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Fault zones and excavation damaged zones have the potential to act as flow paths, and the characterization of solute transport in
such zones in mudstones is important for the safe geological disposal of radioactive waste. However, few in situ tracer migration
tests have been conducted on fractures in mudstones. The Japan Atomic Energy Agency has conducted in situ tracer migration
experiments using uranine, which is a non-sorbing tracer, for fractures in siliceous mudstone of the Wakkanai Formation. In the tests,
preliminary hydrogeological investigations were performed to evaluate in situ groundwater flow in fractures, taking into account the
presence of dissolved methane and carbon dioxide in the pressurized environment. These gases are degassed by pressure release due
to tunnel excavation and borehole drilling. Subsequently, the test conditions were evaluated, and 18 experiments were conducted
under various conditions, which resulted in tracer recovery ratios of ca. 60 % to 80%. Large injection flow rates as compared with
pumping flow rates were utilized to reduce the effects of degassing in the groundwater, which is a common problem in mudstone
formations. However, these large injection flow rates sometimes led to multiple peaks in the breakthrough curves and generally
reduced the recovery ratios. Therefore, an injection flow rate that is slightly higher than the pumping flow rate is ideal for tracer
migration experiments involving injection and pumping, as conducted in this study. In situ tracer migration experiments involving
injection and pumping conducted in a groundwater environment with dissolved gases allow empirical evaluation of the relationship
of the tracer recovery ratio and the groundwater degassing with the injection and pumping flow rate ratio. This evaluation is
effective for the design of experimental conditions that account for degassing and ensure high levels of tracer recovery.
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Fig. 3 Locations of boreholes. Lengths of the boreholes are about 3 m except for S-03 (about 2 m).
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Fig. 4 Results of pore pressure monitoring during drilling at (a) S-05, (b) S-07 and (c) S-08. The numbers in parentheses
indicate monitoring intervals in each borehole.
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Fig. 5 Evaluation of hydraulic connectivity between S-05, S-06 and S-07 based on pore pressure monitoring during drilling
at S-07 and the fracture distribution. (a) Fractures contributing to pressure response during drilling at S-07. (b)
Hybrid fracture at S-07 connected with shear fractures at S-05 and S-06 between the boreholes. (c) Hybrid fracture
at S-07 connected with shear fractures at S-05 and S-06, which are parts of the same fracture plane. The sizes of the
fracture plane with dashed line in panels (b) and (c) are assumed.
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Fig. 9 Sequence of tracer migration tests. If degassing
was confirmed at step 111, the test returned to step
I and the injection and pumping rates were
changed when step 111 was reached again.
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Fig. 10 Flow rate and pore pressure during injection and pumping using water without uranine. The elapsed time is relative to
when injection and pumping with water was started. (a) and (c) Flow rate and pore pressure, respectively, for an
injection flow rate of 10 mL/min, pumping flow rate of 12 mL/min and degassing. (b) and (d) Flow rate and pore
pressure, respectively, for an injection flow rate of 15 mL/min and reduced degassing.

Table 1 Results of tracer migration tests using uranine.

L. . Injection Pumping Tracer Tracer recovery .

Run Injection Pumping . . Generation of
number borehole borehole flow rate flow rate concentration ratio dissolved gas
(mL/min) (mL/min) (mg/L) (%)

1P-2 10.0 114 10.29 80.3 Yes
1P-3 10.0 115 9.97 83.8 Yes
1P-4 10.0 11.2 5.54 718 Yes
1P-5 507 502 10.0 11.7 1.01 73.9 No
1P-6 15.3 11.7 5.54 73.5 No
1P-7 12.0 11.7 5.03 74.8 No
2P-1 15.3 115 4.68 64.6 No
2P-2 S-07 S-05 15.3 11.7 5.36 68.5 No
2P-3 17.8 11.6 4.99 61.6 No
3P-1 15.3 11.7 4.79 82.5 No
3P-2 S-02 S-07 17.9 11.7 5.29 58.6 No
3P-3 12.0 115 4.90 76.8 Yes
4P-1 12.0 115 5.12 58.8 Yes
4P-2 S-06 S-02 15.4 11.6 5.07 57.9 No
4P-3 10.0 11.1 5.10 74.0 Yes
5P-1 12.0 11.6 4.83 76.9 No
5P-2 S-07 S-06 10.0 115 5.31 64.6 Yes
5P-3 154 11.7 4.72 75.7 No
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Fig. 11 Breakthrough curves for uranine. The concentration (C) was normalized to the initial concentration (Cgy). The elapsed
time is relative to the time of tracer injection.
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Fig. 12 Results of pore pressure measurements from the start of injection and pumping using water without uranine (step V
in Fig. 9) to the end of the tracer migration tests using water with uranine. The elapsed time is relative to the start of
injection and pumping with water, and the black lines in each figure show the pore pressures at the time of the onset
of degassing in the pumping boreholes (3P-3 and 5P-2). Exceptional case (1P-5, 1P-7, 5P-1 and 5P-3) arose when
degassing did not occur, even though the pore pressures in these pumping boreholes were in the range of that which
produced degassing in 3P-3 and 5P-2.
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