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Abstract 10 

In the study, we analyze changes in groundwater pressure observed in several boreholes drilled in and 11 

around the Mizunami Underground Research Laboratory (MIU) induced by the 2011 off the Pacific coast 12 

of Tohoku Earthquake (Mw 9.0).The aim of this project is a development of methodology to evaluate 13 

systematic fault activity by numerical analysis. To reach this goal we investigate the behavior of the fault 14 

zones present in the area during the passing of seismic waves. We built a simplified hydrogeological 15 

model of the MIU site and performed a series of fluid flow simulations with TOUGH2 flow numerical 16 

code. We investigate how changes in permeability along three faults present in the study area: the 17 

Tsukiyoshi Fault, the Hiyoshi Fault and the Main-Shaft Fault may have influence the groundwater level 18 

monitored in boreholes intervals. We also test the influence of the cone of depression  at the MIU site 19 

and the hydraulic connectivity between the sedimentary cover and the granite aquifers. Our results 20 

suggest that two main mechanisms are responsible for the observed changes in groundwater pressure: (1) 21 

crustal dilation induced by the Tohoku earthquake causing a groundwater recharge from the sedimentary 22 

aquifers to the Toki granite aquifer where the sedimentary cover is thick; and (2) permeability increase 23 

along faults critically oriented for shear reactivation and oriented in the direction of the passing seismic 24 

wave. In this case, the seismic wave increases the shear stress acting on the fault promoting slip and a 25 



change in permeability through a mechanism of slip-induced dilation. Faults not critically stressed and 26 

faults critically oriented for shear reactivation but oriented perpendicular to the passing seismic wave are 27 

not reactivated. 28 

 29 

 30 

1. Introduction 31 

Groundwater level changes caused by earthquakes have been investigated since the 1930s (Leggette and 32 

Taylor 1935; Blanchard and Byerly, 1935).  Since then, the response of groundwater levels to earthquakes 33 

has been widely observed and documented (Wang and Manga, 2010). Two types of co- and post-seismic 34 

responses are usually recorded in groundwater levels: water-level oscillation (Blanchard and Byerly, 35 

1935; Cooper et al., 1965; Liu et al., 1989; Kitagawa et al., 2011) and step-like rises or falls (Wakita 36 

1975; Quilty and Roeloffs, 1997), and sustained gradual rises or falls for several days or weeks 37 

(Matsumoto, 1992; Roeloffs, 1998; Brodsky et al., 2003; Wang and Chia, 2008, Niwa et al., 2012). The 38 

mechanism of the latter type is uncertain. Several processes were proposed to explain these changes 39 

depending on the distance to the earthquake location. 40 

 - In the near field of an earthquake, water level changes can be explained by poroelastic pressure 41 

response to the earthquake’s static strain field (Wakita, 1975; Quilty and Roeloffs, 1997; Jonsson et al., 42 

2003) with groundwater changes proportional to  volumetric strain (Quilty and Roeloffs, 1997). The 43 

water level rises in contraction zones and falls in regions of dilation (King et al., 1999; Lee et al., 2002; 44 

Wang and Manga, 2010). 45 

 - In the intermediate and far fields, earthquake-induced groundwater level changes may result 46 

from the shaking of the rock by seismic waves and leading to an increase in permeability (Rojstaczer and 47 

Wolf, 1992; Piombo et al., 2005; Elkhoury et al., 2006; Geballe et al., 2011; Shi et al., 2013; Sun et al., 48 

2015; Xue et al., 2016). This increase may be caused by:  the removal of gas from the pore space (Linde 49 

et al., 1994; Matsumoto and Roeloffs, 2003), the fracturing of solid rocks (Shi and Wang, 2016) and the 50 



removal of barriers clogging the groundwater flow (Brodsky et al., 2003). 51 

These changes in hydraulic properties of the geological rock formations can enhance basin-wide fluid 52 

transport extending to depths of a few kilometers. This can have important implications in particular for 53 

geologic disposal of radioactive waste, where the performance depends on the integrity of the natural 54 

system to contain radionuclides for tens of thousands of years. It is thus of crucial interest to nuclear 55 

waste authorities that the permeability changes in response to earthquakes can be better understood and 56 

eventually be predicted with confidence. It is particularly important in a country like Japan, where 57 

faulting is so ubiquitous that repository sites are expected to be co-located with a number of fault zones. 58 

In the study, we analyze changes in groundwater pressure observed in several boreholes drilled in and 59 

around the Mizunami Underground Research Laboratory (MIU) induced by the 2011 off the Pacific coast 60 

of Tohoku Earthquake (Mw 9.0). These groundwater pressure changes were fully described in Niwa et 61 

al (2012). They proposed that co-seismic changes of groundwater pressure could have resulted from (i) 62 

crustal dilation/contraction induced by earthquakes, (ii) permeability increase along local geological 63 

structures such as impermeable faults and (iii) by the complex hydraulic perturbations around the 64 

laboratory shafts. Here, we analyze more deeply the behavior of the local faults and the difference in 65 

hydraulic properties between the different geological layers through numerical simulations with the fluid 66 

flow simulator TOUGH2 (Pruess et al., 2011). The goal is to better characterize the causes of the 67 

monitored groundwater pressure to understand the behavior of the fault zones during the propagation of 68 

seismic waves due to remote earthquakes. 69 

 70 



 71 

Figure 1: (a) Locations of the MIU site and the epicenters of the Tohoku Earthquake with a map of the 72 

seismic intensity observations resulting from Tohoku Earthquake (Source: Japan meteorological agency). 73 

(b and c) Geological setting near the MIU site (JNC TN7410 2003-001), with the location of the (e) 74 

Shobasama and (f) MIU site with locations of groundwater monitoring boreholes (Niwa et al., 2012). 75 

Boreholes in green and orange recorded respectively a decrease or an increase in groundwater level 76 

during the day following the earthquake. (d) Hydraulic gradient in the study area calculated from a 77 

groundwater flow simulation by Ohyama et al. (2005). 78 

 79 



 80 

2. Hydrogeological context of the Mizunami Underground Research Laboratory 81 

Japan Atomic Energy Agency (JAEA) is pursuing a geoscientific research and development project, 82 

namely the Mizunami Underground Research Laboratory (MIU) Project, in crystalline rock environment 83 

in order to construct scientific and technological basis for the geological disposal of high-level 84 

radioactive waste. The geology of the site is as shortly as follows: the basement granite called the 'Toki 85 

Granite' (late Cretaceous) and the overlying Mizunami Group (Miocene)  0 to 300 m in thickness (Fig.1c). 86 

In the frame of multidisciplinary research conducted in and around the MIU, groundwater pressures and 87 

levels were continuously recorded in several boreholes drilled from ground surface in and around the 88 

MIU (Fig.1). All the boreholes for groundwater monitoring were drilled into the Toki Granite, a Late 89 

Cretaceous intrusion. Depth of these boreholes ranges approximately from 200 m to 1300 m (Karino et 90 

al., 2011). Multiple piezometers were installed in each boreholes (except DH-15 and MIZ-1) between 91 

inflatable packers. In DH-15 and MIZ-1 a hydraulic pressure transducer was inserted in a standpipe 92 

connected to each measurement interval bounded by packers. All measurement intervals (except 93 

shallower parts of DH-15, MSB-1 and  MSB-3) are in the granite, under in situ groundwater pressure 94 

conditions. The shallower parts of DH-15 are in the basal conglomerate lying on the unconformity 95 

between the Mizunami Group and Toki Granite, and the shallower parts of MSB-1 and MSB-3 are in the 96 

Miocene sedimentary rocks of the Mizunami Group  (see Niwa et al., 2012). It should be noted that some 97 

very strange hydraulic head behavior can be caused by packer systems - especially when multiple 98 

different tests are done by packing off different intervals in a borehole (Smart, 1999). However, several 99 

arguments suggest that the observed changes in groundwater pressure presented in this study are not 100 

artifact: (1) the changes started with the arrival of the seismic waves generated by the Tohoku earthquake; 101 

and (2) all the multiple piezometers installed in each boreholes shown the exact same hydraulic behavior, 102 

excepted if the well intersected a major fault zone, and in this case two distinct behaviors can be observed 103 

in the hanging and in the footwall. 104 



These multiple piezometers were installed to characterize (i) the regional groundwater flow, which is an 105 

important factor in the assessment of contaminant migration in deep underground and (ii) changes in the 106 

groundwater environment caused by excavation of shafts and galleries at the MIU site. In 2005, Ohyama 107 

et al. (2005) calculated the distribution of hydraulic gradient in the MIU area from groundwater flow 108 

simulation (Fig.1d).  The authors show that the principal direction of groundwater flow in the area is 109 

from North-East to South-West, and that the groundwater flow is strongly affected by the Tsukiyoshi 110 

Fault, which is the most significant structure in the area. Indeed, the distribution of the hydraulic gradient 111 

is significantly different to North and South of the Tsukiyoshi Fault, which acts as a low permeability 112 

barrier on the groundwater flow (Fig.1d). The Hiyoshi Fault and the Shab Fault also seem to act as  low 113 

permeability barriers on the groundwater flow with a higher hydraulic gradient on the West of the Hiyoshi 114 

Fault and on the East of the Shab Fault. Inversely, the Main-Shaft Fault seems not to have a significant 115 

influence on the regional hydraulic gradient. Then, the Mw 9.0 Tohoku Earthquake occurred off the 116 

Pacific coast on 11 March 2011 with observed changes in groundwater pressure in 15 boreholes drilled 117 

in and around the MIU (Fig.1). 118 

 119 

3. Changes in groundwater pressure induced by the 2011 off the Pacific coast of Tohoku 120 

Earthquake 121 

Niwa et al (2012) present in details the water pressure responses observed in 15 boreholes around the 122 

MIU site caused by the 2011 off the Pacific coast of Tohoku Earthquake. Here, we pay special attention 123 

to the monitored total head evolution relative to the main faults present in the area (the Tsukiyoshi Fault 124 

and the Hiyoshi Fault). We can observe that: 125 

 North of the Tsukiyoshi Fault, the Tohoku earthquake caused a sharp drop in total head followed 126 

by a recovery period. Total head did not recover to its pre-earthquake state even after six months 127 

in boreholes located West of the Hiyoshi Fault (boreholes DH-7 and DH-9, Fig. 2a). East of the 128 

Hiyoshi Fault, on the other hand, the total head began to recover shortly after the earthquake and 129 



eventually reached a higher level after a few months (boreholes DH-11 and DH-13, Fig. 2b). 130 

 South of the Tsukiyoshi Fault, two behaviors were observed in the monitoring intervals present 131 

in the granite formation. At the Shobasama site the Tohoku earthquake also caused a sharp drop 132 

in total head in boreholes followed by a recovery period of for several months (boreholes AN-1, 133 

AN-3, MIU-2, MIU-3 and MIU-4, Fig. 2c). Inversely, at the MIU site, the earthquake causes a 134 

sharp increase in total heads (boreholes DH-2, DH-15, MSB-3, 05ME06 and MIZ-1, Fig. 2d). 135 

 136 



 137 

Figure 2: Representative examples of total head monitored in boreholes North of the Tsukiyoshi Fault 138 



(a) West and (b) East of the Hyioshi Fault, and South of the Tsukiyoshi Fault (c) at the Shobasama site 139 

and (d) at the MIU site. Total head monitored at the MIU site (e) within the Main-Shaft Fault and (f) in 140 

the deepest intervals. 141 

 142 

4. Fluid flow simulation 143 

We performed numerical simulations with the fluid flow simulator TOUGH2 (Pruess et al., 2011). 144 

TOUGH2 is a general-purpose numerical simulation program for multi-dimensional fluid and heat flows 145 

of multiphase, multicomponent fluid mixtures in porous and fractured media. TOUGH2 solves mass and 146 

energy balance equations that describe fluid and heat flow in general multiphase, multicomponent 147 

systems. Fluid advection is described with a multiphase extension of Darcy’s law; in addition there is 148 

diffusive mass transport in all phases. Heat flow occurs by conduction and convection, the latter including 149 

sensible as well as latent heat effects. The description of thermodynamic conditions is based on the 150 

assumption of local equilibrium of all phases. Fluid and formation parameters can be arbitrary nonlinear 151 

functions of the primary thermodynamic variables. Chief application areas are in geothermal reservoir 152 

engineering, nuclear waste isolation studies, environmental assessment and remediation, and flow and 153 

transport in variably saturated media and aquifers. 154 

In this study,  we used TOUGH2 to better understand the role and the behavior of the different fault zones 155 

present in the area on the observed groundwater pressure changes. We built a simplified geological model 156 

of the study area and performed a series of simulations to investigate (1) changes in permeability along 157 

the Tsukiyoshi Fault, the Hiyoshi Fault and the Main-Shaft Fault, (2) the influence of the shaft excavation 158 

and (3) the hydraulic connectivity between the sedimentary cover and the underlying granite. 159 

 160 

4.1 Model set-up 161 

We used the software package Groundwater Modeling System (GMS; Aquaveo, 2013) to build a 3D 162 

geological model. The grid was created using the 'grid approach' in GMS to generate a 3D structured 163 



Voronoi grid. The grid convergence was reached and the grid was then linked to TOUGH2. GMS is a 164 

graphical user environment, which consists of a graphical user interface (the GMS program), providing 165 

tools for model conceptualization, mesh, and grid generation. Fault zones were also represented in these 166 

simulations, albeit simplified to follow the grid orientations. The 3D model is a simplified geological 167 

model, it was built by using: 168 

 the map of the elevation of unconformity between Toki granite and Mizunami Group, 169 

determined by an electoromagnetic survey (JAEA-Research 2010-067, Final Report on 170 

the Surface-based Investigation Phase (Phase I)) (Fig.3a). 171 

 geological logging from the borehole investigations at the regional hydrogeological scale,  172 

at the MIU site and at the Shobasama Site (JAEA-Research 2010-067, Final Report on 173 

the Surface-based Investigation Phase (Phase I)). 174 

 The land digital elevation model (Fig.3b). 175 

 176 

Based on these subsurface horizons and on borehole data, we used GMS to construct a regional three-177 

dimensional geologic model including the MIU site and the Shobasama site. Our model includes, from 178 

the top down, the Mizunami Group that forms the sedimentary cover, the upper fractured granite, and the 179 

Toki granite that is assumed to extend deep downward. 180 

 181 



 182 

Figure 3: Simplified 3D geological model made from (a) the digital elevation model, (b) top of the Toki 183 

granite (elevation Relative to Sea Level), and (c) borehole data. (d) 3D geological model and numerical 184 

grid for fluid flow simulation with the Tsukiyoshi Fault (green), the Main-Shaft Fault (brown), the 185 

Hiyoshi Fault (dark blue), the Toki granite (orange), the Mizunami sedimentary Group (light blue) and 186 

the upper fractured granite (pink). 187 

 188 

We then map this model onto a rectangular grid for use with the TOUGH2 numerical simulator (Fig.3d). 189 

The numerical model extends vertically from 200 to -900 m (elevation relative to sea level) and 190 

4650×4300 m horizontally. Finally, the Tsukiyoshi Fault and the Main-Shaft Fault are represented by 191 

attributing different hydraulic properties to a set of cells. In our simulations, the Tsukiyoshi Fault is 192 

oriented N090º-70ºS, the Hiyoshi Fault is oriented N030º-80ºE and the Main-Shaft Fault is oriented 193 

N135º-90ºE. 194 

 195 



4.2 Initial boundary conditions and initial parameters 196 

First, we simulated a hydraulic gradient with a difference of 200m in water level between the Northwest 197 

and the Southeast by imposing a constant fluid pressure on the Northwest and the Southeast corners of 198 

our model (these two cells have open boundaries), however the other vertical boundaries have a “no flow” 199 

boundaries conditions (Fig. 3d). The bottom and top boundaries have “no flow” and “open flow” 200 

boundaries conditions respectively for multiphase flow. We also imposed a linear hydrostatic pressure 201 

gradient of 9.81 MPa/km (×g×h, with = density of the fluid, g= acceleration of gravity and h = depth)  202 

with depth and a constant temperature of 15ºC. These initial conditions are established through steady-203 

state and multiphase flow simulations until a steady state was reached (Fig. 4a). In this case, we use the 204 

permeability and porosity for the different geological unit established through field investigation and 205 

numerical simulations (Table 1) (JAEA-Research 2010-067, Final Report on the Surface-based 206 

Investigation Phase (Phase I)). The faults have a lower permeability than the other geological formations 207 

and act as low permeable barriers between the North and the South fault compartments. Then, we 208 

simulated groundwater extraction at the MIU site to simulate the influence of the shaft excavation (Fig. 209 

4b). Indeed, the boreholes near the MIU site have shown continuous drawdown since the shaft 210 

excavations started. For example, total heads have decreased approximately 35 m in MSB-1 and 87 m in 211 

MSB-3 (Niwa et al., 2012). In our simulation, we imposed a pumping rate of 6m3/s during three months 212 

to simulate a pressure drop of ~0.5MPa at the MIU site, which correspond to a decrease in total head of 213 

~50m roughly in the range of the measured total head dropped. 214 

 215 

 216 

Table 1: Hydraulic properties used during the simulations (JAEA-Research 2010-067, Final Report on 217 

the Surface-based Investigation Phase (Phase I)) 218 



  Porosity 
Porosity 

after quake 
Permeability 

x (m2) 

Permeability 

y (m2) 

Permeability 

z (m2) 

Fractured Granite 0.007 0.01 1.00E-13 1.00E-13 1.00E-13 

Altered zone 0.01 0.03 3.22E-10 3.22E-10 1.61E-11 

Sediment 0.20 0.22 2.56E-12 2.56E-12 2.51E-14 

Tsukiyoshi Fault 0.05 0.05 1.00E-15 1.00E-15 1.00E-15 

Hiyoshi Fault 0.05 0.05 1.00E-15 1.00E-15 1.00E-15 

Main-Shaft Fault 0.05 0.05 1.00E-15 1.00E-15 1.00E-15 

 219 

 220 

Figure 4: Simulated distribution of the hydraulic gradient between the Northwest and the Southeast 221 

influenced by the recharge through the sedimentary cover (Mizunami Group, see Fig. 2d), by (a) the 222 

influence of the three faults and by (b) groundwater extraction at the MIU site at ~500m deep.   223 

 224 

4.3 Simulation of crustal dilation caused by the Tohoku earthquake 225 

Niwa et al. (2012) calculated the volumetric strain changes at a depth of 1 km in Eastern Japan due to 226 

the Tohoku Earthquake using a dislocation analysis based on the theory of Okada (1992). They found 227 

approximately an amount of 2×10-7 dilation strain around the MIU site. Then, they calculated the 228 

theoretical amount of groundwater level changes due to this amount of crustal dilation (2×10-7) associated 229 

with the Tohoku Earthquake and the tidal response in each borehole around the MIU site. In this way, 230 



Niwa et al. (2012) found consistent results between the calculated and observed single-day drawdowns 231 

in the boreholes more than 1 km away from the MIU site associated with the Tohoku earthquake. This 232 

means that crustal dilation was one of the principal phenomenon responsible for the monitored changes 233 

in groundwater level. 234 

To simulate this crustal dilation associated with the Tohoku earthquake we increased the porosity in each 235 

formation (see Table.1, porosity after quake) and the gas saturation (from 0 to 5%) in the water-saturated 236 

formations during the first time step of the fluid flow simulations. The gas saturation was increased 237 

because, in TOUGH2, if we increase the porosity and keep the liquid saturation constant (here 100%) 238 

more water will be added to our model. This behavior is unrealistic, indeed when a crack is created it 239 

doesn't lead to the creation of groundwater. So, to avoid this and to simulate crustal dilation by the sudden 240 

appearance of new unsaturated porous space we slightly increased the gas saturation when we increased 241 

the porosity. In this way, no additional water was added to the model and we were able to simulate 242 

groundwater flow from the saturated porous space to the newly created unsaturated porous space 243 

resulting in a drop in the water table, as observed in the field. 244 

 245 

4.4 Influence of the changes in faults permeability 246 

It is well known that fault zone are thick corridors with a complex structure that is classically described 247 

as composed of (1) a single or multiple core zone, and  (2) a fractured damage zone (Chester et al., 1993). 248 

Typically, the fault-core permeability is two-to-three orders of magnitude lower than the host rock and 249 

may act as an impermeable barrier to fluid flow, whereas in the damage zone, the high fracture density  250 

make the damage zone more permeable than the host rock. However, all the complexity of fault zones 251 

has to be simplified in our regional flow model where the fault zones thickness are  represented by only 252 

one cell. In our study, we chose to emphasis the role of the fault core and its impermeable behavior visible 253 

at the regional scale. For this reason, we chose to represent the fault zone with an initial very low isotropic 254 

permeability, and then with an higher isotropic permeability to simulate to allow fluid flow between the 255 



two fault compartments. 256 

So, we performed three fluid flow simulations in which the isotropic permeability of one of the faults 257 

was increased by two orders of magnitude (up to 10-13 m2), considering or not the presence of a depression 258 

cone at the MIU site. We calculated changes in total head at six control points (CP) located where 259 

observation wells are approximately located in the field to compare monitored and calculated changes in 260 

total head.  261 

North of the Tsukiyoshi Fault, we observe that: 262 

 An increase in permeability along the Hiyoshi Fault causes a diffusion of the hydraulic gradient 263 

from the West to the East of the Hiyoshi Fault. This hydraulic diffusion results in a calculated 264 

drop in water level to the West (see CP-DH9 on Fig. 5a) and an increase to the East (see CP-265 

DH11 and CP-DH13 on Fig. 5a). This behavior is similar to the field observations (see DH9, 266 

DH11 and DH13 on Fig. 2a and 2b). 267 

 Inversely, an increase in permeability along the Tsukiyoshi Fault or along the Main-Shaft Fault 268 

fail to reproduce the observed data. Indeed, an increase in permeability along the Tsukiyoshi Fault 269 

causes the diffusion of the hydraulic gradient from the North to the South compartments of the 270 

Tsukiyoshi Fault and therefore results in a drop in total head everywhere in the North 271 

compartment (Fig. 5b). Whereas an increase in permeability of Main-Shaft Fault causes a slight 272 

decrease in total head at CP-DH11 and CP-DH13 due to the diffusion of the hydraulic gradient. 273 

(Fig. 5c). 274 

South of the Tsukiyoshi Fault at the Shobasama site, we observed: 275 

 An increase in permeability along the Tsukiyoshi Fault causes a diffusion of the hydraulic 276 

gradient from the North to the South leading to an increase in total head in the South compartment 277 

(Fig. 5e). So, to simulate the slow recovery observed at the Shobasama site following the Tohoku 278 

earthquake, the permeability of the Tsukiyoshi Fault has to stay unchanged (Fig. 5d or 5f). 279 



 The presence of a depression cone at the MIU site has little effect on the calculated pressure level 280 

at the Shobasama site (compare Figs. 5d, e, f with Figs. 5g, h, i) 281 

South of the Tsukiyoshi Fault at the MIU site, we observed: 282 

 An increase in total head calculated at all the control points (CP-DH2, CP-DH15 and CP-MIZ1) 283 

located near the top of the Toki granite (~-240m bsl) in all the cases with or without the presence 284 

of a depression cone (Fig. 5j to 5o). 285 

 A small drop in total head calculated in deeper control point (CP-MSB1, z = -840m bsl) 286 

calculated with or without a depression cone, when the permeability of the Tsukiyoshi Fault is 287 

unchanged (Fig 5j, 5l, 5m and 5o). 288 



 289 

Figure 5: Simulation results showing the calculated total head evolution after the simulated crustal 290 



dilation and changes in fault permeability along the Hiyoshi Fault (right column), along the Tsukiyoshi 291 

Fault (middle column) and along the Main-Shaft Fault (left column). Total head evolution (a to c) north 292 

of the Tsukiyoshi Fault, at the Shobasama site (d to f) without and (g to i) a depression cone at the MIU 293 

site, and at the MIU site (j to l) without and (m to o) a depression cone. 294 

 295 

4.5 Sensitivity analysis on sedimentary cover permeability 296 

The Toki granite is overlaid by sedimentary rocks that are aquifers containing large volumes of 297 

groundwater. To investigate how the hydraulic connectivity between these aquifers and the Toki granite 298 

aquifer may have influenced the monitored changes in groundwater pressure we conducted a new set of 299 

simulations where the vertical permeability in the sedimentary cover and in the altered zone were 300 

decreased (down to 10-16 m2). As previously, we performed three fluid flow simulations where the 301 

permeability of one of the three faults was increased by two orders of magnitude (up to 10-13 m2). Here, 302 

we did not simulate a depression cone at the MIU site. Results are shown in Figure 6. These simulations 303 

reveal a low influence of the vertical groundwater flow North of the Tsukiyoshi Fault on the calculated 304 

changes in groundwater pressure and a higher influence in the South of the Tsukiyoshi Fault. Indeed: 305 

 North of the Tsukiyoshi Fault, the calculated total head (Fig.  6a to 6c) are very similar to those 306 

calculated with a higher vertical permeability in the formations above the Toki granite (Fig.  5a 307 

to 5c). 308 

 At the Shobasama site, in case of no change in permeability along the Tsukiyoshi Fault, the 309 

recovery period is less than 200 days (Fig. 5g and 5i) and more than a year (Fig. 6d and 6f) in 310 

case of a high and lower vertical permeability in the upper formations, respectively. 311 

 At the MIU site, despite the lower vertical permeability in the formations above the Toki granite, 312 

we still calculated a small increase in total head (2 to 3 time smaller than in case of a higher 313 

vertical permeability) at all the control points (CP-DH2, CP-DH-15 and CP-MIZ1) located near 314 



the top of the Toki granite (Fig.  6g to 6h). Also, the higher the vertical permeability is the faster 315 

the groundwater level increase in the deepest part of the granite (see CP-MSB1 on Fig. 5m and 316 

6g). 317 

 318 

 319 

 320 

Figure 6: Simulation results showing the calculated total head evolution with a lower vertical 321 

permeability in the formation above the Toki granite after the simulated crustal dilation and changes in 322 

fault permeability along the Hiyoshi Fault (right column), along the Tsukiyoshi Fault (middle column) 323 

and along the Main-Shaft Fault (left column). Total head evolution (a to c) North of the Tsukiyoshi Fault, 324 



at the Shobasama site (d to f) and (g to i) at the MIU site without a depression cone. 325 

 326 

5. Discussion 327 

5.1 Causes of changes in groundwater pressure 328 

To understand the possible causes of the changes in groundwater pressure monitored in and around the 329 

MIU site due to the remote Tohoku earthquake, we have performed a series of fluid flow simulations to 330 

investigate the behavior of three faults present in the area and the role of the aquifers present in the 331 

sedimentary cover. 332 

Our study indicates that the sudden increase in porosity within the rock formations due to crustal dilation 333 

led to: 334 

 a vertical groundwater flow from the upper aquifers in the sedimentary cover to the deeper Toki 335 

granite. This is of particular importance at the MIU site where the sedimentary cover is thick 336 

(between ~150 to ~300 m).  In this area, the general increase in total head seems to be mostly due 337 

to a flux of groundwater coming from the upper aquifers. Indeed, neither the presence of a 338 

depression cone nor an increase in permeability along the faults could explained the large increase 339 

in the monitored and calculated total head. 340 

 This groundwater recharge from the upper aquifers to the Toki granite is smaller in areas with a 341 

thin sedimentary cover (between 0 to ~50m), as observed at the Shobasama site and North of the 342 

Tsukiyoshi Fault. In these cases, changes in groundwater pressure following the earthquake seems 343 

to be influenced by changes in permeability along low permeability faults. 344 

Our study further indicates that only the permeability of the Hiyoshi Fault increased due to the 345 

Tohoku earthquake. Indeed: 346 

 To reproduce the variations in total head monitored North of the Tsuhyioshi Fault and at the 347 

Shobasama site, the permeability along Hiyoshi Fault has to be increased, whereas the 348 



permeability along the Tsukiyoshi Fault has to stay constant. 349 

 As stated previously, there is no clear evidence that the changes in total head monitored at the 350 

MIU site were caused by an increase in permeability along the Main-Shaft Fault. On the contrary, 351 

the observed total head across the Main-Shaft Fault (Fig2.e) suggest the fault acted as a barrier to 352 

vertical groundwater flow. An increase in total head was observed in the upper part of the fault 353 

zone mostly due to a groundwater recharge from the upper formation (Fig2.e, intervals 7 and 8), 354 

and a decrease in the deeper part of the fault zone mostly due to an impermeable barrier within 355 

the fault zone (Fig2.e, intervals 9 to 11). 356 

 357 

5.2 Causes of changes in fault permeability 358 

Several explanations have been proposed to explain earthquake-induced changes in permeability along 359 

a fault in the intermediate and far field of an earthquake. The removal of gas from the pore space (Linde 360 

et al., 1994; Matsumoto and Roeloffs, 2003), the fracturing of solid rocks (Shi and Wang, 2016) and the 361 

removal of barriers clogging the groundwater flow (Brodsky et al., 2003) may cause such permeability 362 

variations. If one of these phenomena had occurred during the passing of seismic waves associated with 363 

the Tohoku earthquake it is hard to understand why it occurred only along the Hiyoshi Fault and not 364 

along the other faults. There are also a large number of observations showing that surface waves from 365 

remote earthquakes may trigger a slip along a pre-existing fault (Freed, 2005), and the fault reactivation 366 

could change its permeability. To see if the Tohoku earthquake was likely to induce slip along the faults 367 

in the vicinity of the MIU site we used the Mohr-Coulomb criterion (Jaeger and Cook, 2007). It provides 368 

an approximation of the shear and normal stresses acting on a fault, based principally on its orientation  369 

and the far-field stresses. For this reason, the Mohr-Coulomb criterion is the most commonly used 370 

criterion to describe fault stability in response to changes in shear stress and/or effective normal stress. 371 

At the MIU site, at 500m depth the stress tensor was estimated to be a strike slip faulting regime with: 372 

σ1 = 21.3 MPa, σ2 = 12.7 MPa and σ3 = 11.7 MPa with maximum principal stress oriented NNW-SSE 373 



(JAEA-Research 2010-067, Final Report on the Surface-based Investigation Phase (Phase I)). Under 374 

these conditions, we calculated the normal and shear stresses acting on the Hiyoshi Fault (N030-80E), 375 

the Main-Shaft Fault (135-90N), and on the three fault segments composing the Tsukiyoshi Fault (from 376 

West to East: N080-70S, N110-70S and N050-70S, see Fig.1). It appears that the Hiyoshi Fault and the 377 

Main-Shaft Fault are both critically oriented for shear reactivation (Fig.7). However, our simulation 378 

results indicates that changes in permeability occurred only along the Hiyoshi Fault. This different 379 

behavior between the two faults supposedly critically stressed may be caused by their different 380 

orientation and by the direction of the passing seismic waves generated by the Tohoku earthquake. Indeed, 381 

the seismic waves associated with the Tohoku earthquake propagated at the MIU site from the Northeast 382 

to the Southwest (Fig.1a). In case of the Main-Shaft Fault, the seismic waves propagated almost 383 

perpendicular to the fault potentially increasing the fault normal stress on the fault. Inversely, in case of 384 

the Hiyoshi Fault, the seismic waves propagated almost parallel to the fault potentially increasing the 385 

shear stress acting on the fault and favoring its reactivation. Northeast-Southwest 386 

This last observation suggests the response of faults to dynamic loading by remote seismic waves 387 

depends on how favorably oriented towards stress they are and on the direction of propagation of seismic 388 

waves, which is in accordance with previous work (Hill, 2008). For example at the MIU site, seismic 389 

wave propagating in the Northeast-Southwest direction may trigger slip only along faults oriented ~N030 390 

(e.g. the Hiyoshi Fault), whereas seismic wave propagating in the Northwest-Southeast direction may 391 

trigger slip only along faults oriented ~N135 (e.g. Main-Shaft Fault). We can also suppose that seismic 392 

wave propagating in the North-South or in the East-West directions do not trigger any slip along these 393 

two fault families. 394 



 395 

Figure 7: Mohr-circle diagram with the locations of the faults present in and around the MIU site. 396 

 397 

6. Conclusion 398 

We analyzed changes in groundwater pressure observed in several boreholes located in and around the 399 

Mizunami Underground Research Laboratory (MIU) induced by the 2011 Tohoku earthquake (Mw 9.0) 400 

to understand the behavior of the fault zones during the passing of seismic waves. Our results suggest 401 

that two main mechanisms are responsible for the observed changes in groundwater pressure: (1) crustal 402 

dilation induced by the Tohoku earthquake causing a groundwater recharge from the upper aquifers to 403 

the Toki granite in area where the sedimentary cover is thick; and (2) permeability increase along faults 404 

critically oriented for shear reactivation and oriented in the direction of the passing seismic wave. In this 405 

case, the seismic wave increases the shear stress acting on the fault promoting slip and a change in 406 

permeability. On the contrary, faults not critically stressed and faults critically oriented for shear 407 

reactivation but oriented perpendicular to the passing seismic wave are not reactivated. 408 
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