153 m. It is noted that the water level continued to rise 1 cm one hour after the earthquake, instead of a decline. Such a delayed rise in the well water level was likely caused by the post-seismic groundwater flow from the aquifer to the well. Starting from the second hour, the water level declined 1 cm every 1 to 6 h due to outflow of groundwater flow in response to the coseismic rise. The recovery rate was about 20% eight hours after the earthquake and recovered 85% three days after the event.



Abnormal recovery patterns after coseismic changes in groundwater level were observed occasionally. Previous studies [13,34] have indicated that cross-formational groundwater flow may cause abnormal post-seismic recovery processes after coseismic changes. Moreover, rapid recovery processes immediately after earthquakes were observed. For instance, Figure 6a shows a coseismic fall of 72 cm at well NB3 followed by an anomalously rapid rise immediately after the 2016 M6.4 earthquake. The recovery rate of coseismic change was 33% in one hour, 57% in 2 h, and 69% in 4 h after the earthquake. After 4 h, the recovery began to slow down, similar to that after the 2010 M6.3 earthquake (Figure 4b). The contrast between Figure 5b and Figure 6a suggests that the rapid rise during the first 4 h after the 2016 M6.4 earthquake was caused by an abnormal stress–strain-related process, instead of a hydrological process. In a few cases, recovery after a coseismic fall was not even observed. Figure 6b shows the post-seismic water level change of a coseismic fall of 658 cm in well LY1, tapping into a confined aquifer, during the 1999 M7.6 earthquake. It is noted that instead of a gradual rise after the earthquake, the water level declined continuously until the end of 1999. LY1 was originally an artesian well located near a riverbank, approximately 4.8 km from the seismogenic fault. After the coseismic fall, however, the well did not flow naturally any longer. Field investigations indicated that the nearby riverbank was ruptured during the earthquake. The fractures might provide permeable pathways for groundwater discharge from the artesian aquifer to the adjacent river [36,37]. Consequently, the water level in YL1 could no longer return to the pre-earthquake level.





3.2. Spatial Distribution of Coseismic Changes


The water level data recorded at multiple-well monitoring stations provide the opportunity to enhance our understanding concerning the variation of coseismic groundwater level changes with increasing depth. As monitoring well stations are evenly distributed in the plains, basins, and valleys, it is possible to figure out the regional distribution pattern of coseismic changes in these areas.



3.2.1. Vertical Distribution


The magnitude of sustained coseismic change in groundwater level usually vary with depth at a multiple-well station. For instance, the hourly data at the station LG during the 1999 M7.6 earthquake indicated that the magnitude of coseismic rise fluctuated in wells of different depths (Figure 7a). Wells LG1, LG2, and LG3 were screened at depths of 25–34 m, 108–120 m, and 180-198 m, respectively. The largest coseismic rise of 522 cm was recorded at LG2 tapping a gravel aquifer at the intermediate depth. The smallest rise of 62 cm was recorded at LG1 tapping a shallow sand aquifer. A rise of 347 cm was recorded at LG3 tapping a deep sand aquifer. The magnitude of sustained coseismic change usually follows a particular pattern, i.e., an increase or decrease with increasing depth and depends on the type, thickness, and grain size of the aquifers as well. Apparently, the magnitudes of sustained coseismic rises in LG1, LG2, and LG3 do not follow a particular pattern with increasing depth, but they are likely to be associated with the elastic properties and thickness of aquifer.



However, the amount of coseismic change might relate to the aquifer’s properties. A previous study indicated that a relatively large coseismic rise at a station typically occurs in a gravel aquifer, rather than in a sand aquifer [34], and this is the same as what was observed in this study. This phenomenon is obviously associated with the physical properties of the aquifer and is consistent with the concept of poroelastic theory [23].



At some multiple-well stations, the polarity of coseismic changes of groundwater level varies from a fall to a rise in wells of different depths. Figure 7b shows coseismic changes at station NB during the 2016 M6.4 earthquake. A coseismic fall was recorded in the shallow well NB1, while two coseismic rises were recorded in the other two deeper wells NB2 and NB3. The vertical distribution of coscimic changes at station NB implied that crustal deformation due to earthquakes is possible to vary from an extension to a compression with increasing depth.



The variation in the polarity of sustained changes with depth reveals the complexity of crustal deformation during earthquakes. It is noted that such a phenomenon has often been observed at stations located in the transition between the compression and the extension zones as well as between hills and plains.



Two consecutive M7.1 and M6.9 earthquakes occurred offshore of the southern tip of Taiwan on 26 December 2006 [38]. The focal mechanism solutions suggest normal faulting and strike-slip faulting for the first and second shocks, respectively [38]. From the 1 Hz data recorded at well TS3 during the earthquake, the doublet clearly shows two oscillatory and sustained coseismic changes [39]. Figure 8a shows the spatial distribution of coseismic changes at monitoring stations in the southern plain of Taiwan during the earthquake doublet. Coseismic rises were recorded in wells at 23 stations, whereas falls were recorded at eight stations. At the other eight stations, coseismic rises and falls were recorded in wells of different depths.



Generally, groundwater-level falls prevailed on the west side of the southern plain, whereas rises dominated on the east side. Moreover, on the east–west profile, as shown in Figure 8b, most coseismic rises were recorded in shallow wells, while most falls were in deep wells. Such a profile revealed a distinct distribution pattern of coseismic strain in the subsurface of the southern plain in Taiwan. While crustal compression prevailed in the shallow depths, crustal extension was likely to dominate in the deep subsurface during the earthquake.



As the polarity of coseismic changes may vary with depths, subsurface deformation due to earthquakes is possibly different from surface deformation. It is envisioned that coseismic changes in groundwater level may provide information complementary to the GPS-based monitoring of surface deformation to enhance our understanding of crustal deformation in the subsurface.




3.2.2. Regional Distribution


Coseismic changes during the following three large land earthquakes in Taiwan are presented to demonstrate the complexity of regional subsurface deformation.



	
1999 M7.6 earthquake






The 1999 M7.6 earthquake occurred in central Taiwan on 21 September. The focal depth was about 8 km [40], and the focal mechanism is a thrust type with a strike of 5°, a dip of 34°, and a rake of 65° [41,42]. Widespread surface rupture resulted from thrusting along the Chelungpu fault extended approximately 100 km in the north–south direction [43]. A field investigation and GPS survey indicated lateral displacement up to 10.1 m and vertical displacement up to 8 m in the hanging wall of the fault [44]. Coseismic changes in groundwater level, ranging from −11.09 to +7.42 m, were recorded by 157 wells at 64 stations in the footwall [37]. However, no monitoring wells were installed in the hanging wall of the fault.



Figure 9 illustrates the regional distribution of cosesimic changes of groundwater level in the footwall of the ruptured seismogenic fault and the corresponding geological cross-section. Based on the geological cross-section, the occurrence of an earthquake was directly generated by the Chelungpu fault and induced the coseismic groundwater level changes. It is noted that coseismic falls prevailed in the belt adjacent to the fault and the magnitude of coseismic falls increased toward the fault. Such a distribution that suggests crustal extension occurred near the ruptured fault during the earthquake and increased the permeability of aquifers. Beyond the extension belt, nearly all of them were coseismic rises, suggesting the dominance of crustal compression in the footwall during the earthquake. At a few stations in the transition between the extension and the compression zones, coseismic rises and falls were recorded in wells at different depths.



	
2010 M6.3 earthquake






The 2010 M6.3 earthquake occurred in the mountainous area of southern Taiwan on 4 March. The focal mechanism indicates that the earthquake was the result of thrust faulting, with two nodal planes of NE–SW striking, NW dipping; and NW–SE striking, NE dipping faults, respectively [47]. GPS survey indicated that the maximum horizontal coseismic displacement was 3.9 cm, located 15 to 16 km W to WNW of the epicenter, and the deformation decreased to the northwest [48].



Most coseismic changes were recorded in the southwestern plain and the southern plain on the west side of Taiwan (Figure 10). Among 372 wells installed in these areas, 195 wells recorded coseismic groundwater level changes, ranging from −50 to +192 cm. These changes included 173 rises and 22 falls. Therefore, coseismic changes were recorded at 52% of these wells, and 88% of these changes were rises. Large coseismic falls were recorded primarily in the middle of the southwest plain, rather than the vicinity of the epicenter.



On the east side of Taiwan, among 22 monitoring wells installed in the unconsolidated deposits of the longitudinal valley, only one small coseismic fall was recorded. In other words, only 4.5% of these wells recorded coseismic changes, far below that on the west side of Taiwan. The longitudinal valley lies right on the convergent boundary between the Eurasian plate and the Philippine Sea plate. Intensive crustal deformation is expected to occur along the convergent boundary. However, the groundwater level data in the longitudinal valley consistently show a weak coseismic response to large earthquakes, except those that have occurred inside the valley. Such a phenomenon is possibly caused by the concentration of stress change on the mountains adjacent to the valley, instead of deposits in the valley during earthquakes.



	
2016 M6.4 earthquake






The 2016 M6.4 earthquake occurred on 6 February in southern Taiwan due to oblique thrust faulting at a depth of approximately 23 km [49]. The coseismic changes in groundwater level were recorded in 300 wells at 172 stations. Similar to the case of 2010 M6.3 earthquake, coseismic rises were recorded in more than 80% of these wells. Since Taiwan Island was formed by a collision between the Eurasian Plate and the Philippine Sea Plate, widespread coseismic rises are expected to occur in the area during earthquakes.



The regional distribution of coseismic changes in groundwater level triggered by the 2016 M6.4 earthquake is shown in Figure 11a. The distribution did not show any clear pattern of crustal compression and extension. It is noted, however, that most coseismic falls were recorded in the southwestern plain. Such a phenomenon has been observed during most large earthquakes, possibly associated with the local tectonic setting.



The earthquake epicenter was located near the northern tip of the southern plain. However, only small to moderate coseismic changes, ranging from −5 to +17 cm, were recorded in the southern plain. On the other hand, in the southwestern plain, coseismic changes ranging from −183 to +309 cm were recorded. More than 20% of these changes were greater than 50 cm (Figure 11b). Such large changes might be caused by the occurrence of a triggered slip on a shallower duplex thrust structure in the southwestern plain shortly after the mainshock [50].






4. Discussion


4.1. Impacts of Coseismic Changes


Sustained changes in groundwater level due to large earthquakes may have profound impacts on the post-seismic hydrological processes of groundwater and surface water systems. A large coseismic fall in groundwater level is anticipated to drive groundwater flow from surrounding formations after an earthquake. The possible consequence is a modified subsurface flow pattern and a gradual decrease in pore pressure in the shallow formations over a period of months to years. Conversely, a large coseismic rise may cause a gradual increase in pore pressure in the shallow formations. Such a post-seismic change in the subsurface is likely to alter the discharge of stream flow or spring flow after large earthquakes [17].



Moreover, a large coseismic fall may increase the effective stress of the aquifer and its confining formations, triggering land subsidence due to consolidation. In addition, engineering facilities in the deep subsurface, such as tunnels, mines, or geological repositories, are likely to be influenced by the seepage resulting from a large coseismic rise in addition to ruptures.




4.2. Sustained Changes Caused by Distant Earthquakes


During the 2008 M8.1 Wenchuan earthquake, sustained changes were recorded at 80 wells in Taiwan, where the epicentral distance is approximately 1900 km. On the other hand, no changes were recorded during the 2011 M9.0 Tohoku earthquake that occurred approximately 2600 km away from Taiwan.



The different response of the groundwater level to the distant earthquakes is possibly associated with plate tectonics. The 2011 M9.0 Tohoku earthquake occurred near the subduction zone of the Pacific plate beneath the Okhotsk plate along the Japan Trench, but the island of Taiwan is located at neither the Pacific plate nor the Okhotsk plate. Apparently, crustal deformation due to the 2011 earthquake cannot extend to the place of different plate. On the other hand, the 2008 M8.1 Wenchuan earthquake resulted from the convergence of the Indian Plate and the Eurasian Plate. The earthquake epicenter is located in the middle of the Eurasian plate, while Taiwan is located at the eastern boundary of the Eurasian plate. The widespread sustained changes in groundwater level in Taiwan suggest that it is possible for crustal deformation due to a large earthquake in the middle of a plate to propagate to the border of the same plate.




4.3. Rapid Recovery Due to Strain Relief


The rapid rise in groundwater level in 4 h right after a coseismic fall of 72 cm in well NB3 during the 2016 M6.4 earthquake, as shown in Figure 6a, is worthy of attention. Such a rapid recovery after a coseismic change has rarely been observed. The normal recovery process at NB3 (Figure 5b) implied that the rapid rise was not caused by groundwater inflow driven by the coseismic fall. Well NB3 is not installed in the unconfined or semi-confined aquifer, and no injection activities in the vicinity of the well were found. Therefore, hydrological process could not play a major role in the rapid recovery.



Based on the poroelastic theory, the rise in pore pressure can be generated by the change in stress–train, in addition to groundwater flow. Therefore, the rapid recovery in the groundwater level after the coseismic change was possibly associated with post-seismic relaxation of crustal deformation [51]. In the case of well NB3, rapid relief of the extension strain might have occurred immediately after the 2016 M6.4 earthquake. However, further studies and alternative monitoring approaches are needed to investigate and understand the process of strain relief.




4.4. Factors Controlling Spatial Distribution


For the local earthquakes used in this study, coseismic rises prevail in most areas, suggesting that crustal compression caused by plate convergence plays a major role on the island of Taiwan during earthquakes. However, for large, distant earthquakes, no particularly spatial patterns were observed.



Our studies associated with the spatial distributions of coseismic changes revealed complex vertical and regional variations of crustal deformation due to fault slip. Irregular distribution pattern of coseismic rises and falls have commonly been observed, possibly associated with the local tectonic setting, aquifer characteristics, topography, and geological conditions in addition to the focal mechanism. It is difficult to establish a comprehensive model for the interpretation of the distribution of the polarity and the magnitude of recorded sustained changes. More information on coseismic changes and theoretical studies of mechanisms are desirable for a better understanding of the vertical and regional distributions of sustained changes in groundwater level caused by crustal deformation during large earthquakes.




4.5. High-Frequency Monitoring


Recently developed, high-frequency automated recording techniques have significantly improved water level monitoring for earthquake activities. High-frequency monitoring has the advantage of recording the detailed process of water level changes. The recorded water level data do not need to be corrected for the effects of rainfall, earth tide, and barometric pressure. Any missing data due to clock error can be easily detected and corrected. At present, the maintenance of high-frequency monitoring systems is time-consuming and cost-intensive. However, the advancement and improvement of digital technology are expected to ease the burden in the near future.





5. Conclusions


The following conclusions and recommendations can be drawn from our study on the temporal variations and spatial distributions of sustained coseismic changes in groundwater level:




	
Coseismic sustained changes usually recover slowly after earthquakes. Occasionally, abnormal post-seismic changes in groundwater level were observed, possibly associated with cross-formation flow, fracturing, or strain relief.



	
Widespread sustained changes in Taiwan triggered by the 2008 M8.1 earthquake suggested that crustal deformation due to fault rupture in the middle of a tectonic plate could extend a long distance to the plate boundary.



	
The polarity and magnitude of sustained changes in groundwater level may vary with depths, providing information on subsurface deformation supplementary to the monitoring of surface deformation.



	
Water level data recorded during the 1999 M7.6 earthquake indicated that coseismic falls prevailed in the area adjacent to the seismogenic fault, implying the dominance of crustal extension near the ruptured thrust fault.



	
In the vicinity of a convergent plate boundary, coseismic rises in groundwater level often dominate due to crustal compression caused by thrust faulting.








High-frequency monitoring is recommended for studies of groundwater level changes induced by earthquakes. Moreover, integration of groundwater monitoring with GPS monitoring may provide more comprehensive information for crustal deformation during earthquakes.
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Figure 1. Map showing the epicenters of earthquakes and the locations of monitoring stations. The yellow stars represent the epicenters of the large, local earthquakes discussed in this study, and the dark-red circles represent monitoring stations in Taiwan. The characters show the locations of the nine monitoring wells used in this study. 
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Figure 2. The associated hydrogeological units and screen intervals of the monitoring stations/wells used in the study. Each station might have multiple wells perforated at different depths (the lithology at Station CK was unreliable and not shown in the figure). 
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Figure 3. The process of coseismic changes in well water levels: (a) Oscillatory coseismic changes at the HL well, 1 Hz data, triggered by the 2010 M6.3 earthquake; (b) sustained coseismic rise at the NB3 well, 1 Hz data, triggered by the 2010 M6.3 earthquake; (c) sustained coseismic fall at the LJ3 well, 1 Hz data, triggered by the 2010 M6.3 earthquake; (d) delayed sustained coseismic rise at the PD well triggered by the 2013 M6.3 earthquake. 
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Figure 4. Changes in groundwater level due to large, distant earthquakes: (a) oscillatory changes in well DH3, recorded in 1 Hz frequency, following the 2011 M9.0 Tohoku-oki earthquake of the shore of east Japan; (b) sustained changes in well LJ3, recorded in 1 Hz frequency, following the 2008 M8.1 Wenchuan earthquake; (c) sustained changes in well SBT3, recorded every 2 min, following the 2008 M8.1 Wenchuan earthquake. 
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Figure 5. Post-seismic changes in well water level recorded in one hour frequency (the hydraulic head is plotted as the elevation above the mean sea level (m amsl): (a) recovery of a coseismic fall in well CK1 after the 1999 M7.6 earthquake; (b) recovery of a coseismic rise in well NB3 after the 2010 M6.3 earthquake. 
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Figure 6. Abnormal post-seismic changes in groundwater level: (a) post-seismic changes after a coseismic fall of 72 cm in well NB3 due to the 2016 M6.4 earthquake; (b) post-seismic changes after a coseismic fall of 658 cm in well LY1 due to the 1999 M7.6 earthquake. 
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Figure 7. Vertical distribution of coseismic changes in the multiple-well stations: (a) the magnitude of coseismic rises changed with depths at the LG station during the 1999 M7.6 earthquake; (b) two coseismic rises and one fall were recorded in wells of different depths at the NB station during the 2016 M6.4 earthquake. 
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Figure 8. (a) Regional distribution of coseismic groundwater-level changes induced by the 2006 M7.1 and M6.9 earthquake doublet in the southern plain of Taiwan; (b) vertical distribution of the coseismic changes along the east–west profile. 
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Figure 9. Distribution of coseismic groundwater level changes in the vicinity of a ruptured fault due to the 1999 M7.6 earthquake and the corresponding simplified geological cross-section of AA’ (adopted from [45,46]). 
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Figure 10. Distribution of coseismic groundwater level changes in southern Taiwan due to the 2010 M6.3 earthquake. 
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Figure 11. (a) Regional distribution of coseismic groundwater level changes in southwestern Taiwan due to the 2016 M6.4 earthquake; (b) magnitude of coseismic rises and falls versus hypocentral distance in the southern plain and southwestern plain. 
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Table 1. Information on the monitoring wells used in this study.
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	Well

Name
	Screen

Depth (m)
	Recording

Interval
	Aquifer

Lithology
	Confining

Condition





	CK1
	35–53, 71–89
	1 h
	Gravel
	Confined



	DH3
	222–252
	1 Hz
	Gravel, and coarse sand
	Confined



	HL
	161–185
	1 Hz
	Coarse sand
	Confined



	LG1
	25–34
	1 h
	Coarse sand and fine sand
	Confined



	LG2
	108–120
	1 h
	Coarse sand
	Confined



	LG3
	180–198
	1 h
	Coarse sand and fine sand
	Confined



	LJ3
	204–222
	1 Hz
	Fine sand and clay
	Confined



	LY1
	49–67
	1 h
	Gravel
	Confined



	NB1
	30–42
	1 h
	Coarse sand and fine sand
	Confined



	NB2
	71–83, 92–98
	1 h
	Coarse sand and clay
	Confined



	NB3
	135–147
	1 Hz and 1 h
	Fine sand
	Confined



	PD
	144–150, 156–162, 168–174, 180–186, 192–198
	1 h
	Gravel
	Confined



	SBT2
	130–159
	2 min
	Fine sand and clay
	Confined
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