(fEfk 1)

AR 4 (E ) K4 | KT T4

2A g Changes in Subsurface Hydrological Systems Produced by Earthquakes:
i} 3'e i@ H . . .
Observations from Borehole Monitoring

N EDOEE)

In this thesis, water pressure and groundwater levels in onshore and offshore
boreholes are used to study the response of the subsurface fluids to earthquakes.
Although there is a developed theoretical basis for hydrogeology, observed changes
due to earthquakes are still often difficult to explain. These observations and
interpretations for several sites across Japan, contribute to a better understanding
of the role of water in fault zones and its response to changes in stress.

Tidal response of water pressure due to the 2011 Tohoku earthquake (M9.0)
and other large earthquakes were analyzed at several sites across western Japan.
There are clear decreases in the tidal amplitudes after the Tohoku earthquake
which are attributed to changes in the subsurface permeability. Comparisons of
the response at several sites for the Tohoku and other earthquakes, are used to
infer the effects of dynamic and static stress on the water-rock interaction.

In another study of a borehole on the Kii peninsula, the water level response
to numerous earthquakes is similar, despite differences in earthquake distance
and magnitude. The response shows an initial increase in water level and then a
recovery over about 30 hours. Modeling of the data suggests that the earthquakes
all trigger a change in water pressure at the same location about 20 meters from
the observation site and the recovery process can be explained by fluid diffusion.

Using data from an ocean borehole observatory in the Nankai Trough region,
water pressure recordings for earthquakes at distances of 100 to 1000 km provide
new information about the interaction of the fluid and permeability structure to
seismic waves. A variety signals related to the seismic events are identified,
including dynamic response to seismic waves, static steps and long-term recovery.
For larger earthquakes, clear step changes in pore pressure as well as the change
in physical properties, such as loading efficiency, are observed. In order to explain
the time-dependent changes, it is suggested that gas may play an important role
in modifying the response of the pore pressure. This model can explain the
observed pore pressure changes by interactions of the rock matrix, fluid and gas.

Also, ocean borehole data were used to determine the permeability for a splay
fault from water pressure changes observed during nearby drilling operations,
about 100 m away. Usually such results are obtained from cross-hole experiments,
which are expensive and difficult, especially in the ocean, so this was a fortuitous
observation. Results show high permeability that is several orders of magnitude
larger than permeability estimated on the cm to meter scale from laboratory
experiments, and shows a strong scale dependence of the permeability.

In summary, these studies of the effects of static and dynamic stress on water
level response, fluid flow structure and time-dependent changes, and scale
dependence of permeability, are all related to understanding the role of water in
fault zones and changes associated with earthquakes.
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